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1. Introduction

History of the drug formulations relied on nano-engineering is quite modern. The
launch of products incorporating nanostructures particles is showing clear differentiation across
sectors. The materials and products based on nanotechnology (NT) are regulated today within
the existing network. Nanostructures are evaluated as ‘chemicals with new uses’ or as ‘new
chemicals’.

Healthcare and life sciences applications like nanostructured medical devices and
nanotherapeutics have the longest time-to-market due to sector-specific regulation. In 2004, the
US Food and Drug Administration (FDA) estimated that the proportion of all new drugs
entering first phase trails that ultimately gain approval had fallen to 8 % from a historical
average of about 14 %. The commonest factors resulting in project failure are lack of efficacy
(25 %), clinical safety concerns (12 %), and toxicological findings in pre-clinical evaluation
(20 %). Proposed Investigational New Drug Application (IND) needs to follow the way to FDA
and EC approval passing through all stages of investigations lasting up to 10 — 15 years, starting
‘in vitro’ and ending third phase of clinical trials with subsequent approval of medication and
pharmaceutical market entry.

The current applications of nanotechnology span a wide range of sectors. Current niche
for such applications is in the areas where there is an overlap between medicines and cosmetics
sectors. Many products are marketed as a means to enhance performance for different lifestyles
and age groups, as an aid to health, beauty and wellbeing. Although such applications are
relatively new and emergent, they appear to have started to make a global impact. Number one
question is if quality of life will improve thanks to synthesis of new materials with new
properties. How should people benefit from achievements of nanotechnology and
nanoengineering? Answers to these and related questions are controversial, due to different
approaches of regulation rules before market entry of the new products.

While FDA requirement are strict for novel medications, conversely, regulatory
mechanisms for the cosmetics allow earlier market entry. Unlike medical and healthcare
sectors, cosmetic industry outpaces commercial potential of nanoparticle containing product. To
compare with the rate of released cosmetics, widely distributed worldwide, situation is quite
unequal. Drugs, food packaging, and new chemical compounds, are required pre-market review
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and approval, while in cases related to cosmetics and majority of consumer products, only
sufficient is to apply post-market surveillance and monitoring [1].

Although the constituent materials used in cosmetic and personal care products should
either be approved by FDA, at the same time there is no need in conducting long running
clinical trials, as in the case of pharmaceutical drugs. But regulation mechanisms required
revision when dealing with the ingredients processed to nanoscale dimension, while absolutely
diverse chemical and physical properties are revealed. Particular interests pose cosmetics and
personal care products. Recently there is widespread use of nanoparticle gold containing
cosmetics like skin creams that are used on the whole body surface for appearance of shining
glow, lipsticks, anti-aging face creams and many other products. Despite the big interest and
widespread investigations performed for safety and efficacy studies for nanoparticle gold
utilization in medical diagnostics or treatment there is obvious, that few if any are approved for
these purposes. Overview of state-of-the-art exploration of nanoparticle gold compounds will
handle us with special knowledge about differences in physical and chemical properties of this
material, dependent on size, shape, charge, even solvent used in processing of this metal.

Gold nanoparticles are widely used in biomedical imaging and diagnostic tests. Based on
their established use in the laboratory and the chemical stability, gold nanoparticles were
expected to be safe. The recent literature, however, contains conflicting data regarding the
cytotoxicity of gold nanoparticles.

2. Health monitoring issued concerning nondestructive use
of nanoparticle gold compounds in medicine and cosmetology

‘All is not gold that glitters’

Postindustrial gold rush reflects the hype of nanotechnologies, already ubiquitous in a
wide range of consumer products, as diverse as electronics, medicine, environmental
remediation, cosmetics, and solar energy. Discovering distinctive properties that many materials
display at the extremely minuscule scale opens new opportunities for their conventional use [2].
Of particular interest to most nanotechnology applications are engineered nanoparticles (ENPs),
which have much larger surface to mass ratios. Nano-sized ENPs have also been claimed to have
a greater uptake, absorption and bioavailability in the body compared to bulk equivalents. This
makes it possible to reduce the use of solvents in certain applications such as certain cosmetics
and personal care products to allow the dispersion of water-insoluble colors, flavors and
preservatives in low-fat systems. Nanosized water-insoluble substances can enable their
uniform dispersion in aqueous formulations. This aspect alone has attracted a lot of commercial
interest in the use of nano-sized ingredients [3].

Among other engineered nanoparticles interest to the gold is not diminished, on the
contrary, increased enormously in recent years, particularly since early 80’s, while mass
production of nano-scaled chemical substances has been started, due to invention of the
scanning tunneling microscope (STM) and the atomic force microscope (AFM). IBM scientist
enabled manipulation even individual atoms to design and synthesize materials for desired
features. Later in 2000’s the IBM scientists precisely placing atom-by-atom 20 000 gold particles,
each about 60 nanometers in diameter reproduced image of Robert Fludd’s 17th century’s
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drawing of the Sun — the alchemists’ symbol for gold. IBM scientists demonstrates a new nano
“printing” bottom-up technique, that will lead to breakthroughs in ultra-tiny chips, lenses for
optics, and biosensors for healthcare.

As gold is mostly studied chemical element it is characterized with most predictable
behavior. But gold nano-particles may act absolutely diversely. Balk gold, which is usually
characterized by its yellow color, while becoming processed to nano-dimensional scale the
material is transforming its color to orange, purple, red or greenish tinge due to different
particle size. The most well known cultural artifact is presented in the British Museum where is
exhibited Lycurgus Cup dated in 4th century A.D., which is ruby red colored glass due to
colloidal gold containing, which is changed in greenish color after light exposure. Nanogold
already was used in medieval times in stained glass to attain almost all colors of rainbow. Today
nobody argues that nano-sized gold particles don’t act like bulk gold [4].

Traditionally bulk gold was considered as chemically inert and biocompatible material,
due to this features it utilized widely in medical applications, e.g. in dental prosthesis, eyelid
implants and etc. Throughout the history, gold was used to cure diseases. Finely ground gold
particles in the size range 10 — 500 nm can be suspended in water. Such suspensions were used
for medical purposes in ancient Egypt over 5 000 years ago. In Alexandria, Egyptian alchemists
used fine gold particles to produce a colloidal elixir known as “liquid gold” that was intended to
restore youth [5]. Dating back to Roman Empire, colloidal gold was thought to have healing
properties. A colloid refers to a substance in which many fine particles are suspended in a stable
condition in another substance. Gold nanoparticles traditionally used in Indian remedy
curcumin [6]. German bacteriologist Robert Koch showed that gold compounds inhibit the
growth of bacteria. He was awarded the Nobel Prize for Medicine in 1905.

With the development of pharmaceutical industry, first in 1935, gold salt containing
drugs were reported to be effective for the treatment of rheumatoid arthritis. It is thought, that
gold affects the entire immune response (phagocytes, leukocytes, T-cells) and reduce its potency
and limit its oxidizing nature on joint inflammation and erosion. Effect is explained by the fact
that administered gold compounds accumulate within body once absorbed into the cell and
linked to anti-mitochondrial activity, induced apoptosis of proinflammatory cell. World Health
Organization (WHO) classified gold salt containing compounds as an antirheumatic agent and
included in its basic treatment scheme.

Due to prior long history of the use of gold inside the body, the safety issues seem to
assume somewhat easier, though becoming more and more challenging, due to achievements of
synthesis of new materials enabled by nanotechnology.

Properties of gold molecules processed to nanometer dimension almost thoroughly
studied. Gold attains divergent physical and chemical characteristics while its molecules are
processed to nanoscale dimension. Scientists revealed diverse properties of nanoparticle gold,
which is dependent on various factors. Particularly, properties are becoming dependent not
only on size of the gold nanoparticle, but also such other characteristics as particle shape,
charge and composition or surface coating, which are also important. Respectively, health
monitoring aspects are under greater concerns, then before.

When dealing with constraints of size below 100 nm, the laws of quantum physics
supersede those of traditional physics, resulting in changes of a substance’s properties.
Quantum-size effects begin to significantly alter material properties, such as transparency, color
of fluorescence, electrical conductivity, magnetic permeability, and other characteristics. All
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these properties are of great interest for the industry and society as it enables new applications
and products. Consequently, more attention is focused on determining ratio of efficiency versus
toxicity, harm or benefit. There are some examples of conventional use of nanoscaled gold
particles. For instance, Japanese scientists Dr. Masatake Haruta discovered, that while the
particle diameter is turned in the size range of 3 -5nm gold exhibits unique catalytic
performance, e.g. carbon monoxide (CO) oxidation and direct peroxide (H202) production at a
temperature as low as — 77 °C [7]. In practice this invention was tested to prevent bad odor in
rest rooms and are already in service in Japan. Thus gold nanoparticles can vanish smells
produces by bacterial action. This is unusual feature for bulk god, but characteristic for
nanoscaled gold particles. Another application for catalytic properties of nano-sized gold
particles is utilized in fuel cells of hydrogen batteries.

One hundred and fifty years after one of the founders of chemistry Michael Faraday in
1850’s first created gold nanoparticles and observed that these nanoparticles absorbed light,
researchers in 20th century rediscovered that a mere flash of light can cause the gold particles
to melt. Absorbed light is efficiently turned into extreme heat, which is capable of killing
cancer cells. The externally applied energy may be mechanical, radio-frequency, laser, optical,
near-infrared light — resultant therapeutic action is the same. Gold nanoparticles are also
recognized in their ability to bind to DNA, which may be exploited within the treatment of
disease, such as anticancer agents or within gene therapy, but may also contribute to
genotoxicity, or block transcription [8]. Hammad-Shifferli et al. have demonstrated that
transmitted radio signals influence integrity of DNA strand, while is bound to nanoparticles
gold molecules. This discovery opens up the possibility to control more complex biological
processes of living cells, such as enzymatic activity, protein folding and biomolecular assembly
[9]. Furthermore, the ability of gold nanoparticles to bind to DNA is of concern, due to their
potential cytotoxic or genatoxic consequences, which may be exploited within anticancer drugs,
or gene therapy, which warrants further investigation. In addition, the ability of gold
nanoparticles to interrupt transcription is of concern [10].

Naomi Halas of Rice University in Texas (Houston, USA) developed gold nanoshells in
the 1990s. According to the study’s lead authors, Rebekah Drezek and Jennifer West, nanoshells
have a core of silica and a metallic outer layer of gold, or may be exchanged by cupper or iron.
Nanoshells will preferentially concentrate in cancer lesion sites. In her interview with Nova,
Naomi Halas describes a nanoshell as “essentially a nanolens” that captures light and then
focuses it around itself [11]. Shining a near-infrared laser on the tumor site from outside the
body (light can travel through tissue more than 10 cm); the nanoshells absorb the light and
focus it on the tumor. The area around the nanoshells heats up and the tumor “cooks” until it is
ablated. Halas points out that the nanoshells leave no “toxic trail” in the body the way
conventional chemotherapeutic agents do, stated that “long-term studies have not indicated any
toxicity or effect on the immune system”.

The structure and properties of gold nanoparticles make them attractive for a wide range
of biological applications. Nanoparticle gold is considered of low toxicity material and currently
is widely used in cosmetology.

Actually, nanostructured gold particles possess various properties, which are under
investigation and need longer time to final approval. Few if any of fabricated nanoparticle gold
containing medication is yet approved by FDA. By the August of 2009 was released report of EU
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7th Framework Program ‘Engineered Nanoparticles: Review of Health and Environmental
Safety’ [12].

Particle size has been demonstrated to influence dermal penetration of gold
nanoparticles [13]. Therefore, in general, greater effects are observed for smaller particles. The
size of particles has been proven to be very influential to their behavior. Accordingly, smaller
particles have a wider tissue distribution, penetrate further within the skin and internalized to a
greater extent, and have a larger toxic potency. However, more extensive investigations, in the
future, are required to more fully understand the tissue distribution and fate of metal particles,
following exposure.

It was estimated that optimal size of interacting with the skin nanoparticles would be in
the range of 50 nm. Smaller tend to penetrate the skin more easily than large particles,
sometimes being taken up by lymphatic system and localizing in the lymph nodes [14]. Among
other factors should be also considered particle concentration and charge state, which are in a
causal relationship with their influence on the living cells. Goodman et al. [15] demonstrated
gold cationic particles of 2 nm size as moderately toxic, whereas anionic particles were
relatively non-toxic, observation data coincide with obtained data in different studies [16].
Toxicity, however, has been observed at high concentrations using these systems.

In one study the research group headed by Dr. Shuguang Wang [17] demonstrated
cytotoxicity effect on human skin keratinocytes of gold nanomaterials of different sizes and
shapes. It was shown that spherical gold nanoparticles of different sizes are not inherently toxic
to human skin cells, conversely gold nanorods are highly toxic due to the presence of coating
material CTAB, which is used in manufacturing process. This factor caused limitation on
commercialization of gold nanorods for in-vivo and in-vitro applications due to toxicity. It is
unreasonable to generalize from just a few studies, because in recent years company Nanopartz
have announced about new manufacturing method, replacing undesirable organic molecule of
CTAB with polyethylene glycol (PEG). PEG has low toxicity and is used in variety of products.
Nanopods from one supplier may not be necessarily representative of toxicity of physical
characteristics of all manufactures nanorods.

Besides more other nanocoating molecules like liposomes, dendrimers, biodegradable
polymers, or albumin are capable to reduce the toxicity of the incorporated agent.

Major premise is relied on discovery of thiol (compound that contains the functional
group composed of a sulfur atom and a hydrogen atom — SH) protected colloidal gold
nanoparticles bound to cytokine — tumor necrosis factor (TNF). Buffering free TNF extreme
activity, enhanced anti-tumor effect is attained by assembling into complex structure PEG with
colloidal gold [18]. This new approach has significant advantages, that is under development in
company CytImmune, elaborating results to achieve final approval over other alternatives.

Gold nanoparticles are also more biocompatible, than other types of optically active
nanoparticles, such as cadmium containing quantum dots. Due to cadmium toxicity its use is
restricted in the living cells. Why the process of nano-fabrication, in particular the making of
gold nanodots or quantum dots, is well known. In 2007 Medal of Science, the USA’s highest
honor in the field, was awarded to the Egyptian-American chemist Professor Mostafa El-Sayed,
director of the Laser Dynamics Laboratory of Georgia Institute of Technology, for his many
outstanding contributions, among which using gold nanorods in cancer tumor treatment was
the most recent. Gold nanoparticles are very good at scattering and absorbing light. For example,
nanoparticles that are 36 nanometers wide, absorb light over 10000 times better than
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conventional organic dyes, making them potential candidates for optical imaging applications of
small tumors. In the study, researchers found that the gold nanoparticles have 600 percent
greater affinity for specific overexpressed surface receptors of cancer cells, rather, than for
noncancerous cells.

As nanotechnology tend to develop in most responsible manner from the moment of its
foundation, when US National Nanotechnology Initiative (NNI) established in 2000. It seems to
have most regulation mechanisms for greener development, than any other known technology,
social scientists are involved from the very beginning.

Green nanotechnology is developed in environmentally friendly manner.
Dr. Jim Hutchinson’s research group in the University of Oregon works at the cleaner and
greener production of gold nanoparticles, a process that also reduces the cost of synthesizing
these materials from 300 000 to 500 dollars per gram [19]. Actually, cost is one of the
determining factors, next to safety and effectiveness.

Recent studies enabled synthesis of gold nanoparticles by means of certain bacterial
strains e.g. Stenotrophomonas Malophilia was incubated for eight hours in the gold salt
containing solution, resulting in the synthesis of gold nanoparticles that were about
40 nanometers in size [20]. The opportunity of this way of synthesis is that Au NPs are free of
solvent, have hydrophilic properties and may be attained particles of various sizes in industrial
quantities. This is new approach to green technology development.

A recent report by J. Davies from the Woodrow Wilson International Center of Scholars
strongly criticized the current approach regulating cosmetics as wholly inadequate to dealing
with the risks posed by nanotechnologies: “Although the Food, Drug and Cosmetic Act (FDCA)
has a lot of language devoted to cosmetics, it is not too much of an exaggeration to say that
cosmetics in the USA are essentially unregulated” [21].

David Rejeski, Director of the Project on Emerging Nanotechnologies, Woodrow Wilson
International Center of Scholars, gives recommendations: ‘for building confidence in
nanotechnologies it is necessary to achieve greater transparency and disclosure; compulsory
requirement is also pre-market testing, as well involvement of third party for additional testing
and further research’ [22]. Although, some cosmetic manufacturers may differ with such
conclusions, based on unpublished propriety research, but do due diligence in tracing assertions
back to primary sources [23].

In 2007, USA has listed gold and silver nanoparticles amongst a number of new
chemicals and materials that the FDA had asked the National Toxicology Program (NTP) to
study. This will seek to determine whether their use causes specific health problems. NTP
should test the gold nanoparticles and, if so, what types of tests are warranted.

3. Summary

Thoroughly analyzing scientific achievements, exploring divergent features of gold
nanoparticles, it was obviated that gold nanoparticles are considered as risky for human health.
Experiments have shown that gold nanoparticles can result in uptake via the relevant exposure
routes. The gold nanoparticles and the cell types used for their exposure are likely to influence
the uptake, sub-cellular distribution, and toxicity of gold nanoparticles.

10
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However, investigations of metal particulates are still in their infancy at this time, and
have concentrated on revealing the toxicity, safety, tissue distribution, antibacterial properties
and cellular uptake of gold nanoparticles. Consequently, more comprehensive studies are
required to more fully understand the toxicity versus safety associated with metal particulate
exposure.

Inevitably, any emerging technology requires extensive safety assessment before coming
to market, including diagnostics, medications and cosmetics. While comparing and evaluating
newly established properties at nanoscale, consumers may experience confusion concerning
safety issues.

In the recent years responsibilities for the control and regulatory mechanisms increased
to guard the utilization of nano-particles into cosmetic products.

On March 24, 2009, the European Parliament (EP) approved an update of EU legislation
on cosmetics. As requested by the EP, the new regulation introduces a definition, safety
assessment procedure and labeling requirement for all nanomaterials that are used in cosmetics.
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1. Introduction

The sesquichalcogenides of rare earth elements (REEs) are characterized by combination
of unique optical, luminescent, electro-optical and photoelectrical properties [1]. The REE
sesquisulphides have the considerable photoconductivity (PC) and at the same time great by
value the piezoelectric coefficients and they are considered to be the laser materials. In spite of
this, all REE sesquisuphides have not been sufficiently studied.

Previously it has been studied the optical and photoelectric properties of Sm, Tm, Yb
and Nd sesquisulphides [2-5]. In the present work, for the first time there is carried out the
doping of thulium sesquisulphide thin films by atoms of Pb and Cd. An interpretation of
received experimental data on the spectral and temperature dependences of PC and photo-
electromotive force (PEMF) of doped films has been proposed.

2. Experimental details

High resistivity (~ 10" Ohm - cm) of REEs sesquisulphides of stoichiometric composition
considerably complicates the measurement of photoelectric properties what causes the necessity
of doping of these materials. Plumbum and cadmium have been chosen as doping impurities for
TmoSs films taking into account geometrical and electrochemical factors and relative simplicity
of doping process.

The Tm:Ss thin crystalline films with thickness of 1 —7 pm have been fabricated by two
independent sources Tm and S on glass ceramics, fused quarts, leicosaphire and single-
crystalline silicon substrates [3]. Obtained films had a cubic structure (cubic crystal system,
Tax0s structural type) with lattice constant of 12.46 A.

Doping of films with Pb atoms has been carried out in closed volume by the method of
diffusion from steady source of impurities. Preliminarily, Tm:Ss films have been covered by the
Pb layer of the thickness of 8 — 15 ym by means of vacuum evaporation at ~ 10* mm Hg. At the
same time, the temperature of Tm:Ss was equal to 400 K and the temperature of the Pb
evaporator was above ~ 1300 K. After the deposition of Pb, the films have been slowly cooled
down to the room temperature in vacuum, and then for carrying out a diffusion annealing

13
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process they were placed in a quarts ampoule which was pumped out to ~ 10> mm Hg and then
filled with spectrally clean argon. We carry out the annealing at ~900 K for 18 — 25 hours.
After diffusion annealing and cooling of films to the room temperature the above residual layer
was removed by means of mechanical polishing using a diamond paste. The doped films had
n-type conductance and value of resistivity of (5 —8) - 102 Ohm - cm.

As the pressure of saturated vapor of Cd is higher than that of Pb, we doped Tm:Ss films
with Cd by means of vapor-diffusion from the vapor phase in a closed volume. Tm:Ss films were
placed together with Cd on opposite ends of quarts ampoules pumped out to ~ 10> mm Hg. The
ampoules were placed in a horizontal furnace and annealing was performed at ~870 K for
~ (40 - 45) hours. After annealing and cooling down to the room temperature, like the case of
doping by Pb, we remove the excesses of condensed Cd from films’ surfaces by means of
mechanical polishing. After doping by Cd, like the case of Pb, the obtained films possess n-type
conductance and the resistivity of ~(2-4):102Ohm - cm. Electronographic and X-ray
diffractometric investigations of phase composition for Tm:Ss: Pb and Tm:Ss: Cd did not reveal
formation of an additional phase after doping.

The establishment of photoelectric and electric measurements and used methods of
investigation are described in [6]. All numerical values of photoelectric parameters in the
regions of photon energy of 0.3 — 3.3 eV and temperatures of 110 — 350 K have been calculated
for the equal quantity of photons corresponding to the film irradiation intensity of 0.1 W / cm?.

3. Results and discussion

In the Figures1 and 2, there are represented the spectra of PC taken at various
temperatures on the Tm2S3: Pb and Tm2Ss: Cd films, respectively.

The abundance of structures in spectrum, their energetic states and high photosensitivity
in a rather wide region allows us to suppose that the contributions to photo-processes give both
the optical transitions of electrons from local levels and inter-band transitions. However, there
is observed a difference between the spectral dependences of PC and PEMF (Figure 3) for the
films doped with Pb and Cd (though in both cases the doping conditions lead to the n-type
conductance) which does not allow us to explain all peculiarities of spectra taking into account
only one impurity state and only one inter-band electron transition.
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Figure 1. Spectral dependences of Tm2Ss: Pb films photoconductivity at various temperatures.
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Figure 2. Spectral dependences of Tm2Ss: Cd films photoconductivity at various temperatures.
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Figure 3. Spectral dependences of Tm2Ss: Cd films
photo-electromotive force at temperatures of 113 and 122 K.

As it is known in undoped dielectric materials not revealing any photo-activity, to
which REE sesquisulphides belong, it is possible to achieve the considerable photosensitivity by
creation the compensated acceptor states. In spite of the fact that in our case the impurity atoms
of Pb and Cd introduced in the film form only donor centers, high photosensitivity and
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formation of PEMF, like the previously studied Sm2Ss: Pb [4] and Nd2Ss: Pb [2] films, we ascribe
it to the compensated acceptor levels availability in doped Tm:Ss films. It is known that in REE
sesquisulphides each ninth node in the cations’ sublattice is vacant [7]. Then, we suppose that
these vacancies are responsible for creation of the deepest acceptor levels.

Based on interpretation of the experimentally derived spectral regularities we admit that
there is available a deep acceptor level within forbidden gap of the undoped Tm:Ss and the
photosensitivity is determined by introduction of donor impurities, being one of sources of
photo-carriers, and all the time influencing photo-processes by the existing acceptor states
participation.

As it is shown in Figures 1 and 3, Tm:Ss: Pb films at any temperature revealed a PC and
PEMF peaks with the energy maximum at ~0.510 eV, which probably corresponds to the Pb
donor ground-state-energy. Besides, at 112 K and quantum energy of 7w =0.435 eV the less
intensive maximum is revealed, which gradually washed in diffused one during increase of
temperature (Figure 4).
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Figure 4. Thin structure of the Tm:Ss: Pb films photoconductivity spectrum.

Ignoring any “chemical shifts”, it is possible to suppose that the peak at 0.435 eV is
related with a Pb donor excited state. Consequently, the energetic gap between the ground- and
the first excited-states of this impurity in Tm:S3 equals to 0.075 eV.

PC and PEMF intensities of Tm2Ss: Pb the main impurity maximum locate at the peak
hw=1.7 eV, which we connect with electron excitation from the compensated acceptor level.
Deriving this value from the impurity—electron inter-band transitions in Tm:S3[3], we find the
ionization energy of acceptor levels formed by Tm-vacancies: ~0.8 eV.

The considerable difference of spectral dependences of PC and PEMF of films doped
with Cd from those doped with Pd is evidently related with the fact that cadmium creates
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shallow donor state. This is testified by the fact that in long-wave region of spectrum it was not
possible to find any structure up to 0.2 eV. Definitely, corresponding maximum is placed in far
infrared region. Then, it may be admitted that even at temperature of 100 K there occurs a
thermal ionization of the Cd donor state and its main part in photo-processes comes to
compensation of acceptors, i.e. to increase of time-life of photo-carriers and growth of
photosensitivity in intrinsic spectral region as it can be shown from experimental data
represented in Figures 2 and 3.

The “tail” of PC and PEMF observed up to 22 eV apparently can be ascribed to the
contribution of electron-transitions from compensated acceptor states and probably as well to
the participation of electrons in indirect inter-band transition process.

We have already studied the influence of temperature on PC and PEMF during the
irradiation of samples at fixed wave length lying both in impurity and intrinsic spectral regions.
For all films there took place usual (being close to exponential) temperature-dependence of
photosensitivity.

4. Conclusion

Doping of Tm2Ss by the Pb and Cd atoms has been carried out for the first time. The
spectral dependences of PC and PEMF within the photon energy region of 0.3 — 3.3 eV and the
temperature interval of 110 — 350 K have been investigated.

The supposition has been done that in photosensitivity the main part is played by the
acceptor states connected with the vacancies in cations’ sublattice which are compensated by
the donor levels of Pb and Cd impurities.

High photosensitivity, especially for TmoSs films doped with Cd, testifies that application
of REE sesquichalcogenides is promising for photosensitive structures formation.
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1. Introduction

Experimental investigation of various unusual physical properties of mixed-valence rare-
earth (RE) compounds, heavy fermion systems, still arouse an increased interest. It is
noteworthy that the number of such compounds is increasing continuously. They form a
comparatively little studied class of materials including pnictides [1-3].

Making measurements on RE-materials’ films often allows to avoid some experimental
difficulties and, what is especially important, to reveal more reliably the RE-ion characteristic
state and connect it with the macroscopic parameters of the sample. Hence, great attention is
generally paid to thin crystalline RE compounds layers as a whole, and ours to pnictides.

In this paper, for the first time it is presented and discussed in details main optical
parameters of samarium and thulium monoantimonides films and the effect of the RE-ion
valence-state on their optical properties. Films electro-physical characteristics are also reported.

2. Experimental details

Single-phase polycrystalline partially grain-oriented SmSb and TmSb films, 0.1 — 1.0 pm
in thick, were prepared by vacuum (1.3 - 103 Pa) thermal evaporation from two independent
sources and deposition on fused sapphire, polycrystalline pyroceramic and monocrystalline
silicon substrates. Used components contained 99.9 Sm or Tm and 99.999 % Sb. Films were
prepared at the substrate temperature varying in a rather wide range. Magnitudes 1100 — 1120
and 1010 — 1060 K were found to be optimal for SmSb and TmSb, respectively. The evaporation
rate was about 50 A /s. According to the X-ray and electron diffraction investigations films had
a well-developed NaCl-type cubic structure. The lattice parameters calculated from the
experimental diffraction patterns were found to be 6.27 (SmSb) and 6.07 A (TmSb). Films
surface images obtained through secondary X-rays (on a Camebax-Microbeam X-ray
microanalyzer) indicate homogeneous distribution of the components (Sm and Sb or Tm and Sb,
respectively) within samples. The Auger spectra (obtained on a LAS-2000 Riber setup) usually
contained two additional tracks indicating the insignificant presence of oxygen and carbon in
the surface layers. However, with the increasing of thickness concentrations of these elements
decrease rapidly — their traces virtually completely disappear after 60 min etching of the surface
with the rate of 1 nm / min (using 4 keV Ar* ions).
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Oprical properties of SmSb and TmSb films.

Films of both compounds are rather stable in atmospheric conditions, don’t decompose
and change their colors spontaneously — a black color is characteristic of SmSb, whereas TmSb
films can be prepared golden or violet-blue. Often the color variation is an evidence of the non-
integer variable valency of the RE-ion [4, 5]. Samarium and thulium valencies in corresponding
monoantimonides were determined using /3 X-ray absorption spectra in accordance with the
technique described in [5]. Investigation shows the correlation between the film color and the
thulium ion valence-state does exist. The valence value v is +2.7 + 0.1 for golden films and
+2.2+£0.1 for violet-blue ones. The samarium ion valency in SmSb films is approximately 3
(with error of 10 %). For galvano-magnetic (method of compensation, DC, a magnetic field up
to 20 kOe, temperature range 80 — 440 K) and thermoelectric (absolute method with corrections
for the EMF of copper) measurements the films were prepared in the Hall configuration with
six ohmic contact areas deposited by copper (with a chromium underlayer to impove adhesion).
Optical investigations included the detailed studying of the film reflection R and transmission
T and were followed by the calculation of all main spectral parameters. The measurements of
R and T were carried out at 300 K, on computer-controlled pair of spectrometers, point by
point in the wavelength range 240 — 20 000 nm.

3. Results and discussion

Practically all of electro-physical parameters (resistivity, Hall R, and Seebeck S
coefficients) of the investigated films exhibit close to linear dependence on temperature and
p-type conductance at sufficiently low temperature. Meantime, observed values of the Hall
coefficient (often R,, was less than R, and it corresponded to one carrier per RE-ion), the low
mobility ~1—-2cm?/V -s, and, finally, changes in the signs of R, and/or S in the case of
SmSb and Tm*’Sb indicate participation of both electrons and holes in the transport
process. This is also confirmed by band structure calculations, the density-of-state value and
the Fermi level position in these compounds [6, 7]. Indirect overlap of global extrema of the
valence (I''s) and conduction (X3) bands that is also crossed by a narrow band formed by a
RE-ion fstate is observed; the overlap of wave functions of cation Felectrons and p-electrons of
anion results in strong hybridization of states near the Fermi level, considerable and obvious
dispersions of even bands mostly formed by felectrons; the mobility region of carriers covers
pf, £ and b-bands which significantly differ in density-of-states and the degree of occupation.
Simultaneously, the sensitivity of the Fermi level position to various excitations (according to
the calculations given in [7] for example, the spin-orbit interaction in SmSb decreases the Fermi
energy by ~ 1 eV), and, consequently, to insignificant variation of a RE-ion valence-state should
be anticipated. It is in view of ale this that the correlation between the temperature of a
substrate during evaporation of the SmSb film (affecting the lattice parameter) and the
temperature of the change in the signs of the Hall and Seebeck coefficients (described in [1])
can be better understood.

Among mixed-valence RE-compounds, monopnictides optical spectra are characterized
by the shift of the sharp and deep reflection minimum (Eo) toward the infrared region (from
the visible region typical of metal-like chalcogenides [8]) and exhibition of the narrow
minimum E: in the absorption coefficient spectrum, which agrees in energy position with the
main reflection band E2 (Figures 1 — 3, Table 1). The E2 band in TmSb exhibits a fine structure
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(especially clearly in films with v=+2.2) having at least two peaks (E2, E2’) corresponding
maxima in the dielectric function imaginary part spectrum. Within the absorption edge, the
presence of some maxima in the spectrum of E2 or R (Es) can be also noted. With the increase
of the thulium ion valency (v=+2.7) two peaks E: and E2' smear and merge. Even higher
valency of a RE-ion could be responsible for the absence of separated structures within the
reflection band E2 in SmSb. It should be noted that compared with samarium monoantimonide
the optical spectra of TmSb have more singularities. This is probably due to the fact that in
TmSb many of F£states are located below the Fermi level (even according to calculations taking
into account the spin-orbit interaction [8]), whereas in SmSb the entire £band and part of the

pfvalence band are found to be placed above the Fermi level [6].

a, 105, cm™!

Figure 1. The reflection (1) and absorption coefficient (2),
real (3) and imaginary (4) parts of dielectric function of SmSb film.

-40

12

08

04

.....

4§ o

O 1 |

90

~{50

110

3
3 5 810
— = hw,eV

5 810" 2

1 I
2 3 5

0,8

R hw,eV
0 2 g4 =% 6 R
0,2 T - . y 0,045
0,15 F % et 40,040
3 :' & '- ., o
x : > et A
e . X
. Pig x
1R H
01r )‘ i 40,035
% Y & =
\Vi §
005 % d08
SRS VIV et
R s \"
L '\
081 3 {06
& H
Mm,,;"&,x
06L 3
% g H04
“!‘ . ‘f\
™
. 2
04] !1 s \_ -~
: \ 40,2
ioo8 \,
¥owndl N
¥ 3 ) T
0,2} 1 % % lo
—— '1‘
- ey ’
x X £
L‘ "‘w""‘b’x
5 810' 2 3 5 810° 2 3 5
— hweVv

Figure 2. The reflection spectra of TmSb (1,3 - v =+2.2;2,4,5-v =+2.7).
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Figure 3. The imaginary part of the dielectric function and absorption
coefficient spectra of TmSb (1,2,4—-v =+2.2;3,5-v =+ 2.7).

Table 1. Structures positions in optical spectra (eV).

TmSb
Structure Y 07 SmSb

Eo (minimum R) 0.452 0.517 0.312
e } (minima «, &,) 0.58, 0.55 0.63, 0.56 0.40, 0.41

(maxima &, &) 0.60, 0.48 0.66, 0.64 0.45, 0.41
EZ}(maxima R 2) 0.60, 0.87 0.65 0.45, 0.70
E, P2 0.83, 1.07 0.78, 0.96
Es (maximum R or)« 1.6 1.7 1.65
Ei (maximum o) 0.700 0.710
E'o (minimum R) 1.91 3.34 2.5
E4+ (maximum R) 27 3.8

Calculations of the optical density-of-states and, correspondingly, optical constants
spectral dependencies showed [6, 7] that it is possible to get rather good agreement between
theory and experiment on the basis of the contribution of only direct electron transition
between the nearest maxima of the density-of-states of mixed pf and fp-bands, and £band.
This is confirmed by the calculated spectra ¢, (SmSb) and R (TmSb) presented in Figures 1

and 2, respectively. Naturally, only one mechanism cannot describe all electron processes in
materials with such complex band structure and valence electron configuration. The
contribution of exciton states, for example, should be considered quite probable taking into
account optical structures’ small half-widths. Particularly, the maximum of resonance origin Ei’
(with half-width of about 0.1 eV) was observed near the absorption edge (in the relative
transmission window). Moreover, the hybridization of states at many points of the Brillouin
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zone results in significantly less strict selection rules for optical transition of carriers. Thus, it
exerts a considerable influence on the participation of concrete bands in energy shift and
disappearance of the reflection maximum in the visible region caused by the RE-ion mixed
(but varying within a certain range) valency. As investigation shows the reflection maximum Es
with the amplitude about 4 % in Tm*22Sb is not only shifted towards short wavelengths by
1.1 eV in the case of Tm*27Sb, but also disappears up to amplitude ~ 0.5 %, though preserving its
well defined structure. The reflection maximum Eo, adjacent to the plasmon edge, also exhibits
the expected short-wavelength shift with the increase of the various mechanisms of spectral
sensitivity. It is highly probable that intraband transition, together with these free carriers, are
responsible for a low energy (%® < 0.45 eV) increase of the absorption coefficient and the
presence of maxima in spectra.

Spectra of the real part of the dielectric function &,, loss function Im&™ and the results

of separation of bound (glb ) and free carriers (51f ) contributions in &,(w) are shown in Figure 4.
The sharp positive maxima of &,, especially of &, allow to specify the minimal energy of the

fundamental interband electron transitions (Ei1, Table 1). The presence of a great (but different
for SmSb, Tm*>2Sb and Tm*27Sb) number of short-wavelength structures in the & spectra
indicates, on the one hand, the already mentioned existence of multiple critical points in the
Brillouin zone and, on the other hand, the band reconstruction (at least in respect of the Fermi
level) due to the change of the RE-ion valency. The reflection spectra, given in Figures 1 and 2,
are characterized by a powerful long-wavelength reflection edge of the evident plasmon nature.
The crossing of zero with a positive slope by the dependence &,(w) or by &(w) (that increases

accuracy), with accompanying maximum of Img™ allows to determine of the characteristic
energy of plasmons contributing to the optical constants dispersion. According to the measured
data this energy of carriers’ plasma oscillation is estimated at 1.5 eV for SmSb and 0.55 — 0.57 eV
for TmSb.
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Figure 4. Loss function spectra (1), real part of dielectric function (2) and bound (3, 4)
and free (5) carriers structures in &,(®) for TmSb (4 - v=+2.2;1-3,5-v=+2.7).
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One of the characteristic features of the investigated reflection spectra is the presence of
yet another (together with Eo) short-wavelength reflection minimum Eo, as well as the
accompanying maximum Es in the case of TmSb (Figure 2, Table 1). Our earlier investigation
carried out on SmS and DyS films [4, 7] revealed a certain regularity connected with the
emergence, non-integer value of v, while for TmSb this shift (both by the absolute and relative
value) is considerably less than magnitudes observed in samarium and dysprosium monosulfides
(see [4, 8]).

4. Conclusion

Single-phase crystalline films of samarium and thulium monoantimonides were prepared
on various substrates by vacuum thermal evaporation from two independent sources. Electro-
physical characteristics of main optical parameters are studied in detail and the sensitivity of the
observed optical spectra singularities to the value of the RE-ion mixed valency determined by
the characteristic Z3 X-ray absorption is shown. The reported experimental results agree well
with and represent in many aspects the specific energy band structure of the investigated
compounds.
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1. Introduction

People had inhabited the Earth for hundreds of thousands of years before they began to
use metals. This was the Stone Age in which the only tools available were pieces of wood, bone,
flint, or sea shells. The ancient peoples used only those metals that were available without
mining or chemical treatment, for example, pieces of native gold, silver, and copper, and rare
pieces of meteoric iron. These were too small in quantity to be of any consequence. Iron articles
of meteoric origin can be easily identified by their nickel content.

Up to the Middle Ages, seven metals were only known and used by man. These were
gold, silver, copper, iron, lead, tin, and mercury. During the Middle Ages the metalloids arsenic,
antimony, and bismuth were isolated as well as zinc that was imported from the East. In the
Eighteenth century mineral specimens were continuously supplied and analyzed, which
resulted in the discovery of about a dozen new metals. With the discovery of electric current at
the beginning of the nineteenth century the alkali metals were isolated and these were
responsible for the isolation of new metals that were not possible to isolate before, such as
aluminum, zirconium, titanium, etc. Once aluminum became available it was used to liberate
other metals from their compounds. The industrial revolution in England introduced the Age of
Steel while the discovery of X-rays towards the end of the century resulted in many more
discoveries that changed our world in the twentieth century.

Shortly after the discovery of uranium fission in 1939, the possibility of harnessing
atomic energy was realized. To achieve this goal metallic uranium would be required on a large
scale. Since no rich deposits of the metal were known at that time, only poor ores had to be
processed. This introduced the large scale application of ion exchange and solvent extraction in
metallurgy. Also, the need for metals having special properties for their use in nuclear reactors
resulted in the sudden interest in previously rarely used metals such as beryllium, zirconium,
cadmium, sodium, potassium, thorium, and the rare earths. Thus, novel methods of extraction
were devised and applied on a large scale, for example, chlorination, fluorination, and fused-salt
electrolysis.
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The improvement in the design of the jet engine, and the suitability of titanium and its
alloys to meet the strains imposed by ultra-high speed flight, besides their exceptional high
strength to weight ratio, resulted in the fast development of the commercial production of
titanium. The discovery of the semi-conductive properties of germanium led not only to
commercial production of this metal but also to the preparation of related metals such as silicon,
selenium, and tellurium on a commercial scale. Further, the use of such metals for the
electronic industry, called for very high purity, not known before. This resulted in the
invention of new methods for metal refining like zone refining. If high purity had to be
achieved, laboratory methods for determination of impurities, at such previously unknown low
levels had to be devised. Polarography, activation analysis, atomic absorption spectroscopy, etc.,
were therefore either improved or invented to cope with the situation.

The competition in sending men to the moon was a strong reason to develop new alloys,
new rocket fuels, and new materials of construction. The appearance of new ideas in chemical
thermodynamics and kinetics by Nernst, Van’t Hoff, Haber, Ostwald, Le Chatelier, Arrhenius,
and others laid the foundation for a theoretical weapon to attack and solve problems related to
metal recovery. The improvement in chemical engineering practice resulted in cheap and large
scale production of important gases such as oxygen, chlorine, hydrogen, etc. in metal extraction
The role played by refractories, and especially the basic refractories is also a milestone in the
development of pyrometallurgical practice. Closely related to these achievements is the
introduction of new unit operations such as flotation and fluidization.

Extractive
Metallurgy
(chemical)

Beneficiation

(physical)

Industrial Minerals

Figure 1. Mineral processing: metals from ores.

Mineral processing involves the treatment of ores to get metals (Figure 1). It involves
two distinct operations: the first is physical called beneficiation the second is chemical called
extractive metallurgy. Both operations are overlapping since, in some cases, a physical method
of separating the components of the material processed is inserted in the scheme of metal
extraction. In few cases the mineral raw material is directly subjected to chemical treatment
without being beneficiated.

2. Mineral beneficiation
Beneficiation is concerned with the enrichment of ores and separation of unwanted

gangue minerals so that the subsequent treatment to get the metals by the extractive
metallurgist is more efficient. The beneficiation engineer uses only mechanical, physical, and
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physico-chemical methods for conducting his operations which are all done at normal
temperature and pressure. These operations can be divided into two distinct steps:

e Liberation. In this operation the rock is broken down by mechanical means so that the
individual mineral components become independent of each other, i.e., each is detached or
liberated.

® Separation. In this operation the valuable minerals are separated from the rest by
means of physical and physico-chemical methods making use of differences in specific gravity,
magnetic properties, etc.

There is a group of some 300 minerals that are used as such or as a raw material for the
chemical or other industries, i.e., they are not used for the production of metals. These are
known as “industrial minerals.” They may or may not be beneficiated. For example, clays,
sands, and limestone are used in the construction industry. Sulfur, phosphate rock, fluorite are
used in the chemical industry. Diamonds and other precious and semi-precious stones are used
in jewellery.

The components of an ore are the valuable minerals and the waste or gangue minerals.
The need to beneficiate ores by physical and mechanical means arises from the following facts:

e Transportation and handling costs can be greatly reduced if the unwanted gangue
minerals were first removed.

e Size of reactors for treating such concentrates is also greatly decreased, which results
in decreased capital cost, if the gangue minerals were removed.

® The ore may contain more than one valuable mineral, or certain undesirable impurity,
and it is usually cheaper to separate them by physical rather than by chemical methods.

2.1. Aggregation of minerals
The reason for the above division is that minerals usually occur in ores in the following

forms: detached, cemented, locked, and disseminated; each form has its own characteristics
(Figure 2):

(S 8 «
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Detached Cemented Locked Disseminated

Figure 2. Mode of occurrence of minerals in nature.

® Detached. In this case the desired mineral is separate from the others and therefore
easy to separate by physical methods. For example, gold particles and platinum metals in
alluvial sand.

e Cemented. In this case the desired mineral is cemented with other mineral particles
and separation would be possible if the particles are fractured at the grain boundaries. For
example, apatite in phosphate rock and gibbsite in bauxite are usually cemented to clays.
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® Locked. In this case the desired mineral is locked into other minerals and they cannot
be separated by physical methods unless liberated by grinding. This is the case for most ore
deposits.

o Disseminated. In this case finely divided mineral particles are dispersed in a matrix of
another mineral. For example, the porphyry copper ores where finely divided copper minerals
are dispersed in quartz, and the complex sulfides where copper, lead, and zinc sulfide minerals
are dispersed in pyrite. These minerals can only be liberated by extensive grinding and under
such conditions physical methods of separation usually fail and chemical methods must be
applied.

A beneficiation plant is divided into two sections: liberation of the minerals from the
rock and separation of the liberated minerals.

2.2. Liberation of minerals

Liberation of minerals by comminution is an expensive operation; the cost increases
proportionally with decreased particle size of the product. On the other hand, the cost of any
subsequent metallurgical operation, e.g., heating, leaching, etc., decreases with decreased
particle size of the solid treated because of the increased surface area. Therefore, there must be a
compromise between the cost of grinding and the ideal particle size required for a subsequent
process. This is represented by the minimum in Figure 3. A relation between particle size and
surface area is given in Figure 4. Excessive grinding may also be undesirable since it may cause
problems in a subsequent step, e.g., during filtration if the ore or concentrate is treated by
hydrometallurgical methods. Comminution of ores is usually done in three steps as shown in
Table 1 (Figures 5-8).

Overall cost

Cost

Metallurgical

process

Grinding

AA.

!
t
i
i
'
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1
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1
1

Particle size

Figure 3. Relation between cost and particle size.
Point A represents the most economic particle size.

28



F. Habashi. Nano Studies, 2011, v. 3, pp. 25-40.

Surface area/unit weight

Particle size

Figure 4. A relation between particle size and surface area.

Figure 5. Jaw crusher.

Figure 7. Rod mill. Figure 8. Ball mill.
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Table 1. Data on crushing and grinding industrial operations.

Operation Equipment used Feed size, mm | Product size, mm
Coarse or primary crushing | Jaw or gyratory crusher 100 - 300 10-50
Fine or secondary crushing Rod mill 10 -50 2-10
Grinding Ball mill 10-20 0.005

2.3. Attrition grinding and mechanochemistry

Mechanochemical phenomena have been utilized since ancient times in making fire by
rubbing pieces of wood against each other or by using flint to generate a spark that ignites dry
bush. In mineral processing attrition grinding mills have been used to produce a product more
susceptible to reaction and also to reduce the energy required for grinding. A vertical mill with
an agitating screw suspended into the grinding chamber, supported by spherical roller bearings,
and driven by a fixed-speed motor through a planetary gearbox typically handles feed sizes
ranging from 6 mm and less, while grinding material to under 20 pm in size. The mill has a
screw that pulls media up the centre of the mill before cascading over the edge of the screw,
creating a downward flow of media at the mill perimeter (Figure 9). The vertical mill does not
use impact to break material, which wastes energy. In another design cemented carbide balls
are used as attrition medium (Figure 10).

circulation pumping device

balls as milling agents

Figure 9. Vertical attrition Figure 10. Attrition mill
mill with a screw [Metso]. with silicon carbide balls.
2.4. Separation of minerals
Separation of minerals is based on differences in their physical or physico-chemical

properties. Among the physical properties that are extensively exploited are the specific gravity,
magnetic and electrostatic properties, and radioactivity. Physico-chemical methods are based on
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the surface properties of the minerals. These methods are not very effective, but they are cheap
and rapid.

Figure 11. Photomicrograph Figure 12. Foam from a flotation cell
of fine mineral particles containing a mineral concentrate.
floated by tiny air bubbles. Tiny mineral particles, about

40 pm, are adhering to air bubbles.
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Figure 13. Optimum particle size for separating minerals.

Separation based on the surface properties of minerals is the basis of the flotation process
which is now the most important concentration method; more ores are treated by this method
than by any other. The process depends upon the ability to selectively render some minerals
un-wetted by water while others remain wetted. The un-wetted particles adhere to air bubbles
which float to the surface and are removed as a concentrate in the froth (20 — 40 % solids) as
shown in Figure 11, while the wetted particles do not adhere to the air bubbles and remain
behind. The particles in the froth (Figure 12) are then subjected to filtration to get a “flotation
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concentrate.” The specific gravity of the minerals is not the determining factor, for the minerals
floated are usually heavier than the minerals which are not floated.

For each property on which a separation process is based there is an optimum particle
size of the feed at which the process functions most effectively. Figure 13 gives the optimum
range of particle size for various methods. For example, flotation can be most effectively
conducted when the mineral particles are 1 to 0.01 mm; particles larger than 1 mm will be too
heavy to be lifted by the air bubble and all particles smaller than 0.01 mm will be floated
because at this small size loose agglomeration takes place. Usually, more than one process is
used to effect a separation. In magnetic methods, both low and high magnetic fields are used.

2.5. Recovery and grade
Two parameters have to be determined in any separation process:

® Recovery. This is the percentage of the metal values recovered in the concentrate.
® Grade. This is the content of the metal in the concentrate expressed in percent.

Recovery

Recovery, %
uo1/¢ ‘anfep

Grade

Figure 14. Relation between recovery of a certain
mineral grade of the concentrate obtained, and its value.

The connection between these parameters are the following (Figure 14):

e There is an inverse relation between recovery and grade. To obtain a high grade
concentrate, the metal values lost in the tailings will be high and therefore the recovery is low.
A 100 % recovery is only possible by not concentrating the ore.

e There is a direct relation between the value of a concentrate and its grade. This is
because the cost of extracting metal values from a concentrate is determined largely by the cost
of rejecting the valueless material still present. For example, the lower the grade of a copper
sulfide concentrates the more energy the concentrate will require when treated by
pyrometallurgical methods.

Thus, the production of a high-grade concentrate will result in the loss in some values,
but the value of the concentrate would be higher. Therefore, a compromise is generally sought
between the metal values lost in the tailings and the ease of subsequent metallurgical treatment
of the concentrate. Physical and physico-chemical properties on which separation of minerals is
based are the following.
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3. Extractive metallurgy

While the beneficiation engineer uses only mechanical, physical, and physico-chemical
methods, the extractive metallurgist uses chemical methods. Another important difference is
that while all beneficiation operations are conducted at normal temperature and pressure,
extractive metallurgical processes are seldom conducted at ambient conditions — usually at
high temperature, and sometimes also at high pressure. In its modern form extractive
metallurgy is broadly divided into three areas: pyro-, hydro-, and electrometallurgy.

e Pyrometallurgy. This is the oldest sector of extractive metallurgy and involves dry
methods usually conducted at high temperature, such as oxidation, reduction, chlorination,
melting, slagging, etc., and often involving the melting of the minerals and the separation of the
valuable components in the liquid state. Typical ores treated by this technology are those of
iron, copper, and lead.

e Hydrometallurgy. This is a relatively new sector of extractive metallurgy and involves
the wet methods, usually conducted at room temperature or near the boiling point of water. It
includes the leaching of ores or the precipitation of a metal or its compounds from aqueous
solutions, as well as methods of isolation and purification such as ion exchange and solvent
extraction. Typical ores treated by this technology are those of gold, uranium, and aluminum.

o Electrometallurgy. This is the newest domain of extractive metallurgy and involves all
processes based on the use of electric current for metal recovery or refining either in aqueous
solution or in a fused salt. Typical metals produced by this technology are aluminum, copper,
and zinc.

These areas, however, cannot be considered isolated one from the other, because a
combination of these processes is generally used in the production of a single metal.

3.1. Pyro- versus hydrometallurgy

Pyrometallurgy was most successful when high grade massive ores were treated in a
blast furnace, because such a furnace has maximum heat economy being itself a heat exchanger:
the cold charge descending from the top is preheated by the hot gases ascending in the furnace.
Dust problems were also minimal because the ore was in the form of large lumps. With the
exhaustion of such raw material, metallurgists turned their attention towards the treatment of
low-grade ores. This necessitated extensive grinding and flotation, which resulted in finely
divided concentrates as raw material. These, naturally, could not be charged to a blast furnace
because if charged they will block the movement of the ascending gases — hence the birth of
the fossil-fired horizontal reverberatory furnace for melting sulfide concentrates. This was a
turning point for the worst with respect to pollution of the environment, high energy
consumption, and excessive dust formation.

Treatment of sulfide ores

Pyrometallurgical treatment of sulfide ore is plagued by the problem of sulfur dioxide
generation. If it is in high enough concentration, it must be used for making acid and a nearby
market for this acid must be found. If the sulfur dioxide concentration is too low for making
acid, disposal methods must be found. These are available but expensive. As a result, in many
cases, sulfur dioxide is simply emitted to the atmosphere. On the other hand, sulfides can be
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treated by hydrometallurgical methods without generating sulfur dioxide thus eliminating the
need to manufacture sulfuric acid. The sulfur can be recovered in the elemental form which can
be easily stock-piled, or transported at low cost.

Material handling

In pyrometallurgical processes, the metallurgist is forced to transfer molten slag and
matte from one furnace to the other in large, heavy, refractory-lined ladles. Besides the
inconvenience and the cost of handling these materials, there is also the inevitable gas emission
from them because they are usually saturated with sulfur dioxide and during transfer they cool
down a little, resulting in decreased gas solubility and emission, hence the inconvenient
working condition. In hydrometallurgical plants, solutions and slurries are transferred by
pipelines without any problem.

Energy

Because of the high temperature involved in pyrometallurgical processes, usually around
1500 °C, the reaction rates are high but much fuel is needed. To make a process economical,
heat recovery systems are essential. Heat can be readily recovered from hot gases, but rarely
from molten material like slag or metal. Thus, a great deal of energy is lost. Further, the
equipment needed for heat economy is bulky and expensive. Further, in a horizontal furnace
heat is mainly transferred from the ceiling of the furnace by radiation and has to penetrate a
thick layer of slag which has a low thermal conductivity; that is why it is inefficient. In
hydrometallurgical processes, on the other hand, less fuel is needed because of the low
temperature involved (usually below 100 °C). Heat economy is usually no problem.

Dust

Combustion of fossil fuels in a horizontal furnace results in the formation of a large
volume of gases that carry over large amounts of dust. This must be recovered to abate pollution
and because the dust itself is also a valuable material. The technology of dust recovery is well
established but the equipment is bulky and expensive. In hydrometallurgical processes this is no
problem because wet material is usually handled.

Treatment of complex ores

Treatment of complex ores by pyrometallurgical method is unsuitable because separation
is difficult; complex ores can be treated more conveniently by hydrometallurgy.

Treatment of low-grade ores

Treatment of low-grade ores by pyrometallurgy is unsuitable because of the large
amount of energy required to melt the gangue minerals. On the other hand it is especially
suitable to use hydrometallurgy since a selective leaching agent that can solubilize the valuable
minerals, and not the gangue, is usually available.

Economics

The economics of a pyrometallurgical process is usually suitable for large scale operations
and this requires a large capital investment. On the other hand, hydrometallurgical processes
are suitable for small scale operations and low capital investment. The hydrometallurgical units
can be increased in number when the need arises without any economic disadvantage.

Residues

Many residues of pyrometallurgical processes are coarse and harmless. For example, slag
which is a silicate phase can be stored in piles exposed to air and rain without the danger of
dissolution and contaminating the streams. It is just unacceptable from the aesthetic point of
view. On the other hand most residues of hydrometallurgical processes are finely divided solids.
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If they are dry, they create dust problems when the wind blows and when wet they will
gradually release metal ions in solution which will contaminate the environment. Hence well
prepared storage sites must be created.

3.2. Pyro- versus electrometallurgy

The competition between pyro- and electrometallurgy is mainly between
metallothermic reduction processes for producing metals, i.e., liberating a metal from its
compounds by heating with another more reactive metal, and the electrolysis of fused salts.
While both routes require using pure materials and their handling under strict anhydrous
conditions, the metallothermic reduction usually involves more handling steps than the
electrolytic route. On the other hand, electrolytic processes require cheap electric power.

The first metallic aluminum produced commercially was prepared by a
pyrometallurgical route, namely, by the reduction of aluminum chloride with metallic sodium.
The process, however, gave way when the electrolytic reduction of Al2O3 process was invented.
While the choice between pyro- and electrometallurgy has been settled for the aluminum
industry long time ago, this is not the case for other metals like beryllium and magnesium. For
these two metals, both routes are used. On the other hand, the production of titanium by
metallothermic reduction is still unchallenged by the electrometallurgical route.

4. Progress and problems in mineral processing

The present tendency in mineral processing is focused towards solving the following
problems:

4.1. Processing of low-grade ores

It is evident that rich ores will first be exploited. These have been practically exhausted
and the metallurgist is now faced with deposits containing low metal content from which the
metal has to be recovered by economical means.

4.2. Processing of complex ores

Extractive metallurgists are also faced with ores containing numerous valuable metals
thus making difficult their separation and recovery, for example, pyrite containing disseminated
lead, zinc, and copper sulfides, or pyrrhotite containing nickel, cobalt, and copper sulfides.
These ores also contain gold, silver, and platinum group metals.

4.3. Preparation of high-purity metals
At one time a metal 99.9 % pure was sufficient for many applications. Today to meet the
demands of the more specialized industry such as the electronic or the nuclear industry, the

extractive metallurgist is now preparing metals 99.999 % pure. New techniques have to be
developed and new methods of chemical analysis have to be devised. Electrolytic methods, for
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example, are used to prepare the common metals copper, nickel, zinc, gold, and silver, in a pure
form. High purity nickel is produced on large scale by the carbonyl process while zirconium
and hafnium are usually purified by the iodide process.

To produce a reactor-grade uranium, the yellow cake (sodium or ammonium uranate)
produced at the mine has to be dissolved in nitric acid and purified by organic solvents until a
very pure uranyl nitrate is obtained which can then be processed further to metal. To prepare
germanium for the electronic industry, germanium tetrachloride is thoroughly purified by
fractional distillation before reduction to metal and the preparation of single crystals of
germanium. Zone melting is used to purify low melting point metals while electron beam
melting is used for high melting point metals. Polarography, spectrophotometry, and emission
spectography were at one time the most sensitive methods for analyzing impurities in metals.
Now, atomic absorption and neutron activation methods have taken over.

4.4, Increased demand for metals

As a result of the growing population, there is an increased demand for metals, hence the
necessity for increased production. This requires the design of larger reactors of unprecedented
size capable of satisfying the increased demand. Today a blast furnace produces 10 000 t / d iron.
To produce this amount of iron, about 17 000 tons of ore, 5000 tons of coke, 2 500 tons of
limestone, 20 000 tons of air, 3 000 tons of slag, 500 tons of dust, and 30 000 tons of blast
furnace gas must be handled daily. The engineering problems associated with handling these
materials are no doubt enormous. In 1960, the production of aluminum exceeded that of copper
for the first time. Aluminum is now the first nonferrous metal in terms of tonnage produced
which exceeds 20 million tons / year.

4.5. Conservation of mineral resources

Natural resources are limited and it is necessary to conserve them. This can be only
achieved by:

o Utilization of scrap metal. Processing of scrap metal not only conserves the metal but
utilizes much less energy. Production of steel from scrap consumes only 25 % of the energy that
would be used to produce the same steel from an iron ore. In the case of aluminum the energy
consumed is even much less (about 4 %).

® Recovery of metals that would be otherwise lost during processing. For example
phosphate rock contains on the average 100 ppm uranium. During processing the rock for the
production of fertilizers, the major part of uranium goes into the phosphoric acid produced as
an intermediate product. Since about 100 x 10¢ tons of rock are processed every year, about
10 000 tons of uranium would therefore be lost in the fertilizers. Some plants are recovering
this uranium from the acid before manufacturing the fertilizers. This is usually done by
extraction with organic solvents.

e Converting mineral waste into useful products. The metallurgical industry produces
large amounts of tailings, slags, and residues which accumulate through the years. While some
tailings are returned to the mine as a filling in case of underground exploitation, in case of open
pit mining the tailings is usually piled in the neighborhood. For example, in the asbestos
producing areas in Quebec about 20 million tons are rejected every year. These tailings are
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mainly magnesium silicates. At present, there are about 600 million tons of tailings that have
already accumulated and are a source of pollution when the wind blows. Efforts are under way
to recover magnesium from this source; however, the problems have not yet been solved.

Metallurgical slags may be used in road construction, and in cement manufacture.
However, much slag piles are still accumulating around metallurgical plants for a variety of
economical, technological, or transportation reasons. Some slags may be radioactive if the ore
contains uranium or thorium. For example, niobium ores usually contain some uranium and
thorium; in the production of ferroniobium the slag contains the radioactive metals.

In the production of alumina from bauxite a red mud is produced which contains
principally Fe:0s, SiO2, and TiO:. For every ton Al2Os produced about one ton of red mud is
produced. A small amount is used for making refractory bricks but the great part is usually piled
occupying large areas of land. While this residue may be relatively harmless, other residues, for
example those from zinc or uranium ore treatment may contain traces of metals that may be
solubilized by the combined action of air and rain causing contamination of surface waters.

4.6. Pollution abatement

At one time the metallurgical industry cared less about emitting its waste products in
rivers and lakes or in the atmosphere. Now, with increased government regulations, it is no
longer acceptable to dump waste solutions in rivers or lakes, or emit sulfur dioxide or fluorine-
containing gases in the atmosphere. The extractive metallurgist is now trying to cope with this
problem by adding new equipment in existing plants that would abate pollution. He is even
forced in some cases to develop new costly processes but less polluting than the conventional
processes.

4.7. Decreasing expenditure of energy

Fuel, heat, and electricity are costly items in a metallurgical process and should be used
with great efficiency to decrease production costs. To this end, the recent trend is focused
towards the following goals:

An increased use of heat recovery systems

Heat from an exhaust fluid is to be used for preheating the entering fluid. For example,
exhaust hot gases from a furnace can be used to preheat the air and / or the fuel (gas or liquid)
used in the furnace, or to generate steam in a waste heat boiler. This steam can be used in the
plant for various purposes or for generating electricity. Recently, gases leaving a steelmaking
converter have been collected to recover their calorific value. A 200 tons steel converter
contains about 8.4 tons of carbon which are oxidized during oxygen blowing to CO. At one
time this gas was left to burn to CO: at the mouth of the converter. Introducing air-tight hoods
prevents this combustion, and CO can now be cleaned of its dust content and directed to a gas
holder, from which it can be used on demand as a fuel.

An increased use of oxygen instead of air

It has been realized that the cost of separating oxygen from the air is less than the cost of
using large equipment utilizing air either in hydro- or in pyrometallurgy. Air contains only
21 % oxygen and the rest is nitrogen which plays no useful role in metallurgical processes; on
the opposite, nitrogen must be heated before entering the reactor and then as much as possible
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of this heat must be recovered when it gets out of the reactor. The increased use of oxygen
resulted in a tremendous decrease in its price. It also resulted in a parallel increase in
production of argon which is present in air to the extent of 1 %. New applications for argon
were thus created, for example, in the refining of steel.

Improved equipment design

Electric heating is more efficient than heating by burning carbonaceous material. There
is no flue gases to worry about recovering there sensible heat or remove their dust content. That
is why more electric furnaces are being used in extractive metallurgy. Improved furnace design
may also be achieved by using direct instead of indirect heating. For example, zinc and
magnesium were once produced by the reduction of their oxides in retort furnaces where heat
was supplied to the charge in the retort from the outside. Naturally this is not an efficient way
of heating because of the slow rate of heat transfer and the rapid deterioration of the retorts.
These processes were later abandoned in favor of direct heating, i.e., heat is generated directly
inside the charge, for example, by electric heating or by burning the carbonaceous fuel in direct
contact with the charge.

Improved process design

Copper, lead, and nickel sulfides concentrates are common in one respect: the molten
sulfide can be treated by air to produce the metal in a single step; the process is exothermic.
However, until recently these metals were produced by a multi-step process, including one that
is endothermic. It was therefore thought that if all the operations were conducted in one
reactor instead of two or three then there will be great saving in energy. For the production of
copper this concept was applied, using reactors in which one region is a strongly oxidizing
atmosphere to permit partial oxidation and melting of the sulfide, slagging of the iron, and
converting the copper sulfide, and another region where the slag is tapped is a reducing
atmosphere to permit decreasing the copper content in the slag. The same principle is applied to
lead sulfide. For nickel sulfide the situation was slightly different but it was possible to solve the
standing problems.

Improved methods of operation

Operating a vertical furnace is usually susceptible to channeling, i.e., the ascending gases
penetrate unequally through the bed due to the presence of channels. This causes inefficient
operation because certain parts of the bed undergo reaction while others, where the gas does
not penetrate, descend without reaction. The main reason of channeling is the unequal particle
size of the charge. Agglomeration of the charge and sieving to a narrow range results in
preventing channeling. This has been demonstrated and applied in iron blast furnace.

4.8. Efficient process control

Metal production suffered from the difficulty of controlling the quality of the product
because of fluctuations in raw material processed. Nowadays, with the advent of computer
systems and physical methods of chemical analysis, it became possible to improve the quality
and to control its composition. For example, steel samples are taken and transported
pneumatically to the laboratory where X-ray fluorescence analysis or emission spectrographic
analysis is conducted for a large number of elements, results of which are conveyed in a printed
form via a computer to the operator within minutes.
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In electrolytic plants it is essential to make sure that the designed anode—cathode
distance is respected otherwise the voltage will change and will result in excess energy
consumption and / or electrodeposition of undesirable impurities. In aluminum reduction cells
sensors have been introduced to automatically control this variable. In copper and zinc
electrolytic plants this was formerly checked by workers using a voltmeter. Nowadays,
scanning infrared cameras are used to photograph the cells from the top. Any hot zones due to a
narrow anode—cathode distance will be revealed and at once corrected.

4.9. Minimum utilization of manpower

Many metallurgical processes are conducted batchwise. This needs a large number of
operators. To decrease the manpower operating a plant, the process should be conducted on
continuous basis. This proved sometimes to be not only a saving in manpower but also a saving
in energy. For example, steel was at one time cast in ingots and when solidified it was removed
and put in a furnace to be heated to a certain temperature before transporting it to the rolling
mills. Naturally, this meant many times handling a batch as well as loss of heat during the
cooling step. Introducing continuous casting where the molten metal is directly cast solved this
problem. Few years later the same technique was introduced in the nonferrous industries. The
production of copper was for many years a batch process: the sulfide concentrate was melted in
a furnace to separate the gangue then the matte is transferred to another reactor to remove the
iron, and to get the copper. In recent years a Japanese process was introduced in which the
molten material is continuously transferred from one furnace to the other by gravity, thus
saving manpower.

5. Summary

In the past centuries pyrometallurgy was the only route to extract metals from ores and
this required a large capital investment many countries could not afford to raise. This situation
encouraged marketing of concentrates. Today, metallurgists have the option to use the
hydrometallurgical route to process ores and concentrates at a reasonable capital investment.
This opened the way to the possibility of processing ores locally. When need arises to increase
production new units can be added economically. This is not possible with pyrometallurgical
processes because one large furnace is more economical than a number of small furnaces with
the same capacity due to heat radiation losses. In summary, mineral processing has made great
progress in the past thirty years but there are still some standing problems that need to be
solved.
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This is the second paper in a series of four, devoted to outline mineral processing for
nano-scientists — users of the final products. The first paper was a general outline of
mineral processing. The next two will be on hydrometallurgy and electrometallurgy.
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Pyrometallurgical processes involve a preliminary step to render the ore or concentrate
more amenable to further processing. This is then followed by a reduction or a conversion step
to liberate the metal and finally a refining step to get the pure metal for the market. When the
flotation process was introduced it permitted the utilization of low great ores which resulted in
fine particles that cannot be introduced into shaft furnaces in use. As a result new unit
operations were invented to cope with the situation. Although fine particles may be desirable
because of the large surface area and the rapid rate of reaction they have the disadvantage of
generating undesirable dust. Fine particles are crucial for roasting and flash smelting
technologies.

1. Introduction

Pyrometallurgy is as ancient as our civilization. The use of fire made it possible for
ancient people to produce gold articles by melting and casting tiny particles found in rocks, or
loose in the ground (Figure 1). Pyrometallurgy is that branch of extractive metallurgy dealing
with the extraction of metals from their ores by thermal methods. Because of the extensive use
of carbon as a fuel and as a reducing agent, pyrometallurgy can be called the technology of
carbon, in analogy to organic chemistry, the chemistry of carbon. More than 50 % of the coal
mined today is used by the metallurgical industry.

Figure 1. Ancient Egyptian wall painting showing the use of bellows to blow air in a fire.
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Pyrometallurgy is the most important division of extractive metallurgy, since it is
involved in the recovery of most metals and primarily in the ferrous industry. It is based on two
important principles:

® The formation of immiscible molten layers during the melting of ores.

e The different energetics of liberation of metals from their compounds at high
temperature.

2. Formation of immiscible molten layers

During the melting of an ore or a concentrate, the silicates, sulfides, arsenides, and
metals produced coalesce, each forming an individual molten layer. Because of the differences
in specific gravity, it is usually possible to allow the material to settle and to separate each layer
(Figure 2). The silicate layer on the top is called s/ag, the sulfide layer next is called matte, and
the arsenide layer next, is called speiss. Table 1 gives the properties of the different layers
formed when melting lead oxide (obtained by the oxidation of a lead sulfide concentrate) in the
presence of carbon to get impure metallic lead called bullion. The separation is, however, not
sharp; each layer will contain some impurities from the other layers in contact with it. Not all
four layers are necessarily formed in a process. Most common are the slag-matte or slag-metal
layer that form. The case of lead is a particular example.

Figure 2. Formation of three immiscible layers: slag, matte, and metallic
copper when melting copper sulfide concentrate under certain conditions.

Table 1. Immiscible molten layers formed during the production of lead.

Phase Specific gravity | Common name Major Metal present Minor
silicate 3.6 slag Ca, Si, Al, Mg, Zn, Fe Mn, Sn
sulfide 5.2 matte Cu Fe
arsenide 6.0 speiss As, Sb Co, Ni

metal 10.0 bullion Pb Au, Ag

42



F. Habashi. Nano Studies, 2011, v. 3, pp. 41-62.

Hot gases leaving the furnace are loaded with dust particles. These are mainly
components of the charge as well as volatile components formed during melting, e.g., cadmium
and indium. In a pyrometallurgical plant, provision is always made to separate the dust from the
gas for recovery and to avoid pollution of the environment.

2.1. Fluxes

To facilitate the melting process, a flux is usually added to combine with the high-
melting point components and form the slag having a low melting point. For example, an ore
containing limestone as gangue mineral, when heated, will result in the formation of CaO,
which has a melting point of 2580 °C. To melt such material, a large amount of fuel will be
consumed to achieve this temperature. This approach is not only uneconomical but also will
necessitate the construction of a furnace that can withstand such high temperatures. If,
however, a flux such as silica (melting point 1728 °C) is added to the ore, then on heating, a
reaction between CaO and SiO: will take place to form calcium silicate, i.e., a slag whose
melting point may be as low as 1500 °C. In this way the gangue minerals are separated from the
other valuable ore components in the form of a low-melting slag. If on the other hand, the
gangue mineral was SiOz, then CaO should be added as a flux to aid in the formation of the slag.
Figure 3 shows the phase diagram SiO2 — CaO.

2500~ 4

[$) \/ Liquid
W 2000F , .
=) H \
fud
& ~/
@ 1500 4
a
o
- 1 1 1 |

1000 20 40 60 80 100

Ca0 WEIGHT % Si02

Figure 3. Simplified phase diagram of SiO2 — CaO system.

In pyrometallurgy, SiO:2 is considered an acidic oxide and CaO as basic oxide. This
concept was introduced long ago when it was observed that some oxides dissolve in water
forming an acid, and others when dissolved form a base. For example, P20s dissolves in water to
form phosphoric acid and CaO dissolves to form calcium hydroxide. Silica is insoluble in water;
it was regarded as the anhydride of various silicic acids: ortho HsSiOs4, meta H2SiOs, and poly
Ha4SiOs, in which the hydrogen atoms can be replaced by metals to form silicates. This is true for
a limited number of silicates such as those of the alkali metal group. Recent research, however,
has shown that the structure of other silicates is not so simple. Thus, it was found that SiOz2 is
composed of a large network in which the fundamental structural unit is the tetrahedral group
SiOs; the central silicon ion is linked with four oxygen ions.

In terms of recent theories, an oxide MO is called a basic oxide because it provides
oxygen ions:

MO — M* + O%.

An acidic oxide, on the other hand, will absorb ions provided by a basic oxide, e.g.:
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SiO2 + 20%* — SiO4*.

When CaO dissolves in molten silica, the Si—O bonds are steadily broken down, until
eventually the melt is composed of discrete SiO4* groups and Ca? ions. A slag, therefore, is a
silicate network of various compositions. It is considered an acid slag when it is rich in silica,
and basic slag when poor in silica, i.e., rich in basic oxides. An acid slag will be capable of
dissolving basic oxides while a basic slag, on the other hand, will be capable of dissolving acidic
oxides.

There is, however, another group of undesirable components in ores that have the ability
to combine with either the acid or basic flux. These are called amphoteric oxides. For example,
Al203 can combine with SiO: to form aluminum silicates, e.g.:

3A120s3 + 25102 — Alg[Si2013].

Or it can react with a basic oxide such as CaO to form calcium aluminate:

ALOs + CaO — Ca[ALO4].

This information is important not only when conducting a melting or a refining process
involving slags but also has to be considered when selecting the refractory lining of a furnace or
a ladle handling slags.

2.2. Slags

In pyrometallurgy, slags are produced in large quantities, either during the melting of
ores or the refining of pig iron to make steel. They are usually disposed of in either one of the
following ways:

@ Collected in pots which are then transported on rails and poured into a dumping area.

e Allowed to flow into a large volume of water so that they are granulated and
granulated material is transported by mechanical conveyors to the dumping area.

A slag must be sufficiently fluid to permit entrained globules of the layer underneath to
settle rapidly and also to flow easily from the furnace. Fluidity of a slag is a function of:

o Temperature. The higher the temperature the more fluid the slag. However, at high
temperature, corrosion of the refractory lining becomes more severe.

e Composition. Some oxides when dissolved in a slag increase its viscosity while others
decrease it. Slags have slight electric conductivity: this demonstrates their ionic character. This
property is utilized in industry for heating purposes; thus when electrodes are immersed in a
molten slag layer and a current is passed, the temperature of the slag increases thus permitting
melting of the charge.

3. Chemical aspects of pyrometallurgy

The chemical aspects of metal production from ores by thermal methods can be
conveniently divided into three steps: preliminary treatment of ore, metal separation, and
refining (Figure 4). It is not necessary that all steps be exactly followed, e.g., high- grade iron
ores can be directly reduced to metal without any preliminary treatment. It is quite often that a
hydrometallurgical or a mineral beneficiation process is inserted, usually after the preliminary
treatment. If the refined metal is in the molten state, it will be cast into ingots, and if it is in
powder form, it will be hot-pressed.
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Figure 4. Schematic representation of metal production from ores.
Dashed line is for special cases: conversion of Cu2S, PbS, and NisS..

3.1. Preliminary treatment

The preliminary treatment step may apply to an ore or a concentrate to break down the
mineral structure so that it is rendered easily amenable to further treatment either by
hydrometallurgical or by pyrometallurgical methods (Table 2 and Figures 5-7).
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Figure 5. Oxidation of sulphides.
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Table 2. Preliminary treatment of ores or concentrated.

Process

Example

Application

thermal
pretreatment
(no reagent

added)

phase transformation

Spodumene, LiAl(Si2O¢), is a hard mineral
(density 3.15) not attacked by hot concentrated
acid. When, however, it is heated to 1100 °C, it
is converted into B-spodumene that has a density
of 2.4. Due to the volume change the product
can then be easily crushed to a fine powder and
reacted with acid.

melting and quenching

Beryl, Be3Alx(SisO1s), is a refractory mineral that
is not attacked by hot concentrated acids. When,
however, it is melted and the molten mass is
quenched in water, an amorphous glassy product
is obtained from which beryllium can be leached
by dilute acids leaving a porous siliceous matrix.

alkali fusion

The ore is heated in the

presence of alkaline
reagents, e.g., Na2COs or
NaOH.

Niobium and tantalum complex oxides are fused
with alkali and the product is then leached with
water to remove the soluble sodium salts and
recover the metal values.

oxidation of
sulfides

Sulfides oxidized to sulfates
or to oxides.

Cu, Ni, Co, Zn, Pb sulfides (see Figure 5)

matte
formation

Metal values in an ore are
separated from the gangue
minerals in the form of a
molten sulfide phase known
as a matte.

Cu, Ni sulfides (see Figure 6)

chlorination

Applied to and

concentrates to isolate the

ores
metal values or convert
them into a more amenable
form. It is also applied to
pure oxides to convert them
to chlorides, since chlorides
are easier to reduce to
than the
corresponding oxides.

metals

Ti, Zr, Nb (see Figure 7)

fluorination

Applied to ores or
concentrates as a means for
breaking down the mineral
for the recovery of metal
values, as well as to pure
oxides to convert them to
for

fluorides subsequent

reduction to metals.

BeO + 2HF — BeF2 + H20
UO2 + 4HF — UFs + 2H20
UF4 + F2 — UFs
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Oxidation of sulfides to remove a certain amount of sulfur to be able to melt the product
to a matte. These reactions are conducted under a limited supply of air and the temperature is
usually about 500 °C. Sulfides treated in this manner are those that lose a part of their sulfur on
heating in an inert atmosphere. The oxidizing atmosphere is simply used to furnish the oxygen
necessary to burn the sulfur liberated, and the heat generated from this reaction partly supplies
the energy required to heat the raw material to the required temperature. This route is usually
followed for copper and nickel sulfides:

2CuS + O2 — CusS + SOo,

3NiS + O2 — NisS2 + SOa.

Pyrite which is usually present in such ores is transformed to ferrous sulfide:

FeS2 + O2 — FeS + SOa.

Sulfides may also be completely converted to oxides:

MS +3/202 — MO + SOo.

The oxides may be leached and the solution electrolyzed or reduced to metal.

3.2. Halogenation

As shown earlier in Figure 4 chlorination and fluorination are used to transform oxides
that cannot be reduced to metals into a more amenable compound that could be readily
reduced. A general scheme of chlorination is shown in Figure 7. Fluorination is similar to
chlorination and is applied mainly for beryllium and uranium.

3.3. Metal separation

The metal separation step involves the liberation of the metal from its compounds. This
can be achieved mainly by reduction or conversion and to a minor extent by oxidation and
thermal decomposition.

Reduction is the addition of electrons to an ion or group of ions. For example:

M? + e~ — M,

M? + 2e-— M.

This method is applied to a variety of compounds: oxides, chlorides, fluorides, and others except
sulfides. For oxides, carbon is commonly used as a reducing agent, e.g.:

2Fe:0s3 + 3C — 4Fe + 3COa.

However, in some cases when an oxide is heated with carbon, carbide is formed instead of a
metal. In this case, other reducing agents have to be used, e.g., hydrogen:

WOs + 3H2 — W + 3H20.

When hydrogen is not effective, metals such as Al, Ca, Mg, and Na are used as reducing agents.
For example:

3Nb20s + 10A1 — 6Nb + 5A120s.
When oxides do not yield metals by reduction, they are usually halogenated, then reduced.
Reduction of halides is usually effected by metals, e.g.:

UF4+2Mg — U + 2Mgl>.
These types of reactions are known as metallothermic reactions.
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Reduction of sulfides is thermodynamically unfavorable and this is why this process has
not yet found technical application. To obtain a metal from its sulfide, the sulfide is usually
oxidized and the oxide formed is reduced to metal.

The three sulfides that undergo conversion reaction are shown in Table 3, the overall
reaction being:

MS + O2 - M + SO.

This is an exothermic reaction and can be represented by:

M? +2e-— M,

S+ 02— SO2 + 2e.

Table 3. Sulfides that undergo conversion reaction.

Sulfide Reaction
copper sulfide CusS + O2 — 2Cu + SO2
lead sulfide PbS + O2 — Pb + SO2
nickel sulfide NizSz2 + 202 — 3Ni + 2502
3.4. Refining

The physical, mechanical, and electrochemical properties of a metal are greatly
influenced by the level of impurities. Thus electrical conductivity, ductility, and corrosion
resistance improve remarkably with increased purity. Zinc, for example, cannot be rolled unless
its tin content is less than 20 ppm. The castability of metals and alloys, particularly their ability
to fill a mould, is influenced by the presence of a trace amount of oxygen in the molten material.
Zinc of ultra high purity (99.999 %) retains its bright surface for many years in ordinary room
air, but even a few parts per million of a metallic impurity reduce the corrosion resistance of a
zinc-aluminum alloy sufficiently to make it useless. Refining is, therefore, an important
metallurgical operation and processes vary considerably from one metal to the other. The purity
called for depends on the use for which the metal is intended.

If the feed material to the metal separation step is an ore or concentrate, the liberated
metal will be in a crude form usually of 90 to 95 % purity. Such material will require extensive
refining before reaching the consumer. If, on the other hand, the feed material is a purified
compound, then the liberated metal will be fairly pure and will require only a minimum of
refining. Steelmaking is essentially an iron refining process though it is different in concept
from the refining of other metals. In making steel, the aim is to produce iron containing
between 0.1 and 1.5 % of carbon and not pure iron. In the refining of other metals, on the other
hand, the aim is to remove as much as possible of the impurities. Decreasing the impurity level
beyond a certain value is a prohibitively expensive operation since unconventional techniques
have to be used. Some metals such as copper, lead, and zinc are usually refined to a 99.9 %
purity. Others, such as germanium and gallium are always refined to a higher level.

Pyrometallurgical refining is mostly done when the metals are in the molten state. It is
classified in three categories: chemical, physico-chemical, and physical methods (Figure 8).
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Figure 8. Summary of pyrometallurgical metal refining operations.
3.5. Selective oxidation

This is the most important process and is applied in the production of steel and copper.

Steel

Strictly speaking the production of steel from pig iron is not a refining step because the
goal is not to remove all the impurities. Pig iron consists of iron containing about 7 % of its
weight as impurities such as carbon, silicon, manganese, sulfur, and phosphorus. Due to the
presence of these impurities it is brittle and has no practical value. Steel is an alloy of iron
containing not more than 1.5 % carbon. It has important mechanical properties and is of great
technical value. It is produced by getting rid of most of the impurities in pig iron. During the
refining operation, oxygen combines with the impurities with the exception of sulfur, and
unavoidably with some of the iron, to form oxides. Carbon monoxide escapes as a gas while
other oxides are combined with a dosed amount of calcium oxide which acts as a flux to form a
slag that floats on the surface of steel. Because of the affinity of sulfur to calcium oxide, it will
also enter the slag layer.

At the end of this operation, the steel will contain a small amount of oxygen, in the form
of ferrous oxide, FeO, which renders it brittle. This oxygen is then removed by a process called
deoxidation, which involves the addition of a stoichiometric amount of a metal that has a strong
affinity for oxygen. The metal added is usually in the form of a ferroalloy such as
ferromanganese. This forms an oxide layer that can be skimmed off the deoxidized steel.

Copper

Refining of copper is more complicated than that of iron; some operations are however
similar from the chemical point of view. Thus, most of the impurities in raw copper are
oxidized by selective oxidation and slagging, then the excess oxygen is also removed by a
deoxidation process. This, however, is not enough since the copper produced is still not suitable
for the market. More impurities have to be removed, this time by electrolytic methods. In the
electrolytic method, precious metals, selenium, and tellurium impurities drop at the bottom of
the cell as slimes. These are collected and treated for recovery. Finally, the refined copper is
melted and cast for shapes suitable for the consuming industries.
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3.6. Chemical transport reactions

This method involves the formation of a volatile compound of the metal to be refined by
means of a reactive gas followed by its decomposition to yield the pure metal and to regenerate
the reactive gas for recycle. The metal is thus transported from the impure solid as a gas and
then re-deposited in another vessel as a pure metal leaving the impurities behind in the first
reactor. Two processes are used industrially: the carbonyl and the iodide processes (Table 4).

Table 4. Refining by chemical transport.

. Compound Temperature, °C Example
Process Transporting gas - —
transported Formation Decomposition

carbonyl CcO M(CO)a 50 180 Ni(CO)4
120 140 Fe(CO)s

iodide iodine vapor MI4 200 1000 Tils

340 1200 Zrls

300 1400 Hfl4

460 1750 Thls

3.7. Physico-chemical methods

These involve the precipitation of impurities from the molten metal, sometimes called
drossing and apply mainly to lead. Refining of lead is complex because of the numerous
processes involved and the variety of techniques. Lead produced in the blast furnace contains
up to 4% impurities, mainly copper, tin, antimony, arsenic, bismuth, and silver. These
impurities render it hard, thus interfering with the malleability required for rolling it into sheet
and forming it into pipe. In addition, sufficient silver is usually present to render its recovery
profitable. Refining involves the precipitation of impurities form the melt. This is achieved in
two steps: softening and desilverization.

Softening

In this process the impurities rendering lead hard are removed, hence the operation is
known as “softening.” These impurities are mainly copper, tin, antimony, arsenic, and bismuth.
These are removed principally by forming dross which is an intermetallic compound formed as
a solid phase that separates from the molten bath and floats on its surface to be skimmed off.
This is simply achieved by cooling the molten lead to about 350 °C — copper in solution
precipitates as a copper—lead dross; being lighter than lead it floats and is skimmed off. Not all
the copper is removed in this way; the last traces are removed by adding a dosed amount of
elemental sulfur to the molten metal to form copper sulfide, which is again skimmed off. Other
impurities are removed by oxidation and slagging.

Desilverization

This is also a dross formation process, but in this case a foreign metal is added to the
molten bath to precipitate the silver. The most suitable metal for these propose is zinc; it is
lighter than lead, has a limited solubility in lead, and has a strong affinity for silver. Zinc
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associated with the silver in the dross is removed by heating under vacuum at 600 °C leaving
behind a silver—lead alloy. Silver is recovered from this alloy by a process called cupellation,
which is a selective oxidation process; lead oxidizes to lead oxide while silver resists oxidation
and remains behind. Zinc that dissolves in lead in removed by heating under vacuum.

3.8. Physical methods

These methods of refining are used for two purposes:

e The refining of raw steel to prepare specialty alloys of certain ranges of physical and
mechanical properties.

e Increasing the purity of certain metals used for special purposes.

The use of vacuum plays an important role in the majority of these processes. Great
improvements in vacuum pumps and vacuum technology were developed to satisfy the needs of
this industry. Table 5 gives a summary of these processes.

Table 5. Refining by physical methods.

Method Description
Vacuum degassing Transferring molten metal from one ladle to another in
To remove dissolved gases and a vacuum chamber. If the metal is solid, melting and
volatile impurities thereby degassing take place in an induction furnace under
improving the mechanical vacuum, or in an electron beam furnace.
properties.
Electric arc melting e Non-consumable electrode process: electric arc is

Used for reactive metals with high struck between an electrode and the compacted metal in

melting points, such as Ti, Ta, Zr, an evacuated vessel.

Mo and special alloy steels. e Consumable electrode process: the metal to be refined
is compacted and made anode, when electric arc is
struck the metal melts and impurities evaporate.

e Electroslag melting: similar to previous process, but in
the presence of a slag.

Zone melting A portion of the ingot is melted and moved along: pure
Based on segregation of impurities metal will concentrate in the cooling portion while
between a molten and a solid part impurities will be carried forward in the molten
of a metal, used for Ge, Se, Te. portion.

Distillation Used for purifying metals that has high vapor pressure
at moderate temperature, e.g., mercury and zinc.

4. Engineering aspects of pyrometallurgy

The engineering aspects of pyrometallurgy can be conveniently divided into six unit
operations (Table 6):
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Table 6. Engineering aspects of pyrometallurgical processes.

Unit operation Application
heat transfer all processes
solid—gas separation accessory to all furnaces
compaction of powders feed to shaft and fluidized-bed furnaces
oxidation of a solid phase sulfide ores
oxidation in molten phase steelmaking, copper, and nickel industries
metallothermic reactions preparation of reactive metals by reduction of their

oxides and halides by other metals

4.1. Heat transfer

When rich massive deposits were exploited, the vertical furnace was used because of its
high thermal efficiency (Figure 9). The lump ore was charged at the top and the hot reducing or
oxidizing gases at the bottom in a counter-current flow. There was, therefore, an excellent heat
transfer: the charge was gradually heated and the hot gases gradually lost their heat. There was
little dust and heat recovery problems with the exit gases were minor. When low-grade ores
had to be processed, they had to be finely ground and enriched by physical methods to prepare
concentrates. It was not possible to introduce such material in the vertical furnace because the
pressure drop would be very high. Consequently, two routes were proposed:

e The finely divided concentrates had to be agglomerated and introduced into the
furnace.

e A new furnace that accepts powders had to be designed.

Figure 9. A vertical furnace.
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The iron industry chose the first option in treating taconites the low-grade iron oxide
ores, while the copper industry chose the second option in treating porphyry copper ores —
hence the adoption of the horizontal furnace (Figure 10) which proved to be a catastrophe to
the industry. It is an energy intensive reactor: heat transfer by radiation from the roof is not
efficient and heat recovery system and dust removal from hot flue gases are mandatory; these
were expensive and required bulky equipment. Gases contained small amounts of SO2 which
was not economical to recover and therefore were emitted to the environment causing much
damage. The horizontal furnace remained unchallenged for about a century when finally the
flash smelting furnace emerged as a result of pressing needs to economize in production costs.
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Figure 10. A horizontal furnace for melting flotation concentrates. The finely divided
concentrate is introduced at the top and carbonaceous fuel burned to supply the necessary heat.

Using oxygen or oxygen-enriched air

Air is composed of 21 % oxygen and 79 % nitrogen. The advantages gained by using pure
oxygen or oxygen-enriched air in oxidation processes offset the cost of liquefaction of air and
separating the nitrogen. The reasons for that are the following:

e Nitrogen acts as a diluent and absorbs large amounts of the combustion heat. When
oxygen or oxygen-enriched air is used, the amount of heat lost by nitrogen is therefore
decreased. As a result, the temperature of the furnace rises, the rate of combustion is accelerated,
and consequently more fuel can be burned per furnace, i.e., production is increased. Or, fuel
consumption / ton of material processed are reduced.

e The total volume of gases passing through the furnace would be considerably less than
in normal practice. It is therefore to be anticipated that the erosion of the refractories should be
reduced and the size of furnace and dust collecting units reduced.

This principle is now extensively applied in most furnaces burning carbonaceous fuels.
The same principle has been also extended too many oxidation processes in pyrometallurgy as
well as in the chemical industry. Of particular importance are the following:

e The oxidation of impurities in pig iron to make steel. This had been achieved by using
oxygen lance in a top-blown converter and the bottom-blown converters. As a result, the steel
industry has become one of the largest users of oxygen.

e The oxidation of nonferrous metal sulfides, e.g., lead, zinc, and nickel sulfides, and the
conversion of white metal.

4.2. Solid—gas separation

Fine particles of material treated in furnaces are partially carried out of the unit in the
exit gas. This dust must be captured to recover its valuable metal content and to prevent
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pollution of the environment. Methods of dust removal depend mainly on particle size of the
dust, temperature and moisture content of the gas. The equipment used can be broadly
classified as either dry or wet collectors. The dry collectors include the gravity and baffle
chambers, cyclones, filters, and electrostatic precipitators. In the wet collectors dust particles
are made to collide with water which then makes their removal as slurry possible. Wet cleaning
is preferred to dry cleaning because of the excessive wear and the difficulty in handling the fine
dust removed in the dry methods. Wet methods must be followed by filtration, drying of filter
cake, and recycle of water. Equipment used for wet methods are known as scrubbers.

Usually two or three sets of equipment are connected in a series to remove first the large
and then the small dust particles. The range of application for each type of equipment is shown
in Figures 11 and 12, from which it can be seen that gravity chambers and cyclones are only
suited for separating the large particles while the filters, scrubbers, and electrostatic
precipitators are most suited for separating the small particles.
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Figure 11. Range of application of solid—gas separating equipment.
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Figure 12. Collection efficiency of solid—gas separating equipment.
4.3. Compaction of powders

Although finely divided ores and concentrates possess large surface area and therefore
high chemical reactivity, they are usually compacted in larger agglomerates before treatment.
This is because of their inconvenient handling and storage characteristics such as dusting,
uncontrolled agglomeration, segregation, and high bulk volume. Strong and uniform
agglomerates of any required size can be readily obtained. This unit operation is not restricted
to metallurgy; it is extensively used in other industries as well, e.g., coal, pharmaceuticals,
fertilizers, animal feed, and others. Two methods are used: briquetting and agglomeration. The
first involves the application of mechanical pressure, while the second involves either heating
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or curing at room temperature after adding certain additives (Table 7). The product from each
method has different appearance as shown in Figure 13.

Table 7. Methods of compacting powders.

Method Equipment Product
briquetting briquetting machine briquettes
agglomeration rotary kiln nodules
moving grate furnace sinter
balling and heat treatment pellets
balling and curing pellets

SINTER PELLETS

01 2345
e

UODULES Scale in centimeters BRIQUETTES

Figure 13. Different types of compacted iron ores.
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Figure 14. A multiple hearth furnace.
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4.4. Oxidation of a solid phase

The multiple hearth furnace (Figures 14 and 15) was first introduced for the oxidation of
sulfides. Ore or concentrate fed to the top hearth is raked the full area of the hearth to the
center where it falls through openings to the second hearth. In the second hearth the rakes are
set to move the ore to the periphery, and from these it is discharged through openings to the
next hearth. Hot gas is introduced at the lowest hearth and comes into contact with the ore in
the hearths in a counter-current flow, leaving the furnace at the top while the calcined material
leave at the bottom heart.

Figure 15. Sulfide concentrate is raked on the top hearth.

In using this furnace it was observed that a large portion of sulfur was eliminated while
the charge was dropping from hearth to hearth rather than during the raking action. This led to
the removal of some of the intermediate hearths to open up a large combustion chamber and
thus improve the oxidation (Figure 16).

(:

Figure 16. Removing intermediate hearths resulted in increased productivity.

This led to the introduction of the so-called “flash” oxidation (Figure 17). In this process
finely divided sulfide concentrate is sprayed in a heated chamber in a stream of air. Because of
the intimate solid—gas contact, the reaction is very rapid resulting in “flashing” of the
combustible constituents. The exothermic heat is usually sufficient to keep the chamber heated.
The oxidation product settles down at the bottom of the chamber where it is collected and
discharged.
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Conditions of oxidation may be so adjusted that the exothermic heat of oxidation of part
of the sulfides would be enough to melt the remainder of the charge forming matte and slag
(Figure 18). The matte separates as an immiscible phase from the other molten components of
the ore, that is, the gangue minerals which form a slag. Being heavier than slag, the matte forms
as a layer underneath in which the metal values are enriched.

Pyrometallurgy for nano-scientists.
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Figure 17. Flash oxidation.
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When sulfides are heated rapidly in air they ignite at a certain temperature and glow like
pieces of coal. Table 8 gives the ignition temperature of some sulfide minerals at various particle
size ranges. It can be seen that the ignition temperature increases with decreasing sulfur
content and with increased particle size; chalcopyrite, however, seems to be an exception. In all
these cases, the reaction products are an oxide, SO2 and small amounts of SOs. When, however,
heating is conducted gradually, numerous intermediate reactions can be identified, which varies

Figure 18. Flash smelting furnace.

from one sulfide to another.
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Table 8. Ignition temperature of pure sulfide minerals.

Ignition temperature, °C

Particle size,

mm Pyrite Pyrrhotite Chalcopyrite Sphalerite Galena
53.4%S 36.4% S 345%S 329 %S 13.4% S
0.10-0.15 422 460 364 637 720
0.15-0.20 423 465 375 644 730
0.20-0.30 424 471 380 646 730
0.30-0.50 426 475 385 646 735
0.50-1.00 426 480 395 646 740
1.00 -2.00 428 482 410 646 750
7/4/,/////////////’/’///,/’/,//’/,/% ”/’”””, 11;1th
% fe GAS OUTLET
. 7
FEED % % AUXILIARY
/g M BURNER
// g
N .
oy 7
GAS BPRODUCT
Figure 19. Fluidized bed reactor.
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Figure 20. Minimum fluidization velocity.
Fluidized bed

A fluidized-bed furnace is an efficient method of conducting oxidation of sulfides. The
reactor consists of a large vertical brick-lined steel cylindrical vessel into which the gaseous
reactant is blown beneath a perforated steel grate at the base. The powdered solids are admitted
at one side by a screw conveyor, and the reaction product continuously overflow from another
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opening (Figure 19). It is suitable for conducting numerous reactions, e.g., oxidation, reduction,
chlorination, etc. It has the following characteristics:

® There is a minimum velocity of the gas which effects fluidization; below this value no
fluidization takes place. The pressure drop in a fluidized bed shown in Figure 20 demonstrates
this property. As the gas velocity increases the pressure drop increases gradually until a constant
value is reached when fluidization starts. This is the minimum velocity to achieve fluidization.
If the velocity of gas increases greatly, the solids will be blown out of furnace.

o A fluidized bed behaves in a manner similar to a boiling liquid.

e Because of the intense gas—solid contact, chemical reactions and heat transfer are
extremely rapid. This permits close control of reaction temperature thus preventing any local
overheating or fusion of the solids.

o Gases leaving the bed through a duct at the top usually carry an appreciable amount of
dust. This is separated in cyclones and collected as product. Dust losses can be minimized by
pelletizing the feed material.

e When an exothermic process is conducted in such a furnace, the reaction first has to
be started by an auxiliary flame, which is then extinguished when the reaction proceeds. When
endothermic reactions are conducted, the gas has to be preheated to a temperature slightly
above the reaction temperature. Also, electrical resistive heating using graphite electrodes has
been suggested.

4.5. Oxidation in molten phase

Typical processes involving the oxidation of a component of a molten phase are shown
in Table 9. Early equipment used for this purpose was the horizontal furnace. The process was
slow and inefficient because the contact between the oxidizing atmosphere and the molten
phase was at the stagnant interface whose area was not large and no use was made of the fact
that the oxidation reactions were exothermic and as a result heat had to be supplied to the
system to keep the batch molten.

Table 9. Oxidation in a molten phase.

Process Molten phase =~ Component to be oxidized Products
steelmaking pig iron G, S, P, Si, Mn CO, slag, steel
purification matte FeS SO, slag, white metal
conversion CuzS S SOz, Cu

NizS2 S SO2, Ni

In 1856, Henry Bessemer in England and William Kelly in the USA were independently
able to oxidize the impurities in pig iron to make steel by blowing air through the molten iron.
This technique resulted in the tremendous increase in steel production and in displacing the
older methods of steelmaking. The equipment used for this operation is called the “converter,”
which is a brick-lined reactor that handles molten material (Figure 21). Air for oxidation can be
blown into the molten phase either from the bottom or the side of the converter.
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CHARGING BLOWING POURING
Figure 21. Bottom-blown converter using air.
4.6. Metallothermic reactions

This unit operation is concerned with the preparation of metals and alloys by reduction
of their oxides or halides with metal. These reactions can be expressed in general by the
equation:

AX +B - A + BX,
where X is oxygen, chlorine, or fluorine, and A and B are two metals. The method is
characterized by the fact that the reducing metal is converted to a solid or a liquid product and
not to a gas as in other reduction processes, e.g., by carbon or hydrogen where CO + CO: and
H2O are formed, respectively. In fact this method is used when reduction by carbon and
hydrogen or by electrowinning from aqueous solutions is not possible. The most commonly
used reducing metals are aluminum, calcium, ferrosilicon, magnesium, and sodium. The choice
of a reducing metal is based on many factors including thermodynamic considerations.
Metallothermic reactions are batch processes involving numerous steps (Figure 22) that is why
it has been challenged by fused salt electrolysis.
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or fluoride r“ Addirtive

Preparation
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or heating
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of products

Metal
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impurities
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Figure 22. General scheme of metallothermic reduction.
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5. Summary

Pyrometallurgy is an ancient art that developed in recent years to become a highly
advanced science. Mathematical modeling, instrumentation, and methods of control have been
introduced to achieve smooth and efficient operation. As an example, an iron blast furnace few
decades ago produced 2 to 3 thousand tons of pig iron per day. Today a large blast furnace
produces 10 000 tons per day. To produce this amount of iron, about 17 000 tons of ore, 5 000
tons of coke, 2 500 tons of limestone, 20 000 tons of air, 3 000 tons of slag, 500 tons of dust and
30 000 tons of blast furnace gas must be handled. The engineering problems associated with
handling these materials are enormous.

Suggested reading

L. F. Habashi. Textbook of Pyrometallurgy. 2002, Quebec City: Métallurgie Extractive
(distributed by Laval University Bookstore, www.zone.ul.ca).
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This is the third paper in a series of four, devoted to outline mineral processing for nano-
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Hydrometallurgy is a relatively recent subject. Major hydrometallurgical processes
started at the end of the 19th century for the leaching of gold ores using a cyanide solution and
for leaching of bauxite by sodium hydroxide to get pure aluminum oxide for the expanding
aluminum industry. At the beginning of the 20th century leaching of low grade copper oxide
ore and leaching of zinc oxide calcines by dilute sulfuric acid were introduced on large scale. It
was, however, during World War II that new hydrometallurgical techniques such as ion
exchange and solvent extraction were developed for the recovery of uranium for the
manufacture of atomic bombs. These new technologies as well as others revolutionized
hydrometallurgy. Hydrometallurgical processes are now competing with the ancient
pyrometallurgical routes.

1. Introduction

Hydrometallurgy is the art and science of treating ores by aqueous solutions to get pure
metals or their compounds. In general it involves two distinct steps (Figure 1):

® Leaching: Selective dissolution of metal values from an ore.

® Precipitation: Selective recovery of these metal values from the solution.

Between these two steps, the leach solution must be filtered, purified, and sometimes
concentrated. Also, an oxidizing agent may be needed in certain leaching steps.
Hydrometallurgical processing may be used for:

e The direct production of metals in a pure form suitable for the market after a
subsequent minor treatment, for example, nickel and copper.

e The production of metals in a lesser degree of purity which has to be subsequently
refined, for example copper, gold, and cadmium.

e The production of a pure compound which can be subsequently used for producing
the pure metal by other methods. For example, pure compounds of aluminum, magnesium,
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uranium, and beryllium are produced by hydrometallurgical methods but the metals themselves
are produced by pyrometallurgy or electrometallurgy.

e Chemical beneficiation of ores: In this case, the undesirable components of the raw
material are leached away and the remaining solids are the valuable product that can be used
for producing the metal, for example, the treatment of ilmenite to produce what is known as
synthetic rutile.

Ore
Oxidant l Leaching agent
Yy

'

Leaching

Solid-Liquid ——» Solid to waste
Separation
y Solution
Concentration
Purification Precipitant
T or electric
) S current
Precipitation

Pure Metals
compounds

Figure 1. An outline of hydrometallurgical processes.

2. Leaching
2.1. Raw materials for leaching

e Metals leached range from native metals such as gold, silver, copper, and platinum
group metals, to metals obtained by the reduction of their ores such as those of copper, nickel,
and cobalt.

e Oxides and hydroxide ores such as bauxite, laterites, copper oxides ores, uranium ores,
zinc ores and calcines, and manganese ores and nodules.

e Complex oxides such as chromite, niobite and tantalite, pyrochlore, ilmenite,
wolframite, and scheelite.

o Sulfide concentrates such as those of copper, zinc, and nickel.

e Selenides and tellurides such as those found in the anodic slimes of copper
electrorefining.

e Arsenides such as those of cobalt and nickel ores or the speiss formed in the smelting
of lead concentrates.

e Phosphates, mainly phosphate rock and monazite concentrates.

o Silicates such as clays and nepheline—syenite for production of alumina and beryllium
ores for the production of beryllium oxide.

e Chlorides and sulfates formed during the processing of pyrite cinder by either the
chloride or sulfate process to extract its nonferrous metal values.
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2.2. Reagents

To treat such diversified chemical compounds a variety of leaching agents are used:

e Water. Used for leaching water-soluble sulfates and chlorides.

® Acids. These are the most common reagents. Although sulfuric acid is the cheapest
acid especially at smelters where it must be produced as a result of treating sulfide ores, yet
hydrochloric and nitric acids are sometimes preparable although more expensive. Hydrofluoric
acid is specifically used for leaching niobium and tantalum ores because they form soluble
complex fluorides. Aqua regia which is a mixture of hydrochloric and nitric acids is used for
treating platinum ores and for refining gold bullion because of the presence of chlorine and
nitrosyl chloride in the acid mixture which solubilizes these metals.

® Bases. Sodium hydroxide is used to extract aluminum from bauxite while ammonium
hydroxide is used to extract nickel from laterites or from nickel sulfide concentrates.

o Agqueous salt solutions. Sodium carbonate solutions are used for leaching scheelite
which is a tungsten ore. Sodium carbonate together with an oxidant is used for leaching
uranium ores. Sodium cyanide is specifically used for leaching gold and silver ores because they
form soluble complex cyanides.

e Oxidizing agents. Many leaching processes require an oxidizing agent to solubilize the
minerals. The most common reagent is air or oxygen. It can be used in acidic or basic medium.
Ferric ion is also used but only in acidic medium. During leaching, the ferric ion is reduced to
ferrous, which after separation, should be reoxidized for recycle.

® Reducing agents. Reducing agents such as SO: or ferrous ion are sometimes used to
solubilize certain minerals in acidic medium, e.g., MnO:.

2.3. Leaching of metals

The dissolution of gold in cyanide solution was one of the puzzles that faced
metallurgists for many years for two reasons: gold, the most noble metal that dissolved only in
aqua regia, dissolved readily in a very dilute solution of sodium cyanide and although gold did
not tarnish in air, air was essential for its dissolution. This puzzle was solved when it was
recognized that the dissolution of gold is an oxidation-reduction process in which cyanide ion
forms a strong complex with Au* ion and the reduction of oxygen on the surface of metal to
form hydrogen peroxide stage as follows (Figure 2):

Oxidation Au — Au' + e,

Complex formation Au* + 2CN- — [Au(CN):]-,

Reduction 02 + 2H20 + 2e- — H202 + 20H-,

Overall reaction 2Au + 4CN- + O2 + 2H20 — 2[Au(CN)2]- + H202 + 20H-.

AIR

Figure 2. A gold bead embedded in potassium cyanide gel corroded at the surface less exposed
to the air; an illustration of the electrochemical phenomenon during the dissolution of gold.
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According to this stoichiometry, 1 gram mole of oxygen and 4 gram moles of NaCN
should be present in solution. At room temperature and at atmospheric pressure, 8.2 mg O: are
dissolved in 1liter of water. This corresponds to 0.27 - 10*mol /L. Accordingly, gold
dissolution should occur at a concentration of NaCN equal to 4 - 0.27 - 103-49=0.05g/L or
0.005 %. Thus a very dilute sodium cyanide solution would be enough for dissolving gold. The
fact that oxygen was necessary for dissolution was not readily recognized because as seen from
the above calculations, oxygen in solution as a result of air solubility is enough to bring about
the reaction.

2.4. Leaching of oxides and hydroxides

Sulfuric acid is the usual leaching agent for oxidized copper ores; copper is recovered
from the leach solution by solvent extraction followed by electrolysis. The spent electrolyte is
recycled in the leaching circuit. The use of sodium hydroxide to leach bauxite is a process for
obtaining pure aluminum hydroxide which can be calcined to pure Al20Os suitable for processing
to metal. About 90 million tons of bauxite are treated annually by this process. About 2 tons
bauxite yield 1ton AlOs3 from which 0.5 ton aluminum is produced. Also 2 tons bauxite
produce 1 ton waste minerals called red mud. The reactions in leaching are the following:

Al(OH)3 + OH- — [AIO(OH):]- + H20,

AIOOH + OH- — [AIO(OH):].

2.5. Leaching of sulfides

Sulfide minerals are insoluble in water even at high temperature. They can be
solubilized, however, by a variety of methods:

e Under reducing conditions (absence of oxidizing agents). Some sulfides dissolve in acid
medium forming H>S, others dissolve in basic medium forming sulfide ion.

e Under oxidizing conditions. Elemental sulfur usually forms but because of its
instability in neutral or basic media it oxidizes to sulfates. In acid medium, however, there is a
narrow region where elemental sulfur can form.

These data are summarized in the stability diagram shown in Figure 3, which is valid in
the temperature region 25 to 150 °C. Above 150 °C, however, the narrow stability region of
elemental sulfur disappears and no sulfur can form. Hydrometallurgy is the only way to get
elemental sulfur from sulfide concentrates thus avoiding the formation of SO2 in smelting
processes.

0.8

Elemental sulfur

T
Reducing

52

Acid Basic
|

1 L
-1 3 7 11
pH

Figure 3. Potential-pH diagram for sulfur at 100 °C.
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3. Methods and equipment

The method used for leaching an ore depends on the grade of the ore and the ease with
which the mineral values are dissolved in a particular reagent. The most common methods of

leaching are the following (Table 1):

Table 1. Leaching methods and equipment.

Method

Pressure, Temperature, Agitation Ore size Time of Equipment Examples
kPa °C leaching
leaching ambient  ambient none lumps  years none copper,
in place uranium
heapor ambient  ambient none lumps months none copper,
dump uranium,
leaching gold
percolation ambient  ambient none sandy days vats with copper,
or vat false bottom uranium,
leaching gold
agitation ambient <100  mechanical, fine hours Pachuca tanks, copper,
or pulp compressed Dorr agitators, gold, ZnO,
leaching air tanks phosphates
1000-1200 110-200 mechanical, fine hours autoclaves bauxite,
high- laterites,
pressure nickel
steam, sulfide,
rotation scheelite
baking ambient 200 none fine hours digesters, anodic
rotary kilns,  slimes,
pugmills monazite
sand,
ilmenite
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Figure 4. Leaching in place.
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3.1. Leaching in place

This method is also known as leaching in situ or solution mining (Figure 4). The ore is
simply shattered and leached in place over long periods of time because it is usually too low in
grade to justify mining and transportation expenses. Recently, however, because of its success,
the method has been used for high grade ores as well. The basic criteria required for an
underground deposit to be considered suitable for leaching in place are: the ore body must be
enclosed between impermeable strata that will prevent the loss of solution, and it must be
permeable to the leaching solution. The following solvents are generally used:

e Water for leaching potash and trona and other water-soluble salts. Dilute sulfuric acid
for leaching copper ores. When copper sulfide minerals are also present, these are solubilized by
the combined action of air and water. The presence of pyrite enhances the leaching because of
its oxidation and the formation of sulfuric acid and ferric sulfate. The oxidation reactions are
exothermic and the heat generated facilitates continued oxidation.

e Dilute sulfuric acid and sodium chlorate, or ammoniacal ammonium carbonate and
hydrogen peroxide are used for leaching uranium deposits.

Two techniques are used: spraying when the one body is exposed, and injection when it
is buried.

3.2. Heap or dump leaching

In this method an area is first cleared from all vegetation then leveled at a slight
inclination, compacted, and covered with an asphalt layer or a flexible plastic sheet. The
crushed ore is then transported from the mine to the prepared site by dump trucks to a level of
10 — 15 m high. The leaching agent is then sprayed at the top of the dump through which it
percolates and the leach solution is collected in streams at the bottom (Figure 5). When the
material is fully leached, the dump is either abandoned or loaded on trucks for disposal and the
site re-used for leaching another batch.

Figure 5. Heap leaching.
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3.3. Percolation or vat leaching

This process is suited to cases where the material is porous and sandy, and is inapplicable
to material which tends to pack into impervious masses. Regularity in the size of the particles
rather than their actual size is the chief factor governing good percolation. The idea is that
where the particles are of unequal size, the small ones pack in the openings between the larger
ones, thereby clogging the channels. Extraction becomes slow, and channeling of solutions
through the bed takes place. The method is therefore unsatisfactory if much slime is present.
The material to be leached is placed in a tank equipped with a false bottom covered with a
filtering medium. The leach solution is added at the top of the tank and is allowed to percolate
through the material.

3.4. Agitation or pulp leaching

In this method, the leaching agent is added to the finely ground raw material such that
the mixture forms a pulp that has to be agitated continuously to prevent the solids from settling,
and to terminate the leaching process in the shortest possible time. It is generally used under
the following conditions:

e Raw material is of moderate or high grade.

e The metal values are of fine grain size and disseminated in the host rock therefore
extensive crushing and grinding are necessary before leaching to expose the maximum surface
of the solids to the solution.

o The metal values are difficult to dissolve and that is why intensive agitation is needed
to increase the rate.

The equipment used are numerous and expensive, and high recoveries are mandatory.
Leaching conditions may be mild using dilute solutions at ambient conditions or it may be
severe using concentrated solutions (either acidic or basic) and at high temperature and
pressure. Agitation may be mechanical — in this case motor-driven impellers are used, or
pneumatic — in this case compressed air or high pressure steam is used when heating is desired.

3.5. High pressure leaching

High-pressure leaching necessitates the use of pressure reactors (or autoclaves). One
should distinguish between two types of pressure leaching:

e In absence of air or oxygen. In this case the rate of leaching at ambient or moderate
temperature is low and a temperature higher than the boiling point of the solution must be used.
Consequently the reaction must be conducted in a closed vessel to prevent the escape of vapors.
The pressure generated is the result of the vapor pressure of the solution. This method is mainly
used for leaching bauxite, scheelite, ilmenite, and laterites.

o In presence of air or oxygen. In this case leaching at ambient or moderate temperature
is not possible unless air or oxygen is present as oxidizing agent. In both cases, it is the oxygen
partial pressure that has the controlling factor on the rate of leaching. At a certain temperature
the rate increases with increasing oxygen partial pressure. The use of oxygen instead of air is
more advantageous because for the same oxygen requirement the total pressure in the autoclave
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is low, and as a result the autoclave design will be less demanding, or decreased in size. When
ammonium hydroxide is used as a leaching agent, the vapor pressure due to the volatility of
NHs should be taken into consideration. This method is mainly used for leaching sulfides,
selenides, and tellurides.

Autoclaves

According to their shape, autoclaves may be in form of cylinders vertically mounted or
horizontally laid, spherical, or in form of a long horizontal tube (Figures 6-9). Method of
agitation in an autoclave may be affected by injecting high-pressure steam, mechanically, or by
rotating the whole autoclave. Vertical autoclaves are usually steam- agitated, sometimes
mechanically agitated, the horizontal are agitated mechanically by impellers and sometimes
rotating, while the spherical are agitated by rotating the whole autoclave slowly around its
horizontal axis. Some horizontal autoclaves are also agitated by rotation. Steam-agitated and
rotating autoclaves have minimum maintenance costs while autoclaves agitated by mechanical
impellers are usually expensive to maintain because of the rotating shafts.
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Figure 6. Vertical autoclave. Figure 7. Horizontal autoclave.
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Figure 8. Rotating autoclave. Figure 9. Tube autoclave.
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In tube autoclaves, the slurry is pumped through one end and is discharged through the
other. The system is applied for the continuous leaching of bauxite. The slurry is pumped into
an externally heated thick-walled tube about 30 cm in diameter and 30 to 50 m long. The
system is characterized by extremely short residence time 2 -3 minutes, high thermal
efficiency, and low capital investment.

Pressure leaching plant

A typical pressure leaching plant is shown in Figure 10.
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Figure 10. A typical pressure leaching plant.

A high-pressure membrane piston pump is used for introducing pulps into autoclaves.
Flash evaporators are large vertical tanks usually installed after an autoclave. This equipment
serves three purposes:

® Decreasing the pressure and temperature of the slurry.

® Recovery of heat in form of low-pressure steam.

e Concentration of the solution as a result of the flash evaporation of water.

Slurries to be introduced in an autoclave are preheated by the steam generated in the
flash evaporator.
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Figure 11. Recovery and rate of leaching.
3.6. Engineering aspects
In conducting a leaching process certain factors must be considered since they directly

influence the cost of operation. For any leaching process, the percent recovery is a major con-
cern. It is determined from a material balance based on the analysis of solids and solutions. The
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rate of a leaching process is followed by knowing the percent recovery as a function of time
(Figure 11). The rate at any moment is the quantity of metal recovered per unit time. It is the
slope of the curve at that moment. It can be seen that at the beginning of the process the rate is
high and then it decreases gradually with time. Therefore, a compromise should be made
between the percent recovery and the residence time in the reactor to achieve maximum
productivity. The rate of leaching depends on the following factors:

e Particle size. The rate increases with decreased particle size of solids, i.e., increased
grinding since the smaller the particles, the larger is the surface area per unit weight. However,
increased grinding is not only a costly item, but also may cause a filtration problem. Extremely
fine particles are sometimes difficult to settle and to filter.

e Concentration of leaching agent. Increased concentration of leaching agent increases
the rate of leaching. But, it may also cause the dissolution of undesirable minerals thus leading
to increased reagent consumption and increased impurities in solution.

® Agitation. Increased agitation usually increases the rate of leaching. But, this again
may be a costly item due to increased capital cost of the agitator and operating cost due to the
power consumed to effect agitation.

® Pulp density. Rate of leaching increases with decreasing pulp density, i.e., when a
large volume of leaching agent is added to a small weight of solids. But this will result in dilute
solutions that will make handling and recovery more difficult. High pulp density results in
concentrated solutions, but, on the other hand, is usually associated with high erosion of
equipment, e.g., pumps, agitators, etc.

o Temperature. Rate of leaching increases with increased temperature. However,
increased temperature may result in increased dissolution of other minerals thus causing
increased reagent consumption and increased impurities in solution.

Therefore, a compromise is always made between the increased rate of leaching and the
negative effect of any of the factors influencing this increase.

Leaching Leaching
agent Ore  agent Ore
Discharge C.L
. Discharge
Batch Continuous
process process

Figure 12. Batch and continuous leaching.
3.7. Batch and continuous processes

A leaching process may be conducted batchwise or continuously (Figure 12). In a batch
process, the solids and the solution are charged in a reactor and agitated for a certain time until
reaction is complete. The slurry is then discharged for filtration and washing, and the process is
repeated, i.e., charging, agitation, and discharging. In a continuous system, a number of reactors
must be available through which the solids and the solutions flow from one to the other
continuously. The number of the leaching tanks is such that in the last reactor the reaction
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should be complete. In a batch process the capital investment is therefore low but the operating
cost is high while in a continuous process the reverse is usually true. In general, for large plants,
continuous processes are usually more economical because the reactors are effectively utilized:
no time is lost in charging and discharging, the possibility of fully automating the circuit, and a
minimum of manpower will be required.

3.8. Filtration and washing

Slurries obtained after leaching are usually filtered to recover the leach solution then
washed to remove entrained solution. Very clear solutions can only be obtained if sophisticated
and expensive solid-liquid separation plant is installed. The finer the grind required either to
liberate the metal values or to increase the rate of leaching the more expensive is the filtration
plant. In a conventional gold or uranium ore leaching plant, for example, the clarification and
filtration steps account for a significant proportion of the overall operating cost. The following
procedures are usually practiced:

e When the undissolved material is small as that obtained in leaching concentrates, it is
usually washed directly on the filter. Intensive washing increases the recovery of soluble metal
values but decreases their concentration and also results in large volumes of solutions to be
handled. Therefore a compromise must be made between the metal recovered and the cost of
washing.

e When the undissolved material is moderate in volume, the slurry is filtered, the filter
cake is repulped in water, and the solids separated while washing counter-currently in
thickeners. This is usually the case of leaching zinc oxide calcines.

e When the undissolved material is voluminous as that obtained in leaching low-grade
ores, extensive washing is necessary. This is usually conducted in counter-current washing in
thickeners followed by filtration. This is usually the case of gold, copper oxide, and uranium
ores (Figures 13).

Low grade
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Solution
Figure 13. Filtration and washing of low-grade ore.

Reagent

The thickener consists of a flat-bottomed tank of large diameter as compared with the
depth (Figure 14). It has a central shaft on which slowly revolving arms with plow scrapers are
fixed. The slurry from agitators is fed to a central well at the top of the shaft. Clear liquid
containing the soluble matter overflows into a channel around the circumference of the tank.
The solids separate at the bottom of the tank and are gradually removed by the scrapers to the
center, where they are withdrawn. Organic coagulating agents such as glue are sometimes
added to facilitate the settling of fine slimes.
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Figure 14. A thickener.

Figure 15. Thickeners operating in counter-current decantation system.

Thickeners are usually installed at graded elevation so that the overflow moves by
gravity from one thickener to the other (Figure 15) while the underflow is pumped by a slurry
pump and moves from one thickener to the other in a counter-current direction until finally
discharged in disposal ponds. Slurry pumps are generally mounted on the edge of the thickener.
Overflow from the thickeners may contain about 500 ppm solids; these are removed in sand
filters to obtain a clear solution suitable for further processing, for example, when ion exchange,
solvent extraction, or precipitation are used.

3.9. Residue disposal
Solid residue, usually wet, is transported by conveyer belts or trucks to disposal site.

Thick slurry from the last thickener underflow is pumped to large disposal ponds where long-
term settling takes place (Figure 16). Clarified water is pumped back to the washing circuit.

Figure 16. Disposal pond.
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3.10. Regeneration and recycle of leach solution

In many leaching operations, it is desirable and is usually possible to regenerate the
leaching agent after the metal recovery step. The following examples may be cited:

o After leaching a copper oxide ore with dilute sulfuric acid, copper is usually recovered
from the solution by electrolysis. During this process, dilute acid is formed according to:

Cathodic reaction: Cu* + 2e- — Cu,

Anodic reaction: H:O — 2H* + /202 + 2e".

This acid is usually recycled to the leaching step. Since only copper was precipitated at the
cathode, other metal ions remain in solution. Therefore, when the leaching agent is recycled,
impurities will accumulate in the circuit and may contaminate the product. To keep a certain
safe limit of impurities in the recycled solution, a part of the solution is usually discharged to
waste; it is known as bleed solution (Figure 17). A similar situation exists in the treatment of
gold ores by cyanide solution. Measures should be taken to prevent polluting the environment
by this solution.

e In some cases, the solution must be concentrated by evaporation before recycling. This
is usually the case when the metal values are precipitated by hydrolysis, e.g., in treatment of
bauxite by NaOH.

e In leaching ilmenite by hydrochloric acid, the acid is regenerated from the ferrous
chloride solution by oxyhydrolysis.

Copper ores
> 50,
-
Copper

H2804 Oxides

Leaching

Filtration » Residue

Bleed

-« Recovery
solution M

Copper
Figure 17. Flowsheet showing the treatment of

copper oxide ore and discarding a bleed solution.
3.11. Role of microorganisms

Certain microorganisms known as Thiobacillus thiooxidans and Thiobacillus
ferrooxidans isolated from mine water and others isolated from sulfur-bearing hot springs are
capable of accelerating the rate of dissolution of sulfide minerals (Figure 18). These bacteria can
also accelerate the oxidation of elemental sulfur, ferrous ion, sulfite ion, and thiosulfate ion.
These microorganisms are minute, unicellular microscopic organisms 0.5 —2 pm in size that
reproduce by binary fission. They are known as autotrophic because they live on inorganic
matter in contrast to heterotrophic microorganisms that live on organic matter.
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Figure 18. Photomicrograph of Thiobacillus ferrooxidans. Magnification 40 000 x.

Autotrophic bacteria have the following characteristics:

e They must have oxygen to carry out their function, i.e., the oxidation of mineral
substances with release of energy which is necessary for their growth.

e They utilize CO: as the principal source of carbon required for the synthesis of organic
compounds composing the cell. In this respect they resemble plants.

e They absorb certain nutrient from solution, e.g., PO+~ ion that is necessary for their
metabolic function.

e They have resistance to high concentrations of metal ions in solution, e.g., Cu? which
are usually extremely toxic to most other forms of life.

e They adapt to live and grow in strongly acidic environments (pH 1.5-3).

e They are destroyed by light, particularly ultraviolet light. Total darkness has a positive
effect on their action.

Their maximum activity occurs at a certain temperature. For Thiobacillus ferrooxidans,
for example, this occurs at 35 °C while for those isolated from sulfur-bearing hot springs (the
thermophilic bacteria) the temperature may be as high as 85 °C. Below these temperatures they
are dormant while above, they are destroyed.

e They manufacture enzymes and with their aid they catalyze the oxidation processes:

S+ 202 — SO+,

S + 3202 + H2O — 2H* + SO4%,

2Fe? + 202 + 2H* — 2Fe¥ + H:20.

The adherence of the microorganisms on the sulfide surface makes possible the rapid
oxidation of S* ions liberated by the mineral and catalyzed by the enzymes (Figure 19).
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Figure 19. Schematic representation of the action of
microorganisms adhering on the surface of a sulfide mineral.
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4. Purification and concentration of solutions

Leach solutions may be directly treated to precipitate the metal values, or they may first
be purified and concentrated prior to precipitation. The methods used are: adsorption on
activated charcoal, sorption on ion exchange resins, and extraction by organic solvents (Table 2).
They are common in one respect: the same scheme of loading, washing, and elution is used in
all three operations. In the elution step, the material is simultaneously regenerated for another
cycle. While the first two materials (activated charcoal and ion exchange resins) are solids and
particularly suitable for very dilute solutions the third material is a liquid phase and is suitable
for more concentrated solutions. By these techniques it is possible to purify and concentrate
dilute solutions with great efficiency.

Ion exchange and solvent extraction are used in the recovery of not only expensive
metals such as uranium, vanadium, niobium, tantalum, zirconium, hafnium, beryllium,
tungsten, and the rare earths, but also for cheap metals such as copper and zinc. Both
techniques are competing with each other. Solvent extraction can be used continuously but the
leach solution should be clear. On the other hand, ion exchange is not well adapted for
continuous operation, but can be used for turbid solution, thus there is great saving in by-
passing the filtration step.

Table 2. Comparison between the different concentration—purification processes.

Adsorption on

activated charcoal Ion exchange Solvent extraction
Maximum dilute solution dilute solution concentrated solution
efficiency
Speed slow slow rapid
Capacity low high high
Clarity of clear or turbid clear or turbid clear
solution
Method of  batch or semi-  batch, semi-continuous, continuous
operation continuous or continuous
Cost low high moderate
Main  gold and silver from uranium U, Cu, Zn, Be, B, V, Cr, Fe, Co, Nij,
application  cyanide solution lanthanides Zr, Hf, Nb, Ta, Mo, W, As,
Pt-metals, Au, Th, Pu, lanthanides
Mechanism physical physico-chemical chemical

4.1. Adsorption on activated charcoal

This process is particularly used for separation of gold and silver from cyanide leach
solutions. Charcoals, are prepared by carbonization of solid carbonaceous material such as coal,
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wood, nut shells, sugar, and synthetic resins at about 600 °C in the absence of air followed by
activation by steam at about 800 °C. In the carbonization step, volatilization of component
elements other than carbon takes place as well as other complex reactions such as dehydration
with formation of double bonds, polymerization, and condensation. In the activation step pores
are created by burning away some of the remaining material and existing pores are enlarged.
The large surface area as well as the complex organic structure formed is responsible for the
adsorption of metal ions. Charcoal is usually used as pellets 2 — 5 mm diameter.

4.2. Jon exchange

Ion exchangers are usually available in the form of spherical particles of 0.5 — 2.0 mm
diameter. Synthetic resins consist of an elastic three-dimensional network of hydrocarbon
chains which carry fixed ionic groups. The charge of the groups is balanced by mobile counter-
ions. The introduction of groups such as sulfonic acid, —SOsH*, makes the hydrocarbon
macromolecule soluble in water. But ion exchange resins containing such groups are made
insoluble by cross-linking, that is, interconnecting the various hydrocarbon chains. The degree
of cross-linking determines the physical properties of the resin.

Ion exchangers can be compared to a sponge with counter-ions floating in the pores.
When the sponge is immersed in a solution, the counter-ions can leave the pores and float out.
In order to preserve electrical neutrality in the sponge, a stoichiometric number of other ions
from the solution enters the pores (Figure 20).

Matrix

Holes

Figure 20. Sponge model of exchangers.

The functional groups, either anionic or cationic, are incorporated either in the
monomer before polymerization, or into the polymer itself. Ion exchangers are two types:

e Cationic exchangers can be represented as follows:

RY*+B*—RB"+Y*
or simply:

Y0 + B*ag — B + Yag).

® Anionic exchangers:

RX+A- - RA +X
or simply:

X0+ Avag — AT + X

4.3. Solvent extraction

Extraction by organic solvents is a chemical process in which metal species in the
aqueous phase react with an organic reagent to form an organometallic complex; thus, the
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metal species leave the aqueous phase and enter the organic phase. The metal in the organic
phase is not bound to carbon atoms as in organometallic compounds but to oxygen, nitrogen,
sulfur, or hydrogen by a coordination (dative) bond. For example, the copper complex formed
by extraction of copper ion from aqueous solution by P-hydroxyoxime—copper complex is
shown in Figure 21.
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Figure 21. B-hydroxyoxime—copper complex.

Solvent extraction involves two operations:

e Extraction. The metal values in the aqueous phase are extracted by agitation with an
organic solvent immiscible in that phase. The two phases are then allowed to separate; the
aqueous phase is usually discarded and the loaded organic phase saved.

e Stripping. Recovery of the metal values from the loaded organic phase by agitation
with a small volume of suitable solution; a concentrated solution containing the metal values in
a relatively pure form is obtained and the stripped solvent is then recycled.

An extractant is seldom used in pure form, it is usually diluted with a cheap organic
solvent in order to improve its physical properties, such as its viscosity, density, etc. This
organic solvent, called diluent, has no capacity to extract metal ions from solution; however, it
may influence the extracting power of the extractant. The solution of the extractant in the
organic solvent composes the organic phase and is often referred to as the solvent. Commonly
used diluents are: hydrocarbons such as n-hexane, kerosene, benzene, toluene, and xylene, or
substituted hydrocarbons such as chloroform and carbon tetrachloride.

Extractants

A variety of extractants are available. They may be divided into the following groups:

e FEthers. Simple ethers are light, volatile, and highly flammable liquids having the
general formula R.O.R. They are no longer used because they are susceptible to oxidation,
forming peroxides that are liable to explode on distillation. Thioethers, also known as organic
sulfides having the formula R.S.R., are selective extractants for palladium and gold.

e Alcohols. Monohydric alcohols may be primary, secondary, or tertiary. The lower
members are soluble in water, and the solubility decreases with increasing molecular weight.
Octyl alcohol (or 1-octanol), CH3(CH2)7OH is used in separating cobalt from nickel.

® Ketones. Commonly used ketones are methyl isobutyl ketone, known as hexone, and
acetyl acetone, which is a diketone.

e Oximes. These are compounds containing the group = N — OH, and have been used for
many years in analytical chemistry as precipitants for metals. The alpha-hydroxyoximes are
well known as specific for precipitating copper; they are also used for extracting copper.

e Oxines. These are derived from 8-hydroxyquinoline. Keelex 100 is a trade name for a
commercial extractant from this group that is widely used for extracting copper.

® Organic acids. These may be fatty acids, having the formula R — COOH. The low
molecular weight members of this group are soluble in water and the solubility decreases with
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increasing molecular weight. These are in use under the trade name Versatic Acid. Alpha-
substituted acids, for example, alpha-bromolauric contains 12 carbon atoms have also been
suggested because of their increased strength. Naphthenic acids are carboxylic derivatives of
cycloparaffin hydrocarbons. They are derived from crude petroleum oils and have a variable
composition. The molecular weight varies from 170 to 330.

® Phenols. In this category a hydroxyl group is attached to an aromatic nucleus; they are
more strongly acidic than alcohols. An example is polyol which is used on commercial scale for
boron extraction.

e Esters. These are formed by the reaction of alcohols with inorganic acids. Those used
in extractive metallurgy are derived from phosphoric acid and can be classified into acidic esters
or neutral esters or neutral esters. Phosphoric acid is introduced in the form of P20s or POCls. A
mixture of products is generally obtained.

e Amines. These may be primary, secondary, or tertiary. The use of simple amines is
limited to those of molecular weight between 250 and 600. Amines of molecular weight lower
than 250 are appreciably soluble in water, and those of molecular weight higher than 600 are
either not easily available or have low solubility in the organic phase. Most of these are
commercial products which are mixtures of compounds in isomeric or homologous series.
Quaternary ammonium compounds are closely related to amines, but they are significantly
different in behavior. While the simple amines are ineffective at high pH, the strong-base
quaternary ammonium compounds are effective over a wide pH range. Solubility of the amines
in aqueous and organic solutions, as well as phase-separation properties, depends on the
structure of the amine and the nature of the solvent. Water immiscibility decreases with
increasing length of the aliphatic chain.

5. Precipitation

Precipitation methods which are the final steps in any hydrometallurgical process are:
crystallization, hydrolysis, ionic precipitation, and reduction. While crystallization is a physical
process, the others are chemical.

5.1. Crystallization

Crystallization is a common procedure for obtaining pure compounds. Solubility of salts
in water usually increases with increased temperature. Thus, on cooling a hot solution, crystals
form:

M(H:20)» + A(H20),m~ — MA(solia).

This method is used occasionally for recovering some metals from solutions, for example
CuSOs - 5H20, NiSOs - 4H20, FeCl: - 4H20, etc. These processes are usually slow and apply for
soluble salts. During the crystallization of pairs of salts with a common anion such as two
sulfates or two chlorides, three types of crystals may be obtained.

Heterogeneous mixture

In this case a mixture composed of the two original salts is obtained; they can be either
anhydrous or hydrated. For example, when a mixture of NaCl and KCI are dissolved in water
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and the solution allowed crystallizing, the solids obtained will be a mixture of NaCl and KClI,
i.e., each salt has preserved its identity during dissolution and crystallization.

Mixed crystals

In this case a homogeneous mixture is obtained in which the ratio of the component
salts do not conform to a simple stoichiometric ratio. For example, when a mixture of FeSO4 and
CuSOs4 are dissolved in water and the solution allowed to crystallize, a crystalline solid is
obtained in which the copper and iron are irregularly distributed in the crystal lattice, i.e., there
will be crystals of CuSOs - nH20 incorporating iron in their structure and FeSOs - mH2O crystals
incorporating copper in their structure. This is also known as a solid solution and may be
represented by (Cu,Fe)SOs - nH20. The X-ray diffraction pattern of the mixed crystal will be
similar to the original salts but the diffraction lines are slightly shifted. In this case, the two salts
did not completely preserve their identity during crystallization.

Double salt

This is a compound formed from the two salts which has a distinct X-ray diffraction
pattern and chemical properties. For example, when FeSOs and (NH4)2SO4 are dissolved in
water and the solution allowed to crystallize, a compound, ferrous ammonium sulfate, having
the formula FeSOs - (NH4)2SO4 - H20 is obtained, while ferrous sulfate oxidizes readily in the
air. Ferrous ammonium sulfate is quite stable, that is why it is usually used in analytical
chemistry to prepare solutions of ferrous ion. Double salts are more exactly represented by the
formula MLMY(SOs)2 - nH20. A group known as alums which has the general formula
MMM(SOs4)2 - 12H20 is sometimes made use of in hydrometallurgy, for example, separation of
aluminum or chromium from leach solutions by forming the corresponding alums:
(NH4)2SOs4 - Al2(SO4)s - 24H20O or NH4Al(SOs4)2 - 12H20 and (NH4)2SOs - Cr2(SO4)s - 24H20 or
NH4Cr(SO4)2 - 12H20.

5.2. Hydrolysis

Hydrolysis is the reaction of metal ions with water:

M* + x H. O 5 M(OH)x + x H*.

This usually takes place on diluting the solution. For example, on diluting a solution of titanyl
sulfate, titanium dioxide is precipitated:

TiO* + H20 & TiO2 + 2H.

The reaction is usually slow and may be accelerated by adding a small amount of finely
divided titanium dioxide which acts as a seed on which precipitation takes place. This is the
basis of production of titanium dioxide pigment by the sulfate process. Similarly, in the
precipitation of aluminum hydroxide from sodium aluminate solution, the solution is diluted
and a seed of aluminum hydroxide is added to accelerate the hydrolytic reaction:

[AI(OH)4]- + H2O 5 AI(OH)s + OH".

This is the basis of the preparation of aluminum oxide for aluminum production. The
difference in the two processes is the hydrolysis of titanyl ion takes place in acid medium while
that of the aluminate ion is in basic medium. Additional examples on precipitation by
hydrolysis are given in Table 3. It can be seen that not only hydroxides and oxides are formed
but also hydrated oxides, oxysalts, and hydroxy salts as well, depending on the conditions of
hydrolysis.
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Precipitate Precipitating Examples
agent
oxides, hydrated H20 TiO2, AI(OH)3, Be(OH):
oxides, hydroxides
OH- Nb20s- nH20, Ta:0s-nH20, Cu20, Mg(OH)2, Co(OH)2
hydroxy salts OH- + anion Cu(OH)2-CuCOs
polyacids and

their salts:

vanadates H+ NasVeO17, (NH4)4[ V4On12]
molybdates H+ (NH4)4| H2M 06021 ]-3H20
tungstates H+ Na1oW12041-28H20
uranates OH-, MgO (NHa4)2U207, Na2U207, MgU207
dialuminates OH- + cation LiAl:(OH)7-2H20
sulfides S CuS, NS, CoS, ZnS
carbonates COs* Li2COs
chlorides Cl- CuCl, (NHa4)2PtCls, K2TiCls
cyanides CN- CuCN
fluorides F- PuFs3, UF4+ nH2O
oxalates (C204)% Th(C204)2, Ln2(C204)3*
peroxides O UO4+2H20, PuOs
sulfites (NHa4)2SOs copper ammonium sulfites
metalloids H* selenium from selenosulfate solution

* Ln = lanthanide or rare earth metal

5.3. Ionic precipitation

Ionic precipitation is characterized by adding an anionic reagent A’ that selectively
precipitates the metal compound:

yM* + xA7 — MyAxo.

Precipitation usually takes place rapidly because the compound formed has low
solubility and is attached together by electrostatic forces. For example, the addition of sulfide
ion or hydrogen sulfide to a cupric sulfate solution results in the immediate precipitation of
copper sulfide:

Cu? + S — CuSe.

Additional examples of ion precipitation are given in Table 3. It can be seen that
hydroxides, salts of polyacids like uranates and molybdates, sulfides, carbonates, chlorides,
cyanides, fluorides, oxalates, peroxides, and sulfites can be precipitated using the proper
reagents. All these methods are applied technically.
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5.4. Reduction

Precipitation by reduction involves electron transfer and four types can be identified:
Jonic
In this case a reducing agent is added which results in the precipitation of a metal:
M* + reduced species — M° + oxidized species.
For example, gold is precipitated from industrial chloride leach solutions by reduction with
ferrous ion as follows (Figure 22):
Au + Fe* — Au° + Fe¥.
This is an oxidation—reduction couple:
Aut + e — Ay,
Fe? — Fe¥ +e.

Figure 22. Scanning electron micrograph of gold powder precipitated from gold
chloride solution by ferrous sultate. Magnification 1000 x (courtesy Gold Bulletin).

Similarly the precipitation of elemental selenium from selenious acid by sulfurous acid is
the industrial method for recovering selenium from its solution as follows:

H>SeOs + 2SO2 + H20 — Se + 2H3SOu.

Table 4. Precipitation by non-ionic reduction.

Reducing agent Reaction Application
hydrogen H> — 2H* + 2e” Ni?* + 2e — Ni
carbon monoxide CO + H20 — CO2 + 2H* + 2e- Agr+e — Ag
Cu* +2e — Cu
formaldehyde HCHO + H.O — HCOOH + 2H* + 2e- Cu? +2e — Cu
HCHO + 30H- — HCOO- + 2H20 + 2e-
hydrazine H2N - NH2 — N2 + 4H* + 4e- Cu* +2e — Cu

2H>N - NH2 — No + 2NHs + 4e-
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Non-ionic

Hydrogen, carbon monoxide, formaldehyde, and hydrazine are non-ionic reducing
agents (Table 4). Hydrogen displaces copper from CuSOs solution and nickel from NiSOs
solution:

M?* +2e- — M,

H> — 2H* + 2e~.
In both cases, a temperature of about 200 °C and a hydrogen partial pressure of about 3500 kPa

are needed. In the case of nickel, ammonia must be added continuously to neutralize the acid
liberated. These reactions are applied commercially. For the reaction:

M%* + H) — M + 2H*

the equilibrium constant is given by:

+.2
« - _H]

=
[M™]-py,
therefore:
log[M?*] = - 2pH — (log K + log pm2).

This means that when precipitation is carried out at constant hydrogen pressure and
constant temperature, then at equilibrium there is a linear relation between log [M*] and the
pH of the solution, and the slope of this straight line equals — 2. This was confirmed for the
precipitation of nickel from NiSOs solution (Figure 23) and for cobalt (Figure 24).
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Figure 23. Precipitation of nickel Figure 24. Precipitation of cobalt
from nickel sulfate solution by and nickel from acid solution,
hydrogen at 3500 kPa, [(NH4)2SO4] temperature 190 °C, H: pressure
=112 g/ L, equilibrium conditions. 3500 kPa, [(NH4)2SO4] =112 g/ L

Nucleation

In some cases, the presence of a solid surface for precipitation is essential; such a solid is
termed a catalys.
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e If no catalyst were provided, the internal surface of the autoclave itself acts as a
catalyst and deposition of metals takes place on the walls or on stirrers. Deposition of metal on
the internal surface of the reactor is undesirable because it causes operating difficulties in
collecting the metal.

e A catalyst may be needed in one medium but not in another. For example, a catalyst is
needed for precipitating cobalt and nickel from an ammoniacal sulfate but not from an acid
medium. Nickel is precipitated catalytically from an ammoniacal sulfate medium but not from
an ammoniacal carbonate medium.

e Precipitation of a metal may be autocatalytic. Thus, while copper can be precipitated
from ammoniacal solution without the need of a catalyst, yet the deposited metal accelerates
the process. A difference between the two processes however is that in non-catalyzed reduction,
the rate depends on the initial metal ion concentration, while in catalyzed reduction it does not,
but depends on the surface area of the catalyst.

® The commercial precipitation of nickel from the ammonium sulfate system nucleation
is induced by adding a small amount of ferrous sulfate which, upon heating to the reaction
temperature, hydrolyzes to ferrous hydroxide thus furnishing the catalytic surface required.
Nickel deposited in the first step acts as a catalyst for the next. After each reduction, the nickel
particles are allowed to settle to the bottom of the autoclave, while the spent solution is drawn
off and replaced with fresh pregnant solution. In this way, the nickel particles grow to the
desired size, at which point the suspension is discharged and the nickel powder then separated.

e There is no need for the ferrous sulfate catalyst in the ammonium carbonate system; as
a result, the nickel powder produced in this medium has a lower sulfur and iron impurity level
than powder produced from the ammonium sulfate system.

Role of additives

The presence of certain organic or inorganic substances in the aqueous phase greatly
affects the physical nature of metal precipitated. It is possible to precipitate metal powder of
certain physical property by simply adding a certain amount of additive. However, when
organic additives are used, the carbon content in the powder produced is increased and a special
heat treatment is necessary to lower it to 0.01 %. Additives may be used for the following
purposes:

o Anti-agglomeration. Agglomeration of the precipitated metal particles may take place,
especially at high temperature. This is undesirable because the agglomerated particles entrap
solution causing an impure product. Reagents are therefore added to control the particle size.
These are the same as those commonly used to promote uniform growth of cathodes in the
electrowinning of metals, e.g., ammonium polyacrylate, arabic gum, gelatin, dextrin, dextrose,
and fatty acids such as oleic and stearic. These additives are adsorbed on the individual particles,
thus preventing their agglomeration.

e Smooth surface formation. When anthraquinone or its derivatives is added during
reduction, nickel particles produced are smooth and regular because of uniform deposition
while in the absence of anthraquinone, they are coarse and irregular (Figure 25).
Anthraquinone has no effect on the precipitation of cobalt. The addition of this additive to
ammoniacal nickel sulfate or carbonate solutions also accelerates the precipitation, and this
effect increases with increasing anthraquinone concentration up to a certain value, beyond
which it has no further effect.
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e Crystalline product. Figure 26 shows hexagonal platelets of metallic cobalt precipitated
in presence of a suitable additive.

(b)
Figure 25. Effect of anthraquinone on the shape on nickel powder (320 x);
(a) no anthraquinone, (b) in presence of anthraquinone, cross section
through smooth nickel sphere after 40 successive depositions.

Figure 26. Hexagonal crystals of cobalt powder.

Electrochemical

In this case a less noble metal is used to precipitate another metal M from its solution

M + X — M + X*.

These are also oxidation—reduction processes. For example for the precipitation of copper
from copper sulfate solution by metallic iron, the reaction can be represented by:

Cu? + 2e- — Cu,

Fe — Fe? + 2e~.
This differs from the previous case in being electrochemical: metallic iron in contact with
copper sulfate solution will exchange electrons at the interface. Being a conductor, iron gives
away its electrons at one position, and ferrous ion leaves the surface at another. One should
recall the electrochemical series of metals. In this series, metals are classified into three
categories: reactive, less reactive or base metals, and non-reactive or noble. Each metal at the
top can displace any metal below it in the series. Thus, while iron displaces copper from copper
sulfate solution, it is true as well that copper can displace silver from silver nitrate solution:

2Ag'+ Cu — 2Ag + Cu?>.

In the same way zinc can displace cadmium from cadmium sulfate solution which is the
standard method for recovering cadmium from leach solutions:

Cd* +Zn — Cd + Zn*.
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Activated charcoal is also capable of precipitating a metal from its aqueous solution by an
electrochemical mechanism. This applies however, only for gold chloride solutions as shown by
the oxidation—reduction couple:

Au? +3e” — Au,

C+2H0 — CO2+4H* + 4e.

Gold precipitated on the surface of charcoal can be recovered by burning the charcoal.

Precipitation by metals

Precipitation of a metal from an aqueous solution of its salts by another metal is known
as cementation, because the precipitated metal powder is usually adhering loosely on the
surface of the precipitating metal. The process can be predicted in terms of electrode potentials:
The metal with the more positive (oxidation) potential will pass into solution and displace a
metal with a less positive potential provided the solutions are dilute and the metal ion is un-
complexed. The process is electrochemical in nature as shown in Figure 27.

M:H-

Less
noble
metal

Figure 27. Displacement of a metal by another metal.

A metal may also be recovered from an aqueous suspension of one of its insoluble salts
by this method, e.g., silver from silver chloride:

2 AgCl + Fes) — 2Ag(s + FeClaag).

Although AgCl is insoluble in water, yet a certain amount of Ag* ions do exist in solution
and their continuous removal by metallic iron shifts the equilibrium:

AgCly — Ag+ Cl-
to the right resulting in the ultimate disappearance of AgCl. Similarly, copper may be recovered
from cuprous chloride suspensions by metallic iron:

Cu2Cl2 + Fes) — Cug) + FeClagg).

In some cases, the metal to be precipitated exists in solution as a complex ion, e.g., gold
or silver in cyanide solution exist as the complex cyanide ions [Au(CN)2]- and [Ag(CN):]-
respectively. Precipitation by metallic zinc takes place as a result of displacing the equilibrium
of the complex ion according to:

[Au(CN)2]- — Au* + 2CN-,

2Aut + Zn — 2Au + Zn?,

Zn* + 4CN- — [Zn(CN)4]*.

Overall reaction: 2[Au(CN)2]- + Zn — 2Au + [Zn(CN)4]>.

Factors affecting the physical properties of precipitated metals

For the cementation of copper by iron, a finer powder is obtained at high Cu? ion
concentration, as shown in Table 5. Further, at a constant Cu?* ion concentration, a fine powder
is obtained at high H>SOs concentration, as shown in Table 6. Also, the form of the metal
precipitated depends on the precipitating metal as shown in Figure 28.
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Table 5. Effect of Cu?* concentration on the particle size of copper precipitated by iron.

Cu? concentration, g/ L

Screen analysis, %

3.7 15.0 27.0

100 mesh 7.7 4.1 1.6
100 to 150 11.6 9.2 6.0
150 to 200 15.7 11.3 11.3
200 to 270 14.0 10.8 12.2
270 to 325 5.4 5.1 6.5
325 45.6 59.5 62.4

Table 6. Effect of H2SOs on the particle size of copper precipitated by iron.

H>SO: concentration, g/ L

Screen analysis, %

8.9 16.4 29.9

100 mesh 3.5 4.6 3.3
100 to 150 8.6 8.8 2.9
150 to 200 13.4 12.0 11.9
200 to 270 13.4 12.3 11.4
270 to 325 6.5 5.8 6.4
325 54.6 56.5 64.1

Figure 28. Morphology of copper precipitate from sulfate solution (a) aluminum, () iron.

Electrolytic

In this case, precipitation of a metal from its aqueous solution is effected by imposing an
outside electromotive force from a direct current source:

M~ + xe-— M.

For example copper, zinc, cadmium, and nickel are recovered industrially from leach
solutions by this method — a process called electrowinning. The aqueous solutions are
electrolysed using inert electrodes; the pure metal is deposited on the cathode.
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6. Summary

Table 7 gives a summary of metal production by hydrometallurgical route.

Table 7. Summary of precipitation methods.

Method Characteristics Reactions Examples
crystallization slow, high yM* + xA” + nH2O | Cu* + SO~ + 5H20 — CuSO4+-5H20
solubility of salt — MyAx~nH20¢
ionic fast, low solubility | yM* + xA» — MAg) Cu + CI- — CuCl
precipitation of precipitate
ionic homogeneous, |M* + Reduced species Aur+e — Au
reduction |involves oxidation—| —M+Oxidized species Fe?* — Fe3 + e~
reduction, reagent
in ionic form Au’ + Fe — Au + Fe*
SO% + HoO — SO%F + 2H* + 2e-
SeO3% + 6H* + 4e- — Se + 3H20
SeO% + 2H* + 2503 — Se + 2S0% +
H20
non-ionic homogeneous, | M* + *>H>—M + xH* Ni% + 2e- — Ni
reduction |involves oxidation— H> — 2H* + 2e-
reduction,
reducing agent is Ni** + H2 — Ni + 2H*
non-ionic
substitution in RMoorg) + Ha(org) —
organic medium, RHo(org) + Ms)
200°C, 100 kPa
electrochemical| heterogeneous, 4M* +t,X\§ ¥ 2H,0 - Au? +3e” — Au
reduction |involves oxidation— Charod C + 2H20 — CO2 + 4H* + 4e-
reduction 4M + xCO2 + 4xH"
4Auv* + 3C + 6H.0 —
4Au + 3CO2 + 12H*
M™+X > M + X* Cu* +2e — Cu
less noble
metal Fe — Fe¥ + 2e-
Cu? + Fe — Cu + Fe*
electrolytic imposed EMF M* + xe-— M Cu? +2e-— Cu
reduction
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1.

Suggested reading

F. Habashi. Textbook of Hydrometallurgy, 2nd edition. 1999, Quebec City: Métallurgie
Extractive (distributed by Laval University Bookstore, www.zone.ul.ca).
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scientists — users of the final products. The first paper was a general outline of mineral
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Electrometallurgy is applied in three major industries: refining of copper, recovery of
zinc, and production of aluminum. Which copper and zinc are processed in aqueous solutions,
the production of aluminum takes place from molten salt. Electrowinning of zinc and
aluminum are energy intensive operations while electrorefining of copper is not.
Electrometallurgy cannot be isolated from other areas of extractive metallurgy because of its
dependence on the feed material as well the final processing of the products and the secondary
products like anodic slimes. There is a competition between electrometallurgy and
pyrometallurgy in connection with the production of reactive metals such as beryllium and
magnesium.

1. Introduction

Electrometallurgy is that branch of extractive metallurgy in which electric energy is
used for extracting or refining metals. Metallurgical processes using electric energy for heating
purposes are known as electrothermic processes and are a part of pyrometallurgy. Metallurgical
processes using mercury as a cathode or an amalgam as an anode are a special field of
electrometallurgy known as amalgam metallurgy. Electrometallurgy is dependent on the other
areas of mineral processing as shown in Figure 1.

2. Electrometallurgical plants

An electrometallurgical plant consists of a cell that is the reactor where the
electrochemical reaction takes place, a source of current supply (alternating current converted
to direct current by a mercury rectifier), electrodes immersed in the cell to conduct the electric
current to the material inside the cell, and an electrolyte. The electrode where deposition of
metals takes place is called the cathode while the other electrode is called the amode. The
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material inside the cell is the electrolyte. An electrochemical reaction is a heterogeneous
chemical process involving the transfer of charge to or from an electrode, generally a metal or a
semiconductor. The charge transfer may be a cathodic or an anodic process. In a cathodic
process a stable species is reduced by the transfer of electrons from an electrode.

Ore
Liberation
\
. Undesired minerals
e
Beneficiation Beperren (gangue)
Extractive Valuable minerals
memllmgj/
A A
| Hydrometallurgy | Pyrometallurgy
A
Electrometallurgy
Metal ¢ Metal
Metal

Figure 1. Electrometallurgy in relation to other areas of mineral processing.

Table 1. Summary of electrolytic reduction processes.

Electrode FElectrolyte Examples Remarks
inert aqueous cathodic Cu? +2e - — Cu industrial scale for Cu, Zn, Ni,
electrodes anodic H20—'20: + 2H* + 2e- Co, Au, Ag, Mn, Cr, Cd, Te

fused salt cathodic =~ Mg* + 2e- — Mg industrial scale for Mg, Ga, Na, Li
(chloride) anodic 2Cl- — Clz + 2e- laboratory scale for Al, Ti, Nb, Ta

fused salt cathodic Pb* +2e-— Pb laboratory scale
(sulfide) anodic ST — S04 2e-
consumable aqueous cathodic CuS+2e-— Cu+ S* laboratory scale
electrode anodic H20—1/202 + 2H* + 2e-
fused salt cathodic A+ 3e— Al Industrial scale
(fluoride) anodic O* +C — CO + 2e-
mercury aqueous cathodic Na*+ Hg + e—Na(Hg) industrial scale for Na, Ga
cathode anodic 2ClI- - CL + 2e-
fused salt cathodic Be**+nHg+2e—Be(Hg)- laboratory scale

(chloride) anodic 2CI" — Cl2 + 2e-

Table 1 gives a summary of electrolytic reduction processes using inert, consumable, and
mercury cathodes. In either case, the electrolyte may be an aqueous solution or a fused salt. In
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the anodic oxidation processes, examples are given for a metal consumable electrode in either
an aqueous electrolyte or a fused salt, a sulfide consumable electrode in an aqueous electrolyte,
and an amalgam anode in a fused chloride (Table 2). The scale of operation, whether industrial
or laboratory, is indicated.

Table 2. Summary of anodic oxidation process.

Electrode Electrolyte Examples Remarks
metal aqueous anodic CUmpure) = Cu?* + 2e- industrial scale for Cu, Ni,
consumable cathodic Cu? + 2e~ — Cugpure) Co, Pb, Sn, Au, Ag, Sb, Bi, In
anode fused salt anodic Alimpure) —> A3 + 3e- industrial scale
(fluoride) cathodic Al + 3~ — Alpure)
sulfide aqueous anodic  NisS2 — 3Ni* + 25 + 6e- industrial scale
consumable cathodic Ni2* + 2e~ — Ni
anode
amalgam fused salt anodic In(Hg)» — In3* + nHg + 3e" industrial scale
anode  (chloride) cathodic In* +3e- — In

The amount of reduction at the cathode and oxidation at the anode must be equal. The
total chemical change in the cell is determined by adding the two individual electrode reactions.
Thus the chemical change taking place when electrolyzing a copper sulfate solution is:

Cu? +2e — Cu,

H2O — /202 + 2H* + 2e-.

Overall reaction Cu* + H20O — Cu + /202 + 2H* or CuSO4 + H2O — Cu + /202 + H2SO0x4.

3. Laws of electrochemical reactions

The laws governing electrochemical reactions were formulated by Michael Faraday in
1830 and are known as Faraday laws:

e The amount of chemical change produced by an electric current, i.e., the amount of
any substance deposited or dissolved, is proportional to the quantity of electricity passed.

e The amounts of different substances deposited or dissolved by the same quantity of
electricity are proportional to their chemical equivalent weights.

Electrode processes, therefore, differ from other heterogeneous reactions in that the
velocity is directly proportional to the current:

e Weight of metal W deposited in time t is proportional to the current | :

w~1.

e At constant current |, the weight of metal deposited is proportional to the time of
electrolysis:

w~t.

e At a constant current |, and within a certain time t, the weight of metals deposited
are proportional to their equivalent weights:
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W
W~—,
n
where W is the atomic weight of the metal in question and n is its valency. Therefore:
w =Kt V—V
n
where k is the proportionality constant. It follows from this equation that:
_1 w
kKIw/n"

Further, the time required to deposit one gram equivalent of any metal, that is, when
w=W/n, on passing a current of 1ampere, was found to be 26 hours and 48 minutes or
96 500 seconds. Therefore:

1

k= .
96 500

Substituting the value of k as given above and arranging terms, we get:
w/wW
t 96500 n

or, the rate of metal deposition in gram atom per second equals:

RatezL,
nF

where F =96500, the faraday. The unit of F is ampere second, or coulomb. Faraday’s law is
independent of temperature or pressure, and is applicable to aqueous, nonaqueous, and fused
salts; to cathodic deposition as well as anodic dissolution. That is, 1 faraday will deposit one
equivalent weight of a substance at an electrode. Since 1 equivalent weight of an element
involves a transfer of 6.023 - 102 = N electrons in the process of a chemical reaction, it follows
then that 1 faraday will supply N electrons in the electrolysis of a substance in solution.
Calculations in electrochemical reactions can be treated in the same way as the stoichiometric
relations in chemical reactions if the faraday is considered as “one mole of electrons”.

4. Electrode progress

Reactions occurring at an electrode are heterogeneous; they differ from other
heterogeneous reactions in that electric current is passing at the solid—liquid interface. Similar
to other heterogeneous reactions, a boundary layer also exists at the interface of the electrode
and as a result, diffusion processes may be superimposed on the electrode process. For example,
the discharge of hydrogen ions at the cathode may be represented by the following steps:

e Diffusion of ions through the boundary layer,

® Dehydration of the ions,

® Discharge of the ions,

e Formation of hydrogen molecules,

® Desorption of gaseous hydrogen from the electrode,

e Diffusion of hydrogen away from the electrode.
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Any one of these stages may be the rate-determining step. Since the first and last steps are
diffusion processes, therefore like any heterogeneous reaction, an electrode process may be
diffusion-controlled, chemically controlled, or intermediate-controlled.

4.1. Types

Consider a solid-liquid reaction (Figure 2) in which the solid is a plate of surface area A,
and the concentration of the reagent is C, its concentration at the interface, C,, and the

thickness of the boundary layer ¢ . Three cases are possible:

Solid e ’ Interface
oli eectroi/

>
7

G

A

- Diffusing ion C

A

)
Boundary layer

Figure 2. Electrode processes.

Diffusion-controlled
When the rate of chemical reaction at the interface is much faster than the rate of
diffusion of reactants to the interface, then C, =0 . These reactions are therefore called

diffusion-controlled reactions:
Rate=%A(C -C),

where D is the diffusion coefficient, 6 is the thickness of the boundary layer, and A the
surface area of the electrode exposed to the electrolyte.

Chemically controlled

When the rate of chemical reaction is much slower than the rate of diffusion then the

process will be chemically controlled:

Rate=k,AC/,
where n is the order of reaction.

Intermediate-control

When both rates are of the same magnitude the process is intermediate control; this is
the general case. In this case a concentration gradient is formed across the boundary layer, i.e.,
C #0:

Rate=k,A(C —-C,) =k,AC;.
Assuming n =1, therefore:

k,A(C-C,) =k,AC/",
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C = Ky
Yok +k,

Substituting the value of C,in the above equation:

C.

Rate= Ky AC =kAC,
k, +Kk,

where
__ Kk
Cktk,
If k, <k,, then k =k, =D/J,ie., the process is diffusion-controlled. If k, <k;, then k =k,, i.e.,

the process is chemically controlled.

4.2. Deposition of metals

The rate of metal deposition, according to Faraday’s laws, depends only on the current
applied and not on other factors such as temperature, concentration, etc. The character of metal
deposit is, however, a direct function of these factors. Metal deposits are always crystalline, but
they vary from large-grained coarse adherent deposits to fine-grained loosely adhering powder.
The form of the deposit depends on many factors. Two processes are taking place during
electrodeposition:

e Nucleation,

e Crystal growth.

When the rate of nucleation is much larger than the rate of crystal growth, the product
will be fine powder. On the other hand, when the rate of crystal growth is much larger than the
rate of nucleation, the product will be coarse-grained. When C,, the concentration of metal ion
at the interface, tends to zero, i.e., when the process becomes diffusion-controlled, the rate of
nucleation becomes much greater than the rate of crystal growth, thus favoring the deposition
of powders. In other words powder formation occurs when the electrode process is diffusion-
controlled and coarse grain deposits occur when the process is chemically controlled. The
following factors influence the value of C, and therefore influence the nature of metal

deposited:
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Figure 3. Effect of current density on particle size of copper powder.
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e Current density. At low current density, the discharge of ions is slow, i.e., the process
is chemically controlled. The rate of crystal growth is much greater than the rate of nucleation.
Therefore the product will be a coarse deposit. At high current density, the opposite is true.
Figure 3 shows the effect of current density on particle size distribution. It can be seen that at
10.5 A / dm? the most common particle size of electrodeposited copper powder is 0.1 mm while
at 18 A/ dm? it is only 0.05 mm.

e Concentration of electrolyte. At low electrolyte concentration, the rate of diffusion is
slow and usually governs the whole process, i.e., the process becomes diffusion-controlled and
powder formation is favored. The opposite is true at high electrolyte concentration. Table 3
shows that the more dilute the electrolyte the more fine particles of the metal are
electrodeposited.

Table 3. Effect of electrolyte concentration on particle size of copper powder.

gL Apparent density Particle size analysis, %
of powder, g/ cc <74 um <44 ym
5 0.420 82.3 62.4
10 0.663 68.2 33.9
20 0.776 66.9 32.8
30 1.060 59.0 25.1
40 2.040 47.7 21.0
45 2.440 29.2 11.8

e Temperature. Increasing the temperature increase the rate of diffusion and the rate of
crystal growth. Both factors favor the formation of coarse deposits. Therefore increasing the
temperature results in the formation of coarse deposits.

o Stirring of bath. The higher the speed of stirring, the coarser the deposited particles
(Table 4), because under these conditions, the thickness of the boundary layer is decreased,
resulting in an increased rate of diffusion. The process becomes chemically controlled.

Table 4. Effect of speed of stirring on particle size of copper powder.

Percentage of fraction

Speed of stirring, rpm

160 — 140 pm 112 - 160 pm 80-112 pm < 80 pm
300 9.7 12.2 35.6 40.5
600 21.6 16.2 27.4 415
900 23.3 18.8 31.5 245
1500 46.6 15.2 14.5 16.6
2200 43.0 18.9 20.6 14.8
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o The presence of an indifferent electrolyte. An indifferent electrolyte does not react at
the cathode but decreases the transference number of the cation deposited. A decrease in the
transference number will decrease the diffusion process to such an extent that it becomes rate-
controlling, thus favoring powder formation.

e Presence of colloidal substances in electrolyte. Small additions of gelatin, agar, glue,
gums, peptones, sugars, etc., result in the formation of a smooth fine-grained deposit. If,
however, the concentration of such colloids exceeds about 0.05 g/liter, a loose deposit is
obtained. The reason is that such colloids are adsorbed on the nuclei of metal crystals, thus
preventing their growth, and the ions are compelled to start new nuclei.

The previous discussion is simplified only because usually side reactions are
superimposed. For example, when the conditions are already favorable for powder deposition,
and when the process has progressed for some time, the effective surface area of the cathode
increases, resulting in a decreased current density. Consequently, the conditions may be shifted
toward coarse-grain deposition. Also, the nature of the electrolyte may affect the type of deposit.
For example, lead deposited from nitrate solution is rough, while from silicofluoride solution it
is smooth. Silver deposited from nitrate solution is coarse, while from cyanide solution it is
smooth. Thus the complexing state of metal ion in solution plays an important role. In the case
of silver, the free Ag* ions are extremely small due to the equilibrium:

Agr+2CN- 5 [Ag(CN)2]-.

No powder is formed, but an extremely smooth and bright deposit is obtained instead.

If during deposition, hydrogen is evolved, the solution at the immediate vicinity of the
interface will be depleted of H* ions thus becoming alkaline and causing precipitation of
colloidal hydroxides. This may inhibit crystal growth, thus favoring powder formation. On the
other hand, the stirring action due to hydrogen bubble movements may favor the production of
large grain size deposits. While powders are formed at low electrolyte concentrations and low
temperature, sponge formation is favored at low electrolyte concentration and high
temperature.

4.3. Diffusion-controlled processes

As a result of the discharge process at the cathode, the concentration of the metal ion is
decreased at the interface. This loss is compensated by diffusion of a fresh supply of metal ions
from the body of the solution. The rate of diffusion is given by:

Rate of diffusion = % A(C-C).
The rate of discharge of the ions by the current is given by:

Rate of discharge = i .
nk

At the steady state, the two rates are equal, i.e.:

LzBA(C—Ci)
nF o
or
[ nFDA(C_Ci).
o
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Figure 4. Concentration of nickel on the cathode diffusion layer at different current densities.
I/A=(C-C,)nFD/¢J,i.e., when | /A increases, C —C, increases (hence C, will decrease).

e With increasing current density, | /A, the value C—C, should increase, since the
metal ions at the interface, C,, will be rapidly depleted. This is verified in Figure 4 for nickel
deposition. At 1 A /dm?, C—C, is 0.3 g equivalent / 1 while at 4 A / dm? it is 0.8.

e At constant current density, when the electrolyte is stirred, thus decreasing the
thickness of the boundary layer, ¢, the difference C —C, should decrease, i.e., C; increases.
This is verified in Figure 5 for copper deposition; for a stationary cathode C, =43.5 g/ L while
for a rotating cathode C, =47 g/ L.

56— Rotating cathode

Stationary
cafthode

Copper concentration, g/Liter
$~
Oo

40 L [ | |
0 01 0.2 03 0.4
Distance from cathede, mm

Figure 5. Effect of stirring on copper concentration of the
cathode interface. I /A=(C—-C,)nFD/¢, i.e., for rotating

electrode, 6 decreases, hence C —C, , therefore, C,, increases.

In electrolytic deposition of metals, vertical cathodes are usually used. The depleted
solution at the cathode interface, being of lower density than the body of the bath, is forced
upward by the more dense solution. Thus, along with the horizontal flow of solution toward
the cathode, there also occurs a vertical flow. The convection currents in the vicinity of the
cathode, therefore, have both a horizontal and a vertical component.
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Optical methods, among others, have been used for studying the diffusion layer. These
are based on making the diffusion layer visible and having a color different from that of the
body of the bath. For example, when a platinum wire is made anode in a solution containing
both potassium iodide and sodium thiosulfate, the thiosulfate prevents the body of the bath
from being colored by the iodine liberated electrolytically. A dark anode diffusion layer can
therefore be observed due to the iodine when the current passes. It forms more rapidly than it
dissipates. When the circuit is broken, the layer gradually disappears. Interferometric method is
based on the difference in the refractive index of the solution at the cathode—electrolyte
interface and that in the body of the bath. In another method, when a beam of light is passed to
a cathode, it’s bending from the less dense solution at the interface toward the body of the bath
yields a shadow, the width of which is indicative of the thickness of the cathode diffusion layer.

5. Electrolytic reduction

In electrolytic reduction, the basic reaction is the discharge of a metal ion in an aqueous
solution or a fused salt at the surface of a cathode:
M= + ne-— M.

5.1. The cathode

o Inert solid. In this case, it may be either the same metal as that to be deposited or a
different metal. For example, copper is usually deposited on thin sheets of pure copper cathodes,
while zinc is usually deposited on cathodes made of a lead alloy. In the first case, when the
cathode is removed from the bath, it is simply washed and melted. In the second case, the
deposited metal must be stripped off the cathode before melting; the cathode will be again
ready for re-use.

e Molten pool of the metal to be deposited. This takes place when the process is
conducted in a fused salt and the metal to be deposited has a low melting point, e.g., aluminum.
In this case, the deposited molten metal is removed periodically from the cell by siphoning into
an evacuated reservoir.

® Mercury. This type of cathode is used when it is not possible to deposit the metal on a
solid cathode from an aqueous solution, e.g., metallic sodium. The deposited metal may be
recovered from the amalgam by distilling off the mercury under vacuum.

5.2. The anode

e Inert solid. In this case, it should be able to withstand the discharge of a gas like
oxygen or chlorine at its surface without disintegration.

e Consumable solid. In this case, it reacts electrochemically with the discharging ion.
Thus, the carbon anode in the electrolytic cell for aluminum production reacts with the oxide
ion in the fused bath forming carbon dioxide:

20+ C — CO2 + 4e.
This type of anode is used when no suitable inert material is available. Research, however, is
under way to develop such inert anode.
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6. Anodic oxidation

In anodic oxidation, an impure metal, an amalgam, or a sulfide are made anodes in a cell
containing an aqueous or a fused salt electrolyte. On passing the electric current, decomposition
of the anode takes place, forming metal ions in solution according to:

Miimpurey — M= + ne-,

Mwmg — M™ + Hg + ne,

MS — M* + S + 2e".

The metal ions then migrate to the cathode where they discharge as a pure metal leaving
behind the impurities in the cell, either in solution or as an insoluble deposit at the bottom of
the cell. In the case of sulfides, elemental sulfur remains adhering at the anode, which can be
separated and recovered.

Processes using inert electrodes are usually called electrowinning processes while those
using consumable electrodes are called electrolytic refining or simply electrorefining.
Electrolytic reduction processes using consumable electrodes, for example, aluminum
production and anodic oxidation processes using consumable anode, for example, metal sulfide
are however considered recovery processes.

Mercury is usually used as a cathode when the wanted metal cannot be deposited on a
solid cathode from an aqueous solution, due to the reactive nature of the metal. For example,
the electrodeposition of metallic sodium from brine solution is only possible when a mercury
cathode is used since electrodeposited sodium dissolves in the mercury, forming an amalgam.

7. Electrolytic reactions in aqueous media

Aqueous solutions are the most convenient and the easiest to handle electrolytes. They
usually have high electrical conductivity and low vapor pressure. They are usually utilized at
room temperature or slightly above (40 — 60 °C) and in general represent no hazard during
handling. The most important properties that determine whether a metal can be deposited from
aqueous solution are the following:

7.1. Discharge of ions

e The application of electrical potential causes the ions in an electrolyte to move, the
positive ions in the direction of the current and the negative ions in the opposite direction. Also,
the applied potential causes the movement of electrons from the anode to the cathode outside
the cell. The flow of electrons is thus accompanied by a removal of electrons from the anode
and their transfer through the connecting wire to the cathode. The supply of electrons at the
anode is provided by the negatively charged anions, while the same number of electrons at the
cathode are removed by the positively charged cations. Examples of anodic reactions are the
following:

2Cl- — Cl2 + 2e,

20H- — H20 + /202 + 2e.

Examples of cathodic reactions are the following:

Cu* +2e — Cu,

2H* + 2e- — Ho.
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e Some anions, however, such as sulfate and nitrate are not discharged from aqueous
solutions. In such cases, other processes accompanied by the removal of electrons take place at
the anode. One of these, is the removal of electrons from the atoms of the metal constituting
the anode. The atoms are thus converted into the corresponding positively charged cations
which pass into solution, i.e., the anode is solubilized:

M — M™ + ne".

The ions carrying the current are not necessarily the ones discharged at the anode or the
cathode. The discharge of an ion is determined by the reversible potential of that particular ion
in the given solution. In a sulfuric acid solution of copper sulfate, for example, the current is
carried toward the anode almost exclusively by sulfate ions, and toward the cathode largely by
hydrogen ions and to some extent by cupric ions. Nevertheless, cupric ions only are discharged
at the cathode, while at an insoluble anode such as platinum, hydroxyl ions are discharged,
although they play a negligible part in the carriage of current and they are present in extremely
low concentration. The reason is that hydroxyl ions have the higher oxidation potential.

e If an electrolyte contains a number of different positive and negative ions then each
ionic discharge will take place as the appropriate potential is reached. The cations that are
discharged most readily are those having the largest reduction potential, which corresponds to
the smallest oxidation potential. Hence, the lower the oxidation potential, the more easily will
the metallic ion is discharged. This means that for solutions of approximately equivalent ionic
concentrations, metals lower in Table 5 will be deposited before those higher in the table.
Consider, for example, the electrolysis of a solution containing molar amounts of zinc and
copper sulfates. The oxidation potentials of the respective metals in these solutions are + 0.76
and — 0.34 volt, respectively. It follows, therefore, that the cupric ions will be discharged first
and metallic copper will be deposited. If the electrolysis is prolonged to such an extent that the
copper ions in the solution are almost exhausted, the cathode potential will increase until that
for zinc deposition is attained.

e If two metals have potentials that are not very different in the particular electrolyte
then simultaneous deposition of both metals occurs in the form of an alloy. Such is the case, for
example, for copper and zinc in a solution containing their complex cyanides. Although the
potentials of these metals differ considerably in sulfate solutions, the ionic concentrations are so
changed in the complex cyanide solutions as to bring their respective potentials close together.
When these solutions are electrolyzed, an alloy of zinc and copper, i.e., brass is deposited on the
cathode. Other alloys can be obtained in an analogous manner.

e The behavior at an anode is, in general, analogous to that at a cathode. The process
associated with the largest negative free energy change whether it be solution of metallic anode
to form cations or the discharge of anions, will take place first. The reaction taking place at the
anode is always an oxidation, and so anodic processes take place in order of decreasing oxidation
potential since AF is equal to —nFE . For solutions of approximately the same ionic
concentration, the order of anodic processes is that of the potentials in Table 5. The higher the
process in this table, the more easily does it occur at an anode. For example, if a copper
electrode is placed in an acid solution of 1 M CuSOs, three anodic processes are possible:

— Dissolution of copper to form cupric ions at a potential of — 0.34 volt.

— Discharge of hydroxyl ions at about — 1.2 volts.

— Discharge of sulfate ions probably at a very high negative potential, e.g., about — 2 volts.
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Table 5. The electrochemical series of metals.

Group Metals

reactive metals lithium
potassium
calcium
sodium
lanthanum
cerium
magnesium
yttrium
scandium
thorium
beryllium
uranium
hafnium
aluminum
titanium
zirconium
manganese
vanadium
chromium

less reactive metals zinc
gallium
iron
cadmium
indium
thallium
cobalt
nickel
tin
lead

hydrogen

least reactive metals (noble) copper
mercury
silver

gold
platinum group metals

It is evident, therefore, that when an external EMF is applied to the copper anode, the
first process to occur will be that of the anode passing into solution as cupric ions since the
reaction

Cu — Cu* + 2e-
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has the highest oxidation potential. The next possible process is the discharge of hydroxyl ions,
but this will not occur unless for some reason the solution of the anode is prevented. At an
insoluble anode such as platinum, hydroxyl ions would be discharged and oxygen evolved. The
discharge of SO% ions is highly improbable.

7.2. Electrode potential

Metals having deposition potentials very much less noble than hydrogen cannot be
deposited, because hydrogen is discharged preferentially and the cathode potential required for
their deposition cannot be attained. Thus reactive metals, like sodium or calcium, cannot be
deposited. It is true that due to the phenomenon of overpotential, hydrogen does not discharge
on many metals until the cathode potential is several tenths of a volt less noble than the
reversible potential of hydrogen. That is why, for example, the deposition of zinc or manganese
is possible from an aqueous medium although they are deposited at about 0.5 volt more negative
(less noble) than the equilibrium potential of hydrogen. However, many metals are apparently
so much less noble than hydrogen that even the resistance of hydrogen overvoltage does not
suffice to enable their deposition potentials to be attained.

7.3. Ionic size

When ions are extremely small, which is also usually associated with a large positive
charge, they are excessively hydrated. Dehydration prior to neutralization of the charge at the
cathode may be an extremely slow step, so that hydrolysis, instead, takes place, resulting in the
precipitation of the hydroxide instead of the metal. For this reason, beryllium and aluminum,
for example, cannot be deposited from aqueous solutions. It is therefore apparent that the
exclusion of water from such an electrolytic system may result in better chances for metal
deposition. Non-aqueous electrolytes usually have low conductivity and are sometimes
hazardous to handle; that is why they are not commonly used in metallurgy. Fused salts are
more difficult to handle and, therefore, they are used only when aqueous electrolytes cannot be
used.

8. Electrolytic reactions in fused salts

Electrometallurgical reactions involving fused salts as electrolytes must be maintained at
high temperature and in the absence of moisture. Different types of electrolytes are used. The
guidelines for choosing an electrolyte are: low melting point, low vapor pressure, high electrical
conductivity, low corrosive action, low viscosity, and low surface tension. Salts satisfying these
requirements are usually the fluorides and the chlorides, or sometimes a mixture of the two. A
mixture of two or more fluorides, two or more chlorides, or a fluoride and chloride always has a
melting point and a vapor pressure lower than that of the individual salt at the same tempera-
ture. In conducting reactions of this type, the following points should be taken into
consideration:

® The cathode is usually a molten pool of the metal to be recovered because of its low
melting point. If the melting point of the metal to be deposited is high, then provision must be
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made to deposit it at a solid cathode. This will be more difficult from the engineering point of
view (for example, separating the deposited metal from the electrolyte) but has been realized,
for example, for the electrowinning of beryllium from beryllium chloride—sodium chloride
eutectic. Electrowinning from fused salts can be made continuously only when the metal
electrodeposited at the cathode is in the molten state.

e Temperature in the cell is usually maintained by resistive heating, for example, by an
increase in the electrode spacing.

e Solubility of the metal in the electrolyte at the elevated temperature is often a source
of inefficiency.

The metal to be recovered may be present in the electrolyte in any of the following
forms:

e A salt that is one of the components of the electrolyte. For example, aluminum may be
recovered by electrolyzing an aluminum chloride-sodium chloride eutectic:

Al + 3e — Al,

2Cl- — ClL.

Similarly, the production of magnesium from magnesium chloride—calcium chloride eutectic.

e An oxide that goes into solution in the electrolyte. For example, the production of
aluminum by the electrolytic reduction of aluminum oxide dissolved in a fused cryolite
(NasAlFe) bath. As a result of the dissociation of aluminum oxide, then during electrolysis,
aluminum ion is carried to the cathode, where it is discharged and collected in a pool of metal
while the oxide ion is carried to the anode, where it reacts to form carbon monoxide and carbon
dioxide:

Al + 3e- — Al,

O+ C — CO + 2e,

207+ C— CO2 + 2e".

A modern cell for the production of aluminum is shown in Figure 6.

Air cylinder

Feeder Alumina
Fume collection

Anode rods

””” N Removable
_~ covers

Alumina cover

Electrolyte
4 Crust

=1 lLedge
Insulation Carbon block
Molfen aluminium y.
Carbon lining ?/ Carbon lining
Cumrent collector bar
Thermal insulation
Steel shell

Figure 6. A modern cell for the production of aluminum.
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9. Engineering aspects

Transforming a carbonaceous fuel into an electrical energy is a process with only 37%
efficiency. In spite of that, the use of electrical energy in metallurgy is still economical as
compared to some pyrometallurgical operations. Electrowinning and electrorefining operations
are conducted for a large variety of metals. Electrolytic production of aluminum became the
largest electrochemical operation worldwide with about 50 million tons produced annually by
this route. Electrowinning of zinc surpassed the tonnage by the pyrometallurgical route.
Electrometallurgy is also being preferred to other routes, e.g., solvent extraction—
electrowinning of copper has now displaced the cementation route. Electrorefining of copper
has been perfected during its 150 years operation, and new other electrometallurgical processes
are being introduced.

Electrometallurgical processes, however, are capital intensive processes. Electrowinning
and electrorefining in aqueous solutions require a large space (Figure 7). The tank house in elec-
trorefining contains a large inventory in form of anodes and electrolyte, hence, the operation
requires a large capital investment. Operating cost is also high because of the large number of
electrodes that are involved. For example, in a large copper refinery producing ~ 500 tons of
copper per day, about 2 000 new anodes, 2 000 spent anodes, 4 000 starter sheets, and 4 000
finished cathodes must be handled every day. A floor area of about 6 000 m? will be required.

Figure 7. View of a typical electrolytic plant.

Provisions must be made for:

e Continuous supply of fresh electrolyte.

e Continuous withdrawal of the spent electrolyte.

o Supply of electrical energy to cathodes and anodes.
® Periodic supply of new cathodes.

® Periodic removal of finished cathodes.

® Periodic supply of soluble anodes.
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® Periodic removal of spent anodes (anode scrap).

® Periodic removal of anodic slimes.

Although direct current is necessary for many industrial purposes such as electrolytic
processes and for many motor applications such as for rolling mills, elevators, etc., at least 95 %
of the electrical energy is generated as alternating current. This is because alternating current
generators can be built in large units and generates energy at high voltage. When the voltage is
high the current can be low, which means small losses. Hence, they are economical and
efficient. That is why it is more economical to generate power in bulk as alternating current,
transmit it, and then convert it to direct current when it is needed through transformers and
amplifiers.

9.1. Electrowinning versus electrorefining

Energy requirement for an electrowinning operation is intensive while for
electrorefining it is negligible. For the electrowinning of a divalent metal M from H2SOs

solution:
Anodic reaction: H20 — O2 + 2H* + 2e- E°=x,
Cathodic reaction: M* +2e-—> M E‘=vy,
Total potential= X+ Y.
For the electrorefining of the same metal:
Anodic reaction: M — M2 + 2e- E'=vy,
Cathodic reaction: M?* +2e —> M E°=-vy,

Total potential = 0.
In electrorefining, the energy is mainly consumed in solubilizing the impurities and in
both cases energy is also consumed due to the resistance in the electrolyte.

400

350

KWHMT cathode copper
S

250 .
200 e
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Current densty, A/nt
Figure 8. Power consumption vs. current density for copper electrolysis.
9.2. Productivity and energy requirement
Cell design is dictated by two factors: productivity and cell voltage. Increased current

density increases the productivity which is highly desirable because of lower capital investment
per ton of metal produced. However, there are drawbacks:
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e Lower quality of cathodic product as a result of increased operating potential, i.e.,
increased number of secondary reactions causing the possible deposition of impurities.

® Decreased current efficiency as a result of the secondary reactions, e.g., anode passivity.

e Increased operating potential, i.e., increased electrical energy consumption (Figure 8).

Hence, a compromise should be made between these factors.

9.3. Cell design and electrical circuits

There are a large variety of cells used industrially. The cell design depends on a number
of factors:

® The electrolyte whether aqueous or fused salt.

e Electrical conductivity of CuSOs solution in different H2SOs acid concentrations.

® The cathode whether liquid or solid.

® The process itself whether electrowinning or electrorefining.

While some generalizations can be made regarding cell design in electrowinning and
electrorefining in aqueous solutions, other cells vary widely. Electrolytic cells for most of these
applications are nearly the same: The anodes and cathodes are suspended vertically facing each
others. In case of nickel a special precaution is made in introducing the feed electrolyte to avoid
contamination by impurities. In gold and silver refining, horizontally laid electrodes are used
because the refined metal is recovered in a powder form.

In fused salts, the situation is different because the metal deposited at the cathode may
be a liquid which may be lighter or heavier than the electrolyte. As a result, the cell design is
more complex and depends on each particular case as will be shown later in the proper place.
The production of aluminum is again different from other fused salt operations because the
anodes are consumable.

9.4. Current density

Current density is the current supplied to a cell per unit area of electrode — hence there
are anodic and cathodic current densities. They need not be equal. Further, in processes
conducted in aqueous solutions, current densities are usually 100 —200 A / m? while in fused
salts 10 000 — 15 000 A / m?2. The increased current density in fused salts is due to the increased
conductivity at high temperature. Current density represents the rate at which an electrolytic
reaction takes place schematic of a copper busbar.

9.5. Anodes

Figure 9 shows a summary of the anodes generally used. Insoluble anodes for
electrowinning must resist the attack of gases evolved at the anode:

e Graphite is cheap and resists chlorine but not oxygen.

® Lead containing a small amount of silver is expensive and must be used when oxygen
is evolved.

Soluble anodes for electrorefining are prepared either in the casting wheel or by
continuous casting. Both methods are continuous.
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Anodes
Soluble for Insoluble for Consumable
electrorefining electrowinning
* Casting wheel ¢ Lead-silver (H,SO4 |
* Continuous solution) *
casting ¢ Continuous casting
Sulfides Carbon

Anodic dissolution  Electrowinning of
in aqueous solution  aluminum from
oxide—fluoride melt

Figure 9. Anode systems.

Figure 11. Anodes handling system.

Casting wheel

A typical anode-casting machine is a rotating table with 24 horizontal molds placed
around its perimeter (Figure 10). The wheel slowly revolves, bringing the molds through a
spray of mold wash, allowing them to be filled with molten metal, and then passing through a
water-sprayed cooling section.

The solidified anodes are partially lifted in the mold by lifting pins located in the bottom
of the mold and subsequently removed by a pickup device. Automatic mold-filling systems are
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used so that the molds are filled with a pre-weighed amount of metal for smooth operation
during electrolysis. Cast anodes often have imperfections on the surface, i.e., blisters, fins, and
edge rims, which can cause shorting with the cathodes. These are usually manually corrected by
chipping. Anodes cast from the impure metal are usually 80 — 100 cm wide, 90 — 110 cm long,
and 3 — 6 cm thick. Figure 11 shows anodes handling system.

Figure 12. Hazelett machine for manufacturing copper anodes for refining.

Continuous strip casting machine

This is known as the Hazelett machine (Figure 12) and is used principally in copper
electrorefining. Molten copper from the anode furnaces is fed into the machine. As it passes
between two water-cooled stainless steel belts, it solidifies and emerges as precise strip,
1 150 mm wide and 16 mm thick. The hot copper strip is fed to a large blanking press, where
two 145 kg anodes are formed simultaneously.

Cathodes
Aqueous solutions Fused salts
Blanks Starter sheets Mercury Steel Molten metal
A metal different from  Same metal as thatto ~ Aqueous solutions  » Alkali * Aluminum
that to be deposited be deposited Alkali industry o Alkaline earth production
Electrowinning from All metals deposited metals production
aqueous soludons from aqueous solutions
* Zinc deposits on ¢ Electrowinning
aluminum * Electrorefining
* Cobalt deposits on
stainless steel '
By electrowinning Continuous casting

using blanks made of & Lead, tin refining
e Stainless steel, or
e Titanium

Figure 13. Cathode systems.
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9.6. Cathodes

Cathodes may be solid or liquid (Figure 13). Solid cathodes in electrowinning operations
from aqueous solutions are two types: blanks or starter sheets. In both cases, when the metal is
deposited, the cathodes are washed, then stripped and / or stacked for preparation for melting
and casting.

Blanks

These are pieces of metal different from that to be deposited. The deposited metal is then
stripped from these blanks, either manually (Figure 14) or mechanically (Figure 15). The
stripped metal is then melted and cast in form of ingots, while the blanks are re-used for
another deposition. For example, zinc is electrodeposited on blanks made of aluminum, while
cobalt on blanks made of stainless steel. To facilitate stripping, the blanks are first covered by a
thin layer of oil or anodically polished to maintain a smooth surface.

Figure 15. Mechanical stripping machines. Left: general view. Right: details.

Starter sheets

These are made of the same metal as that to be deposited. When deposition is complete,
the cathodes are then melted, without stripping, and cast in the desired form for the market.
Starter sheets are prepared in two ways:
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Electrodeposition on blanks. The starter sheets are prepared by deposition for 1 or 2 days
on sheets of the same metal to be deposited or sometimes on stainless steel, or titanium blanks
in an independent electrowinning plant operating at a low current density for maximum purity.
The blanks are either masked on the edges with cemented plastic strips or have a groove along
the edges where the deposit may be easily broken. Starter sheets are stripped from the blanks
manually or by various automatic stripping machines. To permit easy stripping the stripper
blanks are wetted with a solution of soap, with a water emulsion of mineral oil, or other
reagents. Stripped sheets are then processed through a starting sheet machine, where they are
straightened, trimmed, suspension loops (with pre-inserted suspension bars) attached by
punching, and embossed with a shallow pattern to give them mechanical rigidity.

Continuous casting. Starter sheets used in refining lead and tin are conveniently
prepared by the continuous casting of these low-melting point metals, using a water-cooled
drum.

Dimensions of solid cathodes are always somewhat larger than anode dimensions so that
current density at cathode edges is not excessive. Liquid cathodes may be:

® Mercury, e.g., in the alkali industry, or

e A molten metal, e.g., in the production of aluminum from fused salts.

9.7. Diaphragms

The diaphragm increases the electrical resistance of the electrolyte because of the greater
the path of electrolyte within the diaphragm, hence the greater the potential drop across it. An
ideal diaphragm must be:

® Permeable to ions but not gas bubbles.

e Of high void fraction to minimize electrical resistance.

e Of small mean pore size to prevent the passage of gas bubbles and minimize diffusion.

e Homogeneous to ensure even current distribution.

e Nonconducting to prevent action as an electrode.

e Chemically resistant to the reactants and products.

e Mechanically strong.

Chemical stability is a constant problem especially if the anolyte is acid and the
catholyte alkaline and most diaphragms have a relatively short life requiring frequent renewal.
Many scores of materials have been used in the past of which porous concrete, asbestos and
asbestos mixtures (all alkaline resistant), ceramics, quartz and fire clay (all acid resistant).
Microporous rubber, linen and metal gauzes have also been commercially applied.

9.8. Electrolyte

In refining cells the electrolyte is circulated for the following reasons:

e Adjust the concentrations of the main electrolyte components.

e Maintain a suitable cell temperature.

® Provide a steady supply of reagents.

e Correct electrolyte composition by removing the soluble impurities. This is done by
treating a small portion of this recirculation stream.
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9.9. Labor cost

Labor costs are one of the highest in the electrorefining operation. Improvements in
mechanical handling over the past few years have brought significant reduction in labor costs.
Labor is required for:

e Systematic inspection of cells for short-circuiting.

® Preparation of starting sheets.

e Casting of anodes.

e Changing of anodes and cathodes.

e Treatment of slimes.

9.10. Handling of scrap anodes

Scrap anodes are removed from the cell, washed thoroughly to remove anodic slimes and
electrolyte, and then transported to the furnace for remelting.

10. Summary

Table 6 gives a summary of electrometallurgical processes.

Table 6. Summary of electrometallurgical processes.

Process  Electrode Electrolyte Examples Remarks
electrolytic  inert aqueous  cathodic: Cu?* + 2e- — Cu industrial scale; also for An, Ni,
reduction electrodes anodic:H.0—1/202 + 2H*+2e-  Co, Au, Ag, Mn, Cr, Cd, Te.

fused salt cathodic: Mg? + 2e- — Mg industrial scale; also for Be, Na, Li
(chloride)  anodic: 2CI- — Cl2 + 2e~  laboratory scale for Al, Ti, Nb,

Ta
fused salt  cathodic: Pb* + 2e- —Pb laboratory scale
(sulfide) anodic: §* —8° + 2e-
consumable aqueous cathodic:Cu2S+2e—2Cu+S* laboratory scale
electrode anodic:H20—1/202+2H*+2e-
fused salt  cathodic: A3 + 3e- —Al industrial scale
(Al:03  anodic: 0> + C —CO + 2e-
dissolved in
cryolite)
mercury  aqueous cathodic:Na*+Hg+e- —Na(Hg) industrial scale; also for Ga
cathode anodic: 2Cl- — Clz + 2e-
fused salt  cathodic:Be?+nHg+2e—Be(Hg)» laboratory scale
(chloride)  anodic: 2C1- —Cl + 2e"
anodic metal aqueous  anodic: Cuimpure—Cu*+2e-  industrial scale; also for Ni,
oxidation consumable cathodic: Cu?*+2e~—Cu°pue) Co, Pb, Sn, Au, Ag, Sb, Bi, In
anode fused salt anodic: Algmpure—Al* + 3e- industrial scale
(fluoride)  cathodic: AI**+3e —Al°pure)
sulfide aqueous anodic:NizS2—3Ni?*+25%+6e- industrial scale
consumable cathodic: Ni** + 2e- — Ni
anode
amalgam  fused salt anodic:In(Hg)» —In*+nHg+3e industrial scale
anode (chloride)  cathodic: In® + 3e- —In

113



Electrometallurgy for nano-scientists.

Suggested reading
F. Habashi. Principles of Extractive Metallurgy. Volume 4: Amalgam and

Electrometallurgy. 1998, Quebec City: Métallurgie Extractive (distributed by Laval
University Bookstore, www.zone.ul.ca).
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Recently many new terms have been created in the rapidly developing fields of science,
nanochemistry and nanotechnology, mostly coming from English, and relating to the names of
compounds and materials. Table 1 lists some of such terms in English, German, and Russian
taken from dictionaries and scientific periodic chemical publications [1-19], and the

corresponding terms in Georgian.

Table 1. English, German, Russian, and Georgian
terms used in nanochemistry and nanotechnology.

Terms
in English in German in Russian in Georgian
Actuator Aktor m, Aktuator m | AkTioaTop, akTyarop | 5J@m®mo
Actuators Aktoren pl, AXTIOaTOPHI, 59BHmm9gd0
Aktuatoren pl aKTyaTopbI (@0 act — 8c3dxgds.
9fymdoErmds, Gmdgeoa
Logbogrol dobggom
8033009 8J89gdsl
LMMEgdL gMmo Labob
969®00L (9egddO o,
95260¢ M0, LoMdMMO,
Jo8ovMH0o) dgmeg Lsbols
969620580, JOMHOMSWIE
d94sb03m®do
23960 5gddboLsL)
Armchair SWNT | Achirales, KpecenpHas SWNT / SWCNT-obL
Armchair SWCNT | sesselformiges SWNT | ctpyxrypa SWNT “Bogs®deoligdmo”
Achirales, Kpecenpnas LEHOYIGHMO
sesselférmiges crpykrypa SWCNT | (65b30o6dsob
SWCNT Bsbmdogszol ghom-ghoo
LOOYIG Do)
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Atomic force
microscopy (AFM),
scanning force
microscopy (SFM)

Atomkraftmikroskopie
(AFM) £
Rasterkraftmikroskopie

(RKM) f

AToMHO-CcHIOBag
MUKPOCKOIIA

(ACM)

5GMIMO-doMH0o /
5GMINE dosermo
90363305

Atomic
manipulation
Atomic
manipulations

Atom-Manipulation f

Atom-
Manipulationen pl

Manunynauus
aToMaMHu
Manunynauuu
aToMaMu

95603mocmgds
5G™dgd0m
9560370690900
5G™dgdom
(62390 s¢™IJBoc
35603mwomgdob 0©gs
9309360 Richard
Feynman-U, 5996039
393BogeL,
Bobmdg3bogMgdoL
3199390
b9s3o6 by

PTG RN (ebXelugfytslele))
5GH™dgdol s
0m@)3@gdoL
900356070
39036533wgds ©d
©530JL0MGds, HOMS3
d9L53gdgOos
9mfglmogygdeo
BsbmlEGHOWMJEHmGgdoL
30gmds, 30MH39wo©

296bmO 309w s
D. Eigler-ol dog® 1989 §. 356

Ni -0l dbm3MoLE ool
B9o306HBg Imomogls
Jugbmbols 35 s@mado
3035605 IBM-ol
©WMymGH030L BT s
50obmgzol gsdmoyqbos
doli30b0Mmgdgo

&by mMo dozMmbzm3ool
9900 0; 59 JoBBydOLmZ0L
53M9™39 049596
@BYOHME “boggobal” —
3303996 30b39GL)

Atomic / scanning
force microscope
(Atomic force
microscope or
scanning force
microscope)

Atomkraftmikroskop n
Rasterkraftmikroskop n

ATOMHO-CHIOBOM
MMKPOCKOII

5GMIMEM-dsgrmeo /
5GMIMO doermd
d036mHmL3m30,

3oL 3960Mgdgo
om0 Jo3MHMB3M30
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Azafulleroids

Azafulleroide n pl

Azadymrepoussr

5DoRMWgMMO©IYd0

Band gap

Bandliicke f

Olens

JHepreTudecKas

96963930390 ©OIBM

Bingel reaction

Bingel-Reaktion f

bunrensa peaxmusa

d0bggerols ®god3os

(B9wamgbgdol
3033356060900l

959609)

Biomimetic
nanomaterials,
bioinspired
nanomaterials

Biomimetische
Nanomaterialien n pl

Bbuomumeruueckue
HaHOMaTepUaJIbI

00md0d9¢H03MM0

dsboengdo

(b9 M36v96H0 656MToboergdo,
3d9J0boo 3mEbog 3mbgdsdo
695¢00Dg0Mwo 3GobEo3gdol
150349939 by o6
00mdsLaErgdols mz0L9dgdOL
90dsdz0m; 359y, 9ds30
doboems Velcro 8904dbs
9396569 306 350 bagmazols
39339000 Abgogboco,

9 gdLs3 99v9deros
Jumgzo@by 96 df3by
290M@0ds, 80f909d5)

Biomimetics,

bionics,
biomimicry,
bio-inspiration,
biognosis, bionical
creativity engineering

Biomimetik f
Biomimese f
Bionik f
Biomimikry

buomumeruka

buonuka
buomumukpusa

00m3d0dgBH03s
00m3dodgHos
00mbo3s

0030303605
(d9®db. bios — bogmabwy,
mimesis — 30d5d3s)

Bionanotechnology

Bionanotechnologie f

buoranorexuomorug

00mb5bME9dbmemyos

Buckminsterfullerene

Backy ball

Buckminster-Fulleren n

Fupballmolekiil n

BakmunCTepdyIepen

053906LEGH9ORMgMH9b0
(Ce0)

(LYo BAgHYbyooL
mxobol 3o06H3gwo (93600,
Ceo Imn9399c00bm30L 356
M 355LOL OsTYEHMOS
1.1 69, 6sbdoMdsob
5@ dmGob Jodoreo

005 3Mm35¢9bEGHW©0s)
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Buckyball Buckyball m Baxucdepa 053009900 (Ceo)
Bucky ball Hohle Kohlenstoff-
kugel f
Carbonballs Kohlenstoffkugeln pl
Carbonspheres
Buckyballs Baxub6orsr, 05300990930
(spherical fullerenes) Gy KHGOIIBI (LBIHMEO BMEgMHIdO)
Buckypaper Buckypapier n Bymara nossimeHHOR | 353079050 ©0
YIPYTOCTH (BDb'a()ﬁ)bbCQOb
(BakuGymara) BobmBogns3900Logs0
53500 Foowo
©M93500MO0L OO0,
8oy Znewsby
50RO MBOH™ AbdJo o
500-% 96 Mx36™ 9330399
5B5M9dL ©IbL s LOMBdMU)
Cantilever Cantilever f KanTunesep, 396¢owg3zgho

Messspitze f

Freitagenderausleger m

Freitrager m
Kragtriger m
Kragbalker m
Klagarm m

KOHCOJIbHAA OasKa

(0bgen. “Cantilever” —
0®x960. 35603900 (3)
9515356069090 BMbMHo
90360mb3m30L (9.%.3.) ghom-
9000 doMH0moEo bafowos;
ol 303MMmBMIqdOL 53H9L
393, GMIolb 3mFo —
15399M03 3, GgLsdSTOLO®
0.03 @5 0.1 - 0.5 63 Lobgob
5 LogOboLsy o VMB35 O;
0.%.0.-00 3-000 bgds
15330930 Hgs3060L o
9slbY gobemsagd Mo
993990 9d0L “Dmbobyxgs”,
5096009 BobmdgEHMoL
9s6doenbg domo 8gdsbozmMo
2390055030905 s JodoMo
3900L Bo@oMgdss 30.
Bobm3mbogombomgdol
LobEgdoom 3-0b §zgMmdo
dmmogLgdo bgdbo-
bmbo Bys3o6 by
9dO5mdOLSL 56 9O FMdo
95130, 565390 0Ybgds
dolo LoMBOIOL A5TM; 3-0b
2903b6MOL booy 6
Mb3900L bobdomy
2960LsBE3Mgds Jobo
MO0gHNJIg0gd0L dogrom
60330l Bgs3o@ By
3MLgd 5@MIGOLS O
993 gdmsb. Bmbgo
050090 Si-, SizNs-,
5@0d5LoLRSE OMMYMIBOSE
36 JodoMo s BoBoIMMO
50mFdom)
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Carbon fibre (fiber) | Kohlenfaser f YrieBosIoKHO Bobdomdool dmF3m
Kohlenstofffaser f BosokHo yriepopHoe
Carbonfaser f
Carbon fibres Carbon-Fasern pl YrneBomokHa 65HoMBOOL dM 3900
(fibers), carbon Kohlenstofffasern pl Bonokna yrinepoamsre
filaments (CF) Kohlefasern pl
Carbon nanobud Kohlenstoff-nanobud m | Yraepozgusrit Bobdomdool
(CNB) Carbon nanobud (CNB) | manopocrox 656m3300HE0 (656meog0)
Carbon nanobuds | Kohlenstoff-nanobuds pl | Yrreponmsre bobdoMdsol
(CNBs) Carbon Nanobuds pl | mamopoctku 656m3306M 3900
(CNBs) (656mm03900)
Carbon NanoBuds pl (B@yHIBoL Imerg3rgdo
—“Bobm330639d0”
303596 GH MO sHOL
393533069000
9OHM3gosbo
BsbmBogns3zols gotg
B930MHMH)
Carbon nanocone | Carbon Nanocone m Yrneponusrit Bsbdomdools
(CNC) Hohler Kohlenstoff HAHOKOHYC Bsbm3mbmlio
(Carbon) Kegel m
Carbon nanocones | Kohlenstoff (Carbon) | Yriepozusie BobdoMdsol
(CNCs) nanocones pl HAaHOKOHYCHI 6560 3mbmLgdo
Hohle Kohlenstoff
nanocones pl
Carbon nanofoam | Kohlenstoffnano- YraepogHas BobdoMdsols
schaum m HaHOIIeHa Bobmdogo
Carbon-Nanorods | Carbon-Stibchen n pl | Yriepozusie Bobdomdool
HaHOCTeP>KHU Bobmmgtmgdo
Carbon nanotube | Kohlenstoffnanoréhre | Hamorpy6ka, BobBoMdsols
(CNT), tubulene, (CNT) f yriaepozuas (YHT) Bsbmdogns 3o,
buckytube, tubular | Kohlenstoff-Nanorshre f GO Mgbo, 85308030,
fullerene Kohlenstoffnano- dos3mg960
rohrchen n 3 gM9bo
Carbon nanotubes | Kohlenstoffnano- Hanorpy6xu, BobBoMdsols
(CNTs), tubulenes, | rohren pl yTACpOHBIE Bobmdos 3900,
Buckytubes, Kohlenstoff-Nano- (TyGymemsr) &M mwgbgdo,
tubular fullerenes | réhrchen pl BakurpyGku 05300053900,
Kohlenstoffnano- dos3mzs60
rohrchen pl a3 gm9bgdo

119




Short dictionary on nanochemistry and nanotechnology. Part I.

Carbon nanotube | Kohlenstoff-Nanoréhren- | YriaepogHas Bobdomdool
film (CNF) Schicht f HaHOTLJIEHKA Bsbmdonszol sx3s30
Kohlenstoff-Nanoréhrchen
(Nanorohren)-Film m
Carbon nanotube | Kohlenstoff-Nanoréhren- | Yriaepogusie BobdoMdsol
films, nanofilms Schichten pl HaHOTLIEHKU Bsbmdogns 3ol sx3s3900
(CNF) Kohlenstoff-Nanorohrchen (Bobmox3l39d0
(Nanorohren)-Filme, OEBMIowgd0sbo
Nanofilme pl 309939005, 500 HBMmdgdo
100 63-8055)
Carbon nanotube | Kohlenstoffnanoréhren | Hanoyriepozmsrit BobdoMmdsol
peapod (Nano- Peapod m CTPYYOK Bobmdognszol o030
peapod) Carbon Nano
Erbsenschote f
Carbon nanotube | Kohlenstoffnanordhren | Hanoyriepozgusie 656JoMdoOL
peapods (Nano- Peapods pl CTpYYKH 656¢m80¢53900L 3563980
peapods) Carbon Nano (BMEgMgbosbo
Erbsenschoten pl G0 gbg0d0;
RME9g69gbosbo
BobdoMdsol
Bobmdors3900)
(Bobdo®mdools
Bsbmdogns3qddo
3BLYLoORIo
Rwgegbol 56
©womnmbywwg®gbol
902)3gd0)
Chiral SWNT Chirales SWNT XwupanpHas SWNT / SWCNT-ob
Chiral SWCNT Chirales SWCNT crpykrypa SWNT “Jo®oen©H0”
XwupanpHast LEAHOYIGHMO
crpykrypa SWCNT | (65b8o®doqol
Bobmdoozol gem-gMmo
LOHOTIGIOS)
Cluster Cluster m Kiacrep 33bEgeo
Clusters Cluster pl Kacrepst 3ol 9em9d0
Colloidal Kolloidnanopartikel f | Konmmongnas 3MWM0YOO
nanoparticle HAHOYaCTHUIA Boffoemszo
Colloidal Kolloidnanopartikeln pl | Konmougtsie 3MWM0YOHO
nanoparticles HaHOYaCTHUIIBI Bofoerszgoo
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Cryochemical Kryochemische Cunres, 3Momgdodon®o

synthesis, Synthese f KPUOXUMUYECKUIT Lobmgbo

cryochemical

processing,

cryoprocessing

Cryogel Kryogel n Kpuoress 3Momy9geo

Cryogels Kryogele pl Kpuorean 3M0my9gegd0

Dendrimer Dendrimer n Hennpumep ©9bM0dgMHo

Dendrimers Dendrimere pl Jennpumepst ©9bM0dgM9gd0

Dialkynylmethano | Dialkynylmethano- JuanrkuHUIMeTaH- | 05 30600039056-

-fullerene fulleren n bynnepen MEgM9gbo

Dispersity Dispersitit f JucnepcHOCTD oL3gMLMEMdS

DNA nanotubes DNA-Nanorohren f pl | IIpusutsie x ©63-656mdows3900

(DNA-wrapped HaHoTpyOkam JTHK | (656m8oeszgdtdy

carbon nanotubes, Hamorannas Ha ©@2b3g7)0 ©63)

Grafting single- yTJIePOAHYIO

walled carbon Ha"OTPYOKY JJHK

nanotubes with

highly hybridizable

DNA)

Doping agent Dotierungsstoff m JlonuHT-areHT 35MEH0M909w0
Dotiermittel n (05q 906 9d90)
Dotierungsmittel n LoD,

Dopant Dotand (Dopant) m LoM30MmgdM 53960

MGoboo

(@500. dotare — 3cToMoggdo,
9mffgmds, 3ofymdo)

Double-walled /
wall-carbon-
nanotube
(DWCNT)

Doppelwandige
Kohlenstoffnanordhre f
Doppelwandiges
Kohlenstoffnano-
rohrchen n

Hanorpy6xka
JBYXCTeHHas,
yraepozuas (JCHT)

Bobdo®mdools

639000560
Bsbmdognszo (DWCNT)
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Double-walled /
wall-carbon-
nanotubes
(DWCNTs)

Doppelwandige
Kohlenstoft-
nanordhren pl
Doppelwandige
Kohlenstoff-
nanordhrchen pl

HanoTpy6Kku
IBYXCTEeHHEIE,
yTJIepOZIHbIe
(JCHT)

Bobdomdool

M6 390w0sbo
BobmBogszgdo

(DWCNTs)

Effect of particle
(grain) size
Effects of particle
(grain) size

Auswirkung der
Partikelgrofe f
Auswirkungen der
Partikelgrofe pl

Pazmepnsrit apdext

PasmepssIe

addeKxTs

bmdob 9539dEHo

bmdol 9539943H9gd0
(053635L5¢Egd0LYS0

296Lbbge39800m
BsbmlEGHOMJEHm©gddo
9sL5¢ols BOBOIWG-
Jo8omHo m3z0L7dgd0L
306053000 3530060
LOHOUIGNODwo
999963900l Bmdgdmsb
560l Demdob gx39J@o. ob
d90d@gds 0ymb
LOHOYIGIOIwo, Jodoyeo,
9999603960 56 gobozmGo.
656mbAONIGNOI
Joboergdls (M6
296bmIogdsdo domo
DmIgd0 56 509053905 100
63-b) 5g3Lb bodmdol
bga3oMols

9 3MMdLMb
3993560900l OO
96500369 mds s sdols Q5dm
053605L5¢0boYb
LOHE05© QobLbZs39dMo,
abso #gdbozobomgol
960036garmgs560
®30L99900, Mo3 0dEwg3s
Bsbm@gdbmenmaonsdo
IIJOOMBYwo
9mffgmdowmdgdol

9060 mmobsoiool
39L53GBIWMDSL)

Endohedral
fullerene

Endohedral
fullerenes

Endohedrales
Fulleren n

Endohedrale
Fullerene pl

OHJI05/IpaTbHBII
bynnepen
OHpodyLIepeH
OHII03/IpaIbHbIe
bynnepenst

96myOMwo
BOgybo

96myOMo
BI99bgdo
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Endohedrale DHZOeIpaIbHbIe R3ME9gM9bol
Komplexe m pl KOMILIEKCBI 9bmgcOwo
3M33wgdbgdo
Mm@Ca, X@Cx
(3 gMgbol Ol dogboo
6090y ommbols
s@&mdob Bsbgtagzom
0o o grwytbol
BogH0)
Endohedral Endohedrale DH/IOMeTaJIIO- 960™gOHMwo
metallofullerenes | Metallofullerene n pl | dymrepens: (O, oMbz mgMHgbgdo
OM®) (059 La@Cso)
Exohedral Exohedrales OK303/paIbHbIH 935Mm9OMWwo
fullerene Fulleren n bynnepen MEgM9gbo
Exohedral Exohedrale OK303/]paIbHBIE 931M™9OMwo
fullerenes Fullerene pl bynnepenst RME9gM9bgd0
Exohedrale [IpomyKTeI (009, CooF1s , CeoH2, CeoHss,
Addukte n pl 9K309PaIbHOTO 800936;(33)%65%(;?220)
(BHeIrHec(hepHOTO) g«gg%gﬁ)gﬁobog 683%
IIPUCOeIUHEHUS B39d056)
Field emission Feldelektronen- Muxpockomnus, 390l 9dolowGo
microscopy (FEM) | mikroskopie f noJjeBas d036Mmb3M305
(Feldemissions- SMUCCHOHHAA
mikroskopie f)
Field ion Feldionenmikroskopie f | Mukpockomnus, 3900L 06O
microscopy (FIM) moJIeBas NOHHAA 90360m3Mm300
(ITVIM)
Fulleran Fulleran n Dynrepan A gemsbo
Fullerans Fullerane pl Dy nrepansr 3 g6obgdo
(LM 30EOHOMYOMEO
RMEgm9bgdo, 859., CeoHeo,
CroHzo)
Fullerene(backyball) | Fulleren n Dynrepen BYgmgbo
Fullerenes Fullerene pl Dy repensr, BYgM9bgdo
6axknuGoIsL, (6obBoMdsob
6yKIGOIBL 30@0HROILO
3MM0O0 3eobBgmgdo
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— Ca, n>20-540;

b8IOIwe BYyHhybdydo

0530099H9d0Y,

30wobEOYO —

SR Iwgbgdo,

Bobmdos3900)
Fullerene-doped Fulleren-dotiertes JonupoBaHHBIH RMEge9gboom
polymer Polymer n bynrepeHoM ©MEGH0MIO0

IOJIMep 3m@0dgeo

Fullerenes Cyclopropanierung Huxnonponmanupo- | w9 9bgdol
cyclopropanation | (Cycloprpylation) von | BaHuA peakuus 303XM3MM356069d0L
reaction Fullerenen bynnepeHOB 95430
Fulleride Fullerid n Dynmepur, RMEIMHOO
Fullerides Fulleride pl Dynmepunsr RMEIH0I00

(NasCeo, K3Ceo.
RWgMgbgdol dgst i3sbsdo

- 8O0 odo

993090l ImGol oo
Dmdob LoEsMmogErggdoy,

MHmIwgddog d9odengds
BoobgMamU, Bsoligsls d06Mg
Bmdol Imerg3vergdo,
wommbgdo,
39¢owm396900. domgdmwo
Bobgtpgol

(06396 35@0Md)0)

BogH 00 BMEIOH0EIO0;
296Ls3moGgdom
96003b6garmgsbos

wommbdgd339¢o

BIIN0EIO0, 35p,., K3Ceo,
H0dgewo bgaedHadoo)

Fulleride anion
Fulleride anions

Fullerid Anion n
Fullerid Anionen pl

Qynrepus-annon
Dy repus-aHUOHBI

A gOHO0E S60mbo
RO 560Mmbgdo

Fullerite
Fullerites

Fullerit n
Fullerite pl

Oynnepur
Oy nneputsr

BOIHOGHO

BIO0GHIO0

(8go®0 EgO9bgdo —

B IO0GHIO0
BIgO9bgdoL
99390050
89p9bo@o 8mey3n@r®o
3M0oLEGHIWGd0s)
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Fulleroid Fulleroid n Oynnepous RMEIOMOQO
Fulleroids Fulleroide pl Oynnepongsr RMEIOHMOEIO0
(3 gHM0EId0s:
39¢960m-, bn®-, 3mdm-,
b3NBYYHYBIOO)
Functional Funktionsmaterial n OyHKIIMOHATBHBIIH xbJzoweo
nanomaterial (NFM) | Funktionales Material n | HamomaTepuan Bobmaoloems
Functional Funktionsmaterialien pl OyHKIIHOHATBHEIE 3mbdgom®o
nanomaterials Funktionale HaHOMaTepUaJIbI 656(085[)5@36()
Nanomaterialien pl
Nano-funktionelle
Materialien pl
Fused fullerenes Fused Fullerene n pl Kongencuposanusie | 3:609bloMgdmwo
Verschmolzene bynnepens: RME9gM9bgd0
Fullerene pl
Graphane Grafan n I'padan 3M5x3560
Graphanes Grafane pl I'padpansr 3055356900
(3000MH0MHGRWWOo 3M553960)
Graphene Graphen n I'pacden 3053960
Graphenes Graphene pl I'padensr 3M55396900
(3M553030L 9HMO
dmbmo@mdm®o Lolidol dég)
Graphene Graphen Nanobinder, | I'padenoBsre 3013960l
nanoribbons (Nano-Graphen HAHOJIEHTBHI Bobmer9gbEgdo
(nano-graphene Bander) GNRs n pl
ribbons) GNRs
Grey goo/Gray goo | Grauer Schleim m Cepas ciusb / xmwka | OMbo comefm
Heterofullerene Heterofulleren n I'erepodyrepen 393 96OmxzMwgcgbo
Heterofullerenes Heterofullerene pl I'etepodymnepensr | 39396OH™MaMEgMHgbgdo
Heterostructure Heterostruktur f I'erepocTpykTypa 393 9OMLEHOWYIEHMOS
Heterostructures Heterostrukturen pl I'erepocTpyKTypsI 393 96mbEHOYIEHMOYd0
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Hybrid Hybrid- I'u6pumHbIi 300600
nanomaterial Nanomaterial n HaHOMAaTepHas Bobmaoloems
Hybrid Hybrid- I'u6punusie 300600
nanomaterials Nanomaterialien pl HaHOMAaTepHaIbl Bobmasboergdo
(96H0EOHMMWOE
305MH25bo s
O56v0 Jqds9bgwo
6030096 535080L
Bobmbofoerszgdols
39933900 9OHMY35M™3560
3M33MD0EHYo0, HMmIwgddos
doMm0m>0 BogmoghMgds
a9b6sfogdmeros dgmeg
6030096 gd0L — Bo@G®oEol
9 3Mmdsd0; 859,
305MH2569mo dmF3m9d0,
d9bsfoegd o
30dgmHdo; s1gmo dobogns
(OO0, OMYIHEO O 53539
@OML d9doboz Mo
91303395 99L5d5FoLO©
mO56990 @
30 5MYbo
3995002960l botxbY)
Hydrated fullerene | Hydratisiertes I'mpparupoBaHHBIN | 3000M5GH0MOMEO
(hydratiertes) Fulleren n | pynnepen RME9gM9gbo
((HyFn), Coo@{H201}»)
Inorganic Anorganische Heoprannueckas 36506560,
fullerene-like Fullerenartige dymnepeHonomobHas | g3wegM9bol dbgsglo
nanostructure (IF) | Nanostruktur f CTPYKTypa BobmbEHOBHme
Anorganisches Heopraunuyeckwuit
Fullerenartiges ¢ynneperonosoGHsIIt
Nanomaterial n MaTepuan
Inorganic Anorganische Heopranuyeckue 560500670,
fullerene-like Fullerenartige dynnepenonogoGHsie | BengMgbol Agoglio
nanostructures (IF) | Nanostrukturen / CTPYKTyp5I / BobmlEGOGHmegd0
Nanomaterialien pl MaTepHaJIbl
Inorganic Anorganisches Heopranuuecksrit M gM9gbols Abgoglo
fullerene-like Fulleren-artiges dynnepeHOnono6HBIA | 5M5MMABME0 ToLogws
material (nano- Material n MarepHa (656mLEOWYEH M)
structure), IFLM (HaHOCTPYKTYpa)
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Inorganic
fullerene-like
materials (nano-
structures) IFLMs

Anorganische
Fulleren-artige
Materialien pl

HeOPI‘aHI/I‘IeCKI/Ie

MaTepuabl
(HaHOCTPYKTYPBHI)

¢bynnepeHonoso0HbIe

RMEgM9gbol Abgyoglio
365MmObmwo

dsboergdo

(655mLE w9 E©gd0)
(BobdoMmdoOoLOYSD
296bb30390E0 5EHMIGOOL
8993390, 3ol
dbgagLio LEG®YIEMOOL
BogHomgdol
Bobmbofioerszgdo. doy,.,
mdbogdo: Cs20, TiOz, SnO2
05 bbg., 29600535¢0
woombms
0go3mygbogdo: WS,
MoSz, ZrS2 s bbg.)

Inorganic
nanocages

Anorganische
Nanocages

Heopranuueckue
HaHOSYeHKH,
HAHOKJIeTU

3656 bmwo
Bobmemtrmgdo /
656mgx303s / bsbmpodo
(39900 dMdo wommbms,
059, Au, Ag, Pd
Bobm®0560 bsfows3gdo)

Inorganic
nanotube (INT)
Inorganic
nanotubes (INTs)

Anorganische
Nanordhre f
Anorganische
Nanorohren pl

Heopranuueckas
HaHOTpyOKa
Heopranuueckue
HAHOTPYOKH

36506 bmwo
Bsbmdoemszo
365mGbmo
Bobmdogns3gdo
(Gowob®mmo gm®mdol
RgM9bol dbgogbo
BogM0gd00, 56 d903o3L
BobdoMmdol,
Dom3mgddboros Lbgsolibgs
30 5MYbo
BogHmgdobogsb: W-ol,
Mo-ol, Ti-ol, Nb-ol
L0900, B-ob s Si-ob
60oGH®0gd0, BHodEbs@gdo
o bbg.)

Intercalation
compound

Intercalation
compounds

Einlagerungsver-
bindung f
Intercalationsver-
bindung f
Einlagerungsver-
bindungen pl
Intercalationsver-

bindungen pl

Coenunenue
BHeJIpeHUA

CoemuHeHusa
BHeJpeHUs

Bobgtzol bogMamo

BobgMazol bogHomgdo
(gson. intercalatus —
B30, ©sB5HIOYO,
BoBgt0w0; 0636 35wo30s
6oL I3 gdob,
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0mbgd0L 96 5&HMIgdol
BobgMa3s 89930390050 Lbgs
G030 dmg37e0gdoL 56
5BMIgdoL ¥ A39dL
(862990L) In0ls; Slsgo0
65901079800 Fogo0ms,
BIwIH0EY0)
Lab-on-a-chip Lab-on-a-chip (LOC), | JlabopaTtopus Ha W5dMMSEGHMM05 Bo3by
(LOC), micro total | Labor auf dem Chipn | uure, (LEHYEOo Bagrobob
analysis system, MHMKDPOCHCTEMBI B036mbobgdgdo)
uTAS IIOJIHOTO aHaIN3a
Langmiur-Blodgett | Langmuir-Blodgett- Ilnenxa Jlenrmiopa- | qngbgdome—
film Schicht (LB-Schicht, Bromxer O MmYIAHOL sx3L30
LB-Film m) f
Langmiur-Blodgett | Langmuir-Blodgett- ILnenxu Jlenrmiopa- | ¢ogbgadowme—
films Schichten Bromxer MY 9AHOL 583900
(LB-Schichten,
LB-Films) pl
Laser ablation Laserablation f JlazepHas abmanua | oHIOME0 SB0S(309

(@s0. “ablatio” — fomdg30,
9 E30gds. 39s®o bbgwmerols
B9o3060H0sb 56
dmE®md0Eb sHgHhob
Lbbogoom 6o3m0gMgdols
dmE0wgdolL 3Gm39Lo.
0y9b909b
Bobm3slBaMgodol,
Bobmoggls 390U,

390GIOOLAHOXIGNOIOOL
dobomgdo)

Low-energy
electron
microscopy (LEEM)

Niederenergetische
Elektronen-
mikroskopie f

Muxkpockonus
MeIJIeHHBIX

3JIEKTPOHOB

Q5050 969600l

(6gero) gegdHO™BgdOl
90360m3Mm300

Magnetic fluid
(ferrofluid,
magnetic liquid)

Magnetische
Flissigkeit f

MaruuTtHag
KUJIKOCTh

(beppoxxuzpkocTs),
MX

dopbo@«mmo Lomby,
1396OHmBomby

(850250 0L3gMLwEo —
5 -50 63 g3g6H™- o
1960353b0@MM0
Bofoars 3900l ByMowo
30 M0 bLobEgds
Lbombygdo)

128




Ts. Ramishvili & V. Tsitsishvili. Nano Studies, 2011, v. 3, pp. 115-150.

Magnetic force Magnetkraft- MaruuTo-cunroBas 952b0@GHE dswms
microscopy (MFM) | mikroskopie (MKM) f | mukpockomus 9036MmLIM305
Metallofullerene Metallofulleren n Merannodynneper | oommbgmeg®gbo
990> awIgbo
Metallofullerenes | Metallofullerene pl MerannodynnepeHs! | oommbgmemg®hgbgdo
9deaawytybgdo
Metamaterial Metamaterial n MeramaTepuan 39Bo05Los
Metamaterials Metamaterialien pl MeramaTepuaisl d9@o05Boegdo
(bgrm3bGo dogdyero
LAHOIBHOO0s
MOMYMBOMO J9MEHIHOL
05b39690om, olobo
B399 906030 Bsboergdols
2b6®03M©Yd0s)
Methanofullerenes | Methanofullerene f Meranodynnepersr | 39005bxmwmgmgbgdo
Micelle Mizelle f Mumesna doggws
Micelles Mizellen pl Munesrsr doggwgdo
Assoziationskolloide n pl
Microbalance Mikrowaage f MuxpoBecsr 3036MbILHMMO
Military nano- Militdrnano- Boennas LoAbYIOM
technology technologie f HaHOTEXHOJIOTH Bobm@Egdbmenmaos
Military nano- Militdrnano- Boennsie LB O™
technologies technologien f HAHOTEXHOJIOTHH Bsbm@H9dbmermyogdo
Molecular Molekularer Hanoaccemb6:ep 9939900 HO
assembler Assembler m SB9ddEgHO *
Molecular Molekulare Hanoaccem6:epst 9dm9399H0
assemblers Assembler pl 5193dgMHgd0
(303mBHyBHMMo
99 3EOHO OHMOMG0,
9903 95603woMgdl
390390100 5BHMIJO0M O

*

99306 sbgddegmol 39360 bbgs 0gol s3GmEMos Drexler, Kim Eric (1955 —) — 5096039@0

06506960 s 89360960, Imwmg3M©o BsbmEHgdbmemyool 30mbyMmo s 3m3MmsmobBsEMEo.
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03 IOOD, ©d
MHmIwomsi 890degds
0690580 5MMLYdEO
LAHOIIHYOIBOL
obobmgbygds.
BobmEgdbmermyool
90Bsbos 3010590950,
03000360MEY)30MJOSOO
sbgddengeol 89Jadbo)

Molecular beam
epitaxy (MBE)

Molekularstrahl-
epitaxie f

MonexynsapHo-
JIy4yeBas SIUTAKCUS

dorag3@O-
Lbogm&@o g30@sgdLos

Molecular
electronics

Molekulare
Elektronik f

MonexyngapHas
3JIeKTPOHUKA

g3 Y©o
99dBHMMbogs

Molecular
imprinting
(stamping)

Molecular imprinting
Molekulares Pragen n

MonexynapHbIi
MMIIPUHTUHT

003 g®o
565093g00L"“ dogds —

dog3eg®o
03360b6¢0bgo
(-0m@93 YOO

26509 F0gd0b“ domgdols
09000, HMIgEos
980996905 Bbjgonco
9mbmdgMgdol
30dgHoHozos
056M900L — 3gd3egEgdoL
056500UsL. o dEo
30396 gd0
»30093@ OO

26509 Fgd0m“ oo
d96mBg3000mdol
LeOdY6EYO0s, HMIgddos
30396500 Bobm mbgby
LOONIGNOV
39L50590LMB5T0s Lodobby
LEEOBSBH)

Molecular
nanotechnology

Molekulare
Nanotechnologie (MNT) f

Monexynapnas

HAHOTEXHOJIOTUA

dor0g3 o
Bobm@Egdbmemmaos

Molecular
recognition

Molekulare
Erkennung f

MomnexynsapHoe
pacIo3HaBaHue

@939 ©O
3903603

Molecular switch

Molekularer Schalter m

MonexynapHsbIii
HepexoJaresb

dorg3 @O0
3993Mm™M390
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Multi-walled / wall | Mehrwandige Hanorpy6xka Bobdomdool
carbon nanotube Kohlenstoffnanorohre f | mHOTOCTEeHHAd, 965353900560
(MWCNT) Mehrwandiges yraepogaas (MCHT) | Bsbmdognszo
Kohlenstoffnanréhrchen
n (MWCNT)
Multi-walled / wall | Mehrwandige HanoTpy6Kku Bobdomdool
carbon nanotubes | Kohlenstoffnanorshren pl | yyorocrenmste, 965353900560
(MWCNTs) Mehrwandige YIJIePOAHBIE 6560803900
Kohlenstoffnanoréhrchen (MCHT)
pl (MWCNTs)
Nano / microfiber | Nano / mikrofaser f Hano / mukpoBonokuo | 6556m / 3036:md™F3m
Nano / microfibers | Nano / mikrofasern pl | Hawo / muxpoBonoxua | 6560 / 80360mdm33mgd0
Nanoactuator Nanoaktuator / HawnoaxTio(y)aTop Bsbmogd@Hmeo,
Nanomotor m B56mmd®535
Nanoantrieb m
Nanoactuators Nanoaktuatoren / Hanoaxkrio(y)aropsr | 65bmog@mmgdo,
Nanomotoren pl 656mdG53900
Nanoantriebe pl (Bm@g3n@g®o Iz
BobmIMFYmdOMdgdOLmZ0L)
Nanobalance Nanobalance n Hanosecsr, BobmbsbmEo
aTOMHBIE BECHI
Nanobattery Nanobatterie f Hanob6aTapeiika Bob6mdEGHGS
Nanobatteries Nanobatterien pl HanobaTapeiiku B56md5@GHGM9900
Nanobelt Nano-Giirtel m Hanomnosc BobmbodEHggwo
Nanoribbon Nanoband n Hanonenra B9b6me0gbBo (Bmero)
Nanobelts Nano-Girtel pl Hanopememrku, BobmboMEGggwgdo /
Nanoribbons Nanobander(n) pl HAaHOpPEMHH / Bobmer9gb@gdo
HAHOJIEHTHI
Nanocage Hohle Nanopartikel f | Hanoxsers Bobmeer /
Nanocage Bobemmx Moo
Nanocages Hohle Nanopartikeln pl | Hanoxretn Bobmemtrmgdo /
Nanocages pl 656mgxz03s / bsbmpodo
Nanocapsule Nanokapsel n Hanoxkancyia Bobm3oxnzlmems
Nanocapsules Nanokapseln pl Hanoxkancyst Bobm3oxqlmwgdo
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Nanocatalyst Nanokatalysator m HanoxkaranuzaTop B56m35¢3)90BsEGHMMO
Nanocatalysts Nanokatalysatoren pl | Hanokaramusaropsr | 6s6m3s@oswobo@mmgoo
Nanoceramic Nanokeramik f Hanokepamuka Bobm39gMsdogs
Nanoceramics Nanokeramiken pl (396580379000
BobMUEOMIE Mo dobos)
Nanochemistry Nanochemie f Hanoxumus Bobmdodos
(Jodowm®o dgEbogHgdol
Q560; Bbmbsfowszgdol —
Bsbma3bgboegdol,
Bobm3EaliBgcgdols,
Bob6m3MoLEIgdOL Jodoo)
Nanocluster Nanocluster m Hanoxmnacrep Bobm3@sli¢gmo
Nanoclusters Nanocluster pl Hanoxkacrepsr Bobm 3@l gegdo
Nanocomposite Nanokomposit m, n Hanokommosur B56m3ma3mbo@o
Nanoverbundwerkstoff m
Nanocomposites Nanokomposite pl HanoxommosuTs! Bsb6m3md3mbo@gdo
Nanoverbundwerkstoffe pl
Nanocrystal Nanokristall n Hanokpucrann Bsbm3MoLEHswo
Nanocrystals Nanokristalle pl HanoxpucTasst Bobm3m0OLEHIgd0
Nanodiamond Nanodiamant m Hanoanmas, HA Bobmogndslio
Nanodiamonds Nanodiamanten pl Hanoanmassl Bobmogdsligdo
YibpTpajucnepcHele
anmasel, YHA
Nanodispersion Nanodispersion f Hanogpucnepcus BobmolidgMbos
Nanodispersity Nanodispersitit f HanogpucnepcaocTs | 656Mm@©@oL3gemlmemds
Nanodrugs Nanopartikulédre Hanonexapcrpa Bobmfsdegdo
Arzneistoffe pl
Nanoeducation Nano-Bildung f HanoobpasoBanue Bobmasbsogds
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Nanoelectronics Nanoelektronik f Hanoamexkrporuka | bsbmgergd@®mbogs
Nanoemulsion Nanoemulsion f Hanoamynbcus Bobmgdmenlios
Nanoemulsions Nanoemulsionen pl Hanoamynscun Bobmgdmelogdo
Nanoenergetics Nanoenergetik f Hanosnepreruka BsbmgbgMaq@ 03
Nanofibre (CF) Nanofaser f/ HanoBomoxHO BobmdmF3m
Nanofaden m
Nanofibres Nanofasern pl / HanoBonokHa BobmdMF 30900
Nanofiden pl
Nanofiller Nanofiiller m Hanonanorautens | 656mdgdsglindgero
Nanofiillstoff m B56m89ds3Lgd0
Nanofillers Nanofiillstoffe pl Hanonanoraurenu | 656m393s3b9degdo
Nanofluid Nanofluid n HanoxuzgkocTs Bsbmbomby
Nanofliissigkeit f
Nanofluids Nanofluide pl Hanoxugxoctu Bsbmbombggdo
Nanofliissigkeiten pl (66mbsfoerszgdols
3MmoEYIMo blbsMgdo
b3 3o8bLbYedo)
Nanoglass Nanoglas n Hanocrexio Bobmdobs
Nanoglasses Nanoglaser pl Hanmocréxra 656m3obgdo
Nanoglue Nanoglue m Hanoxeit 656mfgdm
Nanohardness Nanohirte f Hanotrsepzmocts Bobmlodsy®yg /
Bobmbobowg
Nanoindentor Nanoindenter Hanoungenrep 656m0bgbBH™m®o,
(Nanoindentor) m BsbmsbsgrobsBmemo
(65bm0bgb@m®om (b.0.)
2960LsBE3MYds
Bo6mToLogngdol Lodopa®g;
B.0. §om8moy9bl s¢dabol
153~ 956 mmbfobbogo
30658005U.
656m0bc96E0MgdL
abgb9b Bgsdomol
Loe®dgBY, HMIgEog 56
209dsBHgds Modgbodg 63-b)
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Nanomarket NanoMarket m Prinok Bsbm3HMm©dEgools
HaHOIIPOYKTOB 05DoMO
Nanomaterial Nanomaterial n Hanomarepuasn Bobmaoloems
Nanomaterials Nanomaterialien pl Hanomarepuass Bobmasboergdo
(NanoMat)
Nanomedicine Nanomedizin f Hanomegumuua Bsb6mgoiobs
Nanomembrane Nanomembran(e) f Hanomemb6pana 656009336565
Nanomembrans Nanomembranen pl Hanomem6pans! 65600933656900
Nanometer Nanometer n Hanomerp Bsbm3gEHMo (10 9)
Nanometrology Nanometrologie f Hanomerposorus 65639 BHOMEMm0s
Nanomodifier Nanomodifikator m Hanomozudukarop | 656m3m©@ox035¢ ™60
Nanomodifiers Nanomodifikatoren pl | Hamomoguduxatopsr | 6sbmdm@onozs@mgdo
Nano-onion Nano-Zwiebel f Hanomnykosuia Bobmbasbgo,
Nested nanoparticle MHuorocioiHBbIH 96535¢0dM0560
ynmepen BIwIgbo
JlykoBuunas dpopma | (6560356%mdoergdols
yrirepoaa Bobdomdoosbo
H . LOOPIOG, Gdgog
aHOMATpEIlKa oMM y9bL gMmMdsbgmdo
Bodwgan Bobdomdsols
(3M953960L) LgggMHmgdL)
Nanopaper Nanopapier n Hanob6ymara Bobmdomswo
(Borgdwos Erwabol
65600™ 3 30900L5g96,
A0B9bol mglboob
656m8053900L595b;
m356sL 3690
09 IMIYMO05
700 °C-0¢0g, s05¢™Jlozm®o
Q5 9M5EIZMBIPOD)
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Nanoparticle

Nanoparticles

Nanopartikel f
Nanoteilchen n
Nanopartikel(n) pl
Nanoteilchen pl

Hanouactuia

Hamouactuisr

Bsbmbofogmszo

Bobmbsfogmszgdo
(656m56BMorgdols
Bofowszgdo (6.6.); dsodo
0MB9396 1. 636m 3e0sliBn®gdl,
Ogeos Bmdgdos 1 -5 63,
d90303L 1000 s&mdsdy; 2.
Lo3MM0g 6.6.-9dL
bmdgdoom 5 - 100 69,
d90303L 103 — 108 5@mab.
babmgzgsbo Bmdgdol
dobg300 obslibga39096
Ba-, 9BHm-, M- o
LodgobbmIoErgd0sb
6.6.-90U. 6.6.-90L
(99L50530Ls,0D-,1D-,2D- s
3D-b56mbsfoerszgdo; D
2396%BMI0gdsls 50bodbogl,
0bg . dimension —
296DMmIogds) 009096 mGo
d90mom: “Jggdmsb
B90m»396” (Bottom-up) —
03eolbdgds 6.6.-gd0l
5geads 35390
5@™I9d0L556; “bgdmob
d399m»396” (Top-down) —
6.6.-9%0 doomgds dbbgowo
Bofos3gdol bobmBmdsdyg

65930 9gd0m)

Nanopharmacology

Nanopharmakologie f

Hanodapmakororus

BobmRo®Bo3mermy0s

Nanophysics

Nanophysik f

Hanodusuka

Bobmr0bo3s

Nanopolishing

Nano-Polieren n

Hanomnonuposanue

Bobmas36M05qds
(89560 Lbgryeol
B9o30MH0L o3 dog9ds
530D03MM0, J080OHO s
9dOOJodoy®o
9900MEYOO0” TS0
bsGolbol boaw399Y,
MEgbsg bsmBgbo Loddoby
dbmemE M9 body
Bob6mgBH®0s)

Nanopowder
Nanopowders

Nano-Pulver n
Nano-Pulver pl

Hanonopomroxk
Hanonopourku

Bsbmgbgboero
Bobmgbgboergdo
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Nanorings Nanoringe f Hanoxkosbia BobmMpamergdo
Nanorobot, nanobot | Nanoroboter m Hanopobor BobmOH™dMm@Go
Nanorobots Nanobots HanopoGortst BobmEmMdMEgd0
(nanobots, (Nanorobotern, (HaHOGOTHI) (030399, O3
nanoids, nanites, Naniten) pl 3o 2bgddergeo.
. Lo@yzs “OmdmE’-ob
nanomachines or | Nanoroboter pl
. 233™MM0s Bgbo
nanomites) 65850 3. B33930,
09endsi 1920 §. “ robota ”
MM 50580560L b3l
50Ld9OL, HMIGEDs3 o3l
Fo0oo 06GHgwgd@o s 56
593L byewo. “ robota ”
60dbsgl 0dyrgdom
B6OMAL)
Nanorod Nanostdbchen n Hanocrep:xeHb Bobmmgerm
Nanorods Nanostdbchen pl Hanocrepxuu Bsbmegmmgdo
(96056BMBogdosbo 56w
1D-36w30560 mgmgdo,
MHMIganlbsg 993L LogMdol
©0599BHMMB BoHMBOL
439wy dgomg 10-ob
Amo 3608369wmds, dooo
Lboa®dg 30 ool 1 — 100 69)
Nanoscale Nanobereich m Hanogpuanason B96m3sldEHodo
Nano area (Nanometerbereich) m
Nanomafistab m
Nanoscale material | Nanoscaliges Material n | Hanomarepuan 6563l @ o0M0 Bobogns
Nanoscale Nanoscalige HanomaTtepuast 656m3sldEodmE0
materials Materialien pl dsboengdo
Nanoscale particle | Nanoscaliges Teilchen n | Hanouacrura 656mLAESdGO
Nanoparticle Nanopartikel f, n Bofoesgo
Nanoteilchen n
Nanoscale particles | Nanoscalige Teilchen pl | HamowacTumst 65685l E5dw9G0
Nanoparticles Nanoteilchen pl Boffoemszgoo
Nanopartikel (f, n) pl (85000 Bm3gdo
BobmAgEH Mo MHoobss:
169 =109, 1 6 ©b3d-ob
6350 B30MIEOL
5000LOL GHMEO0o)
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Nanoscale
phenomenon

Nanoscale
phenomena

Nanoscaliges
Phénomen n
Nanoscalige
Erscheinung f
Nanoscalige
Phénomene pl

Hanomacmtabaoe
SABJIeHUE

Hauomacmtabsasie
ABJIEHUS

B5603oBIEHodmE0
dmggbo

B56mAsldEHodmMo
dmgwgbgdo

Nanoscale research
Nanoresearch
Nanoscale
researchs

Nanoforschung f

Nanoforschungen pl

HaHO-I/ICCJIe,ZLOBaHI/Ie

Hamo-uccienosanmsa

Bobm-59m 330930

Bobm-g00m33193900
(6560 3LIE 20 M0

8m3@gbgdol 3o8m33w93s)

Nanoscience

Nanowissenschaft f

Hanonayxka

6560393609690
(“993609M905> ©> (Hggbogs
doboengdol, gmbjomemo
LAHOYIGIOIOOL ©d
9mfgmdoEMmdgdoL 5EHMI©,
802939 YO ©d

BsbmagE e mbyby
3d999b0l, sdBsgdob,

QIbLOSMYOOL O
095¢0Ds300L dgbobgd”[13])

Nanosensor
Nanosensors

Nanosensor m
Nanosensoren pl

Hanocencop
Hanocencopsr

BobmligbbmeMo
B56mbgblmMgd0

Nanoshell

Nanoshells

Nanoshell f
Nanoschale f
Nanokugel f
Nanoschalen pl
Nanokugeln pl

Hanoo6omouka
Hanocdepa
Hamoo6omouku
Hanocdepsr

Bobmas®lio

B56mbiggO™ / dmmoMEs
Bobmasmlgdo
BobmliggMmgdo /

00900

Nanostructure
Nanostructures

Nanostruktur f
Nanostrukturen pl

Hanoctpyxkrypa
HanocTpykTrypst

BsbmbGHOMIBHmEo

BobmbEHOIBHmd9go0
(3m83egdb®o
B5Bmlgm3omHo
LEGHOWIGHMOHOL
960g9wngsbo 9gdgbdo)
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Nanotechnology Nanotechnologie f HanoTexHoorus Bsbm@Hgdbmermyos *
Nanoengineering | Nanotechnik f
Nanotech Nanotech
Nanotechnologies | Nano-Technologien pl | Hanorexunomorun Bobm@H9dbmermyogdo
Nano technologies (©@obEo3wobscmdmGobo
QoMo Fobagngdol,
Lol gdgdolb s
90fgmdoEMmdgdolL sEHMIMG
©> I3t ©06)0Y
0560390t gdoL
9900 qd0Ls s bgdbgdols
d9qLobgd. dmoEogL
LEAHOMIGHOIOL, OMIGE DS
by 93069 9OH0
296%Bmdoemgds 100 63-By
B3 gd00s)
Nanotechnology Nanotechnologie WucTpymeHT Bsbm@Hgdbmermyools
instrument Instrument n HaHOTeXHOJIOTHH 0bLEGHMMGb G0
Nanotechnology Nanotechnologie WucTpy™MeHTHI Bsbm@Hgdbmermyools
instruments Instrumente pl HaHOTEXHOJIOTHH 0bLEGHOMIY63H9Jd0
(0@9dOOmbyo,
9513356069090 BMbMHo
9 bbgs 30360mb3m3900,
Bobm30b39@0, m3EH039M0
3063930, Bobmbalifimo,
Bo6m33Mm030 s Lb3s)
Nanothermometer | Nanothermometer n HanoTepmomerp Bsbmmg®dmdg@co
Nanotoxicity Nanotoxizitit f HanorokxcuunocTs Bobm@GHmdbogzm®mds
Nanotoxicology Nanotoxicologie f Hanorokcuxomnorusa | 656m@Emdlbozmemaos
Nanotribology Nanotribologie f HanoTpubonorus Bobm@GHModmEmyos
Nanotube Nanoro6hre f Hanorpy6xa Bobmdoszo
Nanorohrchen n

*

BobmEgdbmermayool 9sd58mog5¢00 Richard Feynman (1918 — 1988) — 5390039000 5300300, beadgemols
30M9000L M goG0 Bobogsdo (1965). Lodyzs “bobm@gdbmmmyons” Lsdgsbogm gbsdo 1974 §. TgdmoEebs
Norio Taniguchi-09 (1912 —1999), 0s3mbgends 30b03mlids s obogromd3mbgd. d3. 89Mdb. “bobml” — xvwyxo,
“B9960” — bganmgzbgds, “@myml” — bffsgwgds.
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Nanotubes

Nanorohren pl
Nanor6hrchen pl
Nanotubes pl

HawnoTpy6xu
TyGynsapusie
HaHOCTPYKTYPBI
HanoTyOynens:

BobmBogszgdo

Nanotube
membrane
Nanotube
membranes

Nanotube-
Membrane f
Nanotube-
Membranen pl

Mewm6paHna u3
HaHOTPYOOK
Mewm6paHns! u3
HaHOTPYOOK

BobmBogns 3900560
99306565
BobmBogns 3900560
993d6569d0

Nanotweezer

Nanopinzette f

Hanonuuier

Bsbm30b39¢0
(65bmmd0gdBHgdom
356039eomgdol
9mfgmdoEMds; 30MH3Jo©
ob 999dbgl 1999 Fgenls
356350H0L
mboggMbo@gGdo (99);
3902905 bsboMmdsEOL
9653539000560 50 63
©0599@ 0l
BobmIos3zgdoligsb,

I gd0E 085MHMYOS
IIIOOVWO d53300;
dod30l dofimgdolol
9053900 dMEMIdO
9OMNsbgml obermzgds
Q5 99005 3slGgMgdol
Bofoas 3900l FodoEgds o
BOWIIQPOWYOD)

Nanoweb

Nanoweb n

W HTepHeT-calThI O
HaHOTEeXHOJIOTUAX

Nanoweb
(069669¢-8390 @900
B56mE9dbmermy0gdBy. 959.,
http://www.nano.org.uk )

Nanowire / Nanodraht m Hanomnpososoka / Bobmdsgormaro /

Nanowhisker HaHOBHUCKEP BsbmgzolzgMo

Nanowires / Nanodrihte pl Hanonpososoku / Bobmdsgmwargdo /

Nanowhiskers HAaHOHMUTH / Bsbm3zoL 396900
HAHOBHUCKEPHI

Near-field Optische Cxanupyrouas sbeom 390l

scanning optical Rasternahfeld- OJIVDKHeIIO/IbHAL 3oL 3960Mgdgo

microscopy mikroskopie (SNOM) f | onTryeckas ™330329600

(SNOM / NFSOM MUKPOCKOIIHA 9d036MHML3M300

in USA) (CBOM)
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Non-metal doped | Mit Nichtmetall JonupoBanusie 3OSComMmbom
fullerenes dotierten HeMeTaJLIOM QMEGH0MHIOM0
Fullerene n pl GbynrepeHst RMEgM9bgd0
(N@Ces0 He@Ce0)
Norfullerene Norfulleren n Hopdynnepen BmGOgmEgmgbo
Norfullerenes Norfullerene pl Hopdyrepens: Bn®3mEgMgbgdo
Open-cage Open-Kifig Dy nepeH ¢ RME9gM9b900 o /
fullerene Fullerene n pl OTKPBITBIMU KJIETKaMH | 25bLlboo 069300 /
IXOJQYIo0N
Optical tweezer Optische Pinzette f Onruyveckuit muuLeT | M33H0329O0 3063930
Optical trap Lichtpinzette f JlasepHsIit TUHIIET
Light tweezer Onruyeckas J0ByIIKa
Optical tweezers Optische Pinzetten pl | Omntideckue mHHIETH | 330340 3063900
Optical traps Lichtpinzetten pl JlasepHsie MUHIETHL | (03¢032)60 Jnfigmdogremds
Light tweezers Ontuyeckue noBymku | (“@obg6H1o bagsbyo”)
wsHgemol bbogdo
530 3LgdYwo dogmm-
5 b5bmBmIgdol
30993900l Logm39do
99b535390C>© ©>

2390555 Y0EGOS@. STOM
d90dgds dmfglmroggdoero
LGOI BHOO0L SHgmds
3MWMOEHO
Bofows39d0boyeb, Mo
©EJOLomM30L
bmMEogegds “bgwomn”
5@™dgdob d06Myg
60o3bzolm3z0l M3GH03MMHo
3063gGHoom b
951356069090 BMbMHo
90360Hmb3m30m; 5@G™MBgdom
9ob0o3maromgds (0gol
933™MM05 bmdgwosb@o
509600390 3oHozmbo

6. 390b3dsbo, 1960)
305JHOZIWOQ
d9Lsdegdgaro 4obs
Lobsomarob {bgz0L
09039mdoo (A. Ashkin,

S. Chu, 539, 1986);
30639 1989 §.

D. Eigler-ds oo dobids
X3w993095 (599) Ni-ob
9mbm3MHOLE DY Aoboswsys
Xe-ob 35 s@mdo 3md3sbos
IBM-ob ¢rmam@odol
R}mOIon)
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Particle size Korngrofenanalyse f I'panynomerpudeckuit | a@sbmwmdgd©os
analysis, Partikelgrofenanalyse f | ananms,
granulometry Granulometrie f TPaHyJIOMeTpHI

Teilchengropenanalyse f
Polyfluorfullerene | Polyfluorfulleren n [Nonudropdymrepen | 3mwox@mOxmwwgcgbo
Polyfluorfullerenes | Polyfluorfullerene pl | Ilomudropbynnepensr | 3moBAHMOBMIOI6I00

(CeoFn, n=15-20)

Prato reaction Prato Reaktion f Peaxmusa [Tpato 3M5G™ML 95300

Probe microscopy | Sondenmikroskopie f | 3omzoBas bmb©o
MHUKPOCKOIIHA 30360m3M300

Pyrrolodino- Pyrrolodino- Oynnepo- RMEGOHM-

fullerene fullerene pl MHUPPOTUTUHEI 306M00bgdo

Quantum dot Quantenpunkt m KBanToBas Touka J396¢ 160 * H9OEHowo

Quantum dots Quantenpunkten pl KBaHTOBRIE TOUKU 9396&60 HgdEowgdo

Quantum effects

Quanteneffekte m pl

KBanTOBO-pasmepHsIe

93956 mM-Bmdomo

addexTsI 91%99H900
Quantum wire Quantendraht m KBanToBsrii mpoBog | 4356@w&o dsgommeo /
doxgo
Quantum wires Quantendrite pl KBanrossie mpoBoga | 4356@w6o ds3mmemgdo
KBanToBsie HUTH J396@60 dovx39d0
Reflection electron | Reflexionselektronen | Muxpockonus, 5693300
microscopy (REM) | mikroskopie f 5JIeKTPOHHAs 993dGO™bYo
OTpakaTeJIbHas 9036HmL3IM305
(O2M)

Retro-Bingel
reaction

Retro-Bingel-
Reaktion f

Perpo-bunrens
peakuus

M9GHOM-d0by9wol
6954300

*

“quantum”-ol 9gliodsdols.
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Retro-Prato
reaction, retro

Retro-Reaktion Prato,
retro-Cycloaddition f

Perpo-peakuusa
ITpaTo, peTpouukIO-

M9GHOM-3M53 ML
959309, MgGHOM-

cycloaddition IpHCOeINHEeHHe 303 MIg9OH 9GS
Scanning electron | Rasterkraftmikrokop n | Mukpockon, MoLEGOWOo
microscope (technisch- CKaHUPYIOUUH (351 35606909¢00)
Rastermikroskop n 3JIeKTPOHHEIH, d036mmb3M30
Rasterelectronen- PacTpOBBIit
mikroscop n) 3JIeKTPOHHBIH
MHKPOCKOIL
Scanning electron | Rasterelectronen- Muxpockonus, MoLEGOWOo
microscopy (SEM) | mikroscopie (REM)f | ckanupyiomas (05L35606909¢0)
anextporHas (COM, | gwgddHOmbmeo
POM) 9036mb3M305
Scanning Near- Akustischesrasternah- | Muxpockor, sbem 390l
Field Acoustic feldmikroskop (SNAM | ckarupyrommit 3oL 3960Mgdgo
Microscope oder NSAM) n OJIVKHETIONbHBIN 531L3H039M0
(NSAM) aKyCTHYeCKUH d036mmb3M30
Scanning probe Rastersonden- Muxpocxkor, 3oL 3960Mgdgo
microscope mikroskop n CKaHUPYIOUUH bmbm©o
30H/IOBBII 90360Hm3Mm30
Scanning probe Rastersonden- Muxpockomnus, 9L 396069390
microscopy (SPM) | mikroskopie f (RSM) 30HIOBas bmbMo
ckanupytomas (C3M) | dozmmlizm30
Scanning Rastertunnel- Muxpockori, 3oL 3960Mgdgo
tunneling mikroskop n CKaHUPYIOIUH (G3LE®ME0)
microscope (STM) | (Rastertunnelelectronen- | TyHHeIBHBIIH &by mEo
mikroskop n (RTM) dozmmbizm3o
Tunnelelektronen-
mikroskop n (STM)
Scanning tunnel Rastertunnel- Muxkpockonus, 9L 396069390
microscopy (STM) | mikroskopie f (RTM) | ckanupyromas (©bE®ME0)
trynHensHat (CTM) | ¢bgerm®o
90360Hm3M300
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Self-assembled Selbstorganizierende | CamoopranusoBaHHBIH | MNZ0MOY60DYOMEO/
monolayer (SAM) | Monoschicht (SAM) f | MoHOCION 030000635609d5000 /
Selbstorganizierte 030m5{gmdoo /
Monoschicht (SAM) f 0300{14Mmd50
Selbstassemblierte dmbmImg, Imbmgz9gbs
Monolage f
Self-assembly (SA) | Selbst-Assemblierung f | CamocGopxa 030m5(}gmds
Self-organization | Selbstorganisation f Camoopranusanus 0300MM560B9ds
Selbstanordnung f
Selbstzusammenbau m
Sensor (transducer) | Sensor (Messfiihler, Jaruuk, cencop L9gbLmMo
Fiihler, Aufnehmer) m
Transducer m
Sensors Sensoren (Messfiithler, | Jatuukwu, cencopsr | LYbbemOGdO
(transducers) Fiihler, Aufnehmer) pl
Sensory Sensorische CeHCOpHBII L9gbLMOHXYO
nanocomposite Nanokomposite f HaHOKOMIIO3UT Bsbm3md3mbo@o
(KOMITO3HUI[TMOHHBIMH
MaTepuan)
Sensory Sensorische Cencopnere L9gbLMOHo
nanocomposites Nanokompositen pl HaHOKOMIIO3UTHI Bobm3ma3MmBoEgd0
Single electron Einzel-Elektronen- OnHOIEKTPOHHBIH | §H099dEHO™bos6o
transistor Transistor m TPaH3UCTOP GOBBOLEGHMOO
Single-walled / Einwandiges Hanopo:xoxk BobdoMdsols
wall carbon Kohlenstoff- OIHOCTEHHBIH, 9™ 3900560
nanohorn Nanoho6rn n (CNH) yTJI€POIHBIH Bobmds
(SWCNH)
Single-walled / Einwandige Hanopoxxku Bobdomdool
wall carbon Kohlenstoft- OHOCTEHHBIE, 96390060
nanohorns Nanohorner pl (CNH) | yrieponmsre Bobmed9d0
(SWCNHs) (636t s 5ol Im 3y,
903900560, 3006mLoL
1OIol 65HJoMHdOL
Bsbmdoszo ghmo oo
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0 Mm0; 65bMOJgd0 356

@M 395eboL dogrgdols
9g09q000 9H056YdS
s 100 63 9306y
05393 M0oL bLeggHMEo
435300l 13mMIsL 0MgdU,
MmI9geos Pyowdo blibsoos,
bbgs 65bdoMds0s6o
05Lo¢g00LoRS6 296Lb3s39d0m,
ML 094969096 R MgOL
dogboo odmgdols
A®obL3MOEHO0MHGBOOLMZ0L)
Single-walled / Einwandige Hanorpy6ka BobdoMdsOL
wall carbon Kohlenstoffnanoréhre f | ogHOCTeHHAA, 960390560
nanotube Einwandiges yraepogHas (OCHT) | 6sbmdognszo (SWCNT)
(SWCNT) Kohlenstoff-
nanoréhrchen n
(SWCNT)
Single-walled/wall | Einwandige HanoTpy6xu Bsbdomdools
carbon nanotubes | Kohlenstoff- OZHOCTEHHBIE, 9603900560
(SWCNTs) nanordhren pl yTiepomHbIe Bobmdogns3gdo
Einwandige (OCHT) (SWCNTs)
Kohlenstoff-
nanordhrchen pl
(SWCNTs)
Single-walled / Einwandige Hanorpy6ka 9603900560
wall nanotube Nanordhre f OJHOCTEHHAA 656mdoszo (SWNT)
(SWNT) Einwandiges- (OCHT)
Nanorohrchen n
(SWNT)
Single-walled/wall | Einwandige Hanorpy6xu 9603900560
nanotubes Kohlenstoff- OJHOCTE€HHBIE Bobmdoszgdo
(SWNTs) nanordhren pl (OCHT) (SWNTs)
(SWCNTs)
Einwandige
Nanorohrchen pl
(SWNTs)
Smart materials Smart materials pl Ymuble Matepuanst | 3b60g®o / 3330060 /
Schlaue Stoffe m pl (uuTestextyansubie | BLYBOOBO Boboergdo,
Smarte Werkstoffe m pl | maTepuassr) LdoGEAoLogdo
Intelligente

Materialien n pl
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Soft chemistry
(Chimie douce)

Sanfte Chemie f
(Chimie douce)

“Markag xumus’

53odobo (bs@ogo)
Jodos

(89456Hx85B0sbo dsbogngdols,
059., bBobmabgbowqdol,
domgdob Jodow®o
9900700, HMmIWIdOE3
2390LbIMBL Bo®so
§b9g30Ls s BHYI3gMGIMOlL
90603 o
399mygbgdsls)

Sol-gel technology
(Sil-gel process)

Sol-gel technologie f

3ob-Tenb
TexHoIorus (30/1h-
reJIb IIPOILeCC)

Dm-29w0L
G9dbmwmyos
(B5bmbsfoers3gdol Jomgdol
bgobo, dmIgeog 9i3wdbgdes
305MGYobMo
3055699 -mG 6o
300600 Fslogngdol
3M@0E)Ho bsfowszgdols
LobmgBL; gl bgdbo
903o3L Bmol Jowgdsl
o 9990ma gqedo dob
29005943565L)

Space elevator Weltraumlift m Kocmuaeckuit mudpt | 3:0LdmbwyGo qrog@o
Spherical Sphirische Cdepuyeckas LgzgvEo
aromaticity Aromatizitat f apOMaTUYHOCTb 5OHMISG I MOS
(L8969 JyYewIdYE
O™ Is@M@ bolEgdsdo)
Spray drying Sprithtrocknung f PacusumurerpHas AOMDdS 2o03MJ39300
Zerstaubung- CyIIKa
strocknung f
Substitutional Substitutionelles 3aMeCcTUTeIbHOe Bobo33egd0mO
doping Doping n TOTIMPOBAITHYe QMGH0M9dS
(Ce0-d0 N-0» 5 B-om
©MGH0MIOOL 3G JBHIO0S
059, Cs9N, CasN12, Cs9B,
obobo Bobozmadweo
B3MEg6H969005 s J00Mads
BOw®)bgddo
BobdoMdo0l SEHMIol Lbgs
s@mdom Bsbs3gergdolsls)
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Supperlatice
Supperlatices

Ubergitter n
Ubergittern pl

CaepxpeméTka
CaepxpeméTku

Dgaobmbo
Dgaolmligdo

Supramolecular
catalysis

Supramolekulare
Katalyse f

KaTa/JInu3

CynpaMoeKyIapHBIH

1936599399 YOO
39¢50bo

Supramolecular
chemistry

Supramolekulare
Chemie f

XMHUA

CynpamosekynapHas

13659939 IOO
Jodos

(1978 §. bmdgewosb®ds
53056y ds 9360968

J. M. Lehn-0s 899m0¢@sbs
G9Mdobo “bm3ms-

993900 Jodos” (.d.)
5 oo 2o6ToMFHYds:

“9m@930@n®o
2bLOddEgdOL s
99390500 dMEOHOLO
d3900L JoBos”;
Bsbm@gdbmemnmyogddo
d90mygbgdyo
BsbmliolBgdqdol s
30w ®o
9mfgmdowmdgdol
LobmgBobmzol
398m09gqbgds LmMgo
bm3600mEg 30
LOHOYIGOOIRO,
MHMIgddog dmeg39©Ho
2bLOddEgdOL MZomMsfigmds
L3M00ME WM, 9.0.
965335 gbEHw&O
MOH00YOIIGOIO0055
0m@)3@gdol OO
MoEbgzo MOmMogHm-
39353906909 wo0. b.d.
9900 Jd0” 5Ol
9009090 bbgoalibgs
50JoA9IEHNOOL
Bob6mobLddgdO,
I3 0ygbgdgb
0bm3zs30996
BsbmGHgdbmermaogddo
BobmgwgdBHOmbo ol o
300309939090 d0)

Surface active
compound
Surfactant

Oberflichenaktiver
Stoff m, Grenzflichen-

aktive Substanz f,
Tensid n

IToBepxHOCTHO-

dKTHMBHOE BeleCTBO

D909306MH)S©
39300 bogmogMgds
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Surface active Oberfliachenaktive IToBepxHOCTHO- ©9093060)S©

compounds Stoffe pl aKTUBHBIE BemecTBa | 5J&0)M0

Surfactants Oberfliachenaktive / Bogmogmgdgdo
grenzflichenaktive

Substanzen pl

Tenside pl

Template Template n Temmureiit, mabmoH, | MMRY0, $Hgddwg@o,

Vorlage f MaTpHIia 350 mbo, ds@GHMoo.

Schablone f

Templates Vorlagen pl [Ta6roHBI 0503900,

Schablonen pl &99393H9do,
450embgdo,
3sBHM0;3900
(0560U, G9gd3eg@ob, 9oy,
AMGI ©Lommbgdols
0mbgd0l, oo Logdgomo
LEHO)IBHOGOOL o30rM-
9930900l gocmdgdm
Jo8oMHo Lobmgbol OML
5o B8NP IO
6030009090 MOYbODYds
5 LogmE0MO, bsbm- o
Lm3600mEg 30
LEHOMJGHYOHIdOL
B56dmbs)

Template effect Templat effect m Oddexr 0560l 9839JGH0
TeMILIATHBIL (05630l MbsmdOLSL
1593650Mg3MEOHO
3033@gdubol LobmgBol

095930580 godmbogeosbmdol
535X GO0 JOPOJOD)

Template
technique

Template Technik f

TeMIIaTHBIHA METOT,

056300 3996039,
33 gBHob (ggbogs
(0560l BHgdbogs 6odbagl
M5009L 9994absl msMyol,
350cmbol, 390390l sbvy
doBcoEol dobggom.
Jo8o® bsbm-

3996 M0580 MoMYdL
0y96909b gm0 JodomHo
BogMool dogM dgmemol
3MoLEHIWOEGHIOOL 9b
9039900l gm®dols
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“3Mm3060900Lm30L”. 3oy,
390d@gds 5 omMYsbyero
JoB®oEol dggdbs,
6090 099MmOmJOL
m®06v9c00 039w gdoL,
3OWgdobL 96 ©bd-ol
L300l GMEOISL. MMIYO

50 990mbgg35do s60oL
396@&®0, O™l 256»H90m
bgds byFomm
BogmogHgdol
(Berwyznegdob o6
5&Mdgdol) JoMHOMOEO
bOOTIOVOYo
909 gd0L MMYsB0BYds.
056M0b 39db035L 0ygbgdgb
BsbMomMaMox305Ls s
Bobmd9F03590)
Thermal spraying | Thermische Tepmuueckas cymka | ®9MH32)o IO
Trocknung f
Thin films Diinne Schichten f ToHKMe TIIeHKU 0bgwo s833900/806MHYd0
Transmission Transmissionsel- Muxkpockor, 399990000
electron ektronen-Mikroskop n | amexTpoHHBIH 993dGHO™bMwo
microscope IIPOCBEYUBAIOII U do036Mmmb3Mm30
Transmission Transmissionsel- Muxkpockonus, 39899990000
electron ektronen-Mikroskopie | smexTporHas 993dGOM™bYo
microscopy (TEM) | (TEM) f IIPOCBEYMBAIONIAL d036HMmb3M305
(Transmissions- (TIoM)
Elektronen- Mukpockonus,
mikroskopie f) TPaHCMUCCUOHHASL
anexrponHas (TEM)
Tri-metal nitride Trimetallnitrid- TpumeranmnoruTpus- | ¢HMowoommbbo@®o-
fullerenes fulleride n pl dHIO0(DYyIIepeHsI RMEIH0I00
(TMH, 29) (059., SesaN@Cso)
Wet chemical Methoden der Moxpsie “B39w0” Jodo®o

methods Nasschemie f XUMUYECKHe MeToIsI | 3900900
Nasschemie f “Moxpas” XuUMUs (B9>635B2)M0 gl
Lo3oMoldoMhmE
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13b360@gd0L s Jolaegdols
domgdol dgomEqdol —
begr-g9wolb dgommol,
30MMmNYMHINo
LobmgBob, 3Gomjodor®o
Lobogbol s bbg.
XdIBIO0 bobgerfimgds;
50 MML gOHM-9MH0
LaggbOBY EOWIOWI©
099bgd9b blibomls)

Zigzag SWNT / Zickzackférmiges 3ursaroobpasHas SWNT / SWCNT-ol
Zigzag SWCNT SWNT/ crpykrypa SWNT /| 035630060 /

Zickzackformiges 3ursaroobpasHas Doy bogm@o

SWCNT crpykrypa SWCNT | b®wdEms
(Bobdo®Mmdools
BsbmBogns3zol ghm-9emo
bOOTIOVOS)

The aim of our work was to present a first attempt to collect just used and to create the

new Georgian terms in accordance with acknowledged in nanochemistry and nanotechnology

foreign-language terms. The paper presents app. 215 terms in Georgian. Authors are continuing

work on the second part of the dictionary and will respond on essential remarks and offers with

pleasure.
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In order to obtain impurity p-type conductivity in ZnO nano-films we carried out
following experiment: n-type ZnO was implanted with F* ions at the concentration 102 cm™ at
the energy E =110keV and at the dose D =10 cm. Healing of the created defects in the
implanted ZnO crystals were carried out by Radical Beam Quasi Epitaxy (RBQE) method.
According to the measurements with vander Pauw method the hole mobility, hole
concentration and resistivity were found as 270 cm?/V -5, 1.0-10® cm2and 2.3 - 103 Q - cm,
respectively. In photoluminescence (PL) spectrum (recorded at T =70K) of p-type ZnO:F
layers maxima at 4 =369.1, 374.5, 382.4, 389.9 and 401 nm were observed.

Here we demonstrate the ability of the RBQE technology for control of electrical and
optical properties of ZnO material.

ZnO has a wide band gap (3.3 eV at room temperature) and lattice constants that are
similar to those of GaN are currently the key materials for blue and ultraviolet (UV) photonics
[1, 2]. The exciton binding energy of ZnO is 60 meV, much larger than that of GaN (25 meV).
Therefore, it is expected that a ZnO-based light emitter should be much brighter than a
corresponding GaN light emitter. Furthermore, low material cost, high crystalline quality, and
high radiation resistance make it a promising material to compete with GaN-based technologies
[1, 3-5]. However, ZnO is more difficult to dope p-type than the nitrides [6-8]. This is because
oxygen is more electronegative than N; therefore, ZnO has a lower valence-band maximum
than GaN [9]. Consequently, acceptor levels are deep in ZnO, and following the “doping limit
rule” [7], it will be much more difficult to dope ZnO p-type than to dope GaN p-type. The
p-type doping bottleneck has so far hindered the full utilization of ZnO as a novel
optoelectronic material [1]. The difficulty of doping a wide-gap semiconductor such as ZnO is
often related to either low dopant solubility or high defect ionization energy, so the defect is
not ionized at normal operating temperature [8]. The low solubility of the dopants can be
overcome by using nonequilibrium growth techniques [10, 11].

Theoretical calculation predicted that fluorine (F) impurity is a best candidate for
producing shallow acceptor levels in ZnO [12]. According to authors calculation the transition
energies of complex pair Vz. — Fo acceptor is 0.16 eV.
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The RBQE (Radical Beam Quasi Epitaxy) technological method was developed to solve
issue of control of electrical and optical properties of ZnO [13-16]. We separately investigated
how effectively RBQE controls the electrical and optical characteristics of ZnO layers doped by
fluorine.

Hall effect measurements (with van der Pauw method) show that p-type ZnO:F layers
obtained by RBQE method have excellent characteristic: in PL spectrum of p-type ZnO:F layers
maxima at A =369.1, 374.5, 383.5, 392.5 and 401 nm (T =70 K) were observed.

RBQE enables the growth of quasi-epitaxial layers of ZnO on the surface of binary
compounds such as ZnO, ZnS and ZnSe. The difference between RBQE and well-known
gaseous-phase epitaxy is that during the formation of new layers, the non-metal component
comes from the gaseous phase and the metal-component from the basic crystal. The second
significant difference is that the basic crystal is placed in the area of maximum temperature of
the reactor. This profile of temperature distribution promotes the movement of uncontrollable
impurities towards the colder areas of the reactor. The formation of new layers takes place in
the temperature range 300 to 1100 K, and experiment shows that p-type ZnO is obtained from
thermal treatment at temperatures bellow 300 — 600 °C [13]. The RBQE method produces single
crystalline layers of ZnO on the basic crystal of ZnO. The concentration of oxygen radicals was
about n, ~10"* -5 -10% cm3[14, 16].

Accordingly of defect creation mechanism under RBQE method the concentration of Vza
increases in the basic crystals. The concentration of oxygen vacancies in the basic n-type ZnO
crystal was very high. Due to the increase of Vzn concentration the Fermi level decreases to the
valence band edge and a transfer of electrons from Vo' to Vz. takes place, resulting in the
creation of Vz.~ and V2. With increased concentration of Vz:~ and Vo*? the probability of
creation of (Vzn~ — Vo*2) increases too. Also is important that increasing of concentration of Vza
and Vo*? increases the probability of creation (Vzn— Vo*?). The creation energy of Vz. defect
near Vo is low as creation energy of Vz. defect in the area where structural defects do not exist.
So, predominant defects are Vzn-, Vo*2, Vzn (Vzo~ — Vo*2) and (Vzan — Vo*2). This model agrees with
experimental data [14].

Using the first-principles band-structure method, authors [12] had demonstrated that the
acceptor transition energies of Vzn —Oo can be reduced by introducing Fo, because F is more
electronegative than O.

Table 1.

Number | Treatment | Treatment | Investigation Carrier Carrier Resistivity
and temperature time temperature mobility concentration o
type TTreatment’ °C t,h Tlnvestigaion , K H> cm?/ Vs n,cm?3 Q-cm
l.n 400 3 300 1500 1.5.10v 2,7x10*
2.p 400 4 300 220 1.6 - 10 1,8x102
3.p 400 6 300 270 1.0-10v 2,3x103
4.p 400 6 300 250 7.7 - 1018 1,8x103

In order to obtain impurity p-type conductivity in ZnO we carried out following
experiment: n-type ZnO (produced by Cermet, Inc.) was implanted with F* ions at the
concentration 102 cm™ at the energy E =110 keV and at the dose D =10'¢ cm™2. Healing of the
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created defects in the implanted ZnO crystals carried out by RBQE method. The duration of
RBQE treatment was 3, 4 and 6 hours. As a result we obtain new ZnO:F quasiepitaxial layers.
According to Hall measurement (with van der Pauw method) epitaxial ZnO:F layers obtained in
4 and 6 hours showed p-type conductivity. The measurement was performed at T =300 K. Hall
measurements are summarized in Table 1.

| -V characteristics before and after annealing of ZnO:F (sample 4 by Cermet Inc.)
treated by RBQE was investigated. | —V investigation result (Figures 1 and 2) shows that p-i-n
junction on the basis of ZnO / ZnO:F structure was obtained.
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Figure 1. | -V characteristic before annealing of ZnO:F (sample 4) treated by RBQE.
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Figure 2. | -V characteristic after annealing of ZnO:F (sample 4) treated by RBQE.

We have studied photoluminescence (PL) spectra of the initial n-type ZnO crystals and
of new epitaxial p-type ZnO layers obtained by the RBQE method at temperatures of 70 K. The
PL investigation was carried out with a FS 920 luminescence spectrometer (excitation source
Was Agciiion =313 nm). The PL spectrum (recorded at T =70 K) for the initial n-type ZnO gave
maxima at A =369.1, 374.5, 383.5 and 392.5 nm (Figure 3a), while the quasiepitaxial p-type
ZnO layers had maxima at 4 =369.1, 374.5, 382.4, 389.9 and 401 nm (Figure 3b).
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The Hall Effect and thermo-EMF measurements were made and showed the hole
conductivity of the ZnO layers. Table 1 summarizing Hall measurements, demonstrates that
obtained results depend on time of treatment. According to the investigation results we
conclude that when the time of treatment is 3 hours (T; =400 °C) the diffusion process of

Zn atoms is very active through radioactive defects. As a result the concentration of Zn atoms
in new epitaxial layers is very high and obtained layers (to 150 nm) have n-type characters. The
time of treatment 3 hours is nonsufficient for healing of radiation defect created under
implantation.

reatment

When we increased the time of the treatment to 4 and 6 hours, conductivity type has
changed to p-type and our investigation demonstrated that the higher the treatment time the
better the electric characteristics of new layers become. The time of treatment 4 hours is just
sufficient for healing of radiation defects created under implantation and obtained layers (to
150 nm) have p-type characters.

The specific mechanism of defect creation takes place in ZnO under the RBQE treatment
and associate (Vz.—Vo*?) is obtained. Consequently when we implant ZnO sample with
fluorine and then treat it by the RBQE associative defects (Vzn—Fo*?) are created [12].
Accordingly, these are the defects which are responsible for p-type conductivity in new
constructed layers. Correspondingly the better electric properties obtained under RBQE
treatment for 6 hours is due to the higher concentration of created associate (Vzn — Fo*2).

Observation of acceptor bound exciton in p-type ZnO layers obtained by RBQE also
demonstrates high purity and perfect structure.

In order to identify the defects responsible for the bands observed in the PL spectra we
considered the specific mechanism of defect creation in ZnO under RBQE.

The maximum A =401 nm band in the PL spectrum (at T =70 K) must be connected to
the Vzn level (Figure 3b). The low intensity of this line may be explained by the low electron
capture cross-section [17]. The peak at 4 =382.4 nm is connected to the associated (Vzn~— Vo)
level [15, 18], which for p-type conductivity is in good agreement with theoretical and
experimental estimations for acceptor centers [14]. The peak A =389.9 nm could be connected
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to the (Vzn — Fo?*) (Figure 3b). In work [19] authors identified the peak in PL spectrum of ZnO
co-doped with fluorine and with phosphor. In Pl spectrum the level 3.180 eV (389.6 nm) was
observed and identified as free electron to donor—acceptor pair (DAP) transitions (T =8.5 K).

The high intensity A= 374.5nm band observed corresponds to acceptor bound
excitation (Figure 3a). The peak at 4 =369.1 nm in the PL spectrum of initial n-type ZnO
samples is more intensive than that at A =374.5 nm (Figure 3a). The peak positions at A =369.1
and 374.5 nm correspond to donor bound excitons [20, 21] and acceptor bound excitons [22, 23],
respectively. Results for the acceptor bound exciton in p-type ZnO layers obtained by RBQE
demonstrate the high purity and perfect structure and a significantly reduced number of
residual defects.

The RBQE method provides control of the defect creation mechanism in the production
of ZnO wide-gap semiconductors, and consequently the determination of the electrical and
optical properties of the samples. In particular, the RBQE method has the following important
advantage: for fixed oxygen concentration it is possible to regulate the concentration of Zn
extracted from the basic crystal by variation of temperature. The method allows control of the
stoichiometric composition both in the growing of ZnO layers and in the basic ZnO crystal. The
acceptor bound exciton in the p-type ZnO layers obtained by RBQE exhibits high purity and
perfect structure. This result is one of the most important achievements for production of non-
degradation diode on the basic of ZnO / ZnO.

By means of the RBQE method it is possible to produce n- and p-type stoichiometric
layers of ZnO with thickness from a few atomic layers to 25 pm. The size of basic crystals in the
RBQE reactor changes from 1 to 4 cm? and with modernized of the RBQE reactor can be
increased.

By the RBQE method we were obtained the blue light emitting diode on the basis of
Au-ZnO-ZnSe—In system [16].
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In this work, we consider Faraday rotation in magnetic fluids based on particles of
magnetic oxides, for the optical constants of the material of which, n and k , the relation
k? <<n® holds. In this work the Faraday rotation is represented within the theoretical
Maxwell-Garnett model. A theoretical analysis has shown that Faraday rotation for magnetic
fluids is related to the Faraday rotation on the material of particles by the simple relation.
According to this result in specific experimental conditions the values of the Faraday rotation
prorate to Q, which is the occupancy of the volume of the magnetic fluid with magnetic
particles and spectral dependences of the Faraday rotation in magnetic fluid and in the proper
bulk magnetic are similar. We would like to underline that this result are expected to be
suitable to all magnetic ultrafine medium with the same relation between optical constants:
k? <<n?.

1. Introduction

Nowadays, magneto-optical research methods are widely used for examination of
ultrafine magnetic structures with insertions that have the sizes of structural and magnetic
heterogeneities less than 1000 A. Magneto-optical investigation of these types of structures are
subject of overall interest, which is conditioned by both theoretical and practical importance.

In general, the magneto-optical properties of magnetic fluids are very different from the
properties of the bulk ferromagnetic. This fact causes the changes in spectral and angular
dependences of the magneto-optical effects. The reason for this is that magnetic fluids represent
an example of a magnetic ultrafine medium composed with magnetic particles, the sizes of
which are much less than the light wavelength. Therefore, it is important to define clearly the
conditions of the magneto-optical experiment to make easier the interpretation of the magneto-
optical spectra, which in its turn, provides with the information of surface layer of magnetized
magnetic fluids, electronic energy structure of fine magnetic particles, as well as of the
properties of carrier fluids. Besides, it is significant to examine the electronic energy structures
of fine magnetic particles not only to investigate the temporary stability of magnetic fluids, but
also to analyze the chemical processes on the surface of the magnetic particles. On the other
hand, in some cases the fine magnetic particles could be used as a probe.
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2. Theory

In [1] using magnetite magnetic fluids as examples, it was considered the magneto-
optical reflection effect for magnetic fluids based on particles of magnetic oxides, for the optical
constants of the material of which, n and k, the relation k <n holds. In this research the
equatorial Kerr effect is represented within the theoretical Maxwell-Garnett model. A
theoretical analysis has shown that in the case of magnetic oxides, for which the condition
k? <<n? is fulfilled, the equatorial Kerr effect &,(q) for magnetic fluids with the ratio of the
volume occupied by magnetic particles is related to the equatorial Kerr effect o, on the
material of particles by the following simple relation:

5,(0) =6, . M)
We did analogous researches for Faraday rotation. When considering the magneto-optical
effects, which are odd function of magnetization, in magnetic fluids, it should be kept in mind
that magnetic fluid is a variety of the ultrafine media [2].

The magneto-optical properties of ultrafine media were analyzed in [3]. It was shown
that when considering the magneto-optical properties of medium consisting of magnetic
colloidal particles the sizes of which are much less than the light wavelength, one should
introduce the tensor of the effective dielectric permittivity:

gy —igg O
Eett = igc;ﬁ Eett 0 | (2)
0 0 Eoeff

where Eeft = Erert ~1E0ert » Eoett = Eonett — 1 E0zeft and Eeft = Erett 1011 -
In this case, the tensor components depend on both the properties of magnetic colloidal

particles themselves and the properties of the medium in which they find themselves.
Diagonal component of (1) is connected to reflective index n, and absorption index K

of ultrafine media by formula:
Eor = (N — 1K) - 3)
For magnetic fluids with a low concentration of magnetic colloidal particles and
consequently, with no interaction between them, the tensor components of the effective
dielectric permittivity within the framework of the theoretical Maxwell-Garnett model of an
effective medium can be written as:
_ 2q(&n — &) + (6n +25,)
(&n +260) — Al — &)
o = 99&le, Ny
(en(l-a)+&(2+0))
where ¢, =¢,, —ig,, and ¢, =&, —ig,, are the diagonal and non-diagonal tensor components

(4)

eff

(4)

of the dielectric permittivity of the material of magnetic colloidal particles, &, is the dielectric
permittivity of the fluid phase, and Q is the ratio of the volume, occupied by magnetic particles,

to the total volume of the magnetic fluid.
In the research, the Faraday rotation is represented within the framework of the
theoretical Maxwell-Garnett model.
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The Faraday effect is related to the tensor components of the effective dielectric
permittivity as follows [2]:
Ear

T
a- =—Re , 5
) Eett ®)

where &4 = &4 — 16,0 ANd Ey = Epp — 160 -

In this case, considering the following relation k*<<n” and formula (2), Faraday
rotation can be expressed in this way:

T . ,
O = /I—z(gleff neff + Eett keff) . (6)
neff

Taking into account formulas (3) for real and imaginary parts of the tensor of the effective
dielectric permittivity ¢, together with k® <<n”and k’, <<n’ formula (5) takes the form:

_ zqni g n, +4yke,

a , ()
"2 (y(n*-nd)+nj)’
where y=(1-q)/3 and N, is the reflective index of liquid carrier.
If n, =n, then
T . .
. = /qu (e +4yke,). 8)

Note that we have the following correlation: when <0.4, then 4y~1. Thus the
expression for the Faraday rotation could be written down in the simpler way:

O (q) =(agy (9)
where o, (q) is Faraday rotation for magnetic fluids with the ratio of the volume occupied by
magnetic particles (; o, — Faraday rotation on the material of particles.

It is necessary to say that received results (9) represent truth if only these two conditions
are followed: (1) k> <<n?; (2)n, =~n .

It follows from the relation obtained that in the specific experimental conditions the
amount of Faraday effect is proportional to ( and therefore to magnetization itself. Also, the
character of spectral dependences of magneto-optical effects, are similar for the magnetic fluids
and the substance of particles.

3. Results and discussion

Figure 1 represents the results of calculations of ¢ (q) made by means of the formula (5)

for magnetite particles in the air (a) and in the liquid silicon-organic compound (b), and by the
formula (9). Calculations were carried out for different . From the Figure 1 it is obvious that

the magneto-optical maxima for magnetite particles shift to the side of large energies. If we
increase &,, this shift diminishes, and for the liquid silicon-organic compound (&, =2.56) the

shift approximates to the zero. The results derived from our research indicate that calculations
conducted according to (5) for large &, (&, =2.56), coincide with the calculations carried out by

the simplified formula (9).
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Figure 1. Dependences of the Faraday rotation on the quantum energy of incident light 7w,
calculated by formula (5) for magnetite particles in the air (a) and in the liquid silicon-
organic compound (b); and by the formula (9) (c) with q=0.1-1,0.3-2,0.5-3and 1 - 4.
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We did analogous calculations using formulas (5) and (9) for magnetite particles in order
to verify the linear dependence of Faraday rotation on (. Figure 2 shows the correlations of

Faraday rotation to ( for magnetite particles, which are calculated by formulas (5) and (9) at

the quantum energy of incident light 7w =1.7 eV.
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Figure 2. Dependences of the Faraday rotation on (, calculated by
formula (5) for magnetite particles in the air — 1 and in the liquid silicon-
organic compound - 2, and by the formula (9) - 3 at iw=1.7 eV.

From the Figure 2 it is obvious that the linear dependences of Faraday rotation on ¢
have been observed only for large ¢, (&, =2.56).

Our results are in a good relation with the experiments [4], where Faraday rotation has
been studied in magnetite magnetic fluids with different concentrations.

4. Conclusion

In the present paper, on the example of magnetite magnetic fluids we considered
Faraday rotation in magnetic fluids based on particles of magnetic oxides. Within the
framework of the theoretical Maxwell-Garnett model the simple relation between the Faraday
rotation for ultrafine medium and bulk material is revealed. The conditions of the magneto-
optical experiment were defined for the essential analytical simplification of the subsequently
received results.

In conclusion, we would like to underline that this result are expected to be suitable to
any magnetic ultrafine medium with the same relation between optical constants: k* <<n?.
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1. Introduction

The effect of disordered regions (DRs) on the electric properties of semiconductors
manifests itself first of all in a change in the mobility of majority charge carriers [1].

According to Gossik’s model [2], a DR is a macroscopic spherical inclusion, the core of
which contains a high concentration of vacancies and their associations (108 — 102 ¢cm=3) and
the conductivity of which differs from the conductivity of the undamaged part of the crystal.
This brings about the formation of a spherical space-charge region around a particular DR.
Therefore, DRs influence the mobility of majority carriers in two ways. On the one hand, DRs
have a geometrical effect, blocking the flows of majority charge carriers and, thus, decreasing
the effective cross section of the sample; on the other hand, DRs have an electrical effect,
manifesting themselves as charge inclusions, the field of which is responsible for extra
scattering of free charge carriers [3].

According to the model proposed in [4], a DR consists of a core filled with multivacancy
complexes and a shell containing complexes of monovacancies with impurity atoms. DR shells
are formed upon diffusion of monovacancies of the core into the matrix, where the
monovacancies are involved in a quasi-chemical reaction with impurity atoms arranged around
the DR core. The penetration depth of monovacancies into the matrix and, hence, the
dimensions of the DR shells are controlled by the concentration of impurities in the sample.

From the experimental data obtained by Hall and photo-Hall measurements, the authors
of [5-7] established that, in the n- and p-Si samples irradiated with protons with the energies
25, 30, and 640 MeV, the DR shell (atmosphere) consisted of secondary radiation defects
(A- and E-centers, divacancies, oxygen—divacancy complexes, and so on). By analyzing the
experimental results reported in [6, 7], we could suggest that the DR cores are formed of not
only multivacancy defects, but interstitial atoms as well.

The authors of [8, 9] observed a sharp increase in the effective (i.e. measured) mobility of
electrons s, in the n-Si crystals when irradiated with 25 MeV protons. This observation gives

direct proof of the fact that the inclusions with a relatively high-conductivity and ohmic
junctions at interfaces with the semiconductor matrix, the so-called metal-like inclusions, are
basically formed in the n-Si crystals irradiated with high-energy protons. The authors of [8, 9]
believe that such inclusions may be clusters of interstitial (intrinsic and / or extrinsic) atoms or
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associations of them, as suggested in [6,7]. Hypothetically, these inclusions are atomic
nanoclusters.

The aim of this study was to determine the DR dimensions, to analyze the effect of these
DRs on the conductivity, i.e. mobility, of electrons in the n-Si crystal, and to establish the
nature of the DRs formed in the n-Si crystals upon irradiation with 25 MeV protons.

2. Experimental

We here studied n-type silicon single crystals grown by the floating zone method and
doped with phosphorus to the concentration N, = 6-10¥ cm3. The density of growth
dislocations did not exceed 10% — 10* cm=. As determined from infrared absorption studies, the
concentration of oxygen was ~ 2 - 10! cm™. Bar-shaped samples 1 x 3 x 10 mm in dimensions
were irradiated with 25 MeV protons at room temperature. The irradiation dose was varied in
the range (1.8 —8.1) - 102 cm™2. The Hall constant R, and the concentration of electrons N in

irradiated crystals were determined by the Hall method, and the conductivity o was
determined by the two-probe method. The Hall mobility was calculated by the formula
Uy =0R,, . The measurements were conducted in the range of temperatures T =77 — 300 K. In

the measurements of the above-mentioned quantities, the error was no larger than ~ 10 %.

3. Results and discussion

The temperature dependences of the concentrations of electrons N(T) are shown in
Figure 1. In the curve N(T) obtained after irradiation of the crystals with the integrated proton
flux 8.1 - 102 cm™2, we observe an exponential portion corresponding to depletion of acceptor
centers with the energy E, = E_—0.36 eV (Figure 1, Curve 5). In the samples irradiated with
the dose 5- 102 cm?, we find E; = E_, —0.42 eV (Figure 1, Curve 4), whereas, in the samples
irradiated with the doses 1.8 - 102 cm™ or 2.7 - 10> cm™2, we observe deionization of A-centers
in the temperature range 77 — 300 K (Figure 1, Curves 2 and 3). In the samples irradiated with
the dose 5102 cm™ and then naturally aged for 90 days at 300 K, the dependence N(T)
exhibits an exponential portion corresponding to the depletion of acceptor levels with the
energy E, =E_ —0.36 eV at temperatures 140 — 170 K (Figure 1, Curve 4').

It is known [5] that the energy of electrostatic interaction of electrons in the chain of
dangling bonds at dislocations E depends on the occupancy of these dangling bonds and can be
represented by the expression

E~E, Fs[gln§—0.866j. (1)

Here, E,=€’/¢s (E,~0.5 eV for Si), F is the Fermi function, F, =s(z(N, — N, — N))"® is
the occupancy of dangling bonds at dislocations, N, and N, are the concentrations of donor

and acceptors, respectively; ¢ is the permittivity, S is the spacing between dangling bonds; and
N is the concentration of electrons in the conduction band after the crystal was strained and
annealed.
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Let s be comparable to the spacing between complexes in the impurity—defect shell
around metal inclusions formed in the n-Si crystals on irradiation. Then, disregarding the
second term in parenthesis in expression (1) and using it for the atmosphere of complexes, we
obtain E ~0.03 eV. However, since the occupancy of deep centers in the atmosphere around
metal-like inclusions tends toward unity, transformation of the atmosphere itself is needed and
the interaction energy can reach the quantity E = E;, comparable to the ionization energy of

deep complexes (~ 0.5 eV). Electrostatic interaction can increase or decrease the ionization
energy of the centers, since the n-Si crystals under study contain positively charged donor
impurity atoms, apart from negatively charged acceptor radiation defects (RDs). In addition, the
sign of interaction between different negatively charged RDs responsible for different energy
levels depends on the directions of spins of electrons trapped by acceptor centers.
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Figure 1. The temperature dependence of the concentration of electrons in the n-Si
samples (1) before and (2 — 5, 4') after irradiation with 25 MeV protons at different
irradiation doses equal to (in 102 cm™) (2) 1.8, (3) 2.7, (4, 4') 5.0, and (5) 8.1.
Curve 4' is obtained after natural aging of the sample at 300 K over 90 days.

Proton irradiation increases the fraction of electrostatically interacting centers (A- and
E-centers, divacancies, etc.), since the irradiation creates primary defects arranged along the
tracks and capable of condensing with the formation of closely located vacancy complexes and
clusters [5]. Curve 5 in Figure 1 corresponds to depletion of divacancies or E-centers, although
the ionization energy of these centers is reduced by electrostatic interaction between charged
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centers to 0.36 eV. As the irradiation dose is decreased (5 - 102 cm=), the concentration of
electrostatically interacting centers decreases and the ionization energy increases to 0.42 eV
(Figure 1, Curve 4). It is not inconceivable that the level E, —0.42 eV arises from superposition

of divacancies in the charge state -1 (E,—0.39 eV) and E-centers ( E, —0.44 eV); i.e., the

V2 + E-centers are formed. The fraction of divacancies commonly corresponds to ~ 0.9 [10].

In Curve 4' (Figure 1) obtained for the samples irradiated with the dose 5 - 102 cm™ and
then naturally aged at 300 K, the temperature range of depletion (140 — 170 K) corresponds to
A-centers, although the ionization energy of these centers is increased by electrostatic
interaction to 0.36 eV.

At high irradiation doses (5 - 10'2 and 8.1 - 10'2 cm™2), all electrons from the conduction
band are captured by deep centers (E-centers, divacancies, unknown defects with the levels at
E. —0.57 [10] and E, —0.54 eV [11]). Consequently, the A-centers are in the neutral state and

unobservable in Hall measurements.
In the samples irradiated with low doses of protons (1.8 - 10'2 and 2.7 - 102 cm2), the
total concentration of electrons captured by RDs is Np,, < N, . Therefore, at 77 K, all acceptor

RDs are charged, including A-centers. Curves 2 and 3 in Figure 1 correspond to depletion of

A-centers.
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Figure 2. The temperature dependence of the Hall mobility of electrons in the n-Si
samples (1) before and (2 — 5, 4') after irradiation with 25 MeV protons at different
irradiation doses equal to (in 102 cm™) (2) 1.8, (3) 2.7, (4, 4') 5.0, and (5) 8.1.
Curve 4' is obtained after natural aging of the sample at 300 K over 90 days.
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Figure 2 shows the temperature dependences of the experimental Hall mobility s (T)

for samples irradiated with different doses of protons. For the initial sample, the temperature
dependence of the Hall mobility (Figure 2, Curve 1) is described by the expression g4 ~1/T “

with o ~2.6. This suggests that, in the measurement temperature range (77 —300 K), the
phonon mechanism of scattering of electrons prevails. In the samples irradiated with the dose
8.1-102cm?, the dependence s, (T) is shifted upward and the exponent o of the

temperature dependence of the mobility reaches value of o =13 (Figure 2, Curve 5). As the
irradiation dose is lowered, the dependence i, (T) shifts downward and o tends to its initial

value (Figure 2, Curves 2-4).

In the crystals irradiated with the dose 5 - 10 cm™ and then naturally aged at 300 K
during 90 days, we observe anomalously strong scattering of electrons, with a minimum of the
mobility at 170 K (Figure 2, Curve 4'). The high mobilities determined from Hall measurements
(Figure 2, Curves 2-5) are evidence of the formation of relatively high-conductivity inclusions
with ohmic junctions at interfaces with the semiconductor matrix of the n-Si samples.

From the experimental data, it is possible to calculate the volume fraction f and the
radius R of metal-like inclusions in the n-Si samples under study.

According to the effective-medium theory, the Hall concentration of electrons is
essentially defined by their concentration in the relatively low-conductive matrix, whereas the
effective Hall mobility is an increasing function of the volume fraction of inclusions f . If the
inclusions are spherical, we have

Uy 1+3f

w, 1-6f’

where 4, is the Hall mobility in the matrix [12]. In silicon at room temperature, point RDs can

2)

influence the mobility only slightly; therefore, the corresponding Hall mobility of electrons in
the initial material, 1400 cm?/V - s, can be used as the parameter . In the samples irradiated
with the dose 8.1:102cm?, the room-temperature Hall mobility of electrons is
Uy ~4500 cm?/V -s. Hence, we obtain f 0.1, a reasonable estimate of the total volume
fraction of agglomerates of interstitial atoms typical of the real structure of silicon irradiated
with light ions and subjected to heat treatments [13, 14].

Knowing the volume fraction of metal-like inclusions f , we can determine their radius
R. The number of inclusions in the sample is NV , where N is the concentration of
inclusions (i.e. DRs) and V is the volume of the sample under study. The volume occupied by
inclusions is fV and the volume of one inclusion is V= fV /Ny V = f /N . If the inclusions

are spherical, we have v =47R%/3= f /N, . Hence, we obtain

3 f 1/3
R= ) 3)
47N g

According to the estimates we obtained on the basis of the data reported in [1, 14-16],
upon irradiation of Si crystals with protons with the energy 25 MeV (=10™ cm™), the
concentration of agglomerates formed in the bulk of the sample under study is
Npor ® 5 - 108 cm™. Substituting the values of f and N, into formula (3), we obtain

R ~80 nm.
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For similar samples subjected to annealing at 90 °C and aging during 30 days at 300 K,
the volume fraction f' of quasi-insulator inclusionsis f’'~0.3 [9]. From formula

3f' 1/3
R=| = | |, 3"
47N grg

similar to formula (3), we obtain the radius R’ of these inclusions R’ ~ 100 nm.

We have the ratio R'/R =1.25. In reality, the value of R’ for quasi-insulator inclusions
is substantially smaller than the radius of purely metal-like inclusions. It is known [10] that,
during thermal annealing or aging, vacancy-type defects and interstitial defects can annihilate
each other. In the samples under study, quasi-insulator inclusions are formed upon interaction
of nonequilibrium vacancies with agglomerates of interstitial atoms. A certain fraction of these
vacancies enters into the quasi-chemical reaction with impurity atoms and form impurity—
defect shells around the agglomerates. Some nonequilibrium vacancies recombine with
interstitial atoms of the agglomerates and, thus, decrease their radius. Thus, the ratio R'/R can
be quite different from 1.25.

As the dose of protons decreases, the concentration of metal-like inclusions decreases.
With this effect, it is possible to interpret the experimentally observed decrease in the effective
mobility of conductivity electrons g in the n-Si samples, since the Hall mobility is an

increasing function of the volume fraction of metal-like inclusions f (Figure 2,
Curves 2-5) [12].

Like dislocations in crystals, the agglomerates of interstitial atoms produce elastic strains.
Nonequilibrium vacancies that are emitted from vacancy-type DRs upon annealing and natural
aging of the sample [9] move toward these agglomerates. Some of these vacancies recombine
with interstitial atoms. Other vacancies enter into a quasi-chemical reaction with impurity
atoms and create a shell of acceptor centers around the agglomerates [4]. As the measurement
temperature is lowered, the occupancy of deep centers around metal inclusions apparently
tends to unity. Consequently, metal-like inclusions gradually transform into quasi-insulator
inclusions, i.e., nontransparent inclusions playing the role of scattering centers for electrons.
Therefore, as the temperature is lowered, the values of p start to decrease (Figure 2,

Curve 4').
To estimate the volume fraction of quasi-insulator inclusions f' in a rather rough
approximation, we can use an expression similar to formula (2):
ll’lef'f 1_ f ' 1
-t 2)
dy 1+ f

In our samples irradiated with protons with the energy 25 MeV and the dose 5 - 102 cm™?, the
volume fraction of the metal-like inclusions turned into quasi-insulator ones and their
impurity—defect shells, is f'~0.46 at 170 K, as calculated by formula (2'). The concentration of
inclusions is N, =10 cm3. Consequently, the radius of inclusions is R’ ~220 nm.

At the temperature 170 K, the quantity E in the shell of the agglomerate reaches a value
comparable with the ionization energy of deep centers. Electrons transit from the
corresponding deep levels to the conduction band and are immediately captured by deep
centers located in the crystal matrix, wherein E is smaller than that in the shells around metal-
like inclusions (we assume that the concentration of RDs Nq, and, correspondingly, the

quantity E in the impurity—defect shell around metal-like inclusions is larger than that in the
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crystal matrix). Deionization of RDs in the shell of DRs is bound to yield a decrease in R'. In
fact, at 140 K, f'~0.25 and R’~180 nm. Correspondingly, the degree of screening of metal-

like inclusions decreases and, at temperatures below 170 K, the mobility x, begins to increase.
Apparently, the nonmonotonic dependence i, (T) can be attributed to the

nonmonotonic variation in the degree of screening of metal-like inclusions in the course of
measurements of x, of irradiated crystals in the range from 77 to 300 K. In the ranges from

240 to 170K and from 170 to 140 K, the inclusions behave as quasi-insulator inclusions and
metal-like inclusions, respectively.
It is known [1, 12, 14] that insulator inclusions are responsible for the decrease in i ,

whereas metal inclusions are responsible for the increase in g . As a consequence, the

dependence y4 (T) has a minimum at 170 K.

4. Conclusions

Thus, on irradiation of the n-Si samples with protons with the energy 25 MeV, the so-
called metal-like inclusions consisting of interstitial atoms are apparently formed along with
points RDs and insulator inclusions. On interaction between insulator inclusions and metal-like
ones, shells that are composed of acceptor RDs and are nontransparent to conductivity electrons
are formed. The charge state of these defects varies with measurement temperature.
Correspondingly, the degree of screening of inclusions varies as well. This may be the cause of
the experimentally observed nonmonotonic temperature dependence of the effective Hall
mobility of electrons.

The radius of metal-like inclusions formed in n-Si irradiated with protons with the
energy 25 MeV and the dose ~ 10! cm™ is ~ 80 nm, and the volume fraction of these inclusions
in the crystal bulk is ~ 0.1.

On the basis of the experimental data obtained in the study, it can be inferred that
irradiation of the n-Si crystals with 25 MeV protons brings about the formation of atomic
nanoclusters (nanoinclusions) with relatively high conductivity and ohmic junctions at
interfaces with the semiconductor matrix. It is known [17-19] that doping of semiconductor
materials with atomic clusters by proton irradiation opens up fresh opportunities for controlling
the properties of semiconductors and for developing semiconductor-based microelectronic and
nanoelectronic devices.
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MaruauTtoontuyeckue >(PQeKTsl OTpaKeHWs UIMPOKO IIPUMEHSIOTCS IIPU pPelleHUH
Pa3JIMYHBIX 337ad B obOyacT (GU3MKM MarHUTHBIX sBiaeHn#. C mX moMmoumpio HaOIIOLAIOTCA
IOMEHBl ¥ JOMEHHble TPaHHIBI, HCCIeLyIOTCA IIPOIeCChl HAMAarHUYMBAHUA, W3ydaeTcCs
3JIEKTPOHHAs SHepreTHudecKas CTPYKTypa TBepAsIx Tei [1].

CpaBHUTENIBPHO HEJAaBHO HEYETHBIE IT0 HAMAarHUYEeHHOCTH MarHUTOONITHYeCKue 3P GeKThI
OTpaXeHUs OBUIM YCIIEIIHO IPUMEHEHBI [ MCCIeIOBAaHUA IIPOIECCOB, IIPOTEKAIOIUX B
TOHKOM IIPUIIOBEPXHOCTHOM CJIO€ MaTHUTHBIX KuAKocTell. C MX ITOMOIIBIO OBLIO YCTAHOBJIEHO,
YTO BHEIIHee MarHWTHOE II0Jie IIPUBOAUT K M3MEHEHHUIO KOHIIEHTPAIUM MATHUTHBIX YaCTHI] B
TOHKOM IIPUIIOBEPXHOCTHOM CJIO€ MAarHWTHBIX O KUZKOCTEH, BBI3bIBaeT OOpa3oBaHUeE
ITIOBEPXHOCTHBIX CJIO€B, HAMATHUYEHHBIX IIPOTUB BHEIIHETO MAarHUTHOTO IIOJIS, aKTUBU3HPYET
IIOBEPXHOCTHOE pacCIOeHue MaTHUTHBIX XXUZKoCTedt 2, 3].

MaruuroonTUYecKre CBOMCTBA MAarHUTHBIX JKMAKOCTEHl B caMOM oOmeM ciydae
CYILIECTBEHHO OTJIMYAIOTCA OT CBOICTB MAaCCHBHBIX (PeppOMarHeTHKOB, YTO IPHUBOAUT K
U3MEHEHHIO [UCIePCHOHHBIX M YIJIOBBIX 3aBHCHMOCTEHl BeIWYMHBI MarHUTOOITHYECKHUX
5¢(}eKTOB IO CPaBHEHUIO C AaHAJOTMYHBIMHU 3aBHUCHUMOCTAMH [JI1 MAaCCHUBHBIX 00pasoB. JTO
CBS3aHO C TeM, YTO MarHUTHBIE >KHAKOCTU IIPeJCTAaBIAIOT COOOIH IpUMep YIbTPaAMCIIEPCHOM
MarHUTHOM Cpe,Z[BI, COCTOHMEﬁ "3 OKPY)KEHHIJIX KHUIOKOCTBIO-HOCHUTEJIIEM MaJIbIX MATHMTHBIX
4YacTun, paBMepBI KOTOPBIX 3HAYUTEJIbHO MEHBbIIIE AJIMHBI BOJIHBI CBETA.

B cBsa3u c 3TUM BechMa CYIIECTBEHHBIM SBJIAETCS BOIIPOC O PAaCCMOTPEHUM YyCIOBHI
MarHUTOONITUYECKOTO  DKCIEpPUMEHTa, IIpA  KOTOPBIX  YIpoIIaeTcs  pacurmpoBKa
SKCIIepUMEHTAIBHO HAaOJII0JaeMbIX MarHUTOOIITUYECKUX CIEKTPOB, AAOUIUX MHPOPMAIIHIO, KaK
O HAaMAarHUYEHHOCTH TOHKOTO IIPUIIOBEPXHOCTHOTO CJIOS MarHUTHBIX JKHAKOCTe#, Tak u 00
SJIEKTPOHHOM DHEPreTUYEeCKON CTPYKTypPe MajbIX MarHMTHBIX YACTHI] M CBOMCTBAX >XKUIKOCTHU-
Hocutensd. CiefyeT OTMETUTh, YTO HCC/Ie[JOBaHUE DIEKTPOHHON DHEPreTUYeCKOH CTPYKTYPHI
MaJIbIX MATI'HUWUTHBIX YdCTHI, Ba>XHO He€ TOJIBKO IJIAd I/ISY‘IeHI/IH HPOHCCCOB BpeMeHHOﬁ
CT3.6I/IJIBHOCTI/I MATrHHUTHBIX )KPI,I[KOCTefI, HO MW [Jid d4dHaAJIN3da XHMMHWYECKHUX HPOHeCCOB,
IIPOTEKAIOIMMUX HA IIOBEPXHOCTU YaCTHUIl, TaK KAaK B HEKOTOPBIX CIydYasdX MaJsible MarHUTHBIE
YaCTUIBI MOTYT BEICTYIIAaTh B Ka4eCTBe CBOEOOPAa3HOro 30H1a.

B paGore [4] paccMOTpeH HeEYeTHBIH IO HaMarHWYEHHOCTH SKBAaTOPUAIBHBIH 3hdeKT
Keppa B MATrHMTHBIX MXHIAKOCTAX HA OCHOBE 4YadCTHUI, MATrHHWTHBIX OKHCJIIOB B PaMKaX
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TeopeTHuecKoi Momenu MakcBessa—I'apHeTTa, pacIipocTpaHeHHON Ha CIy4yait MarHUTHBIX Cpef.
CdopMynupoBaHbl  yCJIOBUA OKCIEpPUMEHTAa, IIO3BOJIAIONINE  CYIIECTBEHHO  YIIPOCTUTH
BBIPOKEHWE /A OIpeJefieHUs HaMarHUYeHHOCTH TOHKOTO IIPUIIOBEPXHOCTHOTO CJIOS
MarHUTHOH >KUJKOCTH W HCCIeJOBAaHUA DJIEKTPOHHON SHEPreTHYEeCKON CTPYKTYPBI MaJbIX
MarHUTHBIX 9acTul,. Ilosy4yeHo mpocToe cooTHOLEeHMe 11 SKBaTopuanbHOro a¢dexra Keppa

5, =45, (1)
rge 6, — okBaropuanbHb dhdexr Keppa nHa marHmTHOH >XmMAKOCTH, ( — KoddduIHeHT

06 BEMHOTO 3dIIOJTHEHHUA MATrHUTHBIX }I(PI,I[KOCTefI MAarHUTHBIMHU YaCTU1aMU, 5m -

skBaTopuanbHBIHA dpdekT Keppa Ha MaTepuase gyacTuir,
Heob6xogumo orMeTUTs, 4TO BhIpakeHUe (1) ABIgeTCS CTPOrMM TOIBKO IIPU BHIIIOJHEHUU
o 2 2
crepyomux Tpex ycmosmit: (1) ki <<n; , rme Kk, m n, moxasaTesn IOIJIOWEHUS U

IpeJIOMJIEeHHS Marepuaja YacTHI, COOTBETCTBEHHO; (2) yros IaZeHHWs cBeTa Ha obpaserl
69 °<@p<72°(3) ny =N, , rAe N, — IOKa3aTeIb IIPEJIOMICHUA XUAKOCTH-HOCUTEIA.

CoorHomrenue (1) moxaspIBaeT, YTO IIPU IIPOBEJEHUN DKCIIEPUMEHTa Y OBIETBOPAIOIIEe
IIepeYrCIeHHBIM BBIIIE YCIOBUAM BeIWYMHA SKBaTOpHAIBHOro 3ddekra Keppa Ha MarHUTHBIX
KUZKOCTAX IPONOPLIHMOHANBHA KOd(dduIeHTy O0OBEeMHOTO 3allOJTHeHUA MAarHUTHBIX
KUZKOCTe MAarHWTHBIMHM YaCcTULIAMHU, a CJIeJOBaTeJbHO U HaMarHW4eHHOCTH. llpu srom
IVCIIEPCUOHHBIE 3aBUCHMOCTH 9KBaTOPHAIbHOTO 3¢ ¢ekra Keppa Ha MarHUTHOM XXUAKOCTU U
Marepuaje YacTHUIL IOJLOOHSI.

C mensio omeHKM BIMAHMA GaKkTopa ( HAa BapHALMIO SKBAaTOpHaIbHOTO 3ddekra Keppa
OTHOCHUTEJIBHO IPYrux (akTopoB (pasMep MarHUTHBIX YaCTHUI,, MX PACIOJIOXEHUe, CBOICTBA
KUAKOCTH-HOCUTENA M [p.), Mbl pPElIMIN IPUMEHUTh IPAaBUIO CIOXEHHUS [JUCIEePCHUil.
KonnuecTBeHHas oumeHka BIMAHMUA (| (PaKTOpa HAa MArHUTOONTHYECKHE CBOMCTBA MAarHUTHBIX
KUAKOCTeH JOKaXXeT BAXXHOCTH 3TOTO (paKTopa M CIIpaBeIIMBOCTh COOTHOUIeHHI (1).

CoryacHO TIpaBUITY CJIOXKeHHS [AHCIepCHii, o0Ias JucIepcus paBHA CyMMe CpefHeil 13
BHYTPUTPYIIIIOBBIX U MEKI'PYIIIOBOM AMCIIEPCUI:

o2 =% +6°, )
rme
Z f; Giz
f.

1
[N

— CpeJHAd U3 BHYTPUTPYIIIIOBBIX JUCII€PCHUH,
j=n
EVAAY:
Z fi (X ji Xi)
O'-Z _j=1

i f

— BHYTPHUTPYIIIIOBAas AUCIIEPCUS B | -# rpyIe,
3 (X, - X,)?
52 _ =1 i

>,

i=1

178



L. Kalandadze. Nano Studies, 2011, v. 3, pp. 177-180.

— MeXrpynnosas gucnepcus, f, — umcino egunun B |- rpynne, X, — 9acTHasg CpefHsI 10 | -it
rpynne, X, — o0mas cCpeJHA 10 COBOKYITHOCTY eIHUII.
OTMeTHM, 4TO O, XapaKTepusyeT BapHaIMio NMPH3HAKA KAK Pe3yJbTaT BIMAHUS BCEX

(baKTOpOB, olpefeNAOUIUX WHAWBUIyalbHbIE pasIudus eJUHUI COBOKYIHOCTH. Bapmamuio,
OOYCJIOBIIEHHYIO BIMSHUEM (AaKTOpa, IOJOXEHHOTO B OCHOBY TI'PYIIIHPOBKHU, XapaKTepHU3yeT
MeXTDYTITIOBas UCTIEPCUs §°, a BAPUANUIO, OOYCIOBIEHHYIO BIUSHHEM MPOYMX (aKTOPOB,
CpefHAs U3 BHyTPUTPYIIIOBBIX AUCIIEPCUIA.

2 2 o
OtHomeHune o /GO IIOKa3bIBA€T Ty YdCTh OT 06me1/1 Bapuanuu, KOTOpad O6YCJIOBJIEH3

BIUAHNEM (aKTOpa, IIOJI0XXEHHOTO B OCHOBY TPYIIIIHMPOBKHU.

OKCIlepUMeHTaIbHble JaHHBIE MBI B3sJM U3 paboT [3,4], B KOTOPHIX HCCIIeLOBAHbI
IUCIEPCUOHHBIE 3aBUCHMOCTH 3KBaTOpHanbHOro dpdexra Keppa (yron magenus csera Ha
o6pazer; @ =70 °) B MarHeTUTOBBIX MAarHUTHBIX JKUAKOCTIX M KX OCAZAKOB HA OCHOBE BOJBI,
KepoCHHA U Pa3HBIX KPEMHMII-OPraHUMYEeCKUX COeJUHEHUI C Pa3sJIMYHBIMU KO3(pPUIHEeHTaMU
OOBEMHOTO  3amOJIHEHWs ( . OTH  UCCIefOBAaHWA  Jalu  BO3MOXHOCTH  pa3OUTh
SKCIIEPUMEHTAJIbHbIe [JAaHHbIEe Ha TPYIIIHI, ITOJOXHUB B OCHOBY T'PYIIHUPOBKH HWHTEPECYIOMUI
Hac ¢axTop — K03hUIMeHT OOBEMHOTO 3allOJTHEHWS MAarHUTHBIX XXUIKOCTeH MarHUTHBIMU
YaCTHUI[AMH.

Pacuerst mpoBommiMCh [ OSHEPrMM KBAaHTOB IIajaloumiero ceera hw= 2eV.
OKCIlepuMeHTaIbHbIe JAaHHBIe, PAa3JIOKeHHbIe 110 (|, IpuBeseHsl B Tabune 1.

Tabauma 1.
q %
0.05-0.1 0.35-10° -0.15-10 0.2-103
0.1-0.3 1.1-10° 0.28 - 10 0.8-103

PaC‘-IeTBI, BBITIOJIHEHHBIE IIO OTHM [JdHHBIM, IIOKd3d/JIX, YTO BJIMAHHE Q)aKTopa q Ha
BapHAIUIO JUCIIEPCUOHHBIX 3aBUCUMOCTell sKBaTOpuanabHOro 3ddexra Keppa cocrasisger 53 %.
OTcioma MOXHO cZenaTh BBIBOJ, YTO B PpACCMOTpPEHHOM ciaydae ( ¢akrop wumeer
mpeoOJazaioniee BIUAHYE Ha Bapuanuio oddeKra U oIpezenseT MarHUTOONTUYECKHEe CBOMCTBA
YIBTPaUCIIEPCHBIX CPEZ.

Takum o6pazoM, B paboTe KOJIMYECTBEHHO OIpeJieleHO BiaugHMe ( dakTopa Ha
MATrHUTOOIITHYECKHEe CBOMCTBa YABTPASUCIIEDCHBIX  Cpef Ha IIpuMeEpe MATrHEeTHTOBBIX
MaTrHUTHBIX XXUAKOCTed. OTMeTHM, YTO IIOIyYeHHBIH pe3yJIbTaT OyZeT CIIpaBe | TUBBIM I BCEX
YIBTPASUCIIEPCHBIX Cpefi, ONTHYeCKHe KOHCTAHTHI KOTOPBIX Y/OBJIETBOPAIOT COOTHOIIEHWE
k2 <<n?.
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B mocnesHee BpeMsa B CBA3M C IIOMCKAMM HOBBIX MAaTepHasoB /Jd TBEPAOTEIbHOMH
9JIEKTPOHMKM OBUIa CO3/JaHA M HCCIefloBaHA Iiejasg TPyIIa OOBEKTOB, CBOMCTBA KOTOPBIX
OTJIMYAIOTCSA OT CBOMCTB MACCHUBHBIX TeJI 32 CUeT yBeJWdeHUs posu moBepxHocTu. K uymcny Takmx
00BEKTOB IIPUHAJIEXAT HECMAUyHBAIOIIVe XXUAKUE MeTasUIbl, BHeJpPEHHble B IOJOCTH I[€OJHTOB
tuna NaX, NaA u NaM. Ileonutsr tuma NaX um NaA mpezcraBisior co60il aqIOMHHOCHUIHUKATEI
KapKacHOHM CTPYKTyphl, B KOTOPhIX B TpeX HallpaBIe€HUAX HMeIOTCA CTPOTO OJWHAKOBEIE WU
peryJsSpHbIe MOJNOCTH, pasMepsl Kotopsix 11.4—12 A, Beemenue mecmaumBaromux >KupKocTeil B
KaHaJIBI CTOJIb MaJIBIX Pa3MepoB JODKHO TPeOOBaTh SHEPrUH IIOPAJKA TEIUIOT HcrapeHwusd, T.e. 10 —
100 xxax / monb. B mepecdere Ha maBmeHume sTo mopsAzka 5 — 50 x6ap, T.e. IpaKTHYeCKH BechbMa
peayrbHasA BeJIMYMHA.

Bezmenue *XMIKMX METAJJIOB B KaHAIBI IIEOJIUTAa MOXKHO HAOIIOZATh KaK IO CKauKy oOBeMa
CHCTeMBI I[eOJIUT—MeTaJUI, TaK U II0 CKAYKy IIPOBOJUMOCTH IIeOJTHTHOM IIPeCCOBKHU, HaXOAAleHca B
KOHTaKTe C XuZKuM MetasioM [1-3]. [Ipu KxpuTHdIeCcKOM AaBlIeHUM KUIKUE METa/LIbl IPOHUKAIOT B
IIOJIOCTH II€OJIUTOB M OOpa3yIOT peryJifApHbIe pelIeTKHU, IIOBTOPSIOUINe KOH(PUIypauuio KaHaJIOB U
IIOJIOCTEH IIe0TUTHOM MaTpUIBI — B CiIydae meoanuta NaA KyOudeckylo, a B crydae neoaurta NaX —
CTPYKTYypy Tuma anmasa. OLeHKH cKayka oObeMa IOKAa3bIBAIOT, YTO B KAXKAOH IIOJOCTU HAXOAATCA
16 —20 aromoB. B pesyinbraTe 3amOJHEHMS KUIKHUM METAJIJIOM IIOJOCTeH ILIEOJUTHONH MAaTPHILBI
KPUCTaJIIBl I[€0JIMTa, KapKac KOTOPOTO SBJIAeTCA XOPOUIMM JU3JIeKTPUKOM THIA KBaplia,
IpHOOpeTaloT MeTa/UIMYeCKYl0 IIPOBOAZMMOCTh, YTO YyKasblBAeT HAa /JOCTATOYHO CHJIBHOE
B3aMMOJIelicTBUe MeXIy KiacTepaMu. MsyueHue TemmepaTypHOI 3aBUCHMMOCTH TaJIuA W PTyTH B
meosurax mokasano, uyro Ha 80— 100K Hmke TOYek IIaBjIeHMS MACCHBHOTO MeTajlla IIOJ
IaBjIeHHueM HaOJIIOJaloTCA CKAaYKHU IPOBOJAMMOCTH, KOTOPBIX MOXHO IIPUIIMCATh OTBEPAUBAHUIO U
IIJIABJIEHUIO IIeOJHTHOrO MeTasna. Ecau BHellHee HaBjleHHWe CHATH, IIPOBOJUMOCTD Hcde3aeT. Ilpu
3TOM YaCTh MeTa//Ia YXOAUT W3 IojocTeil. JJaHHbIe IO IJIOTHOCTH CBUZETEIBTBYIOT, UTO YHCJIO
aTOMOB B IIOJOCTH cokKpampaercs Ao 10-15, uro, mo-BuaMMOMy, IPHBOZUT K OCIA0IEHUIO
B3aMMOJEHCTBUA  MeXZYy KJIacTepaMH U  HCYe3HOBEHHIO  META/UTMYeCKOTO  COCTOSHUA.
PenTreHoBCcKMI aHAIM3 IOKa3aj, YTO B KapKace II€OJHMTAa BO3HHUKAIOT HAIPSXKEHUS, KOTOpBIE
MCYe3al0T NIPH YZAJeHUU MeTalia u3 moyocreil. CTPyKTypa Ije0IHTa COXpaHAeTCA, HO HAOII0AATh
KalleJbHbIe pelleTKy He yaeTca. OHaKo, U B TAKOH JM2IeKTPUIeCKON CHUCTeMe KIacTepoB, 3aduK-
CHPOBAaHHOM B IIPOCTPAaHCTBe IIOJIOCTAMU KapKaca IIeOJIUTOB, HAGIIONAIOTCA OCTpBle ITHKU
TeIUIOEMKOCTH ITIPH TeMIlepaTypax, COOTBETCTBYIONIMX ILIABJIEHUIO IleoauTHOro MeTauna. [lo mepe
yMeHBIIeHUA COJlep>KaHMA MeTajula S3TOT IHK 3aKOHOMEPHO YMeHbBIIaeTCa IO BeIu4YuHe WU
CABUTAETCA B HU3KOTEMIIEPATYPHYIO OOJACTh, YTO YKa3bIBaeT HA PAaBHOMEPHOCTH pacIipefiesIeHUI
MeTajla B IIOJOCTAX IEONUTA. B TOUKe IIJIABIE€HHUS PE3KO H3MEHAeTCS TaKXe MAarHUTHAS
IIPOHUIIAEMOCTD JUIIEKTPUYeCKOH CHCTeMBl MeTaTMYeCKUX KIacTepoB. B wacTHOCTH, B KiacTepax
Hgiz marHuTHBIM mosleM cBbime 25 KD B TOYKe IIIABIE€HUA BO30YKJaeTca HOBOe CHJIBHOE
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IIapaMarHUTHOE COCTOSHME. DTOT (aKT yKa3bIBaeT Ha TO, YTO KJIACTEPBI MOXHO PacCMaTpUBATh, KaK
KBa3MaTOMBI, 3aII0JIHEHNE YPOBHEH KOTOPBIX OCYILIECTBIAETCA B COOTBETCTBUU CO CIIEKTPOCKOIIMYEC-
KUMU IpaBuaamu [4-5].

Crenyer OTMETHTBH, YTO PACIIOJIOXKEHMe aTOMOB MeTajlla B cepUIecKO ITOJIOCTH LIe0IUTOB
CYIECTBEHHO OTJIMYAeTCS OT WX PACIIONIOKEHUA B KpPUCTALIHYecKoM MaccuBe. OmHAKO, Pe3KOCTh
IIepPex0/I0B B TOYKAX IJIABJIEHUSI W OTBEPAUBAHUA yKasblBaeT HA TO, YTO BO BCEX ITOJIOCTSIX YHCIIO
aTOMOB B KJIaCTepe OJHO U TO XK€ U, KpOMe TOTO, UX KOH(UTypauys OJUHAKOBA U OIpefesieTcsa
CTPOTOil OJMHAKOBOCTBIO IOJNOCTeil meonuta. OcTaeTcs HEBBIACHEHHBIM, B YeM 3aKII0YaeTcs
IIaBJIeHHe TaKUX Kalelb — KJIacTepoB, (MKCHPOBAHHBIX B IIOJOCTAX MATPHIBI, M KaK B5TO
OTpa)kaeTcsA Ha MIPOBOZMMOCTb.

W3BecTtHO, 9TO (a30BEIil Ilepexof B OTAENBHOM Kiacrepe, coctosmeMm u3 10 —20 aromos
MeTajla, JO/DKEH OBITh CHUIBHO Pa3MBIT (UIYKTyal[UAMHU. OKCIIEpUMEHTaJIbHO OOHAapy>KeHHbIe
dasoBble TepexoAbl HOCAT Pe3KHil XapaKTep U MOXXHO YTBEPXKAATh, YTO (HIYKTyallMOHHOE YIINPEHUE,
€CTeCTBeHHOE /I MaJIbIX YaCTHI], B JAHHOM CJIy4ae II0JaBJIeHO B3aUMOJEHCTBIEM KIaCTEPOB LPYT C
IPYTOM IH00 HeImoCpeACTBeHHO (KIacTepHbIe MeTaLIbl Ipu P > P, ), 1160 Yepe3 AM3IeKTPHIECKYIO

Marpuily (KJacTepHble AUAMEKTPUKM IpH P <P ), a TakXe BBICOKOM CTENEHBIO YHNOPAJOYeHMS

cucreMsl. IIposBieHne KOJJIEKTUBHBIX CBOMCTB B IIpPOIlecce Pa3OBOTO IlepeXxofa yKasblBaeT Ha TO,
YTO MeTaJI B I[€OJUTe MOXXHO pPacCMaTpPUBaTh KaK KPHUCTALI, CO3JAHHBINA AMDIEKTPUIECKON
Marpuueil meosnura. duciao kmacrepoB B kpuctamwae (5-10% cm), mepuos ¥ IpaBHIBHOCTH €TO
pelLIeTKU OIpefesAl0TCA TUIeKTPUIecKoi MaTpuleii. [IoaToMy, B 3aBUCMOCTH OT HAaIIOJIHUTENS U
THIIA MCIOJIB30BAHHOTO IIEOTHTA, KAK JUITEKTPHIECKOH MATPHUIBI, MOXKHO IIOJIYYUTH Pa3HbIe IO
CBOMCTBY TpeXMepHbIe CBEepPXpeIleTKM — KJIACTepHble MeTaUIbl WIM AMSJIeKTPUKH HAa OCHOBE
BEIleCTB B YIbTPAMEIKOAYCIIEPCHOM COCTOSHUU.

Jlna co3maHWA OZHOMEpPHBIX MeTA/UIMYeCKHUX HUTeH IIyTeM BJABIMBAHMA MeTalIa B
IUDJIEKTPUYECKYI0O MATPUILy HJeanbHBIMU ABJAIOTCA CTPYKTYPBI THUIIA MOPJAEHUTA, B KOTOPBIX
KaHaJIbl UMEIOT pa3Mepsl, JOMyCKAollKe IIPOHMKHOBEHNE MeTalla B BUJIe OJHOATOMHBIX LIeIOYeK,
pacHoJaraloluxcss  JOCTATOYHO OJIM3KO APYyTr K JOPYry TakK, YTOObI MeXAY HHUMH MOTLJIO
CYIeCTBOBATh B3aHMMOAeMcTBMe. B TakuX cHCTeMax B3aMMOJE}CTBHE aTOMOB MeTala C
IVDJIEKTPUYECKOM MaTpuueil OyneT, BEpPOSATHO, AOCTATOYHO C1abbIM, obecreuuBas TpebyeMyio
KBa3MOLHOMEPHOCTb. Poib pusnueckoro KOHTaKTa C MAaTpHUIeH CBOAMTCA JIUIIb K CTaOMIM3AIUU
MeTaJUIMYeCcKuX HuTeil B mpocrpaHcTBe. CuHTeTmueckuit meonut Na — mopzenut (NaM) cBoeit
CTPYKTYpOH COOTBETCTBYeT 3THM TpeOOBaHMAM. B ero xapkace OTCYTCTBYIOT ITYCTOTHI «OOJIBIIMX»
MMaMeTpOB, MMEIOTCA JIMIIb TlepeceKaloniecs KaHambl ¢ guamerpamu 6.6 u 2.8 A. TTostromy ator
I[EOJIUT MOXKHO CYMTATh OOJAJAIONIMM IIPAKTHYECKM OJHOMEPHOH CHCTeMON KaHanoB. OImbIT
IIOKAa3aJI, YTO KPUTHUUYECKHe JaBIeHUA, IPU KOTOPHIX IIPOUCXOJUT IIPOHUKHOBEHHE METAJIIOB (PTyTH
M BUCMYyTa) B KaHaubl IeonuTra NaM, coorBeTcTBeHHO paBHBI 29 u 20 x6ap, BeJIMYMHBI CKadKa
o6BeMa cOOTBeTCTBeHHO PaBHEI 3.6 u 6 %. Ilocite cHATHA BHeNIHero JaBleHUS PTYTh, BBeJleHHAd B
KaHasbl meonuta NaM, mo-BUAMMOMY, TOJIHOCTBIO BhITeKaeT HapyXy. Ha oTo ykasbiBaeT usmepeHue

IIJIOTHOCTU JdHHBIX MATE€PHUAJIOB.
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It’s known that implantation of the large amount of impurities in semiconductors can
cause significant distortions in their band structure. The “large amount” means such
concentration of impurities N, for which average distance between neighboring impurity
centers 1/N /3 becomes less than Bohr orbit radius 1/N/? « ag, where az = (m/m*)ea,. m*
is the effective mass of electron in semiconductor under the consideration, m is the free
electron’s mass, ¢ is the dielectric constant, a, is the Bohr orbit radius in a hydrogen atom. In
these conditions, there appears an impurity band. In case of donor impurities it joins the
conduction band, while in case of acceptor impurities — the valence band. This causes the
significant changes in the density-of-states. At the appropriate band edge there appear a tail of
the density-of-states and it drags this edge into the energy-gap and causes narrowing of the
energy-gap. Studies of this process began about 50 years ago and it continues even today. First
papers about this topic appeared when it became possible to perform experiments defining band
structures. These works were contra-positive and mutually exclusive, e.g., reflection
measurement experiments showed [1] that the increase in impurities’ concentration causes the
increment of effective mass of electron, but the calculations of [2] don’t approve these results.
Pankov [3] investigated the spectral dependence of absorption coefficient for interband optical
transitions in germanium heavily doped with shallow impurities and calculated the dependence
of the energy-gap width on the concentration of impurities. He defined that increasing of the
impurity concentration causes decrease of the energy-gap in germanium. In case of impurity
concentration of 4.5 - 10 cm™3, the band width decreases by 0.1 eV. These experiments were
performed at 4.2 K. Haas provided [4] with similar calculations for germanium heavily doped
with phosphorus and arsenic at 80 K. He also defined the decrease of the energy-gap width
when increased the impurity concentration, but not so much as in [3]. Other authors, e.g. [5],
said that the reason of the difference is the wrong extrapolation of the absorption by
unrecombinated carriers in the Haas’s main absorption region. Besides, it’s quite difficult to
compare these results because mentioned experiments were performed on heavily doped p-type
germanium. The fact of reduction of the energy-gap width was also investigated in [6], where it
was performed some investigations of infrared absorption in germanium heavily doped with
gallium at temperatures 80 and 293 K. At 80 K, authors obtained that the difference between
direct and indirect transitions energies is 0.16 eV. But, according them this fact takes place
because of heavy doping Fermi energy enters in the valence band and then interband
transitions begin there. The value of energy-gap width reduction in such case (with impurity
concentration of ~ 10" cm=) was calculated to be of 0.05 eV. In heavily doped and compensated
germanium narrowing of the energy-gap was theoretically determined by Keldish & Proshko
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[7]. They followed the conception of random distribution of impurities and calculated the value
of energy-gap width reduction caused by the fluctuations of the impurity potential. This
potential was represented as a Coulomb-like potential. The band width reduction formula
found is
2 1/5 2/5
88, = 2(£) (2 (14 2) )" magyrs () ~1, )

where m, and m,, are effective masses of free electrons and holes, respectively, and n denotes
the concentration of free carriers. The values of energy-gap width reduction, calculated using
formula (1), are small, e.g., for germanium when n~10" cm3, .fl!..’;“‘g,wlO*3 eV. These values are
also small when Hamman’s formulas [8] are used for germanium and silicon. They are based on
Coulomb-like potential for an impurity center. Hamman calculated the decrease of energy-gap
energy in semiconductors using the variational method. Taking into account the Fermi energy
u changes caused by the charge carrier concentration increment and without it (ng), he
proposed following formulas for Ge and Si (n (or ny) and AE, are given in cm™ and eV,

respectively):
Ge:  AE;(u,n) = AE,(n) — 6.63(n/10%8)%/3,
AE;(n) = 0.741 — 4.89(ny/10'%)1/3 — 8.2(n,/10¥)1/4 — 3 ; (2)
Si:  AE,(u,n) = AE;(n) — 3.34(n/10%8)%/3,
AE;(n) = 1.156 — 6.47(no/10%®)*/3 — 13.1(ny/108)*/* — 8.1. (3)
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Figure 1. Electrical and optical energy-gap narrowing vs.
donor doping density, the points are experimental data.

Here AE,(u,n) is the value of energy-gap reduction. When the impurities are ionized,
gas of free carriers is too much disturbed and the chemical potential enters the band gap.
AE,(n) is the energy-gap width reduction value without taking this fact into account, so it is
the distance from one band’s edge to another. This method also gives small values, e.g. for Ge
withn =5 -10”cm3, AE;(n)~ 0.02 eV. In papers by van Overstraeten & Mertens (see e.g. [9]),
there are gathered a lot of results of calculations on the relation between impurity
concentration and the energy-gap width. They used electronic measurements in their
experiments. In these papers there are shown results of six various authors and presented in the
Figure 1. As one can see, reduction of the energy-gap is not small: in Si it’s almost 0.25 eV.
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There is low concentration of electrons at low temperatures when it makes sense to
measure the energy-gap width in heavily doped germanium and silicon. According to the
theories, which were considered above, the neutral impurities can’t take part in changing
energy-gap narrowing process. We (Z. Gogua, A. Gerasimov and A. Tsertsvadze) offered [10]
the impurity center model, where the impurity atom in the first coordination sphere with
radius of ry is considered as the free atom in vacuum and outside it — as usual, within the
continuum approximation for dielectric constant. According to this conception, the impurity
center potential’s formula is

O(r) = n*EE@G‘G —7) —l—%@(r — T 4)

where n” is the principal quantum number of the valence layer of the impurity atom, which is
calculated using Slater’s rule [11], E; is the ionization energy of the corresponding electron state
in isolated impurity atom, Ey is the ionization energy of the isolated hydrogen atom, Z is the
impurity center charge number and ®(r) is Heaviside step-function. As the dielectric constant
spatial dependence is limited by the first coordination sphere, the potential (4) needs some
corrections. Corresponding dependency £ — £(r) can be described well with simple function
% _ é temar (5)

where a equals to 0.0625 and 0.0833/ A for Ge and Si, respectively, and @ = 2/ag for both
cases. After this correction formula (4) will transform into

®(r) = H”EEG + e“”) OCry—1)+ z;e@(r — 7). (6)

Parameters n* and E; automatically describe individualities of each impurity. This model was
successfully applied in investigations of charge carriers’ scattering by ionized impurity centers,
also emissive and non-emissive electron transitions and other problems [11-13].

We tried to use that impurity center’s common model and investigate the dependence of
energy-gap narrowing vs. impurity density. We assume that the impurity is randomly
distributed and the potential (4) is screened according to Debye mechanism:

o) = [E2 (4 o) 00—+ He T -y, 2

Here q is the inverted value of Debye radius in substance as whole. The correlation function of
potential energy of impurities randomly distributed in volume V is

@@ u) == [ di u@@ + ) uG +73), ®)
where u(r) = e®(r). If we insert their Fourier transforms instead u(¥ +7;) and u(# +73)
functions in (8) we’ll get the formula

{uCry) u()) = M | ¢ K(L—72) u(E)u(—E)dE, 9)

(2m)®
where N; = N/V is the concentration of impurities, while u(E) is the Fourier transform of the
u(7) function:

E _ 2.+ (B (l-coskry k—(asinkry+tkcos krp)e %o
u —e™n 2 =T 3 +
Eyg sk k(k*4+a®)

e?z 790 fq
P (E sinkry + cos krg). (10)

As we see u(fc') = u(—fc'), so at the 7; = 7, point for potential energy fluctuation there
will be work the formula:

@? () = g3 [uPdk. (11)
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If we insert formula (10) into (11) and take into account relation AE, (N;) = /{u?(r)), after
tedious, but simple transformations we’ll get:

e—2r:rr0

AE,(N) = J“—h'r (n*z (1 —S) E;EHNJQS) + (S)z Ne2s " (12)

zﬂg

This formula shows that the impurity center’s inner area, as well as the outer one, affects the
energy-gap narrowing process. Besides, the universality of our conception is that formula (12)
reveals the difference between individual impurities and their different influence on the
energy-gap narrowing process.

25071 Si<As>

2001
1501

Si<P>

100+

AEg(meV)

50+

0 17 “:)wx “:)1‘} “:)Itl Nf (Cm—3)
Figure 2. Results of formula (13) for energy-gap narrowing value.

Energy-gap width reduction at absolute zero temperature according to (12) will be:
. 2
AE,(N;) = 2n-Jn (1 —;) E;EqN,ad . (13)

Numerical results for Si<P> (n* =3 and E; =8 eV) and Si<As> (n* =3 and E; =2 eV) obtained
according to the formula (13) are presented in Figure 2. If we compare these results with the
experimental data obtained in [9] we’ll find a satisfying similarity.
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1. Introduction

Low work function (WF) electrodes [1] are essential for cold emission and room
temperature operation of thermionic [2-6] and thermotunnel [7-13] energy converters and
coolers. Such devices consist of plain emitter and collector electrodes, separated by the thin
vacuum gap. Electrons absorb heat energy inside the emitter electrode, overcome the vacuum
barrier (or tunnel through it) and release heat energy inside the collector electrode. Electrodes
require materials with work function e¢=0.2-0.4eV (here, e is electron charge and ¢
potential). For most metals €¢ >4 eV, and only some compounds show e¢=2 -3 eV. This is
one order of magnitude higher than required. WF values of about 1eV were obtained in
sophisticated systems like Mo—Cs and Ag—O-Cs. However, these types of electrodes have a
short lifetime even in good vacuum conditions. To overcome difficulties, quantum mechanical
tunneling was utilized. Tunneling through vacuum nanogap allows sufficiently large currents
from the electrodes, having relatively high e¢ values. It was found that image force reduces
potential barrier and increases tunneling current, giving a cooling power of 100 W / cm? for
eg~1eV [7] in mixed thermotunnel and thermionic regime. Electrons were filtered by
collector coating, to increase the cooling coefficient [8] and conformal electrode growth
technology was developed [9]. However, vacuum nanogap device appears extremely difficult to
fabricate [9-11] as it requires an electrode spacing of 5—10 nm. Ifan e¢ <1 eV electrode could
be obtained, poor thermionic regime can be realized at increased electrode spacing. Fabrication
of wide vacuum gap, using conformal electrode technology, is much more straightforward. Low
WF energy converters are essential for heat to electricity direct conversion in the temperature
range 400 — 1000 K in which waste heat is available from the combustion sources. Low WF
coolers are essential for integrated circuit cooling and other applications where low weight and
ecological purity are major requirements.

Here, we offer to reduce e¢ using surface nanostructuring. The electrode is coated by
the metal nanostructured quantum well (NQW) layer. Its operation is based on the effect of
quantum state depression. Periodic ridges, fabricated on the layer surface, impose additional
boundary conditions on the electron wave function. Supplementary boundary conditions forbid
some quantum states for free electron, and the quantum state density in the energy p(E)
reduces. According to Pauli’s Exclusion Principle, electrons rejected from the forbidden
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quantum states, have to occupy the states with higher energy E . As result the Fermi energy E.

increases and e¢ decreases [14].

NQW layer w
v
L a
\

Y s /iy

Electrode base

Figure 1. Cross section of electrode coated by nanostructured quantum well.

The quantum state density in the NQW (Figure 1) reduces G times

P(E) =po(E)/G, (1)
where p,(E) is the density of states in a conventional quantum well layer of thickness L
(a=0) and G is the geometry factor introduced in [15]. For the case a<<L,w and within the
range 5< G < 10, the following approximate expression (obtained in [16]) can be used

G~L/a, (2)
where a is the ridge height and L is the NQW layer thickness. Density of forbidden quantum
states is

pFOR(E):po(E)_pO(E)/G:pO(E)X(l_G_l)' 3)
To determine the number of rejected electrons ng,, equation (3) should be integrated over the
energy region in which the electrons are confined to the NQW:

Nres = [AEpeor (E)=(1- G™)x [dEpy(E) = (1-G™ XNcon - (4)

CON CON
Here, n.oy = [dEp,(E) is the number of quantum states (per unit volume) within electron
CON

confinement energy region (which depends on substrate and NQW band structures and band
offset). The NQW retains quantum properties at G times more width with respect to the
conventional quantum well. Previously, quantum state depression was studied theoretically [15]
and experimentally [17] in nanostructured metal films.

The objective of this work is to calculate e¢ in the metal NQW layer, grown on
semiconductor and metal substrates, and find out how it depends on ridge geometry and
electron confinement. In the beginning we calculate e¢ values in the metal NQW forming
Schottky barrier or ohmic contact with a semiconductor substrate. Next, we calculate e¢ in the
metal NQW grown on a metal substrate. Finally, the possibility of realization of such electrodes
using conventional thermionic and other materials is discussed. Analysis was made within the
limits of parabolic band, wide quantum well and degenerate electron gas approximations.

2. Work function of metal NQW grown on semiconductor substrate
To maintain the uniform vacuum nanogap over the whole area, electrodes should have
plane geometry and smooth surface. The simplest solution is to use semiconductor substrate as

an electrode base [8] and grow a thin metal NQW layer on it.
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Figure 2. a) Energy diagram of metal-semiconductor contact in the case
e(4, — x) >0 without periodic ridges on the surface or G =1, b) with ridges
at G =Gy, ¢) with ridges at G > G,. Hatch depicts confinement energy region.

The Energy diagram of the metal film grown on n*-type semiconductor substrate is
shown in Figure 2a. We begin from the case when the difference between metal initial work
function e¢, and semiconductor electron affinity ey is positive, i.e. e(¢, — ) >0. We presume
that electron gas in metal layer is degenerate, so that all quantum states are occupied below
Fermi energy E; and are empty above E.. Further, suppose that the semiconductor band gap

E, =Ec —Ey is wide enough, so that e(¢, — ) <E, is satisfied. Then, electrons having energies

within the region
AEQ, =B —e(dy - 7) 5)
are confined to the metal film. Within AE®

con s
film and forbidden in the semiconductor substrate. Next, we fabricate ridges on the metal film
surface (Figure 2b). Additional vertical lines near the vacuum boundary in Figures 2b and 2c
depict extra boundary conditions, imposed by the ridges. Owing to quantum state depression,
supplementary boundary conditions reduce the quantum state density G times, within the
energy region e(y, - x)—-E,<E<e(y,—x), having width AE,, =E;,. Here, we measure

quantum states for electrons are filled in the metal

energies from the metal conduction band bottom E{" and depict ey,, =E® +eg, as a metal
conduction band width. G electrons, rejected from the forbidden quantum states within AE{,

occupy the empty states above E®. The Fermi level and the semiconductor band edges E. and

E, move up on the energy scale. At the same time, e¢ decreases and the energy region
AE,, =E, —e(¢—y) (equation (5)) gets extended. As e¢ decreases, the semiconductor band
edge curving follows the e(¢— y) value and reverses its curving direction at e(¢— y) =E. —E®.

The e¢ value was calculated using electron number conservation in the NQW

conduction band. The number of electrons rejected from the forbidden quantum states was
equal to number of electrons accommodated above the initial Fermi level n,... The rejected

electron number ng, , according to equation (4) was
e(xm—¢g)

Npes =(1-G ) x [dEpy(E)=(1-G™)x [dEp, (E). (6)
CON e(xm-x)-Eg
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In equation (6), we take into account that electrons were rejected from the energy interval
e(¥m—x)—Ey<E<e(ym—#) . They were accommodated in the interval EQ <E<E; or

e(¥m—) <E<e(xyn—¢). If ngg was low, the last interval fit within the AE, (Figure 2b)

where the density of states is reduced (equation (1)). The accommodate electron number was
equal to the number of empty quantum states between E® and E.

Er e(xm—) e(xm—9)
Nacc = | dEp(E)= [dEp(E)=(1/G)x  [dEpy(E). (7)
E(FO) e(xm—%g) e(xm—dp)

Using condition N, =N, and putting in py(E) c EY?, which is true within the limit of
parabolic band approximation, we found after integration and simplification that
2/3
ggs =ey, —e[G(;(m — )%= (6 -Dxm -2 - E, /e)3/2] .
eg>ey

Here, we use 3D density of states p,(E) o EY? (wide quantum well). Further, if ny., was high

(8)

enough, e(¢ — y) changed sign as shown in Figure 2c. ngg, was calculated using equation (6)
again. However, in this case, electrons were accommodated in quantum states from two
different energy intervals. The primary interval e(y,, — ) <E <e(x,, — ) was above E® and
within the energy region AE., where density of states was reduced, and the secondary
interval e(y,, — 7) <E <e(x,, —#) was above E®and out of AEqs - The two intervals differ by

density of states. The density was equal to equation (1) in the primary interval and p,(E) in the
secondary one. Consequently, n,.. was

Ee e(xm—9) e(xm-7) e(xm~¢)
[ dEp(E)=  JAEp(E)=(1/G)x [dEpo(E)+ [dEp,(E). )
E,(:O) e(Zm—) e(xm—dy) e(xm-x)
Further, equalizing equations (6) and repeating the above described steps we found
2/3
ep =ezm—&{(zm— )%+ 1~ 6|t~ 2)** ~(m — 2~ E, 1)"2)) (10)
eg<ey
.............. e¢0 ei(])
e(b=y)<0" K - B oy ¥ _—
E. — 0 T L= Er
----- T £ e(6-2)
4 E
AE ((:?)zl E (m) AE con E (m)
Substrate Metal film Substrate RQW
a) b)

Figure 3. Energy diagram of metal-semiconductor contact for e(¢, — y) <0, a) without

periodic ridges on the surface, b) with ridges. Hatch depicts confinement energy region.

Next, we consider the case when the difference between e¢, and ey was negative, i.e.,
e(4 — x) <0 from the beginning (Figure 3a). Here, AEL) =E,. When ridges were fabricated

con

(Figure 3b), the rejected electrons reduced e¢. As e¢ reduced e(¢— y) also reduced and got
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even more negative. Semiconductor bands curve in the direction of E{”. At the same time,
AE.,, width remains constant. Electrons were rejected from the interval
e(xm — %) —E;<E<e(xm— 1), and their number was calculated by applying this interval to
equation (4). Electrons were accommodated in the interval e(y,, — ¢ ) <E <e(x, —¢) and their
number was

e(xm—4)

[dEp,y(E). (11)

e(xm—dy)
Using Ngg; = Nacc> and repeating the above steps, we found that equation (10) is true for the case
e(d, — x) <0 as well.

Finally, equation (8) allows the calculation of geometry factor value G,, at which an

ideal ohmic contact was obtained or e(¢— y) =0. Inserting this in equation (8), we found

Go =l = 2% = (tm = 2~ Eg &) Kl — )72 ~ (1 — 2~ E, 1)) (12)

Analysis of metal - NQW / semiconductor contact shows that in the case e(¢, — ») >0,
metal NQW layer eg was calculated using equation (8) if G <G, (or eg>ey ) and equation (10)
if G>G, (or eg<ey). For opposite case, e(¢, — ¥) <0, e was calculated using equation (10) for
all G values (note that G >1 by definition).

3. Work function of metal NQW grown on metal substrate

In the case of metal - NQW / metal contact, electrons are confined to the material
having wider conduction band (Figure 4). Within AE{?), quantum states for electrons are filled
in the metal film and forbidden in the metal substrate (MS). There are no quantum states below
MS conduction band bottom E{) except core levels which are at ~-100eV and do not fall
within AE(?

con

<10 eV (values 100 and 10 eV are typical for metals). Let us begin from the case
egs >ed,, where egs is the MS work function. Owing to WF difference, the contact potential

emerges and the bottoms of conduction bands curve near the contact as shown in Figure 4a.

©0) F ©)
5 E; EéS) E
Ef
) AE:con/\
AE 0] ™ N ™
MS Film MS RQW MS RQW
a) b) C)

Figure 4. Energy diagram of metal-metal contact for the case egs >eg, . a) Without periodic

ridges, b), c) with ridges. MS depicts metal substrate. Hatch depicts confinement energy region.

191



Nanostructured electrodes for energy conversion devices.

When ridges are fabricated on the surface (Figures4b and 4c), some electrons are
©)

© and accommodated above E®. Fermi level moves up on energy scale. The

rejected from AE
E® follows the Fermi level (Figure4b). The electron confinement energy region

AE., =E® —E® increases. This leads to rejection of even more electrons and e¢ reduction

amplifies. However, with rising E;, number of states [dEp,(E) < E*'? above E; increase more
rapidly than ngg, (as E; > ES)) and at some e¢ value, equilibrium is maintained.

Let us consider the case of low ngg, or ES <EY in the beginning (Figure 4b). To find
e¢, we use electron number conservation in NQW conduction band again. Electrons were
rejected from the energy region 0<E<EY or 0<E <e(y,, —¢+d —xs), where eys =E&) +eg
was the width of the substrate conduction band (E® =E; —EY) was substrate Fermi energy).
The ng, was calculated by applying the last region to equation (4). Electrons were
accommodated in the energy interval E® <E <E or e(y,, —#)<E <e(x, —¢) » where density
of state was p,(E). The n,.c was calculated via equation (11). Using ngg; = Nsccand integrating,
we obtain the following equation for ¢

-G x (= 0+ 0 = 2" = (£ = ~ (- )" - (13)
In the case of high ng, or E® >E? (Figure 4c), electrons were rejected from the interval
O<E<e(y, —¢) and we applied this interval to equation (4). They were accommodated in two
intervals having diverse density of states. The primary interval

e(¥m— ) <E<e(y, —p+ds — xs) was above E® and within the AE_,, and the secondary one

con
e(ym—b+ds —xs)<E<e(y, —¢) was above E® and out of AE_,. The two intervals differ in
the density of states. Density was equal to equation (1) in the primary interval and p,(E) in the

secondary one. The accommodated electron number was

Er et —9) elzm=$+ds—x) e(zm—9)
[ dEp(E)=  [dEp(E)=(1/G)x [dEpo(E)+ [dEpo(E). (14)
E'(:O) e(Zm=%) e(xm—dy) e(Zm—¢+¢S —Zs)

Using ngg, = Nacc and integrating, we obtain equation (13) again for the last case.

Analysis of equation (13) shows that in some cases e¢ can be reduced to zero and even
acquire negative values, hypothetically. However, negative e¢ cannot be realized since, in that
case, at least one electron leaves NQW to vacuum. Simultaneously, the electrode as a whole
charges positively, owing to electrical neutrality. This leads to shifting down of band bottoms
EM and EY on the energy scale. At the same time, their difference AE_, = EY —EL” does not
increase and no additional electron is rejected. Naturally, vacuum level retains its position,
which implies that both the conduction bands widen a little bit as their bottoms shift down. In
the wider band, a fresh quantum state emerges at the band top. The electron that left returns
(following image force) and occupies the emerged quantum state. As result, e¢ increases back
to zero value. Some details on this mechanism can be found in [15]. Related mechanisms were
studied in negative electron affinity semiconductors [18].

The energy diagram for the opposite case e¢s <eg, is shown in Figure 5a. Initially, the
vacuum level curves in the opposite direction, the contact potential has opposite sign and the
conduction band bottoms curve in opposite directions. In this case, a small reduction in e¢

results in the flattening of the conduction band bottoms. The width of AE_, reduces instead of

n
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increasing. If initial ngg, (rejected from AE{)) was low, the system remains in the state
e(¢s — ¢, ) <0. However, if initial nge; was high enough to reduce e¢ below eg;, the band
bottom curving direction changes (Figure 5b). Energy diagram becomes analogous to the one
shown in Figure 4a and e¢ can be calculated using equation (13) again. Further, we seek the
initial ngg,, required to change the sign of ¢ —¢ . The following approximation was used to
determine this number. It was assumed that the charge depletion depth has the same values in
the two metals and is much less than the thickness of the NQW layer (electron concentration is
thought to be equal in two metals). Within this approximation the electric field distribution
around the contact area was symmetric and electron confinement energy region was
EM<E<EY +e4, where ¢ ~(¢, —¢)/2. Here, we did not take into account the quantum
states inside the triangular quantum well below E{", assuming that the triangular well width
was low with respect to NQW. Electrons, rejected from the above interval, should fill the
interval F® <E<F +e(¢, —¢s) to equalize WFs and flatten bang bottoms. According to

equation (4)

. E((:S)+e¢(_) El(:0)+e(¢0—¢5)
L-GH)x [ dEp(E)=  JAE py(E). (15)
£{m £0)

Integrating equation (15) and simplifying, we found threshold geometry factor
(tm— s+ /2=, 12)""
Gy = n—Zs T 127 (16)

3/2 3/2 3/2
(Zm_ls+¢s/2_¢o/2) +(ﬂ(m_¢o) _(Zm_¢s)
If G>G,, system ends with reduced e¢ in the NQW, and if G <G,, system remains in

the initial state e(¢s —¢,) <0. Analysis of metal - NQW / metal contact show that if initially
eds >ed,, e¢ of NQW layer was reduced and its value was calculated using equation (13). If
initially opposite relation egs <ed, was realized, the last was true only in the case G>Gy,.
Otherwise the reduction was irrelevant.

oo 2l

©0) ) F
E(S)+ §EF Ec
T
e N\ AL, Nt
Eém) Eém)
MS Film MS RQW

a) b)
Figure 5. Energy diagram of metal-metal contact for the case egs <ed, . a) Without periodic
ridges, b), c) with ridges. MS depicts metal substrate. Hatch depicts confinement energy region.

4. Material pairs for NQW coated electrode

The thickness of a conventional metal quantum well is only 1 —5 nm [19]. Periodic ridge
fabrication on such thin layer surface seems complicated. However, owing to reduced quantum

193



Nanostructured electrodes for energy conversion devices.

state density, metal NQW layer retains quantum properties at G times more thickness (as
found in [16]) with respect to a conventional metal quantum well. This makes ridge fabrication
straightforward. In some cases, layer thickness can be increased even more than G times. As
Figures 3-5 show, confined electrons have energies E <E® —K,T (here, K is Boltzmann
constant and KT ~ 25meV <<E® for T = 300K). For these energies, Fermi-Dirac
distribution function f(E,E¢,T)~1. Consequently, electron scattering on phonons and lattice
defects is limited. Such scattering requires the exchange of a small portion of energy with
environment, which is quantum mechanically restricted as all nearby quantum states are
occupied. The mean free path of such electrons is very large and is limited only by structural
defects, such as grain boundaries. In epitaxial films, such electrons allow phase coherence at
large distances (in transverse direction) and metal NQW thickness can be increased. In this
work, we do not concentrate on thermal processes in the metal NQW by following reasons.
Transport coefficients in NQW have the same values as in a conventional quantum well (having
the same value of E; ) [14]. In vacuum device, temperature gradient is applied mainly to the
vacuum gap and only significant thermal process inside the electrode is Joule heating [20]. Such
heating inside the metal NQW is negligible. We regard only n* semiconductor substrates
(Figures 2-3), in which the difference E; —E; is low and, heat absorption or release at the

metal / semiconductor interface is insignificant.

Table 1. Parameters of electrode base materials.
The P, and VT are given for 1 mm thick substrate.

Substrate Ey» ey , Np, r, P,, mW at K, VT,Kat
material eV eV cm-3 Q -cm 10A/cm W/cm- K 10W/cm

Si 112 405 8-10® 2.10* 2 1.6 0.6
GaAs 142 407 8-10° 1.10* 1 0.5 2.0
GaN 320 410 1-10® 7-103 70 5.0 0.2
Mo 53-10° 531072 1.4 0.7

Ni 6.2-10° 6.2-102 0.9 1.1

Regular semiconductor materials can be used as base substrate. Thermionic and
thermotunnel converters are high current low voltage devices. Consequently, the main
limitation is electrical conductivity. Equations (8) and (10) show that wide band gap material
allows more reduction in eg. Unfortunately, it is problematic to achieve low resistivity in such
materials. The most promising seems GaN in which relatively low resistivity was obtained.
Other possible substrate materials are GaAs and Si. Table 1 shows possible donor concentrations
N, for GaN [21], Si, GaAs [22] and corresponding electrical resistivity r and heat conductivity
k . Metals, Ni and Mo, are also included since they are frequently used in thermionic converters.
Table 1 also shows the dissipated power per cm? area P,, and temperature gradient VT over
1 mm thick substrate, calculated for typical current density (10 A/cm?) and heat flux
(10 W / cm?). Power dissipation in GaN substrate is considerable (note that VT is low for GaN).
On the other hand, GaN has a wide band gap and allows lower e¢ values. Possible solution is to
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grow thin GaN epitaxial layer on the GaAs or Si substrates. Such bi-layer substrate ensures low
power loss together with low e¢ in the metal NQW layer. Fortunately, GaN can be grown
epitaxially on both GaAs and Si substrates [23].

Most technological metals have e¢, > 4eV and form Shottky barriers with above
semiconductor materials i.e. e(¢, — ) >0. Table 2 shows parameters of some metals frequently
used as electrode materials (other interesting metals are included as well), collected from the
literature: e, from [24] and E® from [25]. It also contains data on EZ™, which is the Fermi
energy obtained from ab initio calculations and experiments [26-31]. Parameter EF* differs
more or less from E®. We used EF* instead of E® for Mo, W, Ni and Pt since no E? data
was found. This substitution is acceptable as far as a parabolic band is good approximation for
these metals. The e¢ values presented in the table were calculated using equation (10). WF
values were reduced by =1, 1.2 and 2.3 eV on Si, GaAs and GaN substrates, respectively.

Reduction is limited by the AE_ scale. The last can only be increased by increasing band gap.

n
However, wide band gap substrates have high resistivity and were not acceptable for
thermotunnel and thermionic devices. Obviously 1 - 2.3 eV reduction in e¢ was not enough
for cold emission, but it was still interesting since the plain Mo and Ni electrodes, coated with
ultra thin layer of Cs atoms, show very low WF (1 - 1.5 eV). WF reduction by less than mono
layer of Cs atoms is a surface effect. At the same time, quantum state depression is not a surface
effect. Most probably, the two mechanisms of WF reduction will sum up and result in an e¢

considerably less than 1 eV. The same is true for Ag — Ba and W - Li electrodes.

Table 2. Characteristic energies for some metals and values of e¢, calculated for G =10.

NQW edy» ED, g2, ed, eV on

material eV eV eV Si GaAs GaN
Ag 4.26 5.48 7.52 3.32 3.10 2.02
Nb 4.30 5.32 5.5b 3.36 3.14 2.06
\WY 4,55 6.7¢ 3.58 3.34 2.14
Cu 4.65 7.0 9.1 3.65 3.43 2.20
Mo 4.60 5.0d 3.63 3.41 2.32
Au 5.10 5.53 9.42 4.09 3.85 2.64
Ni 5.15 5.0¢ 4.14 3.90 2.81
Pt 5.65 10f 2.95
* [26]
> [27]
< [28]
4[29]
e [30]
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Borides have e@, <4 eV and for them e(¢, — y) <0 (Figure 3). The most frequently used
is lanthanum hexaboride LaBs, which shows eg=2-3.2eV. Fermi energy for LaBe is
Efa"d =10 eV [32]. Inserting these values in equation (10) gave e¢=0-0.85, 0.94 - 2.05 and
1.15-2.28 eV for nanostructured LaBs layer on GaN, substrate, GaAs and Si substrates,
respectively (G =10 was used in all cases). These values were low enough for thermotunnel and
thermionic devices operating at room temperatures.

Geometry factors, at which ideal ohmic contact was obtained, were calculated using
equation (12). They were in the range G, =1 - 5 for most material pairs. Such G, can easily be
obtained in practice. Exceptions were Ni/ Si (G, =59) and Au/Si (G, =16) pairs.

Next, we consider metal substrates (Figures 4 and 5). Electron confinement energy
region emerges only if EZ*" of a substrate material is less than that of a NQW material. Nickel
and molybdenum were good choices for substrates as they have low Efa"d. Au, Pt, Cu materials
were suitable for NQW. They have high EZ™ and at the same time can be grown epitaxially on
Ni substrate [33-35]. The eg¢ in NQW depends on material parameters and G according to
equation (13). To determine the geometry factor, needed for e¢ = 0.5 eV in NQW, material
parameters from Table 2 together with eg= 0.5 eV were put in equation (13). Results were
G =8.2, 7.8 and 6.5 for cases of Cu/ Ni, Au/ Ni and Pt/ Ni, respectively. These values were low
enough to be realized in practice. One more interesting NQW material is TiN since it has high
EZ™ (in fact it has two bands) [36]. However, lattice mismatch introduces problems in TiN
epitaxial growth. Threshold geometry factor G, for Ni and Mo substrates was calculated using
equation (16). We got G, =1.1, 1.3 and 1.6 for Pt/ Ni, Au/Mo and Pt/ Mo, respectively. For
other pairs, G, =1.

Analysis, made on the basis of material parameters, shows that low e¢ electrodes can be
obtained using NQW layer made from conventional thermionic materials. Both semiconductor
and metal substrates can be used to obtain low eg¢. However, metal substrate is preferable as it
allows low e¢ for a broad range of materials. Dissipated power and temperature gradient
calculations show that both semiconductor and metal substrates, coated with metal NQW layer,
can be used as electrodes for thermionic and thermotunnel converters.

5. Conclusions

Low work function was obtained in the metal nanostructured quantum well having
reduced quantum state density. Metal NQW layers, grown on semiconductor and metal
substrates, were analyzed. Electron confinement to the NQW was essential in both cases. When
using semiconductor substrate, wide band gap material allows more electron confinement and
lower values of resulting e¢. Dependence of e¢ on the band gap was analyzed for a number of
cases and the corresponding formulae derived. When using metal substrate, materials with low
Fermi energy allow more electron confinement and lower values of resulting e¢. If initial eg,
in the metal layer was less than in the substrate, e, <e¢s, considerable e¢ reduction was
obtained for all metal pairs, ensuring electron confinement. In the opposite case, eg, >eds , low
e¢ was obtained only if the geometry factor exceeded some threshold value.
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1. Introduction

At present there exists ample amount of experimental evidence of weak magnetic field
(MF) effect (for nonmagnetic materials B< 10T at room temperature) upon physical and
mechanical characteristics of diamagnetic crystals, the so called magnetopastic effect [1-3]. To
explain the phenomenon the theory of spin-dependent processes, causing magnetoplastic effect
(MPE) particularly, is engaged.

In diamagnetic crystals two types of MPE, which can manifest themselves both
separately and simultaneously [4], are observed. Both of these effects can be attributed to MF
induced spin-dependent transitions in pairs of nonequilibrium paramagnetic defects,
representing a two-spin nanoreactor: impurity point defect—dislocation or several impurity
paramagnetic ions, forming metastable clusters of point defects. The first type effect, referred to
as dynamic, is the radical change of dislocation—paramagnetic center (stopper) configuration as
a result of the exclusion removal for specific spin transition by external magnetic field. The
second type effect consists in transformation of stoppers and does not need dislocation existence
at the moment of magnetic field application. This effect is referred to as static one. The mobility
of dislocations in this case is the indirect indicator of changes in crystal defect structure in MF.

The necessary condition for MPE is existence in the crystal of nonequilibrium defects,
with X-raying being one of the generation options for it. As it was shown in alkali-haloid
crystals [5] magnetosensitive defects are already formed at very low doses of X-raying (5 s).
When applying MF to the crystal during its irradiation, it can affect both electron excitations
generated by ionizing irradiation and processes of structural defects initiation during their
decay; in that way composition of generated defects will change which in its turn should affect
both plastical characteristics of the crystal and optical absorption spectra of sample irradiated in
MF.

The goal of presented paper is to study both types of MPE in LiF crystals with
magnetosensitive defects, including those generated by X-rays.
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2. Samples and methods

The investigations were carried out in LiF single crystals (Karl Zeiss, Germany)
containing Ni (6 - 10* wt %), as well as Fe, Pb, Si, Mn and Ca (each not more than 10 wt %).
The samples with dimensions of 8 x 8x 0.5 mm? were cleaved from single crystal ingot along the
cleavage plane (100). The yield stress was determined in the deformation machine (DY-22), all
parts of it being made of non-magnetic materials in the region of the magnetic field action. The
compressive deformation was carried out at the constant rate of 3 - 10 /s. The magnetic field
(B=0.7T), with the vector of magnetic induction B directed perpendicular to the axis of
sample compression, was formed by a permanent magnet. The optical absorption spectra were
measured in the range of 195 - 1100 nm by spectrophotometer SF-29. All experiments were
carried out at room temperature.

The samples were irradiated on X-ray equipment URS-55M (Fe anode, A =1.94 A), the
voltage and current in the tube were U =50 kV and / =20 mA correspondingly. Two samples,
irradiated simultaneously, were located at the opposite outputs of X-ray beam; the magnetic
field B, with vector parallel to the big face of sample (perpendicular to the direction of X-ray
beam) was applied to one of them.

3. Results and discussion

The magnetoplastic effect in the samples under investigation was registered by the
changes of yield stress o, — one of the main microplastic characteristics of LiF. The

measurements of o were carried out in two runs of experiments differing by MF application at

different stages of experiment. In that way the defects of various types and states were affected
by the field.

In similar investigations carried out earlier, each curve of deformation was plotted for
separate sample showing its individual properties and inevitable spread in o, values. To

exclude such spread, all dependencies in each run of experiments were obtained on one sample
multiply loaded up to the yield stress. To prevent the deformation hardening accompanied by
formation of dislocation “forest”, the measurements were carried out at the beginning of the
easy glide stage in the narrow interval of deformations near the yield stress o, . At the

minimum three samples were tested in each run.

The dislocation pattern was revealed by chemical etching of the deformed samples
surface. It was registered that MPE was observed only in case when a pair of slip planes, in
which the dislocation lines L were perpendicular to the vector of magnetic induction B, was
active in the process of deformation; which is in full agreement with the conclusion of the
authors who discovered the magnetoplastic effect first [1] and the others [2, 3]. Note that in our
experiments, at fields less than 0.7 T and at the rate of deformation more than 3 - 10~ /s, MPE
was not replicated reliably.

In the first run of experiments, the sample was deformed until the initial stage of plastic
flow, the initial yield stress 0, =3.5 + 0.1 MPa was registered. Then the sample was placed in
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MF and anew the yield stress was measured. Further on, the field was removed and after some
intervals of time o, was measured repeatedly (Figure 1).

. initial value of & 5 ]
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Figure 1. o(¢) diagrams for LiF crystal: Curve 1 — the initial sample deformed without
magnetic field; Curve 2 — deformation of the same sample in magnetic field (0.7 T); Curves 3-5
— deformation of the sample in 0.5, 2 and 10 hours after MF removal, respectively.

The experiments showed that in the region of elastic deformation, MF does not lead to
the change of the o(¢) diagram slope, while the yield stress decreases more than twice. At

room temperature O, relaxes to the initial value. The process is a two stage one: the first is a
short phase (< 1h), when almost a full recovery of o, takes place, and the second is a slow

relaxation during 24 hours to the initial value of o, (Figure 2).
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Figure 2. Dependence of yield stress o, for LiF crystals on time passed after

tests in magnetic field (the lower point on the curve corresponds to MF test).
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These experiments were as well carried out under the conditions, when the necessary
orientation of magnetic induction vector B with respect to the dislocation line L is given and
retained in the process of deformation (2 — 3 %) with high reliability. The sample was deformed
by a pure shear in one system of slip planes (Figure 3) by the technique developed in-house [6].
The results fully confirmed the data obtained in the first run of experiments.

lP

Figure 3. a) Scheme of the device for deformation of LiF crystals by simple
shear in one slip system: 1 — sample, 2 — support, 3 — forcer, 4 — system of
active slip planes; b) Etching pattern of deformed sample (left side of sample).

In the second run, the initial sample (without preliminary deformation) was placed in
the magnetic field and its yield stress was registered. Then, the field was removed and, as in the
first case 0, was measured after some intervals of time. Unhardening of the sample in this run

of experiment is less (1.5 times), but the initial value of o, has been restored for the same

period of time, as in the first case. The much higher degree of unhardening in the first run of
experiments is probably caused by nonequilibrium formed by deformation prior to the
magnetic field application.
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Figure 4. Dependence of yield stress o, on the time of X-raying:
irradiation without MF (Curve 1) and in MF (Curve 2).
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After experiments having registered “dynamic” MPE in the initial crystals, the tests for
the second type MPE were performed. In this case potential stoppers were born and changed
both under X-raying only and under combined action of X-rays and magnetic field. The yield
stress was measured after irradiation (without MF application), results given in Figure 4.

At the irradiation time up to ¢ =15 min, the samples irradiated in MF show the lower
yield stress: the maximum difference in the yield stress makes about 25 % and with the increase
of a dose it vanishes. Thus, the effect of MF on the process of radiation hardening of the crystal
is observed only at small doses of X-ray irradiation. This result and the data of other authors [7]
give evidence that the new magneto-sensitive defects are already originated at the very first
stages of X-ray irradiation, and at the same stages MF affects the process of crystal radiation
hardening.

The fact, that at the early stages of irradiation process causing crystal unhardening
prevails, and then as radiation defects are accumulated, this effect decreases to zero, indicates
the existence of two types of potential stoppers for moving dislocations. The first type is
represented by intrinsic radiation defects whereas the second type stoppers are impurity
complexes, being in the crystal primordially and modified by magnetic field (in process of
irradiation); as it was noted in [7] the irradiation makes the impurity more magnetosensitive.
The latter can lead to lowering of local barriers for dislocation motion and consequently to yield
stress decrease. As dose rises concentration and hardening role of intrinsic radiation defects
increase too, whereas the role the impurity complexes is diminished. Competition of these two
processes eventually in time ~ 10% s reduces to zero total effect of MF upon radiation hardening
of LiF crystal.

In contrast to yield stress, MF combined with X-ray radiation (B =0.7 T) does not lead to
quantitative or qualitative changes in optical absorption electron spectra of samples. At small
doses used, only F-band was observed in spectra.

40
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Figure 5. Dependence of absorption coefficients for F-centers (250 nm) on the time of
crystals exposure in the X-ray field: irradiation without MF (Curve 1) and in MF (Curve 2).

Figure 5 shows the dependencies of absorption coefficients for F-centers (250 nm) on the
time of crystal exposure in the X-ray field in a free state (Curve 1) and in MF (Curve 2). Almost
a complete coincidence of these dependencies is seen in the whole interval of irradiation doses.
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4. Conclusions

e When deforming LiF crystal in magnetic field the yield stress o, decrease is observed;

after magnetic field removal the yield stress restores its former value in twenty-four hours.

e The X-raying of crystals in MF at the early stages of irradiation (~ 10%s) leads to
sample unhardening caused by modification of impurity complexes (stoppers) configuration.

e The effect of MF on the accumulation process of F-centers was not observed at the
given regime of combined action.
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35603bgbs 99 BHOM©IOMB, Jgbsdsdobo Ci @ Cy ($H9390Mdd0L 39839MdOm. MZoM

30bdnol  Hogomds C Gowos Cipp © Crp H9350M0900L  xo80bs.  Grymd3
93005099 obIMNZOL, 9953, 9.0. MMA306050w0  BEMWJEHIOOLIMZ0LSE  SMLYIMBL
35030l 49633900 0535DMb0o, HMIgEdoa gbo 96 500d30M9ds GEgdEMMbOL gowoEsbol

3Owebyco  dBErm3aol  yedm  ggdOOYwo.  ©sLLEZIR0  JLIIOOIWo  ©®bgdOL
2obUb35390Mmdol  45dm  3mbdMedo  9EgdBHOMEIOOL  FobEOMdEIS® @S IO ME
3m6dMol  dogbom  353-0L  LOAYGHOOMEMDS, OMYMOE gu  0Yym  GOHMYZMIOICNO
LEAHOYIGHOOLOMZOL,  sbErs IMPZJMo  0d69ds. gu  9xBgdBHO  FgodErgds  SobLbSL
3996dol s gargdBHmHmEgdol 9egddO™mdodown®o 3m@gb3aoswgdol 36909ddo. Jommwsg,
3069 BMIgdol dJmbg 3996dmEolm30lL BgOIoL 9BgMA0s ol Joaboom s JergdBHM™YdBY
39bLb3539005 S gI 0dEg3s Ao6Lb353905L Fom gEgdBHOI 3mE9bEosWwgdlL JmGOl
Al = fhgang — Hright = Histland — Hiert = eAV,, )
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o3 BBl BoaMO0I6 5, MHMIGBI3 Podmbobremos  MmMm30M50o  bEMWYJEHmOoL
9943035 96&m0 9696393030 bdgds (5) s Fgbodsdolo 353 (3). 4oblbgeggdol Jobgbo
0bss, O™ 39630 IMBEOL 25IBsFOGds EBsbOL0SMYOYE0s T MO Li1ang ~BOIZ0U,
OmIgog e/C -ob X905, bmem  F930mlgm3mwo  bodmdolbsmzol C  ©oOoo,
99Lodsdobo e/C  gsMEMmds  doewbg F3oMmgs s  goblbgeggds  §gMIoL  MbygdoL
9009056M)Md90L Mol 99mIRbg39w0s.

L AVge I
Er Er

I— —'F—— —

Ee‘fzc

3) o)

B30AYOS 5. mOHA306050w0 bMWY EHMOOL 993035 9bEGOO
9696393032900 bdgds (5) s Tglsdsdolo 350 ().

/

v

656mbofoers3gddo [mbolimmmdol sdystgdsl 8039435000 0dsd@y, MH™A 1Mol 9l
©Mbggd0, gOHMIBJMB  Modgbssg gu  Fglodergdgros  Sberml  503MAbYd06
3960900, FogMsd AV, -ob 3600369 mds 35063 29603391 ©O0s35DMbBIo 0dbgds:
AV, <el2C . gl @06gdmgds 0fj3g3l M6 33060508 MO0l  goblibgoggdsl, gogmbzol

309803096¢ 900l dobgz0m, s LEHIGHMOMOL 358-0l SBOTYEHMOIEMDL.

9gdHO™bolb  969MpgH03NWo  ©mbYgdol  OL3OYGWds  3bdYdo
296306HMmdg0os 0dom, M®3 dobo FMbGOL 3o gds Jgodwgds FbmEmE 9emo
999dGH®Mbol IMbEHOL X IMO 39Ol Jogdom b 453930m. 53 OLIOYEWIMdOL
doxos €2/2C . 0K $9d396s@9tedy gangd@®mbmmo damdstgmdgdo ggmdols @mbol
J390m®  80sbs  J93bgdMos. SBoFGHMmd MBgds AV, ULbgsmds 03 ©mbgms dmEoU,

O0Ioligobsg bgds  gugdBHdmbols 0bs9dg0s ©s GMIgwoi 86 Mbs  ©s03ogMmb
3mbdmedo  (Mobwmgbo ©@mbg).  gomo  gwgdBHembol  dmlbgerom  Loli@gdol
9994 GHOMLGHOGH03MM0 96905 90330 gds LOWOO:

AEzg((E+AV0j —AVOZJ. (10)
2(lc

3963y Fom3bgbs  99dBHH™M©OEb Fobeo  ggdBHO™mbo, 3MEsMOBYdOL
99do60bdom  0bE0MIdL  Totxggbs  gwgdBH®m©do  IMbEL  Loowom eC, /C .

d9L50530b0  3mEYBE0SWOL  YoILOIWHHOZIO S JMEMEMMO BEMISEOL  ILOIY35©
L530MMS IMEYOMEO 0Ymb o9y 5035 LoOOM
vs_S (imvo . (11)
C 2C

right

LHmO9go b go63mgds 39bs30MMBYOL 358-0U S0TYEHMOLIEMBIL (Foyes 59).
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5. g0gmgdG®Hmbosbo GMsbBbolidm®mol 3xdomdols 3Gobodo

900909dBHOMbosbo  GH®MBBoLEGHMOOL  dMdomdol  3GobEodo  39MPs  0blbgds
M6306050355300L  LEHOJEGHIOMOL TsRsWoNDY. JONIIJBHOMb0sbo EHEMBBOLEGHMEOO _
9BsS LOAYHIMBIZ0sB0 by lisfym, Loog Jugd@OMbId0 BoPOMIMP YOIWISPAOL YO0
390009606  Bsdgbolinggh, 8smo  dsdYmao 336G MO0 FIOGH0WOL  o3w0m,
Omdgwdog  33906@¢MO0  9OGHowol  gargdBHOemo  damdsMgmdgdo  Bs939GH0m

99dGHOMLGHOG03NNM90  3MBGHOMEEYds.  Sbgmo  GHMBBoLEGHM™MOL  LEGHMMIGHIOOL
RMOI0MGo0L  3OHMEgLo,  9J3035w9gbGHMo  Lggds s  TgLsdsdolo 350 IME9IME0s

530M5BY 6.
\/
v “a | |
o @@ o Lo B B S
pg00sdasbgms _ ‘k

B ) o]
B3OS 6. JOMYgdBHOMB0560 BHMIBBOLEHMMOL BEGHMMIEGHIOS (5),
9930350 96@1M0 Bggds (0) s Tgbodsdobo 350 ().

9600909dAHOMb0s60 GHMBBOLEHMMOL 3/Tomds Fg0dEgds Bommo 5©0fgmml, 0wy

dol LAHOYIEHMOST0 296033990 Hobom 5dM3YMBD MO JOMYGJBHOMB0D MY OIU.
960 Fomob0 935380609005 25dMIIDM6, Igmeg 30 — F59EIBM6. 353 FooWgds ol
OMymOG 99dGHOMboL mME300500560 Fo3eolsl, OMEs Vi, =0 (30ancs 6, 3OM©O o).

053008 O3S Vi =€/2C ,,, 35806 37mbn®o dewm3s@s dmoblbgds ©s wgbo ofiygdl
DF9300°@ ©@0bdL (BogMo 63, IO B).

[

f

; ; 5 I..I'ﬁ 8 20, | 20, 2120, 5120, vﬁd
b &
10O 7. 90099 GO™bosbo GHOIBEBoLEHMOOL
39903 0MO (5) O PoMPHT35¢0 358-900 (0).

900909dAHOMb0sb0 BHMIBBOLEGHMMOL Bsd39E¢ by dsd30L (33e0gdolsl dvsergdo
0-s6 e/2C .. -009 3Mmbmmo dWM3ZOEs sMLYdMBIL s 53 300MdIdT0 gEgdBHOMbo,

gate
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MHMI90E 39090L 25dmIIbosb 3356@MO (9O BHowdo, 39096 goool Bsdwgbdo.
5939409 €/2C . -0b X9O50 dod30L MEgdOLLL 3MMmbMMo derm3ss Imoblbgds,
29000 0b-PRsdgbol  gbo bgds Loowoom  dgbsdRbgzo, bmm  BmOIom o
LoggbmE@olgdMo. 58356 MW GH-5339Mv JobslosmgdIl 3MmbmGmo 3009 9Him®gds
(80RO 75). 580 AbgoglvE ©s0dBoMIds BsIEIBOL ©IboL MUE30SE05 yrmin gae(Vgate)

©58m30090gdsBY, OMES 0(33wgds Bs3gGHDY dmEdwo dsdgs ne/Cy,,—e/2C,, (N
30090 Ho3b305), M3 39dMLIbME0S BoyMGMsDY 70.
960099dGHOMB0s60 FHOBDOLEHMOOL LEOWWOo Lobg IME)FME0s GodEsby 8.

gate

303MMs 8. 9099 GHOMB056 BbM@H®EDoLGHMMOL LOHo Loby.

96099dGHOMb0sb  GH®MBEDoLEGHMMTo  259mBgbo-bBsdIbol  ©gbol (I yyrcedrain )

2390mm3s  dqledrgdgeos 3356@M6O F9OGowdo gargdBHOmbol 23065000 d9dmbgerols
LoRdo®ols s JoLYD AoLZOL 5EBICIMOOL LOWOYJOOL godmygbgdoo.

900909 HOMb0s6  BHEBEDoLEGHM®To 336G (aOGH0ws© Auss-ob woysbmemo
X9F30L  99mygbgds 39OGS LGS0 obs3zools s 3H9a39MsGIMmsdo dmygdols
35byHBOOBOm. 58 JoBbom 30609 MomIbMdOL MIOML 5GHMId0 0xsMYGOdS 8969060030,
9.9, 0BMm@omgdmwo wosbol ~0.7nm Lobdol sMbom. 230650553wWs bJds MG
09HMdg — w0ysbEMM 5 LEHBOWOHBOMGOME 5MHJJOL FMOOL, Go OMLIL gu AsOLO
33963050 %x9d0MHoL HMEAL SMMEYdL. 9Ju3gMH0dgbEHTs 583965, M gwgdGHG™bol
L3S X9FFMNO  @oobdo  LmWOoEGH™MboOl  IMdMomdol  Aus3LO  BMM309YdS.
2399mm3gdol Jobg30m, 58 OHML bsfomszms MOMoghmEgzo™ds 10 — 18 F-0s, beagrm
350 9mE0oL [fobommds — 100 mQ.

B3obo  0b6GHIM3MgBHE00m,  9hHMgEgd@BOmbosbo  FHMIBBoLEGHMMOL  dmdomdols
36063030 8godegds  s0blbsll  30Mog3wo3MMmo  dmEawol  Loxgdzgwbgs, M™IgEos
9m 39905 B0YIM3DY 9. 3™ 39MPI© 9393930 MB3960b, 5649 498MBEYb0ES6
9906905 13900900, MMAgdoa h590b670056 Fyarol s3%Tdo. 5306 3o hs339E0LS s
Lo6d3900l dmddggool d99gao© Fywol (3900900 bMEME LSMOMIMO 25906Jd0H

OMOL 256033970 F95egE00m. 58  FMorgEol  LOEOEY  SIMIOWIOVICNOS
2993 960U, B5339G0L s LEMII3geOL 3561539EMYODY.
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£
fd

R0Ms 9. 969 9dEHOMb0560 BHMIBEBOLEHMMOL F1dsmdOl ,30M3W03MG0”
9mywo: g — 359mdgbo (m63560); B3 — 93930 @ LMD s 35380Mgd 0
b — Bo®d39o0; B — Bs39bo; 3§ — 3396@0 FgdEGowo (530 fiywols sdwgbodg fzgmom).

96099dGOMb0sbo  GHMBEBOLEHMOOL M30MHEJuMdsS ob, MM T 5g3L doewosh
930Mg (59096039 5BHMT0Logsb Tgagbowo LolEgdol ®ogol) DBmIgdo @s sdsLmsb
©5353006090M)m0 0O  0b@gMoE0s,  9pMgmzg  doewdg  d3o6g  LOAIH3MOL
3mmbM3b0gds @O BoMMM 7Mbd30MmboeMo Jgladegdemdgdo. Jopa®ed bg39wMdsdo
mbs d0300mm dobo MoGymazomo FbsmnqdoE. gb M30MH39WgL Ymzeobs godmobs@gds
09dgado: 1)  9Mm9wgd@®mbosbo  BH®MbBoLBHMOOL  FMdsmdol  TgbodergdMmdS
399m0x8MAwgds IBMEME 350 Ggd3gMo@IMHgdom. Mmmobol 3Hgd3geodwesby dsmo
3995000LSM30L LoFoMMs, O™ 3356FM0 HoMGH0W Ol Bmdgdo 10 nm-bg dg3Mow bs3egdo
oyml;  2) 90609 gdBHO™mbosd  GHOmBbBoLEHMMGOL, 430050 2oEILZWOL OO
§0b5500930mB30l 350, BMIgEog 8936 50985&9ds /e ~25.8 kQ-U, 59300 3sd8mlsgswols
©0O 0339056L0; 3) gOHMgdEHO™bosbo GHOBBOLEHMMOLIMZ0L 25dmBgbo-Bs8g6bY
0modwo dsd3s  Bsd39BH0 ds030L 330G bogwrgdo Mbs oyml — gl LoFoMHms
090LsmM30L, MM 25sdOM39gw bgbsfymgddo, 3356¢Eo FadEGHowolb 3mEgboswol
3900m03©9b0—-h53g6Dg IM©YdMEo dsd3000 SEZ0¢OE  FIMMZ00  JOHMYgJBHOMbosbo
AOBBOLEHMOO  A5TMYgbgde 0dbsl GmameE Bs93930; ©o 4) 3MbINMb  sbermls
5M53mbBHOME0Mgds©  MbEHOL  goBgbslimsb 539300690 Mos 9By gdGHM™bosbo
bgbofymlb  Foboliosmgdergdols osygbols s Fomo  obIgmEsmdol  LoMmwEgqdo.
Sbgmo FMbEHol sELsdzMEs© 15385M0L0S 3996l oMmgdmIE39w ©O0JgdEHH03do
90656930 603000909008 MBI 9O 5GMTOL sOBYOMDdS. Jobsdgzol dxmbEo 0f393L
3996390l 300Dl s 5dom 330L 39 MbYOO derm ool 30MHMIGIL.

39653690 bobl 053mbools 6sbmgwgd@®mmbozol 39b@® Tsukuba-8o msbsdgd™gg
Bsbm@Hgdbmemmyool a59mygbgdom  Boomgl mmsbol  (Hgd3geeB OBy  8mddsgy
9600909 GHOMb0sb0 BobMEH®BDOLEGHMM0, 3356GHMMm0 FgOGowob 5699 3796dmwols Bmdoom
2 nm. 59 656mEHMBBOLEHMOOL d5BsbY 30 F9JabgL P SOMEOSEHMMOMEO JOMIOHOLEI0sbO
BobmbobGgds (chip), O™AgErog godmbobryenos gogmsbyg 10.
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33039965 10. 960 360LE0560 b5bMLOLEJTs: 1 — go653Jdbgero; 2 — Mm3EH03w9M0
ImEY@WSGMO0; 3 — O IJHO0INWo Bgbsd; 4 — 3030 ©IHIIO™O0;

5 - 9639 9dEHO™b0sb0 256sdJIbger0; 6 — 3033¢9896@E s m0o b (Fg@owo—
©09w9JGHM030-H5H9356M59(356M0) FMgmdomds; 7 — 450593900 IMEYIEO;

8 — bsbmggd@BHOmbmero 9egdgbo; 9 — bygbo s 10 — Lowrogowdol Bwdqgdmy.

oMM Hargddo BobmgargdBH®mbozsdo 9330935690l Mol o 0bEgMgll 0f)3g3L
39@SM 8990bs539690L ImEOU, goblibgs39dwwo ogegdEHMozmwo 3wdogslt (&) ddmby
MM ©0ggd@®0o3ol gsdmyqbads [11]. ogargd@®mozol Loldol 89d3oMmgdoLsL, Grmymes
3bMd0w0s, 0BMEIOS 299Mmb3zol ©gboll Loog s sdoGHmA dol  Fgbsd30MHYOES©
9995960 & -ob IJmbg d; Loldob ogwgd@mozl 9x0bgds Jswso &,-0l ddmbg dgmeg
d, Lobgob ogegd@®m03MEo ggbs. 58 MM, 09 gdEHM030L 9539JGIMo Lolidg 0d69ds

d,, =d, +2d,. (12)

&

Sbg  BoOIWOMO, YY) SMIOME0s TGO IO0  O0YIYIBHM03Mwo  F9TozsL  dJmby
SiO2-0b ( & = 3.9) ®ybs Lobjoo d;= 05nm s LBy 9gxobgds &, = 30-0b GHmeo
©o9JB®03mwwo dvdogzsl djmbg d, =5 nm Lolgolb ogwgd®®ozo, 35806 gx39J@MOo
Loldg 0g69ds dy =0.65 nm. ool MYME9Aol MsbsbTo®, 0L gdEHMO 3oL Ggbgdl ImGols

bgomds  ©09w9dGHH03Mo 399dogzmdsl dobgogom 03936 3mbgblsGHM®do 39w0l
3M5Mb0IO  35bogdsl. oo  OgwgdBHMozmeo  dmdogels dJmby
©099dBHM03Me 19bsdo 39wo MG dzocMg 0d69ds. sdo@EHmd Foldo ogmbgzol gbos
33069 046905, M3 259Mb30L gbL derm3oMmgdsls 60TbL3L.

w396536ge  bobl, SiO2  @ogargdBHMozol  bsazws  0ygbgdgb  Lowrogowmdol
mdbobo@dMol (Si0:Ny) ogwgdE©Holzmwo 83035000 7. 3oLo M30MSGJLMdS 0Ly, HMJ
090 LoEPOE0MIMNIB MBOM LEOWWYMTBO odyma LEHL3sML Jabol, oMY SiO2 ., JoM.
53oby, bobosmMEYds OYgdBHMo3do 30Mg SIO0MO FMHBEOL SOLYIMOOM. ToMOWO

©099dGHM03Mwo 39dogsl IJmby ogegdBHMo390s® 3odmygds Tax0s, HfO2, ZrO2 o
5.0, OmIgdobomzobss  ©09wgdB®olzwo  3m©dogzsl  8603369wmdgdo  b3wgd0sb
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©0535bmbdo  25-30 s GMmImgdos  GH9d39MeGHMHol  Bgdmddggdom b MM
39685303590 15396 LEMWYJEHMOL 56 033 0b.

B56m@H9dbmemyool 996300560900l ™MsbsdgMmazg HH9gddgdo s dom(ig3zgdo ol
359my9b9gd580 0dng35 0doL otsbEHosls, ®ma wmsbermal Imdog5¢do GqlodergdgEro AobYds
07790 b5bMbgebsfgmgdols s bsbmlioliEgdgdol LgMomeo Homdmgdol sfygds.
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PEIIIETOYHASA TEIIJIOEMKOCTD TBEP/IBIX TEJI BHE ®OHOHHOWM KOHIIEIIIIVU
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chkharti2003@yahoo.com,
davidbuachidze@gmail.com

ITpunsara 3 mas 2011 roga

1. Beepenue

B pamkax CcTaHZAQpTHOH TeOpHUU peIIEeTeYHOIH TEeIUIOEMKOCTH TBEpABIX Tenx (CM.,
Hampumep, [1]) cTpyKTypa, mOCTpoeHHAas U3 KOJIEGIIOUUX aTOMOB, IIPeCTaBIIIeTCS CBOOOJHBIM
razoM OO30HHBIX KBasu4acTul, — (GOHOHOB. IloZOOHBIN NOAXOZ IIO3BOJILET HAWUTU JIUIIb
Hamboslee obuiee OOBACHEHUE 3aBHCHMOCTH TEIJIOEMKOCTH TBEPJOTO BelleCcTBa HAa aTOM C OT
TeMIepatypst I, HO He B COCTOSHMM O0eCIIeYHTh KOJIHMYeCTBEHHOE COTJIACHe C MMEIONIVMUCS
9KCIepPUMEHTAIbHBIMU JaHHBIMHU.

Taxk nHanmpumep, mnpu nonbiTKe omnucaHusg c(I) 3aBUCUMOCTH, H3MepeHHOH mJid
B-pomGoazpuueckoro 6Gopa, Ha ocHoBe Momenu J[le6Gas, OCHOBHAs KOHCTAHTa MOJENIH —
temneparypa lleb6as 7, , ompezenseMas IIpelelbHOM 4YacTOTOM (OHOHHBIX KoyeGaHUII B
Marepuase, Ha Jiejle OKa3bIBaeTCA O4YeHb CHMJIBHO 3aBUCAIMEN OT TemIeparypsl. JloctaTouHo
CKa3aTsb, 4To 3HayeHUe 7, meHsAerca oT 880 mo 1810 K, mpoiinsa yepe3 mBa XOpOIIO BEIPAXKEHHBIX
MaKCHMyMa U OJUH IIOJIOTHiIl MUHUMYM [2].

Wcxoms w3 renepanpHOM uzeu [3,4] o6 ompegensmoueil poan B (HOPMUPOBaHUHU
TEIUIOBBIX CBOMCTB TBEPABIX TeJI 3JIEKTPOHHBIX KOH(UIypauuil COCTAaBIAIOIIUX BeleCTBO
aTOMOB U IIPUPOZBI XUMUYECKUX CBA3€H MEXy HUMU, B HACTOALIEH paboTe IpezjIoskeHa HOBas
TEOpUs TEIUIOEMKOCTH, B KOTOPOIl IOTJIOIeHMe TeIl/la aTOMHOM pelIeTKOMH CBA3BIBAeTCS He C
BO30yXZeHreM (OHOHHBIX BOJNH, a C BO30OyXZeHHeM KojeGaHUI HaXOAAWIMXCI B
IIOTEHI[MAJbHBIX IMaX KOHEYHOM ITyOMHBI pPeaJbHbIX aTOMOB, SHEPTUH KOTOPHIX HEIPEPHIBHO
MEHSIOTCA BHYTPU IIOJIOC KOHEYHOM NIMPUHBL. TakuMm crmocoboM OBLIO TOXydYeHO obuiee
BBIpOKEHUe TeMIIepaTypHOH 3aBUCMOCTH TEILIOEMKOCTH TBEPABIX TeJL.
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2. OCHOBHBIE COOTHOIIEHUSA

ITycts Makpockommdeckuii oOpasel] TBEPAOIO BeLIeCTBAa COAEPXKUT N, aTOMOB i -THIIA,
i=123,...,1. Torga ux cymma
i=1
N= N, (1)
i=1
IaeT IOJTHOe YUCI0 aToMOB N B ¢u3smueckoit cucreme. 3mech [ 0003HAYaeT KOJIHUIECTBO
Pa3JIMYHBIX TUNOB aToMOB. [ogyepkHeM, uTO MBI OyZeM pa3IWdYaTh APYT OT APyra He TOJBKO
XMMHUYECKHEe DJIEMEHTHI, HO M M30TOIBI OJHOI'O M TOTO K€ djIeMEHTa M JaXKe aTOMbI OJHOTO U
TOTO >Ke M30TOIIa, eCIU Te 3aHUMAIOT CPYKTYPHO-HedKBHBaJeHTHbIEe aTOMHBIe y3ibl. [Ipu aTom
OyZeM CYMTaTh, YTO BCe OCOOEHHOCTU JAHHOTO THIIA aTOMOB OTPAXXEHBHI B IIPOCTPAaHCTBEHHOM
pacmpezieneHUH ITOTeHIIUAJIbHON SHEPrUuy aTOMOB B CAMOCOTJIaCOBAaHHOM CTAIlMOHAPHOM IIOJIE,
KOTOPOTO CO3JAI0T BCE JPYTHe aTOMBI CUCTEMBI. Te ke 0COOeHHOCTH JO/DKHBI OBITh OTPa’KEHHI B

SHEPreTUYEeCKOM CIIeKTPe aToMa JAaHHOIO THUIIA B COOTBETCTBYIOIIEM CaMOCOTIACOBAHHOM IIOJIe.
Hanee, bopMaabHO OyieM CYUTATh, YTO CIIMH S, aTOMA JII0OOTO TUIIA PaBeH HYJIIO,

S, =0 (2)
U, CJIefloBaTeJIbHO, OTCYTCTByeT CIIMHOBOe BHIPOXJeHUe YypOBHe#l sHepruili E, aTOMOB -
COOTBECTBYIOIIMIT PaKTOp BEIpOXKAeHUS 7], = 25, +1 mjis aToMa i1060T0 THUIIA paBeH eIUHUIE:

n=1, 3)

a 3alloTHeHHe DHepPreTUYeCKHMX yPOBHEH C POCTOM TeMIIepaTyphl OCYLIEeCTBIAETCA COTJIACHO
bynkuuu pacupegenenus boze-DitnmTeiina f, ,(E;) ¢ HyJeBbIM XUMHYECKUM IIOTEHIIMAJIOM:

1
fB—E (Ez) _T (4)

ex L1-1
Plar

(k — mocrosuHas Bonpivana). Pazymeercs, 4To Ipu TakuX [ONYIIEHHUIX BCe CIHMHOBBIE U

MarHUTHbIEe 5(QeKThl CYUTAIOTCA BKIIOYEHHBIMM B TO CaMOCOTJIACOBAaHHOE IIOJIe, KOTOpOe
IEeHCTBYeT Ha aTOM JAHHOTO TUIIA, & TAK)XKe — B SHEPTreTHYeCKUI CIIEKTP aToMa B 3TOM IIOJIe.

W makoHel, BOCIIOIB3yeMCS TeM OOCTOATENIBCTBOM, 4TO KojebaTenbHble (1 TeM Ooiree,
IIOCTyTIaTeNbHbIEe) [BIDKEHMsS aTrOMOB B TBEpPABIX TelaX B XOpOLIeM IIPUOIMKeHUU
KBa3sMKJIACCUYHBl M IPUXOJAIyI0 HAa aroOM OHEPruio0 & TBEPJOrO BelecTBA BBIPA3UM
B3BEUIEHHON CyMMOM HHTerpajoB II0 (a30BBIM IIPOCTPAHCTBAaM OT IIPOM3BENEHWUH SHeprui
aTOMOB Pa3JINYHOTO THUIIAa HA COOTBETCBYIONVEe GYHKIMH pacIpeeeHus 110 SHEPIUH:

= dr.d p, E.
e=>yv, J' j ’ p; ’ 5)
i 5, 27h) L,
(17,pi) exp| —- -1
kT
(7 —nocrosuuas Ilnanka). 3mecs V, — OTHOCUTENIbHbIE KOHIIEHTPAI[UK aTOMOB i ~THIIA,
N,
v, =—-. 6
=N (6)

W3 coornomenwuii (1) u (6) ciemyer, YTO OHHM HOPMHUPOBAHBI HAa €JUHUILY:

liv,. =1. (7)
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HePeMeHHBIe HMHTEIrpupOBaHUA 171. u ﬁi ABJIAIOTCA, COOTBETCTBEHHO, pPdAHMyCOM-

BEeKTOPOM U MMITYJIBCOM aToMa i-Tuma. VIHTerpupoBaHMe BezeTca IO TeM OOJIacTAM (a3oBBIX
IIPOCTPAHCTB (7, p,) , KOTOpBIE pa3pelleHsl 00IaCTAMHU JOIYCTUMBIX 3HaUYeHNH dHepruil E,.

Ecnu Beipakenue (5) osHeprum pelmeTrku Ha aToM InpoguddepeHIpoBaTh IIo
TeMIIepaType, TO Hal/leM pellleTOYHYIO TEeIUIOEMKOCTh Ha aTOM:
i=1 = - 2
de k 1 dr.dp,E;

=5 - 5 8
dT ~ 271 (kTS ®)

(7:.Pi) Sinhz Ei
2kT

3. O6muii BuZ, TeMIepaTypHO# 3aBUCIMOCTH

OHeprusa aroMa [ -THIA, HAXOZAAIMIETOCA B CAMOCOIJIACOBAHHOM IIOJie, KOTOpoe
CTAI[MOHAPHO, IIPUHUMAeT OIlpe/ileJIeHHOe 3HaueHHe E, u3 061acTH JOIYCTUMBIX 3HAa4eHUi. B

KBa3UKJIACCUYECKOM TPUOIIDKEHUN ee MOXHO IIPeJCTaBUTh CYMMOM ITOTEHIMAIbHOH P u
KMHeTU4YecKo# K, sHepruii, KOTOpble 3aBUCAT COOTBETCTBEHHO TOJIBKO OT Pafilyca-BeKTopa 7,
¥ TOJIPKO OT UMITyJIbCA D, aTOMa:
Ei(?i’ﬁ[):Pi(;';)-i_Ki(ﬁi)' 9)
B 06I.LLeM Cﬂyqae IIOTEHIIMAJIbHbBIE @yHKHI/II‘/_’I PI(FI) HEN3BECTHBHI. ,ZI;JIH X HAXOXIOEHUWA

oTpebyeTcs, BO-IIEPBhIX, KOHKPETHU3AIUA CTPYKTYPhI ¥ XUMHUYECKOTO COCTaBa TBEPJOTO Teja U,
BO-BTOPBIX, IIpOBeJleHVMEe BBIYUCIEHUN C YyYeTOM OCOOEHHOCTeH XMMWYeCKHX CBsA3el,
peanusyomuxcs B JAaHHOM BellleCcTBe. PemreHre mOJOOHBIX 33aY BBIXOZUT JATIEKO 32 PaMKH
paccMaTpuBaeMoOi X OHO He MeHee, eCJIM He Oojiee CJIIOXXHO, YeM HaXOXJeHue oluieil Gopmbl
TEMIIEPAaTyPHOM 3aBUCUMOCTH TEIIJIOEMKOCTH TBEPABIX Tel. 1o 3Toit mpuynHe AJid MONTydeHus
BO3MOXXHOCTH  TIPOJBVDKEHHUs  BIEpeJ HaM INPUJETCI OTPAaHUYUTHCI  MOJETbHBIMU
IIOTeHIIaJIaMHi, KOTOpble OJHAKO OyZyT o06iafaTh IJIaBHBIMH OCOOEHHOCTSIMH PpeaTbHBIX
IIOTEHIIAJIOB: BO-TIEPBBIX, IIOTEHIVAJ, AEHCTBYIOIWA HA aTOM TBEPAOIrO Teja SBILETCS
COBOKYITHOCTBIO UepeIyIOUIUXCA B IIPOCTPAHCTBE IIOTEHIUAJIBHBIX AM (M IOTEHIMAIBHBIX
6aprepoB) U, BO-BTOPHIX, TTYOUHEI OTUX AM (M BBICOTHI 3TUX 0aphepOB) KOHEYHHL.

Hawub6osnee mpocras moreHnuanseas QyHKUINSI, YAOBIETBOPAIOLWIAs STUM TPeOOBaHUAM,
3TO — dYepeJoOBaHHE IEHTPAIbHO-CUMMETPUYHBIX OTHOCHUTEJBHO AaTOMHBIX  Y3JIOB
ITOTEHIIMAIBHBIX M C PaAHaJbHOMN CTeIIeHHOM 3aBHCHMOCTHIO BHYTPH COOTBETCTBYIOUIUX cdep
Burnepa—3eiiTma:

m,

P.(r) = By :_l 0<7<r,. (10)
0i

3meck m; >0 — nokasaTeb CTeIIeHH pafiiaJbHOM 3aBUCUMOCTHU ITOTEHIMaJIbHON SHePIUH aToMa
B JAHHOH AMe, F,, — IIyOWHA MOTeHIIUATBHOM AMEL, 7,, — paguyc chepsl Burnepa—3eiiria. Kax
cJIleZyeT U3 oIpeieIeHH 3ToH cdepsl, oOpaTHaAsA BeTHMYMHA ee 00beMa paBHA KOHIIEHTPAIIUU 71,

aTOMOB [ -THIIA:

3

n,=——.
A4rr,

(11)

i
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Taxoii BEIOOp ITOTeHIINAIA II03BOJILET UHTETPaJl, B3ATHII II0 BCeMy 00BeMy TBEpPAOIO Tea,
3aMeHUTh CYMMOM OO'beMHBIX MHTETPAJIOB, B3ATHIX 110 chepam Buraepa—3eiitia oT meHTpaIbHO-
CUMMeTpUYHBIX (yHKIuH. VHTerpmpoBaHve ©IO0 HampaBIeHUAM B KOHQPUIYPALIOHHOM
IIPOCTPaHCTBE JACT MHOXUTeNb 47 . Tak 4YTO, B INOZUHTETPaJIbHOM BBIPDLKEHHHU CJefyeT
npoussectn  3amensl d 7 — 47 Ngr’dr, . Cremyer TOAYEpKHYTh, dUTO JajbHellmee
MHTETPUpPOBaHMe He BefleTcsa IO Bceil cdepe Burnmepa—3eiitma (T.e. IO BCceMy WHTEpBaIy
0<r <r,), a UL IIO TOHA ee YaCTH, TJe IOTHAST MEeXaHNYeCKas DHepPTUsd aToMa MOXKET UMeTh

OIIpeseIEHHOE 3HaYeHue Ei .

Yro xe kacaeTcsa 3aBUCMMOCTU KHMHETHYECKOH SHepPruM aToMa OT ero MMITYJIbCa, TO ee
SIBHBIU BUJT U3BECTEH:

Ki(ﬁi): D ) (12)

rme Mi — Macca aTroma i -Tuma. JIMIIHEBIH pa3 IIOAYEPKHEM, UTO IIOCKOJIBKY B HMCIIOJIb3y€MOM

IIO/IXOJle PACCMAaTPHUBAETCS ABIDKEHNE pPeaJbHBIX YaCTHIL — aTOMOB, 3aKOH guctepcuu (12) troues,
yKa3aHHble IIapaMeTphl eCTh peajbHble MAacChl, a He T.H. d(pQeKTUBHbIe MAacChl KBa3HYaCTHUII.
[anee, MOCKOJBKY KHWHeTHYecKas OHepPrus He 3aBHUCUT OT HaIIpaBIeHUSA MMITYJIbCa,
WHTeIPUPOBaHUeE 110 HAIIpaBJIEHHUAM B MMITyJIbCHOM IIPOCTPAHCTBE JACT ellle OJWH MHOXHUTEeJb
4z . N TakuM 00pa3oM B IIOJUHTETPAJbHOM BBIPRXEHUM MBI [JOJDKHBI IIPOU3BECTH 3aMEHBI

- 2
d p, = 47 p;dp, . B mpuHIunie BeIUYNHA UMITyIbCa aTOMa JIOOOTO BHUAa MOXET IPUHATH JII000e

3HaYeHMe OT HyJI1 A0 6eckoHeyHOCTH. OZHAKO U B 3TOM CJIy4ae MHTEIPUPOBAaHUE He BeJeTCs 110
BceMy uHTepBany 0 < p. <co, a JulIb IO TOH ero 4acTH, B KOTOPOH IIOJHAA MeXaHUW4YecKasd

SHEPIUs aTOMa MOXKET UMETh OIlpeZieJieHHOe 3HaueHue E,.
C y4eToM CAeJIaHHBIX 3aMedyaHui 06H];ee BbIpa’K€HHE€ TEIIJIOEMKOCTH TBEPAOI'0 Teja Ha
atoM (8) MOXKHO TIepenucarh B CIeyoueil mpubImKeHHOI Gopme:
i=1 2 250
k 1 Z dr.dp,; 1 p E,
i Vi .

cr— 13
2xh’ (kT) < (13)

. E,
(i-p) sinh?| L
2k

BBuy B3aMMOOZHO3HAYHOIO COOTBETCTBUA MeXIy IIapoii lepeMeHHbIX NUHTeTpUPOBaHMA
(r.,,p;) m (P,K,) BO3MOXeH NpAMOH Iepexof, OT HMHTEIPHUPOBAHMA IO JJIMHAM PpajHyca-
BeKTOpPa M BeKTOpa MMITyJIbCa K HHTETPUPOBAHMUIO II0 IIOTEHIIMAJIBbHON M KHWHETHYeCKOH
SHepruiaM:
3,01

3k 1 L ovM dP.dK, P" K?E’
2 J

Cc = i
4\/§ﬂ'2h3 (kT)* S Pl (P.K)) sinh> i
it Lo 2kT

1 1
Y1o6HO elne pa3 MpOU3BECTH 3aMeHY IlepeMeHHBIX WHTeTPUPOBAHUA: APy ITepeMeHHbIX
(P,K,) samenurs mapoii (E,,P,). /le1o B TOM, 4TO IOCKOJIBKY MHTerpHpOBaHMe BeAeTCs IIO

N w

(14)

COCTOSIHUAM C OIIpeZieJIeHHOHM SHepruei, ToO IpU IOZOOHOM BBIOOpE IIepEeMEHHBIX TI'PAaHUIIBI
MHTeTPUPOBAaHMA BO3MOKHO 3aIlHCaTh B ABHOU dopme.

[na Hameit Mozenu IOTeHIIMANbHAasg 3HEPrUsA aroMa [ -THUIA MOXeT IIPUHKUMATh
3HaveHus u3 nHTepBana 0 < P < P),. C gpyroil CTOpOHSI, TOCKOJIBKY IIOJTHAA dHeprus aroma E,

CKJIaZBIBAETCA U3 IOTEHIIMAIbHOM M KMHETUYeCKON DHepPrui, a KUHeTU4YeCKasd dHepPrusa MOXKeT
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IPUHUMATh 3HAYEeHWSI OT HyJII A0 OeCKOHEeYHOCTH, OTCIofja CjlefyeT, YTO WHTepBall
WHTETPUPOBAaHUA II0 IOTeHHuanbHON oHepruum TakoB: O0< P <min(F,,E,) . C mensio

YTOYHEHHUA TpPaHWI] HHTETPUPOBAHUA 3aMETHUM, 4YTO JBW)KEHMA OTZEJIBHBIX aTOMOB,
BO30YX/I€HHBIX B COCTOSHUAX C dHeprueil E, = P, 6yAyT M"HOUHUTHBIMU — COOTBETCTBOBATh MX

MUTpalluyu IO Bcei pemerke. Korza ke moad TakuX BBICOKODHEPTeTUYHBIX AaTOMOB CHJIBHO
BO3PAcCTeT, TBepAoe TeJI0 HayHeT CHadaja IJIaBUThECH, a IOTOM — UCHapAThed. [Io aTo mpudune
IpU M3yYeHUM TEIUIOBBIX CBOMCTB TBEPAOTO Teja, BO3OYXXAEHUA aTOMOB B COCTOSHHAX C
sHepruamMu E, > P, clefyeT WCKJIIOYUTh U3 PacCMOTpPeHHMA. TakuM o0OpasoM MHTEpBa

MHTeTPUPOBAaHUA II0 TOTeHIIUAIbHO sHepruu ectb 0 < P, < E,.
ATOM i -THIIa MOXET HaXOAWUTHCHA B JIO00H u3 N, S5KBUBAJEHTHBIX ITOTEHIIMAIBHBIX AM

KoHeuyHO# rimybunsl. Ilo 3Toi mpuyYnHe ero dHepreTUYeCKUil CIEKTP OyZeT COCTOATh He U3
ITUCKPETHBIX YPOBHEMH, KaK 3TO UMeJIO OBl MeCTO I aTOMa B yeAMHEHHOMN ITOTeHIINAJIBHON IMe
OeCKOHeYHOH TJIyOMHBI (HAampuMep, AJIS HE3aBUCHMOTO aTOMHOTO OCIWIIATOpPa B MOJENIU
OHHINTelHA), @ U3 IIOJIOC C HEIIPEpPUBHBIM B IIpefienie N, — oo pacIlipefieleHHUeM JOITyCTHMBIX

3HAYeHW dHepruu. BoBce HeOOBA3aTeIBHO YTOOBI UMCJIO HMOJOOHBIX dHEPreTUYECKUX IIOJIOC
ObLI0 OeCKOHEYHBIM, KaK O5TO WMeeT MeCTO [JIf JANCKPETHBIX YpOBHEH YaCTHIBI B
IIOTeHIIMAJIBHON sAMe OeCKOHewHOH TayOmHbl. Jlake ©IpM KBaZpaTUYHOH PpaguasbHOM
3aBUCHUMOCTY IOT€HIMAIBHON S9HEPIrUY BHYTPU NMTOTEHIIUAIBHBIX AM (71, = 2) COOTBETCTBYIOIIHE

Kpas DHEPreTUYeCKHUX II0JI0C He OyZAyT OSKBUAUCTAHTHBIMH, KaK DTO HMeeT MeCTO [
IOUCKPETHBIX DHEpPreTHWYeCKMX YpOBHeH B TapMOHMYECKOM IIOTeHIHane. TakuM oOpasomM,
HCIIOJIB3yeMBI HaMH MOJEIbHBIH ITOTeHIHAI IIPU JI000M JOIYyCTUMOM 3HAaYeHHU IIapaMeTpa
m; TIPUBOJUT K DHEPreTUYeCKOMY CIIEKTPY, KOTOPBIH CyIIeCTBEHHO OTJIMYAeTCsI OT CIIeKTpa

rapMOHUYECKOTO OCLUJLIATOPA.

[ycts ungekc j=1,2,3,...,J HymMepyeT OTMeYeHHBIE BBINIE SHEPTeTHYECKUE MOJOCHI B
HANpPaBJIeHUYW TIOBBIIEHUsI SHepruw. 3mech J OyZer O6mMM YUCIOM TOZOGHBIX MOJIOC.
OGosnauum wepe3 E; u E; COOTBETCTBEHHO HIDKHHN M BEPXHHMN TPAHMIBI j-H MOTOCHI I

. ’ ”
aroma i -tuma (E; < Ej;). Ilockonky paccMaTpuBaeM KBa3MKJIACCHYECKHE ABI)KEHUS aTOMOB,
Hauboee HHM3KOJEXAI[We IOJIOCHI IO/DKHBI BKJIOYATh HyJeBylo sHepruio, T.e. £, =0. C

ApYTON CTOPOHBI, KaK ObLIO YKa3aHO BhINe, JaXe Hambojee BBICOKOJEXKAIAs IMOIOCa
TOIYCTUMBIX aTOMHbIX SHEPTHUi B TBEPOM Tejle He JO0JKHA BBIXOJHUTH M3 TIOTeHI[UATBHOMN MBI,
T.e. E]; <F,;. IloHATHO, YTO Ompe/ie/leHIe YHCIEHHHIX 3HadeHuil mapamerpoB E; u E; ecTs

ellle OJHA JOIIOJHUTEIbHAA 337lada, KOTOpas JOJDKHA pellaThCsA IOCe pa3pellleHus IPoOIeMbl
CaMOCOTJIaCOBAaHHBIX IIOTEHLIMAJIOB B TBepAOM Teje. IIo aToi mpuynHe Ipu NOCTPOEHUH OOLIei
TEOPUHU ITHX IIapaMeTpPOB, HapAZy C IapaMeTpaMM MOJEIbHOTO IIOTeHI[Masa, OyZeM CUUTaTh
3aJJaHHBIMU, a IIPU COIIOCTaBJIEHUM TEOPUM C ODKCIEePHMEHeTOM HCIIOJIb3yeM MX B KadecTBe
IIOATOHOYHBIX ITapaMeTpoB. byem umers:

i=I 2 j=s Ei —1 1
Sk < vl j dE, E; jdp P"™ (E,—P)?. (15)
4\/_7[ h’ (kT i=1 =

CHauasia COOTHOLICHUEM
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Yi = (16)

BBEeOEM 6€3p33MePHYI-O IIepeMEHHYIO HHTEIPHUPOBAHHA BO BHYTPeHHPIfI HHTEeIrpai. B pe3yjibTaTre

BEPXHAA TPaHUIA 00JIaCTH I/IHTeI‘pI/IpOBaHI/I}I BO BHyTPeHHEM MHTerpajie CTaHeT KOHCTaHTOH,
3.5

3k o vM2 =5 g Em o !
ﬂ’. i=1 n m Pm J=l E /;Slnhz i 0
2 kT

a caM BHYTPeHHUI MHTeTrpaJl IPeBPaTUTCA B OeTa-QyHKIUIO

1
B(a,b) = j det -1 a,b>0, (18)
0

3aBUCALLYIO JIMIIb OT KOHCTAHT, T.e. B IIOCTOSHHBIA MHOXHUTEJIb, KOTOPOIO MOXXHO BBIHECTH
mepej, 3HaKOM uHTerpupoBaHusa. OJHOBpEMEHHO, C IeIbl0 OoJlee OTYETIMBOTO BbIJEIEHUS

XapakTepa  TeMIIepaTypHOH  3aBHCHMOCTH,  JApPyTylo  Oe3pasMepHyIO  IlepeMeHHYIO
UHTETPUPOBAHUA COOTHOLIEHHEM
E,
e (19)
2kT

BBeJIeM U B OCTABIINICS BHEIIHUN WHTETPA:
3 5
2.2
a’x x/"
: 1nh2

ij

2kT
Bxopamuii ciofa MHTerpaj aHAJIWTUYECKU He BBIYUCJIAETCHA, er0 MOXXHO IIpeJiCTaBUTh

=y M2 m 3.3 =
6k M, 3 3 2 *T)" 2 z

7°n’ S nm, m, 2 )\ B,

(20)

TOJIBKO C IIOMOIIBIO PAa3HOCTU OECKOHEUHBIX CTEIeHHBIX PAZOB BEPXHUX U HIDKHHUX TI'PAHUIL
nHTerpana. Y3 momydennoro seipaxeHus (20) BHIHO, YTO IIPM MHOTOOOpAasHUU Pa3IHYHBIX
TUIIOB aTOMOB B TBEPJOM TeJIe U IIPU BO3MOXXHOCTU OJJHOBPEMEHHOTI'O TEIIIIOBOTO BO30OY K eHUS
HeCKOJIBKHUX DHePreTHYeCKUX IT0JI0C aTOMHBIX KOJIeOaHUI pellleTOYHas TeIIOEMKOCTh TBEPIOTO
TeJjla MOXXeT JJOBOJIBHO CJIOXKHO 3aBUCETh OT TeMIIepaTyPHhI.

4. IIpepenbHbIe CIydan

JeranpHO mpoaHanM3UpyeM HauboJee IPOCTOH Cirydaii, KOrjja TBepoe TeI0 COCTOUT U3
ogHoro tuma atomoB (I =1, v, =v, =1, n,=n,=n,m,=m =m, M,=M =M, F,,=F, =P,
X, =X, =X ) M TepMHUYeCKH BO30yXJaeTci eJUHCTBeHHad — Haubose HM3KOJIeXamas

’ ’ ” ”
sHeprerudeckas nonoca (E; = E;, =0, E; =E, = E). Teneps Berpaxxenue (20) npumer Gosee

IIPOCTOM BUJ:
3 3 E 3,5
2 p 3.3 2 g 2
oo Ok M o i,g 2 ey [ &

21
T°h® nm m 2\ P 0 sinh? x 1)
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Ecnu TemmepaTypa HaCTONIBKO HU3KA, yTOo E/2kT >>1, To BepXHIOIO I'paHUILy MHTerpaja

MOXXHO 3aMEHHUTh Ha OECKOHEYHOCTh oo . I/IHTeI‘PaJI IIpeéBpalllae€TCA B MHOXWTEJIb, 3HAYE€HUE

KOTOPOTO He 3aBUCHUT OT TeMIIEPaTyPhI:
3 3 3.5

2 e gm 2 3.3
6k M Big 2 Idxx —+

33
242
m 2

b

=AT

(kT) (22)

c= 243 ’ : 2
7°h" nm \m 2)\P) < sinh”x
3mech A — HEKOTOPHIH HE3aBUCALIMN OT TeMIlepaTypbl KO3(h(UIMEeHT NMPONOPLHOHAIBHOCTH.
Takum 00pa3oM, B HU3KOTEMIEPAaTypHOH OOJIAaCTH CjlefyeT OXUZATh CTEIEeHHOTO pOCTa
TEIUIOEMKOCTH TBEPJOTO BeIlecTBAa. B 94aCTHOCTH eCIH B3ATH m = 2, TO IIOJy4YaeTCsA M3BEeCTHBIH
sakon T° , Hepeiko HaGMIOTaeMbIfi Ha OSKcIepuMeHTaX. OTMETUM eCTeCTBEHHOCTb 3TOTO
3HAYeHM ITOKasaTejId CTeIIeHH B MOJEIBHOM IIOTEeHIIHase [JI1 HU3KOTeMIepaTypHOIl 06acTHy,
TaK KaK MMEHHO OHO OTBeYaeT MaJbIM KOJIeOaHMAM aTOMOB OKOJIO CBOMX IIOJIOXKEHHIT
paBHOBecHuA. Brllle y)ke TOBOPHJIOCH O TeX IPUHIUIIAIBHBIX PasJIHYHAX, KOTOpble MMeEIOTCA
MeX/Ty HallIM MOJIeJIbHBIM IIOTEHIIUAIOM C ITIOKa3aTesleM CTeIleHH m = 2, C OJHOM CTOPOHSIL, U C
TapMOHMYECKUM IIOTEHIIMAJIOM B MOZEIN He3aBUCHMBIX OCLUMIIATOPOM JDHHIITeHHA, C JPYTOH
CTOPOHBI.

[TpoTHBONIONIOXHBIA TIpemeNbHBINH CIydail Oy/JeT COOTBETCTBOBATh HACTOJIBKO BBICOKUM
temnemnarypam, 4to E/2kT <<1. Ilpu sTOM mnepemMeHHas WHTETPUPOBAHPHUA OKa3bIBAETCS
MajJoii BO Bceil o6nactu wuHTerpupoBaHu#d, x <<l . JlaHHOe 0OCTOATEIBCTBO IIO3BOJIZET
Pa3IOKUTh 3HAMEHATe b MOAMHTEeTPaIbHON QYHKIIUN B CTEIIEHHBIH pAJ 110 X U OTPAaHUYUTHCA
TOJIPKO II€PBBIMM TpeMs WIeHaMHu pasiokeHHd. /lambHelillee ympolleHHe IOJUHTeIPaTbHOU
GYHKIMHM [OCTUTAETCSA OMATH-TAaKU IIOCPEACTBOM HCIIOIB30BAHUA MAJOCTU IIepeMeHHON X U
IIO3BOJIET IIPeJCTaBIeHrue HCKOMOTO WHTerpaja JIUHEHHOW KOMOMHAIMed WHTETPaJoB OT
CTeIIeHHBIX (PYHKIUH, KOTOPBIe BEIYUC/IAeMBbI B SBHOM Buze. OKOHYATEIBHO IIOTYYHUM:

3 3 s
2 m
cz\/zilz (ME)* (E\n (3 3)[| m+2( E 3-C 23)
7°h n(m+2) \ P m 2 Tm+ 6\ 2kT T

rie B n C moNOXuTeNbTHBIE IIapaMeTphl, He3aBHCAINIMe OT TeMIeparypsl. CiemoBaTeslbHO,
TEIUIOEMKOCTh TBEPZOTO BellleCcTBa JOJDKHA BO3PACTaTh M B BBICOKOTEMIIEPAaTypHOIT 00acTy, HO
ropasze MejJeHHee, CHU3y NPHUOIIKAACH K HEKOTOPOH IOCTOSHHON BeJIMYMHE. DTO BIIOJTHE
pasyMHOe IIOBefleHHe, 4YacTO peajusdyeMoe B YCJIOBUAX SKCIepuMeHTa. XOTd, HacChIleHue
TeIUIOEMKOCTH TBEPABIX TeJ, KaK IIPaBUJIO, He HACTyIlaeT — elle 3aJ0Jr0 IO JOCTMXKeHHU:d
HeOOXOZVMOM IS 3TOrO TeMIEepaTyphl HACTyllaeT TOYKA IUIABJIEHHUA BELeCTBA, IZle €ero
TEeIIOEMKOCTh YBeIMYHUBAETCA CKaYKOOOPa3HO.

5. O npo6ieMe IOATOHKY TEOPETHYECKOM KPHBO# K SKCIIEpUMEHTAIbHEIM JaHHBIM

Taxum o6pa3oM BbIpa)KEHHE PeLIeTOYHOH TeIJIOEMKOCTH TBEPAOTO Teja, KaK (QYyHKIUU
TeMIIepaTypsl, IIOJyYeHHOe HAMU B paMKax HOBOTO TOAxofa (6e3 IpUBIeYeHUS KOHIEIIUU
(OHOHOB) — HENOCPeNCTBEHHBIM aHAJIM30M TEIIOBOTO BO30OYXXK[EHWs aTOMHBIX KojebaHUii, B
COCTOSTHUM Ka4eCTBEHHO XOPOILIO ONKCATh KaK HU3KO- TaK U BBICOKOTEMIIEPATyPHOe IIOBeeHIe
9TO# XapakTepuCTHKU. [lIg mOoIydyeHus OTBeTa Ha BOIIPOC, B KAKOH CTeIeHU CIACOGHO TO Ke
caMoe BbIpa)KeHUe KOJIUYECTBEHHO OIIBICATh DKCIIEPUMEHTAIbHbIe TeMIIepaTypHble 3aBUCUMOCH

223



Lattice heat capacity of solids beyond the phonon-conception.

TEIUIOEMKOCTe KOHKPETHBIX TBEPABIX BEIIECTB B IIeJIOM, HEOOXOZMMO OCYIIEeCTBUTD IOJTOHKY
TeopeTrdeckoi kpuBoii (20) K DKCIIepMEHTAIHBIM TOYKaM.

Paccmorpum ympomennyio ¢opmy (21). B ponn NTOATOHOYHBIX IIapaMeTpoB OyAyT
BBICTYTIaTh IIapaMeTPhl HKCIIOJB30BAHHOTO MOJENbHOTO IIOTEHIIMajga M JHepreTHYecKUxX
COCTOAHHI aTOMOB B 3TOM IoTeHIuane: m, P u E. Ecau Teopus B mpezcraBieHHON dopme
IeNCTBUTENBHO «paboTaeT» I [JAaHHOTO BeLeCTBA, IIOATOHKA JOJDKHA JaTh (QU3UYECKH
pasyMHble 3HAYeHUS JTUX BeJIMYMH: JOJDKHO OBITH m ~ 2, 4TOOBI IIPM HU3KHUX TeMIIepaTypax
BRITIONTHSAICA 3aKOH T°; P JOMKeH WMeTh MOPANOK DHePTMHU CBA3BIBAHMSA, MPUXOAAMmel Ha
OJVH aTOM JAaHHOTO TBEPZOTO Teja; BeJIMuYnHa E [0DKHA KOPpeJIHpOoBaTh C SHeprueil HInKHel
II0JIOCHI MH(PAKPACHOTO IOTJIOMEeHN B MaTepuase.

Yro >xe Kacaercs mapaMeTpoB M U 1, TO OHH fABJAIOCA KOHCTAHTAMBI MaTepHala U IIO
STOM IPUYMHE UX 3HAYeHUA CIUTAIOTCA 33JaHHBIMU.

XoTa MOXXeT OBITH OIPaBJAHHBIM HCIIOJIB30BAaHWE OTIMYAIONIUXCA IPYT OT ApyTa IIO
3HAYeHUAM HaOOpOB ITapaMeTpPOB IIOATOHKY B Pa3HBIX TeMIIEPAaTypHbIX UHTepBanax. [leo B ToM,
YTO, CTPOrO TOBOps, IepedHCIeHHbIe BBINIE IApaMeTphl (3a HCKIIOYeHHeM M ) BOBCce He
SABJIAIOTCA KOHCTAHTAaMM U B OOJIBIIEI MIM MeHblLIeH Mepe M3MEHSIOTCA C TeMIeparypoii. Tak
HaIIpuMep, TeIlJIOBOe pacUIMpeHMe yMeHIIaeT CPeJHIOI0 KOHIIEHTPAIMIO aTOMOB B BellleCTBe 71;
yMeHbIIaeT IJIyOMHY P TOTeHIWaapHX AM C aTOMaMM; YIJIMHAS XUMUYeCKHe CBA3HI,
yMeHBIIaeT UX XKEeCTKOCTh U TAKUM ITyTeM MeHfeT IapaMeTp (pOpMBI /1 IOTeHIMAIBHOMN SMBI; C
IIOBBIIIEHWEM TeMIIepaTyphl BEPXHAA TpaHUIA BO30YXAEHHOH SHEPreTHYeCKOW II0IOCHl E
TOXe caBuraercs BBepx. Ho oumenku BakHOCTH MOZOOHBIX 3(PPeKTOB, 5TO — TeMa JaTbHEHIINX
HCCIeTOBaHUH.

ITpexxme Bcero sadukcupyeM 3HaUeHMe IapaMeTpa /m , paBHOe 2, obecreduBaiolee
IIpaBWJIBHOE HUK30TEMIIEPAaTypHOe IIOBeZeHUEe TeMIIepaTypPHOH 3aBUCHMOCTH TEIIJIOEMKOCTH.

Torpa u3 Berpaxkenus (21) moryamm,
3 E

3M 2k(kTY ¥ dx x*
- 3
2\/575?13an 0

W3 ocraBuinxcs IIapaMe€TpOB [Bd, n 1 P , CI0Ja BXOJAT B IIPOU3BEAEHIN . Tax 9TO, OHHU IIO CYTH

. 24
sinh? x (24)

SKBUBAJIEHTHBl OJHOMY IlapaMeTpy. leMIlepaTypHas 3aBUCHMOCTb 71 CBA3aHa C TeIJIOBBIM
pacIIupeHNeM TBEpPAOTO Tejla U, CJlefOoBaTeIbHO, O4eHb c1aba. Eio Bcerma MoXXHO IpeHeOpeub

IO CPaBHEHMUIO C TeMIIepaTypHO# 3aBucumoctu P . BMecTo HUX BBeseM
3

3M 2k*
X=——"7, (25)
2\/5 Th’n P?
a BMecTo E — ellle OfMH HOBBIH TapaMeTp
E
=—. 26
p 2k (26)
Takum 06pa3oM TeIJI0eMKOCTh 3JIeMEHTIIPHOTO BellleCTBa IIPeICTaBIseTcss GyHKIuen
ﬁ
dx x*
c=aT 27
~[ sinh? x 27)

KOTOpasd 3aBUCHUT OT TeMIIepaTyphl KakK ABHO, TaK U — Yepe3 yKasaHHbIe /1Ba ITapaMeTpa.
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[Tockonpky BeIpakeHme (27) COmEp>XKHUT [Ba IIapaMeTpa, €ro IOATOHKY K pe3yJIbTaTaM
M3MEepPeHHUII MBI OCYIIeCTBHM IO IIapaM SKCII€PHMMEHTAJIBHBIM TOYKAM, a IOJyYeHHBIe TaKHUM
IIyTeM 3HAYeHUs & U [5 COIOCTaBUM CepeJiHe COOTBETCTBYIOLIETO TEMIIEPATyPHOIO NHTEPBAIA.

(Omin / 2)'3
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TK

Pucynoxk 1. TemmepaTypHas 3aBUCHMOCTS IIPUBEI€HHOTO IIapaMeTpa

(@, /)"’ byuxuuu TermmoeMkocTu B-poMGO3pUIECKOTO 6Opa.
P/ Bmax
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TKX
PucyHok 2. TemneparypHas 3aBUCHMOCTb IIPUBEEHHOTO ITapaMeTpa
BB, dyHKunu TernmoeMKocTy B-poMb03apruIeckoro 6opa.

Ha pucymkax1 u 2 mpencTaBieHbl IIOJy4YeHHble TAaKUM IIyTeM TeMIlepaTypHbIe
saucumoctu 1/’ m [ pns P-pomGosmpudeckoro Kpucramia 6Gopa. Ilpu >Tom Gbiia
KCIIOJIB30BaHA CTIKeHHas KpUBasi, YIUTHIBAIOMAA MHOXECTBO U3MEePEHHI TeIIJIOEMKOCTH 9TOTO
Matepuasa [2]. OHM 006a TpaKTUYeCKH ITUHEHHBI: (min /@)% =6.043-102+3.859-10* 7 u
B/ Pmax=2.555 - 103 + 4.096 - 10* 7, cooTBeTCBEHHO (3a HMCKIIOUEHUEM CJAOBIX (IyKTyaluii
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IIpY HU3KUX TEMHUIIEPATypaX, KOTOPhIe CBA3BIBAIOTCA C OOJIBLION OTHOCUTEIBHOM IOTPEIIHOCTHIO
U3MepeHUN TeIUIOEMKOCTH B OSTHX YCJIOBUAX), YTO HAXOAUT Pa3yMHOe KadeCTBEHHOe
ob6bacuenue: mapamerp 1/’ To cBoeii TemmepaTypHO# 3aBHCHMOCTH OSKBHBAJEHTEH
HMIIYJIbCY BOJHBI HU3KOTEMIIEPAaTypPHBIX yNPYIuX KojeGaHWi, a [ — yCpeZHEHHOH SHepruu

Kosie6aHMil aTOMOB IIPY BBICOKUX TeMIIepaTypax.
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1. Introduction

Elemental boron possesses a variety of nano-structured forms, which can find
applications in number of techniques and technologies. Present overview aims to describe in
brief methods of producing, atomic structures, and available data on physical properties of
nano-structured species of boron: molecules and clusters; crystals stabilized by intrinsic
imperfections; amorphous films and powders; dispersed crystals; filaments and fibers;
nanowires, nanoribbons, and nanobelts; planar and quasi-planar sheets, nanotubes, cages and
fullerenes; as well as quasi- and nanocrystals.

Boron B belongs to the least abundant chemical elements. It constitutes only a minute
fraction of the Matter (Earth crust and Ocean water contain different amounts of boron, around
0.001 and 0.015 wt %, respectively). As for the role of boron in forming of the various
molecular and condensed phases, it is incommensurable great if compared with boron
abundance. In the final analysis, understanding of the diversity of boron structures reduces to
the electronic structure of an isolated boron atom. Valence-shell configuration peculiar to the
free B atom is 2s22p. In multi-atomic networks, adding an electron it becomes at first in the
energetically more favorable configuration 2s522p?2, which then tends to most stable one 2s2p3.
Thus, boron is strongly distinct acceptor and, consequently, elemental boron structures have to
be electron-deficient. It is a reason why all boron forms, both molecular and condensed phases,
exhibit very complex, clustered structures. For them, an icosahedron B2 with 12 boron atoms at
vertexes serves as a main structural unit. For instance, crystalline unit cell of the
B-rhombohedral boron (3-B), which was believed to be a ground-state structural modification
of boron, consists of 105 regular atomic sites forming number of slightly distorted icosahedra
and joined icosahedral fragments.

Since carbon nanosystems were discovered, it has triggered interest in other materials,
including bare boron, which may also exhibit nanostructures. Due to its rich chemistry, boron
is a natural choice for constructing nanosystems, like the clusters, nanowires, nanotubes etc.
And indeed, relatively recently they were synthesized. A boron atom of the given icosahedron
is bonded with 5 neighboring atoms and, usually, is linked with an atom from the neighboring

icosahedron. This fact explains why the average coordination number of atomic sites in -B
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lattice, as well as in all solid-state forms of boron, is almost 6. But, a free regular boron
icosahedron still remains electron-deficient: it needs 2 extra electrons to saturate all dangling
B - B bonds. In boron crystals and amorphous boron, electron-deficiency is compensated by the
presence of intrinsic point defects (vacancies in form of only partially occupied boron sites and
self-interstitials) and / or certain impurity atoms in very high concentrations.

In addition to solid-state modifications, constructed from inter-connected icosahedra,
elemental boron forms diboron molecule B2 and molecular clusters B (12 > 2). At relatively low
n, boron clusters are planar or quasi-planar, but at sufficiently high n, they can take polyhedral,
nearly spheroidal, cage-like shapes, in particular, icosahedral shape, if dangling bonds at the
boron atom are saturated by hydrogen or other foreign atoms. Thus, most boron atoms should
be surrounded by 6 nearest neighbors (they usually have 5 intra-icosahedral plus 1 inter-
icosahedral or outward bonds). This circumstance leads to the possibility to synthesize
fragments of planar or quasi-planar nanosheets in form of surfaces with triangular
6-coordinated 2D-lattices, which can be rolled up cylindrically or spherically forming
nanotubular and fullerene-like materials. There is known number of other nano-structured
forms of boron: amorphous and micro-crystalline thin films and powders, fine-dispersed
crystalline powders, filamentary and fibrous materials, nanowires, nanobelts, nanoribbons,
quasi-crystals etc. They reveal many interesting features in addition to the complex of useful
properties characteristic of the macro-crystalline (bulk) boron. Strong B - B bonds make all
these high-temperature materials highly resistive against aggressive environments and cause
their unusual semiconducting properties.

There exist three earlier monographs by late Prof. Guri V. Tsagareishvili and co-workers
devoted to the various aspects of boron issue: semiconducting properties [1], thermal and elastic
properties [2], and producing techniques and atomic structure [3]. They partially cover micro-
structured boron studies, but (and it is clear) not the last decade achievements in the field of
nano-structured boron. According to the recent review [4], many of the fundamental questions
regarding the solid-state chemistry of boron are still unsolved, more than 200 years after its
discovery and boron is an elementary challenge both for experimenters and theoreticians. The
theoretical work on the existence and stability of known and new modifications of this element
combined with high-pressure and high-temperature experiments have revealed some new
aspects of the problem. A lot has also happened over the last few years in the field of reactions
between boron and other chemical elements. Physical properties such as hardness,
superconductivity, neutron scattering length, and thermoelectricity have made boron-rich
compounds attractive for applications as well. The greatest challenges to boron chemistry,
however, are still the synthesis of monophasic products in macroscopic quantities and in the
form of single crystals, the unequivocal identification and determination of crystal structures,
and a thorough understanding of their electronic situation. Linked polyhedra are the
dominating structural elements of the boron-rich compounds. In many cases, their structures
can be derived from those that have been assigned to modifications of the element.

Present paper is an overview shortly summarizing available data on methods of

fabrication, structural forms, and some physical properties of all nano-structured boron species.
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2. Boron clusters

Clusters as systems of a finite number of bound atoms or molecules are physical objects
occupying an intermediate position between atomic particles (atoms and molecules), on the one
hand, and macroscopic atomic systems (solids and liquids), on the other hand [5]. One of the
most interesting features of elemental boron and many boron binary compounds is the
occurrence of highly symmetric icosahedral clusters (Figire 1). The variety of boron crystalline
modifications and boron-rich solids can be constructed from the interconnected boron
icosahedra. The same short-range structure is characteristic of amorphous boron. However,
boron icosahedra do not lend themselves to the construction of an ideal 3D-framework, and
various degrees of compromise in the pattern of icosahedral linkage give rise to the observed
proliferation of boron polymorphs. For instance, within the rhombohedral lattice icosahedral
atoms lying along the rhombohedral axes tend to positions themselves closer to the center of
the icosahedron relative to the other atoms. The 3-center bonding and crystal structures of
icosahedral boron-rich solids, the refractory materials, produce many exceptional properties [6]:

some of these compounds are, for example, very high-temperature thermoelectric etc.

Figure 1. Boron icosahedron Bu.

Then, in bare boron structures most of B atoms usually are members of almost regular
triangles. This circumstance leads to possibility of the new kind of boron-based materials in
form of planar, quasi-planar or convex boron surfaces with triangular 2D-lattices. The rich
chemistry of boron also is dominated by 3D-cage structures. Consequently, it seems very
important to gain deeper insight in boron clusters — “building blocks” of nano-, micro-, and
macro-structured boron. However, elemental boron clusters have been only scarcely studied
experimentally and their structures and chemical bonding are not fully elucidated theoretically.

Boron has still remained the last elemental material (having stable natural isotopes) with
unknown ground-state crystalline phase. It has been a subject of long-standing controversy, if
o-rhombohedral boron («-B) or -B is the thermodynamically stable phase at ambient pressure
and temperature. In [7], this enigma has been resolved based on the a-B-to-f-B phase boundary
line which has been experimentally established in the high-pressure interval (from ~4 to
8 GPa) and linearly extrapolated down to ambient pressure. In a series of high-pressure high-
temperature experiments authors heve synthesised single crystals of the three boron phases —

o-B, B-B, and y-B — and provided evidence of higher thermodynamic stability of o-B. This
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result opens a way for reproducible synthesis of o-B, an optically transparent direct band gap
semiconductor with very high hardness, thermal and chemical stability.

Boron is an element of fascinating chemical complexity. Controversies have shrouded
this element since its discovery. Today there are known at least 16 boron polymorphs. Boron’s
complexities arise from frustration: situated between metals and insulators in the Periodic
Table, boron has only 3 valence electrons, which would favour metallicity, but they are
sufficiently localized that insulating states emerge. However, this subtle balance between
metallic and insulating states can be shifted by pressure, temperature and impurities. The [8]
reported the results of high-pressure experiments and ab initio evolutionary crystal structure
predictions that explore the structural stability of boron under pressure and, strikingly, revealed
a partially ionic high-pressure boron phase y-B. This new phase is stable between 19 and
89 GPa and can be quenched to ambient conditions. It has a structure consisting of 2
icosahedral Biz clusters and 2 B: pairs (i.e., 28 atoms in the unit cell) in a NaCl-type
arrangement. The ionicity of the phase is found to affect its electronic bandgap, infrared (IR)
adsorption and dielectric constants, and arise from the different electronic properties of the B2
pairs and B2 clusters and the resultant charge transfer between them.

Measurements of the hardness of a new high-pressure boron phase, orthorhombic y-Bzs,
were reported in [9]. According to the data obtained, y-Bzs has the highest hardness (~ 50 GPa)
of all known crystalline modifications of boron. In [10], the orthorhombic boron phase was
synthesized at pressures above 9 GPa and high-temperature, and demonstrated to be stable at
least up to 30 GPa. The structure, determined by single-crystal X-ray diffraction, consists of Bi2
icosahedra and B2 dumbbells. The charge density distribution obtained from experimental data
and ab initio calculations suggest mainly covalent chemical bonding in this phase. Strong
covalent interatomic interactions explain the low compressibility value (at 300 K bulk modulus
is 227 GPa) and high hardness of high-pressure boron (with Vickers hardness of 58 GPa), after
diamond the second hardest elemental material.

The recently characterized crystal structure of metastable y-B2s has been analyzed from a
crystal chemical point of view, and the electron requirement of its building units and that of
their linkage determined [11]. The structure consists of unique B2 dumbbells and B12 icosahedra,
which are connected through 2- and 3-center, 2-electron bonds. The different bonding motifs
are ascertained by theoretical calculations of difference charge distributions. Chemical bonding
in y-B2s bears great resemblance to a-Bi2 (which is the simplest boron modification). The above
mentioned previous description of y-Bas as ionic in terms of (B2)>" and (B12)?” was not supported.

The structure, bonding and charge transfer in y-Bas was also considered in [12]. It has
been stated that the crystal structure of the hardest known phase of boron, y-B, now is firmly
established, but the intriguing relationships among the structure, chemical bonding, charge
transfer and physical properties in such phase raised a lot of interest. y-B is stable between 19
and 89 GPa and can be visualized as a NaCl type arrangement of B2 icosahedra and B2 pairs. The
exciting characteristic of y-Bas is that it shows a non-negligible charge transfer between the B2
and B clusters. Although y-Bas may be formally envisaged as a NaCl-type arrangement of Bi2

icosahedra and B2 pairs, one should nonetheless remind that (1) there is only a partial charge
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transfer of about 0.3 —0.5 electrons between the two clusters; (2) the Cl -like groups are
covalently linked between each other, and (3) the Na'-like and the Cl -like groups interact
together not only through 2 long polar bonds, but also with 1 normal covalent bond. So, the
chemical bonding in y-B2s is predominantly covalent but with a partially polar nature, leading
to unexpected physical properties for an elemental phase.

Most of boron crystals contain extra atoms in the 3D-network, such as chains with
different number of atoms. For example, the chains are constructed by 2 boron atoms, in
recently synthesized y-Bus, etc. In [13], the structural, electronic and mechanical properties of
hypothetical boron crystals which are formed by inserting extra boron atoms between
icosahedra in o-B, B» (=13, 14) were investigated by using plane-wave (PW) density
functional theory (DFT). It was studied that how does structural parameters of the crystals
change, as increasing number of atoms in inter-icosahedral chain. Cohesive energies were
calculated to discuss nergetic stability of the purposed structures and then mechanical stabilities
were investigated. The detailed micro hardness analysis was presented with the individual bond

hardnesses and Mulliken populations. The results were compared with «-B (Bi2) and Bis.
2.1. Bare boron clusters

According to the mass-spectrometric analysis [14] of the boron cluster ions detached
from the high-purity (99.99995 % B) target-source in process of growing of amorphous boron
thin and massive films, there are some complicated (due to natural isotopic composition of
boron) peaks corresponding to the interval B" - Bs'.

Bonding of small boron cluster cations from B:" to Bis* was examined [15] (see also [16])
by measurement of appearance potentials and fragmentations patterns for collision (with Xe
atoms) induced dissociation. Cluster stabilities were generally found to increase with increasing
size. However, there are large fluctuations from the overall trend. The lowest energy
fragmentation channel for all size cluster ions is loss of a single B atom. Clusters, smaller than 6
atoms, preferentially lose B' ion, while for the larger clusters the charge remains on the Bs1"
fragment. Obtained results were used to estimate cluster ionization potentials (IPs) and
geometries. It was also reported ab initio calculations of geometries, IPs, charge distributions,
dissociation energies, and bonding characters for both neutral and single-positive ionic clusters
from Bi to Bs and from Bi" to Bs', respectively.

The boron clusters B», n =2 — 52, formed by ablation of hexagonal boron nitride with a
532 nm laser were discovered in [17]. Creating species were ionized with a 193 nm ultra-violet
(UV) laser and analyzed with a time-off-light (TOF) mass spectrometer.

The geometries, electronic structures and energies of the neutral and cationic boron
clusters (B2-12 and B2-12") have been also investigated by the ab initio molecular orbital (MO)
method [18]. The geometries of boron-cluster cations Bs-12" are essentially the same as those of
the neutral clusters, planar (or pseudo-planar) cyclic structures. Clusters of 8§ —11 atoms
characteristically have the most stable structure of a cyclic form with one atom in the middle.

The capped pentagonal Bs, B7 and B7" and the trigonal bipyramidal Bi2 and Bi2" are exceptions.
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The same problem was considered [19] for the neutral and cationic clusters Bizand Bis. Several
planar and non-planar stationary structures were optimized for neutrals and cations of each
cluster size. A characteristic cyclic form with one atom in the middle was found to be stable for
each cluster, while the icosahedral Bi2" was found to be the most stable. The triplet icosahedral
B12 was stable but energetically unfavorable than the cyclic Bi2. All the 3D-structures analyzed
for Biz and Bis" clusters were unstable.

Some symmetrical clusters of boron and carbon as well were discussed [20] by
introducing the concept of conjugate polyhedra. If a polyhedron of carbon (boron) is given, its
conjugate polyhedron of boron (carbon) can be obtained by interchange of numbers n and f
with / being kept constant; and a conjugate polyhedra should have the same symmetry.

The geometrical structures and properties of small cationic boron clusters B, (n=2 — 14)
were investigated [21] using local-spin-density (LSD) formalism including a nonlocal
correction. The linear search for minima on the potential energy surface (PES) was performed
using the analytical gradients of the total LSD energy. Most of the final structures of the
cationic boron clusters prefer planar or quasi-planar atomic arrangements and can be
considered as fragments of a planar surface or as segments of a sphere. The calculated adiabatic
IPs of B exhibited features that are analogous to those of measured IPs for boron clusters. Most
of the calculated normal modes of the cationic clusters have frequencies that are around
1000 / cm and have strong IR intensities. They correspond quite well with analogous properties
of solid boron.

A linear search for minima on PESs based on analytical gradient methods and the
determination of binding energies of small boron clusters B» (2 = 2 — 14) have been made using
the ab initio Hartree-Fock (HF) and self-consostent-field (SCF) configuration interaction (CI)
quantum chemical (QC) methods as well as by means of DFT at the LSD and non-local
corrections to the exchange-correlation levels of theory [22]. According to this ab initio SCF—CI
and DFT comparative study, following results were obtained. The final optimized HF-topologies
of the neutral boron clusters are identical with those derived with the LSD approximation. The
most stable boron clusters have convex or quasiplanar structures. The convex clusters seem to
be segments of the surface of a sphere.

The geometries of B, clusters for n< 14 were optimized in [23] applying DFT. The
calculation suggested that the experimental results for the B, — B" + B,1 fragmentation
energies are too small, while experimental B.' — B + B»1" fragmentation energies for Bs', Bs',
and Bis" are too large. Then, the fragmentation energies were calibrated based on coupling
cluster theory. Overall corrected fragmentation energies were found to be in reasonable
agreement with experiment. The most stable structure for each cluster was found to be planar
or quasi-planar. The larger clusters are derived from fusing 6- and /or 7-membered atomic
rings, which share 4 atoms for the 6 - 6 and 6 - 7 rings and 5 atoms for the 7 - 7 rings.

The structures and energies of Bis', observed experimentally to be an unusually
abundant species among cationic boron clusters, have been studied systematically with DFT in
[24]. The most thermodynamically stable Bi2" and Bis" clusters are confirmed to have planar or

quasiplanar rather than globular structures. However, the computed dissociation energies of the
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3D Bis" clusters are much closer to the experimental values than those of the planar or quasi-
planar structures. Hence, planar and 3D Bis" may both exist.

Based on ab initio QC methods, accurate calculations on small boron clusters Bx
(=2 — 14) were carried out in [25] to determine their electronic and geometric structures. The
geometry optimization with a linear search to local minima on the PES was performed using
analytical gradients in the framework of the restricted HF SCF approach. Most of the final
structures of the boron clusters with n>9 are composed of 2 fundamental units: either of
hexagonal or pentagonal pyramids. Using “Aufbau principle” one can easily construct various
highly stable boron species. The resulting quasi-planar and convex structures can be considered
as fragments of planar surfaces and segments of nanotubes or hollow spheres, respectively.

Again based on ab initio QC and HF approximations, and DFT and linear-muffin-tin-
orbitals (LMTO) methods within the atomic-sphere-approximation (ASA) in [26] the geometric
and electronic structures of some atomic-scaled boron clusters were determined. The starting
structures were constructed with help of “Aufbau Principle” proposed for boron clusters.

Using ab initio QC methods, different structures of Bs: clusters was investigated in [27].
The most stable isomers have quasi-planar or tubular structures often containing dove-tailed
hexagonal pyramids. In contrast, hollow spheres are less stable. Their stability can be
understood as a competition between a curvature strain (favoring quasi-planar clusters) and
elimination of dangling bonds (favoring tubular and cage structures). Note that atomic
coordination number in these structures is larger than in carbon clusters.

The curiously stable cationic Bis" cluster and its neutral and anionic counterparts were
examined [28] though the use of DFT. Several different isomers were studied and compared
with a special emphasis given to the electronic structure of the lowest lying isomers. Included
among the isomers were 3 ones. While no minima that corresponded to the filled icosahedron
could be found for the cluster, an intriguing atom-in-cage structure was found that is a local
minimum on the cationic, neutral, and anionic surfaces. In the structure found for the Bz~
anionic cluster, the 12 external boron atoms are arranged as 3 6-membered rings back-to-back.
The planar and quasi-planar structures were seen to be more stable than 3D isomers, but their
ordering by stability changes depending on the charge state. Relative energies, selected
geometric features, IPs, and electron affinities (EAs) were reported for these structures and
some justification for the differences seen among the isomers was given. It was found that
planar structures benefit from 7-delocalization and in the case of the global minimum of the
Bis" cationic cluster this delocalization is reminiscent of aromaticity.

The electronic structure and chemical bonding of boron clusters Bs and Bs were
investigated [29] using anion photoelectron spectroscopy and ab initio calculations.
Vibrationally resolved photoelectron spectra were obtained for Bs and compared with
theoretical calculations performed at various levels of theory. Extensive searches were carried
out for global minimum of Bs', which was found to have a planar structure with a closed-shell
ground-state. Excellent agreement was observed between ab initio detachment energies and the
experimental spectra, firmly establishing the ground-state structures for both Bs~ and Bs. The

chemical bonding in Bs~ was investigated and compared to that in Als". While both Bs" and Als~
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have a similar planar structure, their bonding orbitals are different. In Als", a bonding orbital
previously was observed to delocalize over only the 3 central atoms in the ground-state
structure, whereas a similar orbital was found to completely delocalize over all 5 atoms in the
Bs". Such bonding in Bs” makes it more rigid towards butterfly out-of-plane distortions.

The electronic structure and chemical bonding of Bs and Bs were investigated using
anion photoelectron spectroscopy and ab initio calculation [30]. Vibrationally resolved
photoelectron spectra were obtained for B¢ and compared to calculations performed at various
levels of theory. Extensive searches were carried out for the global minimum of Bs , which was
found to have a planar structure with a doublet ground state. Good agreement was observed
between ab initio detachment energies and the experimental spectra, establishing that the
ground-state structure of Bs is planar, in contrast to the 3D structures for the valence-
isoelectronic Als and Als species. The chemical bonding in Bs was interpreted in terms of
linear combinations of MOs of two Bz~ fragments. The antiaromatic nature of chemical bonding
was established for Bs and Be?, based on the analysis of orbital contributions to overall
paratropic ring currents.

In [31], there are reported experimental and theoretical evidences that small boron
clusters prefer planar structures and exhibit aromaticity and antiaromaticity according to the
Hiickel rules, akin to planar hydrocarbons. The planar boron clusters are thus the only series of
molecules other than the hydrocarbons to exhibit size-dependent aromatic and antiaromatic
behavior and represent a new dimension of boron chemistry. The stable aromatic boron clusters
may exhibit similar chemistries to that of benzene (forming sandwich-type metal compounds).

Experimental and computational simulations revealed [32] that boron clusters, which
favor 2D structures up to 18 atoms, prefer 3D structures beginning at 20 atoms. Using global
optimization methods, it was found that the Bx neutral cluster has a double-ring tubular
structure with diameter of ~5.2 A. For the B anion, the tubular structure is shown to be
isoenergetic to 2D structures, which were observed and confirmed by photoelectron
spectroscopy. The 2D to 3D structural transition observed at B, reminiscent of the ring-to-
fullerene transition at Czo in carbon clusters, suggests that it may be considered as the embryo of
the thinnest single-walled boron nanotubes. The experiments were carried out using a
magnetic-bottle TOF photoelectron spectroscopic apparatus equipped with a laser vaporization
supersonic cluster source. B cluster anions were produced by laser vaporization of a disk target
made of enriched °B isotope (99.75 %) in the presence of a helium carrier gas and analyzed
with TOF mass-spectrometer. Selected Bx clusters were decelerated before irradiation by a
photo-detachment laser beam. Measured vertical detachment energies were calibrated and then
compared with calculated values.

Small boron clusters as individual species in the gas phase were reviewed in [33]. Free
boron clusters have been characterized using photoelectron spectroscopy and ab initio
calculations, which have established the planar or quasi-planar shapes of small boron clusters.
This was surprised as the chemistry of boron has been diversely featured by 3D structures.
Further the planarity of the species has been elucidated on the basis of terms of multiple

aromaticity, multiple antiaromaticity, and conflicting aromaticity.
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The electronic and geometric structures, total and binding energies, harmonic
frequencies, point symmetries, and highest occupied MO-lowest unoccupied MO (HOMO-
LUMO) gaps of small neutral boron Bx clusters (=2 — 12) have been investigated in [34] using
DFT. Linear, planar, convex, quasi-planar, 3D-cage and open-cage structures have been found.
None of the lowest energy structures and their isomers have an inner atom, i.e., all the atoms
are positioned at the surface. Within the size range, the planar and quasi-planar (convex)
structures have the lowest energies. The first and the second energy differences were used to
obtain the most stable sizes. A growth path was also discussed with the sizes and isomers.

Issues of observation and confirmation of hepta- and octa-coordinated boron in
molecular wheels of aromatic 8 and 9 atom boron cluster compounds were considered in [35]
based on photoelectron spectra and ab initio calculations.

In order to elaborate a direct experimental method available for structural determination
of boron clusters, photoelectron spectroscopy of size-selected cluster anions has combined with
quantum calculations to probe the atomic and electronic structures and chemical bonding of
small boron clusters up to 20 atoms [36]. Based on this method the experimental and theoretical
evidences were presented showing that small boron clusters prefer planar structures and exhibit
aromaticity and antiaromaticity according to the Hiickel rules, akin to hydrocarbons. Aromatic
boron clusters possess more circular shapes whereas antiaromatic boron clusters are elongated.
It was found that for neutral boron clusters the planar to 3D structural transition occurs at Bao,
which possesses a double-ring structure, even though the B2 anion remains planar. The
stability of the double-ring structure suggests the possible existence of all-boron nanotubes.

The paper [37] has devoted to study of the ErBi2 anisotropy emission properties. The
emission properties of ErBi2 (100) and (110) single crystals have been studied by using pulse
current take-off method. An annealing results in decrease of electron work function (WF) for
both types of the ErBi single crystals. X-ray phase analysis and scanning-electron-microscophic
(SEM) study of ErBi2 emitting surfaces after emission tests showed boron depletion and
appearance of ErBs inclusions. The model describing the electron WF anisotropy of ErBi: single
crystals is proposed. The explanation is the boron-depletion of the ErBi. surface.

Using ab initio QC and DFT methods, it was investigated the structural transition from
planar 2D boron clusters into 3D double-ring system and then from double-ring into triple-ring
system [38]. The first structural transition occurs by Bis and Bxo clusters, while the second
transition occurs between Bs2 and Bss clusters. The effect of the repulsive Coulomb forces in
boron clusters when they are multi-ionized also was studied. It was appointed the related
fragmentation channels, ionization energies and Coulomb explosion and determined the critical
charge for the metastability and Coulomb explosion. Further, the stability of different boron
clusters in form of nanotubes and sheets were compared with the unit-cells of a- and y-B. The
noninteracting free-standing triangular buckled-sheet was confirmed to be more stable than
Boustani’s y-sheet and the a-sheet, proposed earlier. In contrast, however, when these sheets
are considered as infinite periodic systems, then the a-sheet remains the most stable one. The
experimentally observed physical manifestations of a number of these clusters and

nanostructures and related properties are consistent with suggested theoretical models.
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Some of the major aims of the current research in field of boron clusters, which are
developing, simulating, modeling, and predicting new boron structures to build pre-selected,
uniform  nanostructural materials with specific properties, e.g. superhardness,
superconductivity, super-lightness, and propellance, were reviewed in [39]. According to these
and other results obtained by Isah Boustani and co-workers (see detailed references), one can
conclude that most structures of boron clusters can be classified into 4 groups: (1) quasi-planar,
(2) tubular, (3) convex, and (4) spherical clusters. The transition of the quasi-planar surfaces
into tubules may be pictured by rolling the surfaces and forming cylinders. The closure of boron

quasi-planar surfaces into tubules goes through an energy barrier path.

2.2. Boron icosahedron

The electron structure of a regular icosahedron of boron atoms was investigated [40]
theoretically by the method of MOs. It was found that 30 bonding orbitals are available for
holding the icosahedron together, besides the 12 outward-pointed equivalent orbitals of the
separated atoms. These results can be used to interpret the stability of crystal structures of
elementary boron too.

In [41], the energy spectrum of boron icosahedron in the a-B structure was studied using
MO-linear-combinations-of-atomic-orbitals (LCAO) method. In spite of regular boron
icosahedron, real one is an electron-deficient structure. Besides, in distorted in crystalline field
icosahedron the bond lengths are different and there is no 5-fold symmetry axis. It was found
that molecular levels placed at — 9.35 eV should be half-filled, while all lower energy levels
should be filled. They form the valence band. Band gap was (under)estimated as 0.9 eV. When
inter-icosahedral interaction is introduced in theory, it provides with better agreement between
the calculated band structure and experimental data available on a-B X-ray emission spectrum.

Using an expansion of 2870 PWs in [42] it has been performed ab initio calculations of
the energy bands, equilibrium lattice constants, atomic positions, and cohesive energy of boron
icosahedron Bi2. It was found an indirect gap of 1.427 eV and direct gap of 1.780 eV. The
theoretical lattice constants and atomic positions were found to be in good agreement with
X-ray data. As for the calculated charge-density contour plots, they revealed strong intra-
icosahedral and inter-planar inter-icosahedral bonding but weak intra-planar bonding.

Based on the well-known group properties of a regular icosahedron, its normal
vibrational modes had been pictured [24]. There were found 8 distinct frequencies for the 30
normal modes with 1-, 3-, 4-, and 5-fold degeneracies. Icosahedral oscillations were pictured in
terms of three equilibrium descriptions: first involves 2 parallel regular pentagons and 2 polar
atoms; second has 2 polar triangles and an equatorial puckered hexagon; while the third consists
of 6 pairs of atoms on opposite faces of a cube. Such visualization should prove useful in
application to spectra interpretation, substituting atom location, polaron formation and
hopping, and possibly heat conduction in solid elemental boron and boron-rich solids which

contain groups of 12 boron atoms at the vertexes of approximately-regular icosahedra.
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It was shown [44] that by the interaction between electron and pair of phonons (which
are the slightly modified two breathing modes of the isolated icosahedron Bi2) the electron
trapping level is generated, which influences the boron-rich solids essentials.

Occurrence of the first-order polar vibrations for the icosahedra Bi2 and also «-B crystal
(a-B12) was demonstrated [45] within the harmonic approximation, by using the shell model.
The dynamical effective charges were expressed by both the normal and Cartesian coordinates,
while the tensor nature of the effective charges was emphasized. Numerical estimations have
been made for the examined Bi2 cluster and o-B. It was shown that the effective charge of the
B2 is very small (= 0.01), while that of a-B is enhanced by the deformation of the icosahedra.
The non-central core—shell force had the dominant effect on this enhancement. The calculation
provided leads to relationship between the frequencies and Raman and IR bands and the
intensity of IR bands. Presented consideration explained, why boron crystals exhibit polar
vibrations, despite the fact that crystal is composed of the same chemical species.

The metallic—covalent bonding conversion in boron icosahedral cluster solids have been
discussed [46, 47] in relation to the occupation by an atom the center of clusters by using the
electron density distribution according to electronic state calculations or X-ray diffraction
(XRD) data analysis. In addition, the change of the electron localization due to the occupation
of an atom the center of the clusters was quantitatively estimated by using electron localization
indicator (ELI), 0 < ELI < 1. ELI ~ 1 means that electron is well localized, which corresponds to
covalent bonding; while ELI ~ 0.5 corresponds to the metallic bonding and electron gas-like
behavior. The distributions of the ELI were compared for the pair of clusters Bi2" and Bis™. The
occupation of the center by atom found to cause the electrons delocalization in B — B bonds.
The comparison of Bi2 and Bis clusters revealed that the bonding conversion from covalent to
metallic one involved a decrease in both the electron density and ELI between boron.

The nearest-neighbor antiferromagnetic Heisenberg model was considered for spins 1/2
and 1 located on the vertices of the icosahedron [48]. Taking into account the permutational
and spin-inversion symmetries of the Hamiltonian results in a drastic reduction of the
dimensionality of the problem, leading to its full diagonalization. There is a strong signature of
the frustration present in the system in the low-energy spectrum for spin of 1/2, where the first
excited state is singlet. For spin of 1 the system again has singlet excitation. The specific heat of
the icosahedron has a two-peak structure as a function of temperature.

The kinetic mechanism of spontaneous self-assembly of viral proteins into icosahedral

capsid proteins was studies using molecular dynamics simulations of coarse-grained models [49].
2.3. Boron-based clusters with foreign atoms

Boron hydrides and their derivatives present very interesting objects for valence theory
in general. Most of these compounds are essentially non-ionic and have the physical properties
of ordinary covalent compounds. However, for lack of enough valence electrons they can not
be assigned the “classical” covalent structures. In boron cluster compounds like the B2Hs, BsHo,

and BioHis, the boron atoms have 5 or 6 ligands as in the main boron-rich solids: elementary
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boron structural modifications, boron carbide, metallic hexaborides etc. The experimental basis
for the extended Hiickel theory, the first widely applicable use of MO theory to study chemical
bonding, is formed by the W. N. Lipscomb Jr’s works on boranes [50].

The nature of bonding in electron-deficient compounds of boron was discussed [51] with
reference to their intermediate position as a class between ordinary covalent compounds and
the metals. In particular, the bond lengths, which vary widely (e.g. B-H=1.15t01.40,B-B =
1.66 to 1.93A), were successfully correlated with Pauling’s semi-empirical equation
r(n) = r(1) — 0.3 log n, with best r(1) for boron about 0.80 A, in a way which can also used for
molecules of unknown structure to obtain additional structural information from incomplete
data. There were also calculated atomic charges and polarizabilities.

The results of the above quoted theoretical investigation (performed by MO-method) of
the electron structure of a regular icosahedron of boron atoms by Longuet-Higgins &
de Roberts [40] can be used to interpret the chance of existence of a boron hydride Bi2H12 too.

The symmetry properties of the icosahedral vibration modes and molecular vibrations of
the Bi2H122” molecule were discussed in [52]. It was found strong and angular-dependent forces
pointing outward from the icosahedron. However, the intra-icosahedral forces should be
relatively weak and much less angle-dependent. Altogether obtained results support the idea
that within the icosahedron, the binding is metal-like, whereas the outward bonds are more
covalent. Then, the Raman and IR data for Bi2H12?” molecule and icosahedron-based elemental
boron solids were analyzed using various valence-force-field model potentials.

Ab initio HF calculations, extended by many-body perturbation theory corrections for
electron correlations, were made [53] on small boranes. The dissociation energy of B2Hs was
calculated and reaction energies of BsH7 for the formation of BsHs were also reported.

The structures of boron cluster Bi4, its anion Bis> and boron-hydride cluster BisHi4*™ in
octahedral symmetry were investigated [54] by ab initio calculations. The relationship of MOs
has been analyzed and it was found that the number of valence bonding orbitals of a high
borane obeys the Wade’s nn + 1-rule: number of the framework bonding orbitals of B-H+ equals
to 1+ 1. The similarities and differences between boron and carbon clusters were also discussed.

Computational calculations by the 3-parameter hybrid method using correlation
functional have been performed [55] on Bi2H12>” dodecaborane anions with different boron
isotopic composition. This was done in order to investigate isotopic dependence of vibrational
spectral properties of Bi2 icosahedra, and for comparison of the optical vibrational properties of
the icosahedral molecule with those characteristic of boron-rich crystals.

Hydrogen-terminated icosahedral cluster BizH12?™ is known as the most stable molecule
among the various polyhedral boranes. Meanwhile, the isolated Bi2 without hydrogen has been
determined to be quasi-planar with 6 delocalized m-electrons. To understand the type of
structure that is preferentially formed in Bi2Hx clusters (x=1—11), in [56, 57] it have been
considered the formation of icosahedral BixHs" through ion-molecule reactions of the "B
isotopically enriched decarborane ion (BioHx, x=6 — 14) with diborane (B2Hs) molecules in an
external quadruple static attraction field of ion trap. The hydrogen content mass-spectrum

analysis has revealed BiHs" as the main product. Ab initio calculations showed that it
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preferentially forms an icosahedral structure rather than a quasi-planar structure. The energies
of the formation reactions of BizHis" and BizHi2" between BioHx" (x= 6, 8) ions (which were
considered to be involved in the formation of Bi2H:") and a B2Hs molecule were also calculated.
The calculations of the detachment pathway of H2 molecules and H atoms from the product
ions, BizHis" and Bi2H12', indicated that the intermediate state has a relatively low energy,
enabling the detachment reaction to proceed owing to the sufficient reaction energy. This auto-
detachment of H2 accounts for the experimental result that BizHs" is the most abundant product,
even though it does not have the lowest energy among Bi2Hx'". Ab initio calculations indicated
that icosahedral structure is more stable for BizHx clusters with x=6—12, but planar
configuration is more stable for clusters with x=0—5. It was reported the energy barriers of
structure transition by detaching H atoms from icosahedral Bi2Hs" cluster to planar Bi2Hs',
planar BiHs', icosahedral BiHs', or icosahedral BizH«' clusters. It was performed DFT
calculations to explore the energy barriers and the reaction path of the structure transition. The
resultant energy barriers are almost the same, enabling the transition to proceed and suggesting
that the structure of BizH." clusters is controlled by the number of hydrogen atoms x.

A theoretical assessment of doping a-B with hydrogen was presented in [58]. Dissimilar
to other impurities, H is unique because its site is the most stable one well suited to the 3-center
bond. The formation energy was calculated for configurations Bi2H, Bi2Hz, Bi2H13, and Bi2Hos.

The [59] reported the formation of icosahedral Bi2Hs" through ion—molecule reactions of
the decaborane ion BiHx" (x= 6 — 14) with diborane B2Hs molecules in an external quadrupole
static attraction ion trap. The hydrogen content zn of BizH.»" was determined by the analysis of
the mass spectrum. The result reveals that BizHs" is the main product. Ab initio calculations
indicated that BizHs" preferentially forms an icosahedral structure rather than a quasiplanar
structure. The energies of the formation reactions of BizHis" and BizHi2" between BioHx" ions
(x=6, 8), which are considered to be involved in the formation of BizH." and B2Hs molecule
were calculated. The calculations of the detachment pathway of H2 molecules and H atoms
from the product ions, BizHis" and BizH12", indicated that the intermediate state has a relatively
low energy, enabling the detachment reaction to proceed owing to the sufficient reaction
energy. This auto-detachment of H: accounts for the experimental result that Bi2Hs" is the most
abundant product, even though it does not have the lowest energy among Bi2H,'.

In addition to the discussion of [46, 47] on the metallic—covalent bonding conversion in
boron icosahedral cluster solids, the change of the electron localization due to the occupation of
an atom at the center of the clusters was quantitatively estimated by using ELI. In particular,
the distributions of the ELI were compared for the pair of clusters BizH12>* and BisHi2. The
occupation of the center by atom found to cause the electrons delocalization in B — B bonds.

In spite of numerous theoretical examinations of bonding situation in closo-hydroborates
B:H.*" there is lack of experimental data. But, it has become possible to obtain some model
substances for studying the multi-center bonding within a boron cluster. For this reason, the
conventional X-ray determination of the crystal structures was followed up [60] by charge
density analysis on multipole refinements. These were complemented by topological analysis

according to the atoms-in-molecules (AIM) method. The experimental data were supplemented
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by ab initio calculations. Interatomic interactions can be described as the appearance of bond-,
ring-, and cage-critical points and corresponding values for the electron density in these points.
Careful analysis of both experimental data, and charge density calculations and topological data
permits, in particular, to show the distribution of the electron density in multi-center bonds of
the BeHe? cluster. Analysis of the critical points shows the attractive interaction of cation and
anion. It was also discovered truly rhomboidal almost planar B - B - B - H rings.

Under the right conditions, and using the appropriate synthetic strategies, single-cluster
boron hydride species can fuse together to form large multi-cluster agglomerations that are
often referred to as “macro-polyhedral” compounds. The most outstanding example of this
phenomenon is the fusion of two closo-[BioH1o] polyhedra to form the anti- and syn-isomers of
BisH2. These isomers are very different species in terms of their optical and chemical
properties. Both isomers are very acidic and form stable mono- and dianions that can be react
with and incorporate a variety of different p-block elements into its macro-polyhedral
structure. The boron hydride cage BisH2: can also be functionalized by halogens or by reactive
organic species. Future development of their applications requires strict control of various
chemical and physical properties of cluster borane compounds. The chemistry of such large
borane species has been discussed in [61].

The [62] has presented the formation of hydrogen-content-controlled Bi2H.' clusters
through the decomposition and ion—-molecule reactions of the decaborane BioHis+ and diborane
B:Hs molecules in an external quadrupole static attraction ion trap. The hydrogen- and boron
contents of the Bio,Hx cluster are controlled by charge transfer from ambient gas ions. In
process of ionization, a certain number of hydrogen and boron atoms are detached from
decaborane ions by the energy caused by charge transfer. The energy caused by the ion-
molecule reactions also induces H-atom detachment. Ambient gas of Ar leads to the selective
generation of BioHs'. The BioHs" clusters react with BoHs molecules, resulting in the selective
formation of Bi2Hs" clusters. Ambient gas of Ne (He) leads to the generation of Bio,H." clusters
with x=4-10 and y=0-1 (with x=2-10 and y=0-2), resulting in the formation of Bi2H."
clusters with n=4-8 (n=2,4-8). The introduction of ambient gas also increases the
production of clusters. In addition, DFT calculations were conducted to investigate the
structure and the mechanism of formation of Bio-,H»" and Bi2H»" clusters.

Hydrogen-terminated icosahedral Bi2H12?", which has the same structure as the unit in
solids, is the most stable molecule among the various polyhedral boranes synthesized so far. On
the other hand, small boron clusters strongly favor planar or nearly planar structures, on the
basis of systematic ab initio calculations and experiments. The fact that the stable structure of
boron clusters depends on the hydrogen contents is fascinating, because it means that the
structure is tunable through the control of the number of hydrogen atoms. In [63], there was
presented the formation of hydrogen-content-controlled BizH.' clusters through the
decomposition and ion-molecule reactions of the decaborane (BioHis) and diborane (B2Hs)
molecules in an external quadrupole static attraction ion trap. In the process of ionization, a
certain number of hydrogen and boron atoms are detached from decaborane ions by the energy

caused by charge transfer from ambient gas ion to decaborane molecule. The energy caused by
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the ion-molecule reactions also induces H atom detachment. The mechanism of the charge
transfer and following detachment of hydrogen and boron atoms were investigated by DFT.

Now let us concern the boron-based clusters containing other than hydrogen elements.

Like the boron hydride Bi2zH12 cluster, electron structure of a regular icosahedron of
boron atoms theoretically established in [40] by the method of MOs can be used to interpret the
stability of crystal structure of boron carbide B12Ca.

The [64] focused on the understanding gained from the investigation of the physical
properties of boron carbides with theoretical methods based on DFT. Examination of the total
energies of various atomic configurations in the unit cell together with vibrational or nuclear-
magnetic-resonance (NMR) spectra has lead to the determination of the atomic structure of
B12Cs as C - B - C chains linking mostly B11C icosahedra, and a few percents of B1oC2 icosahedra.
In the icosahedron, the carbon C atom was found to be in the polar site: Bi2C32. When there are
2 carbon atoms, they were found to be in antipodal polar positions. At carbon concentrations
others than ~ 20 %, 4 structural models have a negative formation energy with respect to a
formation from o-B plus diamond. Moreover, they all have positive formation energy with
respect to Bi2Cs?, showing a tendency to decompose into B12Cs? plus o-B or Bi2C3? plus
diamond. Such metastability explains actual difficulties in the synthesis of clean (i.e., not
carbon-contaminated) boron samples, in particular for Bi3Ce. Finally, results on the strength of
the electron—phonon coupling constants obtained in Bi3C: were presented.

The electronic structure, total energy, and vibrational properties of carborane C2BioHi2
molecules and C2Bio clusters formed when the hydrogen atoms are removed from carborane
molecules were studied using DFT methods and a semi-empirical model [65]. Computed
vibrational spectra for carborane molecules were shown to be in close agreement with
previously published measured spectra taken on carborane solids. Semiconducting boron
carbide films were prepared by removing hydrogen from the 3 polytypes of C2BioHi2 deposited
on various surfaces. Results from X-ray and Raman scattering measurements on these films
were also reported. 11 vibrationally stable structures for C2Bio clusters were described and their
energies and HOMO-LUMO gaps tabulated. Calculated Raman and IR spectra were reported
for the 6 lowest-energy clusters. Good agreement with the experimental Raman spectra was
achieved from theoretical spectra computed using a Boltzmann distribution of the 6 lowest-
energy free clusters. The agreement can be further improved if the computed frequencies are
scaled by a factor of 0.94, a discrepancy which could easily arise from comparing results of two
different systems: zero-temperature free clusters and room-temperature films. Calculated
energies for removal of hydrogen pairs from carborane molecules were reported as well.

It has been discovered [66] that reactive boron-carbon clusters called carborynes,
C2B10H10, which are in effect 3D versions of benzyne, can exist in 2 resonance forms that exhibit
significantly different reactivity patterns. Carborynes are best described as resonance hybrids
with bonding and biradical forms: the bonding form reacts with aromatics to give cyclo-
addition products, whereas the biradical form undergoes C-H insertions with aliphatic ethers.

Mixed clusters of B and N have been produced by sputtering BN with Cs or Rb [67]. The

atom ordering in assumed linear species has been deduced from measurements of the mass
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distribution of both the positive and negative products from the fragmentation of the anionic
clusters in a gas target. The existence of the anions BBN, BNN, BBBN, BBBBN, BBNN, and
BBBNN has been demonstrated. The structural isomer with the largest EA is usually the
dominant species produced in the sputter source.

In [68], three different approaches have been discussed to understand and control the
properties of ammonia borane NH3BH3 and other boron-based materials to be practical in terms
of reduced dehydrogenation temperatures, accelerated H: release kinetics and / or minimized
borazine release. In the first approach, a new family of metal borohydride ammonia borane
complexes has been developed. The mixed-metal amidoboranes Na:Mg(NH2BHs): and
Li2(BH4)2NH3BH3 and Ca(BH4)2(NH3BH3)2 are some examples. More than 11 wt % hydrogen can
be released from these new complex boron-metal hydrides. In the second approach, the effect
of nano-confinement and catalytic activity of various metal-organic-frameworks on the
hydrogen release of ammonia borane was explored. It was found that intercalating ammonia
borane into 1D pores improves the hydrogen release kinetics and inhibits unwanted byproducts
such as amonia and borazine, thus putting one a step closer for using ammonia borane based
materials for hydrogen storage. In the third approach, a new nanoporous material, so called
graphene oxide framework (GOF), formed of layers of graphene oxide connected by benzene-
1,4-diboronic acid pillars, were designed and synthesized as a potential storage medium for
hydrogen and other gases. These findings seem to be useful as a guideline and inspiration for
the design and synthesis of other boron based complex hydrides for hydrogen storage.

The ternary and quaternary metal borides with a new cage structure compounds were
synthesized from the elements [69]. They crystallize in the cubic system. Their crystal
structures, determined by means of single-crystal XRD, are characterized by 3D frameworks of
composition PtisBi2 or IrisBi2 approximating the shape of the periodic minimal surface. This
framework separates 2 identical, interpenetrating labyrinths with large, 6-armed cages
accommodating arrays of Ba or Li atoms, the latter combined with various other elements as
well. In all compounds mixed or partially occupied sites were observed.

Metallaboranes constitute an attractive class of compounds intermediate between borane
cages, on one hand, and transition metal clusters, on the other hand. While carbon substitution
into a borane cage is rather common and gives rise to an entire class of metallaheteroborane
compounds, other main-group atom substitution is rather rare. Theoretical calculations of DFT-
type were carried out [70] to study the geometries, energetics and bonding properties in these
compounds, aiming at completing their characterization, in particular establishing the exact
number of hydrogens in the structures.

Ab initio HF calculations, extended by many-body perturbation theory corrections for
electron correlations was made in [53] on 4 optimized structures of Be(BH4)>.

Stable positions of a metal ion relative to an icosahedral borane were found in [71]. It
was considered a series of configurations of the neutral complex Mg — Bi2H12, including those in
which the Mg is internal to the icosahedral Bi2 cage. A SCF MO calculation to determine the
total cluster energy was carried out as the Mg atom is moved from the center of the borane to a

position ~ 10 A from the center (i.e., outside the borane cage). Two energy minima were found
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as a function of position. One is outside the borane cage, at 3.0 - 3.5 A from the center; the
second is at the center of the borane cage. In the region in which Mg atoms near the plane of B
atoms making up the triangular face are in equilibrium, authors were unable to calculate the
height of the activation barrier for penetration of the Mg through the face. As for the central
minimum, it was found to be deeper if Mg 3d orbitals are included in the basis set. There are
known many atoms which have a low ionization energy and are, as ions, of appropriate “size” to
fit inside a B2 cage. Incorporation of such ions into Bi2 cage in solids may offer significant
flexibility in development of refractory boron-based semiconductors.

DFT-calculations have been performed to investigate the electronic structures of Bi2Hx
cages up to n< 12 and AlBi2H» up to nn < 13 [72]. Moreover, the computations has been extended
to the charged clusters of [Bi2Hi2]9, [AlBi2H12]¢ and [AlBi2Hi3]? where g=+1 and +2. Their
energetics was calculated and structural analysis has been carried out. Cage-form of the B
remains stable against to hydrogen adsorptions. The binding energies of Bi2H» and AlB12H» are
in a decreasing trend with 2. The HOMO-LUMO energy gaps show that Bi2zHu has relatively
higher chemical hardness, while Bi2H>, Bi2Hs4, Bi2H7 and Bi2Hio are the energetically more stable
clusters. AlBi2Hs, AlB12Hs, AlBi2Hiwo and AlBi2H12 clusters are also obtained as relatively more
stable. In the charged AlBi2Hx clusters structural orientations are observed for n=12 and 13.

DFT has been employed to optimize the structures of AlB. (7=1—14) microclusters
[73]. Analysis of the energetic and structural stability of these clusters and their various isomers
were presented. Total and binding energies of the clusters have been calculated. Their harmonic
frequencies, point symmetries, and the HOMO-LUMO energy gaps have been determined.
Results were evaluated by comparing to the previous similar works. An Al atom single doped in
hardly affects the shape of the host boron clusters. Further investigation may be needed to
realize the truth of that the planar / quasi-planar metal-boron compound is more stable than
any 3D isomers. The AlBs, AlBii and AlBis clusters are of the magic sizes, i.e., these clusters
possess relatively high stability among the AlB. clusters up to n=14. HOMO-LUMO gaps
demonstrate the relatively higher chemical hardnesses at the AlBs, AIBi1 and AlBi3 clusters. IP
calculations show that AlBo also has a chemical hardness.

The change of the electron localization due to the occupation of an atom at the center of
the boron-based clusters was quantitatively estimated in [46, 47] by using ELI-conception. The
distributions of the ELI were compared for the pair of clusters BssHss and VBssH3s and found
that in the case of vanadium doping into Bass cluster surrounding the doping site, in -B the
electron density increases in some parts of the cluster and decreased in other parts.

To optimize hydrogen release from materials containing the BHs anion requires an
understanding of the thermal decomposition mechanism. In particular, it is important to
identify any stable intermediates with a lower hydrogen-to-boron ratio that may form in the
course of the decomposition of borohydrides. One such intermediate is the Bi2Hi2?" anion,
which has been indentified in previous studies of borohydride decomposition. In [74], the
transmission IR spectroscopy has been used to characterize the temperature dependence of the
vibrational spectra of LiBH4, NaBH4, KBH4 and K2Bi2H12. The high symmetry of the icosahedral
Bi2Hi2* anion leads to only 3 IR active fundamentals, which are observed at 716, 1076 and
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2485 / cm for K2Bi2H12. Upon heating to 550 K, the IR spectrum of KBH4 shows transformation
into a new species with IR peaks at 716, 1074 and 2450/ cm. The changes in the spectrum
provide good evidence for the formation of Bi2H12>~ as an intermediate in the decomposition of
the BH4 anion.

Within the last several decades there are considerable interests on bare boron clusters
and clusters of their compounds due to extraordinary properties such as the ability to build
highly strong and directional bonds with electron donor atoms. Boron can link 3 or more atoms
due to hybridization of the valence s?p electrons to sp? form. In [75], the recent studies on Al
doped Bx (7 =1 — 14) and hydrogenated cage AlBi2Hx clusters has been presented. In addition,
continuing studies on TiBx (12 = 1 — 15) clusters and hydrogenated cage structures of MBi2Hx
complexes (for M = Ti, Cr, Fe, Co and for 2 < 13) were presented. For the computations of these
systems DFT has been utilized. Energetic properties such as binding energies, HOMO-LUMO
energy gaps and interaction energies of H, 2H, H2 have been analyzed. Structural parameters,
frequencies and point groups of the optimized geometries have been determined. One of these
findings shows that the metal-coated cage structure of B1 is stable against to H-adsorption.

Synthesis techniques, including the transition metal-promoted oxidative fusion of boron
cage compounds, allows the systematic construction of boranes, carboranes, and
metalloboranes, which exhibit unusual structural features and /or properties such as cage
fluxionality. Among them are carbon-rich carboranes and metallocarboranes having up to 14
cluster vertexes. Although these materials have complicated cage geometries, the study them is
greatly facilitated by a powerful technique of 2D !B - !B NMR spectroscopy, which reveals the
pattern of bonding within the boron framework. Based on these data, the multiple-decked
sandwich complexes incorporating R:C2BsH4?" and / or R2C:BsHs?" carboranes units, transition
metal ions, and planar aromatic hydrocarboranes had been prepared and characterized [76].
Species of this type exhibit high electron delocalization and may lead to new types of low-
dimensional electrically conducting polymers.

To study the free and undistorted boron cage, a compound would be appropriate
containing cations without considerable coordinating influence. Also, the absence of solvent
molecules would be desirable. For this reasons, the crystal structure of the otherwise well-
known compound [N(C:Hs)sH]2[BioHiw] have been determined and characterized
spectroscopically [77]. These findings were compared with data on new compounds with the
closo-[BioH10]> -anion, Rb2[BioH10] and Cs2[BioH1o].

Review on complex hydrides for hydrogen storage including tetrahydroborate (LiBH4
and NaBH4) and other borohydrides was given in [78].

2.4. Applications of boron and boron-based clusters

Although mostly observed in gas phase, pure boron clusters are promising molecules for
coordination chemistry as potential new ligands and for materials science as new building
blocks. The use of pure boron species as novel ligands has commenced, suggesting many new

chemistries are ahead. Boron-based clusters can serve also as models to simulate silicon-based
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materials. General properties such as high structural stability and high molecular boron content
make the isomers BisH2 attractive compounds for ion-implantation of boron into silicon wafers
in the making of p-type semiconductors.

Functionalized carboranes can feature extensively in the synthesis of polymers, ceramics,
catalysts, and radio-pharmaceuticals.

Interest in the use of hydrogen as a transportation fuel has driven extensive research into
novel gas storage materials. Many efforts have been focused on boron-containing hydrogenous
materials primarily due to the light constitutional elements and the resulting high hydrogen
storage capacities. Among many promising hydrogen-rich boron-containing materials ammonia
borane NH3BH3 has received much attention because of its satisfactory air stability, relatively
low molecular mass and remarkably high energy storage densities. However, the direct use of
pristine ammonia borane as a hydrogen energy carrier in on-board / fuel-cell applications is
prevented by its very slow dehydrogenation kinetics and the concurrent release of detrimental
volatile by-products such as ammonia, borazine and diborane.

Metal borohydrides are also of interest as hydrogen storage materials as BHs is 27 %
hydrogen by weight. When the borohydride anion is paired with a light weight cation such as
Li" or Na', the compound has a hydrogen weight percentage that is sufficiently high to be of
potential practical importance for hydrogen storage. Boron and metallo-boron clusters have
been actively studied, offering new opportunities for searching materials which are suited for
the hydrogen storage.

Polyhedral boron compounds (boron clusters) are interested for creation of medicines
for neutron capture therapy (NCT). Synthesis of these compounds is expensive and labour
consuming because of necessary high enrichment degree with !°B stabile nuclide. Therefore,
information about influence of substitutes on biological properties of polyhedral boron
compounds is too actual. However, systematic investigations of this problem was never
conducted. In NCT clinical practice mercapto-closo-dodecaborate (weak acid of dodecaborate
anion) is available. Two liposomal forms of medicines are widely used. These forms are capable
to actively penetrate into tumor cells. Objects of studies presented in [79] were amphiphyle
derivatives of boron cluster anions in the form of sodium salts. Obtained data are indicated that
boron clusters derivatives with lipophylic substitutes of various structure are of moderate
toxicity. The general targets of biological influence were organs of digestive system. It is
possible that such feature of biological effect is generally caused by toxic influence of a lipid-
like molecular fragment gave more significant contribution into toxicity of final compound.

Interaction of polyhedral boron compounds with albumin has been considered in [80].
The albumin is transport form binding xenobiotics and transferring their into liver for
subsequent destruction and elimination of catabolic products from organism. Chemical
compounds basing on polyhedral boron compounds are potential medicines for °B-NCT. These
compounds are classic xenobiotics. Therefore, it is necessary to study an interaction of
polyhedral boron with albumin for truly creation of extensive pharmacokinetic model. Such
model would be described the features of polyhedral boron distribution in organs and tissues. It

was developed the method of that investigation and the device for its realization. The base of
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device consists of dialyzing camera possessing membrane with pores of diameter providing only
polyhedral boron penetration through membrane and non-penetrated for albumin. There were
presented the results of investigation of albumin binding with synthezied hybrid trisdioxymat-
closo-borate complexes on the base of closo-borate anion, total formula is
Nai12CoNsO18C3sH120Bes. It is well water soluble, contains significant boron quantity (64 atoms)
and is a chromophore center. The presence of transitive metal allows correcting of the obtained
data in correlation of X-ray fluorescent analysis technique. The separate positive feature,
capable to provide specific biological activity, is factor that complex is nano-sized object similar

in its physical properties to negative charged lyposomes.

3. Structurally stabilized boron crystals

Boron crystalline structures are open networks (with many crystallographic voids) in
which icosahedra can be linked together in a variety of ways. It is a reason, why icosahedron is
the basic building block in the boron amorphous form too. In the Periodic Table, boron is
neighbor of carbon and its chemical richness is second only to carbon due to its 3 valence
electrons instead of 4. Boron and carbon independently have very stable structures formed from
sp? hybridized bonds, but they have very different lattice structures. The preference for
icosahedral Bi2 cluster amongst elemental boron and polyhedral boranes as well was elucidated
by Jemmis & Prasad [81] based on an optimized overlap model. The ingenious ways in which
elemental boron and boron-rich solids achieve icosahedron-related structures were explained
by a fragment approach. Namely, the Jemmis’ mno-rule was used to get the electron
requirements: a polyhedral atomic structure with m polyhedra, n vertexes and o single-atom
bridges between polyhedra requires m+ n+ o electron pairs for stability. Intrinsic point
imperfections, extra occupancies and vacancies, which are peculiar for -B structures, were
shown to be inevitable results of these electron requirements.

The structural connections between the compounds of boron and carbon have been
extended using the mno-rule [81]. In particular, an interesting electronic structural relationship
between the Bss fragment of the f-B and the fulleride anion, Ceo'?", is derived by replacing the
12 pentagonal pyramidal Bs* units by isoelectronic Cs~ units and removing the central Biz from
the electron-deficient Bss unit.

The B-B and other icosahedral boron-rich solids, which are materials containing boron-
rich units where atoms reside at 12 vertexes of icosahedra, are known for their exceptional
bonding properties and corresponding unusual structures. Emin has described [83] how the
unusual bonding generates other distinctive and useful effects in elemental boron and boron-
rich materials. In particular, in boron-rich solids radiation-induced atomic vacancies and
interstitials spontaneously recombine to produce the “self-healing” that underlines these
materials’ extraordinary radiation tolerance. Furthermore, boron carbide, the best-investigated
icosahedral boron compound, possesses unusual electronic, magnetic and thermal properties.

The charge carriers, holes, due to significant polaron effect (electron—phonon interaction)
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should be localized as singlet pairs on icosahedral dangling bonds (the unusual origin of this
localization is indicated by the absence of a concomitant photoionization effect). The thermally
assisted hopping of singlet pairs, named as bipolarons, between icosahedra produced Seebek
coefficient that is unexpectedly large and only weakly dependent on carrier concentration.

Starting from the statement that boron and boron-rich solids are strong electron—phonon
coupling systems one can conclude that therefore they potentially have high-T7:
superconductivity. Special superconductivity research on boron and boron-rich solids has been
performed in [84, 85]. It was emphasized that for realizing high transition temperature 7c a
careful control of the valence electrons is necessary, which requires detailed understanding of
the electronic structure. By critically reviewing recent development in this field, along with the
situation in heavily doped materials similar with boron by strong electron—phonon coupling, it
was shown that a promising route to the high 7¢in boron-rich system is doping. Although both
o- and -B become metallic and exhibit superconductivity at high pressure, the strong covalent
character still remains, which significantly limits their 7c achieved by applying high pressure.
Heavy doping is preferable, as long as the basic electronic structure is retained. But it is
extremely difficult at normal conditions. A promising method to achieve this is high pressure
synthesis. To design high-pressure experiment, the role of theory is important through
predicting the phase diagram, which was constructed for boron by authors at the first time.

It was demonstrated by Schmechel & Werheit [86] that for -B the concentrations of
point structural defects and electronic gap states are quantitatively correlated. In this way the
theoretically determined valence electron deficiencies are exactly compensated. The metallic
character of these materials resulting in the theoretical calculations on hypothetical idealized
structure is changed to the experimentally proved semiconducting behavior. Obviously, the
structural defects in this crystal are the necessary consequence of the valence electron
deficiency. It was also suggested that this correlation holds for icosahedral boron-rich solids too.
Later the present knowledge of electronic properties and charge transport in icosahedral boron-
rich solids were described in details [87, 88]. As it is known, Bi2 icosahedra or related structure
elements determine the different modifications of elementary boron and numerous boron-rich
compounds from o-B with 12 to YBes-type with about 1584 atoms per unit cell. They are
characterized by typical well-defined high density intrinsic defects: Jahn-Teller distorted
icosahedra, vacancies, incomplete occupancies, statistical occupancies and antisite defects. The
correlation between intrinsic point imperfections and electron deficiencies solves the
discrepancy between theoretically predicted metal and experimentally proved semiconducting
character. The electron deficiencies generate split-off valence states, which are decisive for the
electronic transport, a superposition of band-type and hopping-type conductions. Their share
depends on actual conditions like temperature or pre-excitation. According to H. Werheit,
D. Emin’s theoretical model of bipolaron hopping is incompatible with experiments.

Unusual structures and chemical bonds realized in pure boron and many boron-rich
borides having local icosahedra in their crystals has been studied [89] by visualization of the
electron density distributions. It was used maximum entropy method / Rietvald analysis of

powder XRD-data in order to discuss the peculiarity of the chemical bonds. In o-B («-B12) and
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its derivative crystals, peculiar covalent bonds, i.e., intra-cluster 3-center bonds and inter-
cluster bent bonds have been observed. In $-B (B-Bios), the intra-cluster 3-center bonds were
observed, but the inter-cluster bent bonds were not. The origin of these bonds can be explained
by the mismatch in the directions of the bond and lattice vector (in a-Bi2, the bond direction is
parallel to the lattice vector).

It have been shown [90, 91] by DFT calculations that «-B is the most stable phase at low
temperature among icosahedron-based boron crystals. This is consistent with low-temperature
crystal growth of o-B. A problem of the calculation is, however, that the conclusion would be
changed if defect states in f-B, which are observed in experiment, are taken into account. This
urges to suspect the perfectness of o-B crystal. Then, it was investigated possibility of
imperfections of a-B from the standpoint of crystal stability: intrinsic defects of vacancy and
self-interstitials have been examined. Based on the total energy calculations, it was concluded
that intrinsic defects are not present at a level above ~ 0.1 %.

From the experiments, another elemental boron form — the B-B structure of boron is
known to be stable over all temperatures from absolute zero to melting. However, theoretical
calculations found its energy to be greater than the energy of the a-B. Furthermore, the $-B
form exhibits partially occupied sites, seemingly in conflict with the thermodynamic
requirement that entropy vanish at low temperature. These issues were considered by Widom
& Mihalkovi¢ [92] using electron-DFT methods and an extensive search in the configuration
space. It was found a unique, energy-minimizing pattern of occupied and vacant sites that can
be stable at low temperatures, but that breaks the p-rhombohedral symmetry. Even lower
energies occur within larger unit cells. Alternative configurations lie nearby in energy, allowing
the entropy of partial occupancy to stabilize the B-B structure through a phase transition at
moderate temperature. Corresponding transition temperature was estimated as 300 K. Thus,
o- and B-B are closely related structures with nearly identical stability. Unlike a-B, in which
every regular site is almost fully occupied, B-B is characterized by significant partial occupancies
and intrinsic disorder. Optimizing the site occupation yields [93, 94] a superstructure of f-B
boron that can be called f'-rhombohedral boron (B'-B). Its energy is lower than «-B, but its
symmetry is lower than $-B. The configurational entropy of partial occupation drives above
mentioned ' — P transition around the room temperature (~ 300 K). Comparing the vibrational
density-of-states (DOS), one can find that B'-B has an excess of low frequency modes that are
strongly localized around the partially occupied sites. The vibrational entropy of these low
frequency modes adds to the configurational entropy of partial occupation to further stabilize
the B'-B. It should be noted that the temperature 300 K of the structural ' — B transition in
boron is only a crude estimate because of several approximations made: only the coupling of
two primitive cells was considered; only a small fraction of all configurations within these two
cells were taken into account; atomic vibrations (which contribute strongly to the free energy
and must be included in any attempt to estimate an accurate transition temperature) were
neglected. Besides, this transition may be difficult to observe experimentally because atomic

diffusion is slow at this temperature.
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Figure 2. Electron-microscopic images of (1) planar defects [100] and
(2) polysynthetic twin packet [101] in single-crystal 3-rhombohedral boron.

Nevertheless, around this value, at 290 K, we have indeed obtained [95-101] jumps on
the temperature-dependences of the dielectric properties of 3-B samples of various origins. The
point is that the low-frequency charge capacitance for semiconducting boron samples proves to
be “giant” — considerably higher than the geometrical value calculated from the sample sizes
under assumption of material homogeneity. The explanation was found on the basis of the
generalized barrier model for an inhomogeneous semiconductor within its 3-layer version. It
seems that planar defects (stacking faults and polysynthetic twin packets) characteristic of real
boron crystals (Figure 2) generate elastic stresses, which are sufficiently high for a local decrease
in conductivity. In addition, the relatively low-conductive barrier layers can arise at the
interfaces of these relatively low-conductive inclusions with a relatively high-conductive
matrix. The step-wise behavior at ~290 K is indicative of the elimination for conditions of
existence for low-conductivity barriers. The closeness of the intrinsic transition temperature
~300 K in the B-B structure with ~290 K measured for abrupt changes in B-B dielectric
properties does not seem accidental. However, without detailed comparative analysis of the fine
microstructure characteristic for 3-B matrix and stressed inclusions, it is impossible to imagine

how such transition promotes sample homogeneity by the concentration of hopping carriers.

4. Amorphous boron
4.1. Preparation techniques for boron amorphous films and powders

Early review on amorphous boron (a-B) preparation techniques as well as on its
structure, and properties had been given in [102]. The Contents of this paper was restricted to
amorphous films as opposed to the bulk (massive) form of a-B. However, a comparison between
these two forms was carried out. It was emphasized that no precise definition of “amorphous”
phase of boron exists. Though samples described as amorphous, therein degree of non-

crystallinity or “amorphicity” is not clearly established. Among various thin-film-preparation
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techniques — vacuum deposition, sputtering, liquid drop quenching and pyrolytic
decomposition etc — vacuum deposition had proven to be the most satisfactory technique for
producing amorphous films. The issues of structural and impurity analysis, electrical and optical
properties, and high-field effects also were analyzed.

At the same time methods of preparation of a-B had been reviewed in [103]. The known
methods of boron preparation leading to the high purity product had been divided into few
groups: reduction of boron compounds by metals, hydrogen or other agents like the boron
oxide, borax, metal borates, the halogenides (chloride, less frequently bromide, fluoride and
iodide), and metal tetrafluoroborates, which can be used for the practical production;
electrolysis; reduction in a plasma reactor; reduction in tubular electric ovens; reduction of
boron halogenides in the reactor with incandescent filaments or rods; thermal decomposition of
a boron compound (halogenides or hydrides). These reactions usually result in a mixture of
amorphous and crystalline boron without distinctly marked structure.

In the first paper [104] by Mikheeva et al from the series of four papers, it was described
reduction of the boron anhydride by the light metals. In addition to the borides of given
composition (like the CaBs and AlB1), it was formed amorphous phase with variable
composition and quite high content of boron. Conclusion was made that the reduction with
magnesium is practically most convenient way of producing of the a-B (in form of fine-
dispersed powder composed of about 80 % boron with Mg as main impurity). Second paper
[105] was especially devoted to the physical-chemical analysis of the reaction between boron
anhydride and magnesium. Then, the product enrichment in boron by the vacuum distillation
of magnesium from the “raw” a-B was considered [106]. It is an easy process. But, the removing
of the oxygen, existing in a-B in form of lower oxides, needs long-term high-temperature
annealing in vacuum close to the boron melting point [107] because the oxidation makes the
particles’ surfaces chemically non-active. Vacuum refinement provides with ~ 98 % purity a-B.

Elementary boron, probably with amorphous structure, had been obtained in glow
discharge process as well [108].

Single crystal films of boron were prepared [109] by thermal reduction of purified BCl3
with subsequent deposition of boron onto oriented silicon substrates: continuous o-B films
about 10 um thick were observed. But, if silicon surface was not smooth due to strains because
of faceting or in case of rough surface, obtained boron films were “amorphous” — they were
more irregular and revealed numerous protrusions. Films obtained at > 1000 °C or high
pressures showed polycrystalline “ring” patterns.

A simple technique for deposition under vacuum of pure boron layers was suggested in
[110]. It was emphasized that always exists a risk for contamination of the boron layers by
evaporation of overheated electron gun components and pick-up from the support, or by
evaporation resulting from scattered electrons heating parts of the vacuum enclosure. On
account of this, high frequency heating had been investigated for the deposition of ultra-pure
a-B layers.

Boron films on silicon and sapphire substrates were obtained [111] by the electron-beam

heating in vacuum. According to the electron-diffraction studies, the films deposited on
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substrates heated up to ~800°C reveal amorphous structure. However, features of the
diffraction pattern point on short-range order characteristic of an icosahedron and randomly
distributed icosahedra. At 800 — 900 °C, formation of the crystalline — o-tetragonal boron —
phase takes place. Annealing at ~ 1300 °C also transforms amorphous film into a crystalline
form. One more method of obtaining of the metastable boron phases in form of thin layers is a
liquid drop quenching technique [112]. By this method, 20 - 100 pm thick films with fine-
crystalline structure were prepared. They are in general of B-B modification. But, very thin
species showed amorphous structure according to XRD patterns.

Compact coatings of a-B were deposited [113] on smooth surface of massive substrates
such as graphite, refractory metals, iron and stainless steel using the reduction of boron
trichloride by hydrogen. The deposite morphology depends upon the physical aspects of the
surface and is more regular on polished surfaces. It was shown 114] that non-crystalline — a-B
layers grow thicker so long as the deposition rate is governed by chemical kinetics: chemical
vapor deposition (CVD) brings more rapidly. It was found that on a carbon substrate boron
begins to grow in the form of spheroidal nodules attached to the substrate. The drops of a-B are
B12 clusters in o-B crystal order. In the thin layer of a-B an aggregate of tetragonal crystals is
also nucleated. To obtain a flat area of a-B by CVD, the most important conditions concern the
mass transportation of the reactant. The average time after which there is a nodule probability
of crystallization decrease sharply when deposition temperature increases.

Process of preparation of boron film by the hydrogen-assisted reduction of boron
trichloride BCls in glow discharge was specially investigated in [115]. The deposition starts at
~ 900 °C, but obtained films are loose with poor adhesion with substrate. Actually they are a-B
powders. At ~ 1000 °C, crystallization increases, but one can still find drop-like outgrowths of
a-B. At higher substrate temperatures, the highly disordered micro-crystalline structure of the
o-tetragonal boron with large residual stresses is formed.

Boron films were prepared [116] on Ti substrate by an ion plating — physical-vapor-
deposition (PVD) method. Electron microscope studies of the film morphology showed that the
properties of these films depend on the deposition rate and the substrate temperature.

The factors influencing the morphology of boron prepared by CVD in a closed system
were specially investigated by Carlsson [117]. The formation of amorphous or crystalline
deposites was found to be confined to well-separated regions defined by temperature and
deposite rate of supersaturation. In the temperature range 1390 — 1640 K, a-B is formed at
deposition rates higher than that given by relation 1.59 - 10 [ug / cm? - s] exp (20070 / 7'[K]).
At temperatures lower than 1390 K, a-B is formed at considerably lower deposition rates. Other
technological conditions lead to the simultaneous growth of amorphous and crystalline boron.
Heat treatment of a-B in vacuum in the temperature range 1270 - 1520 K results in the
formation of B-B via the formation (by a sublimation / condensation mechanism) and
subsequent decomposition of o-B. Then, the origin of various morphologies of the boron
deposite was discussed [118] in connection with schematic kinetics-curve. Although the
borderline between the amorphous and crystalline morphologies is fixed, the kinetics-curve can

be moved to higher and lower deposition rates and to higher and lower temperatures. This
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consideration was based on the investigation of the deposition rate of boron in a closed
chemical system (namely rate of the CVD from a hydrogen—boron trichloride mixture, which is
a complicated heterogeneous reaction) and various methods for the determination of deposition
rates. Two theoretical models — quasi-kinetics and diffusion — for interpreting available boron
deposition rate data from a closed CVD systems, were developed and successfully applied [119].

Pure and hydrogenated a-B films can be prepared [120] by the method employing
plasma deposition of the electron-cyclotron-resonance and borane-hydrogen mixture,
B2H:> plus H: (it is a technique for thin-film synthesis with many useful features).

Boron thin films were deposited by electron beam evaporation and by pyrolysis of
decarbone on quartz glass substrates [121, 122]. The thickness of a film was about 0.7 pm. Films’
structural characterization by X-ray and electron beam diffractions showed that they were a-B.
Spectra of carbon almost disappeared after 10 min ion-etching with argon. It seemed to be more
difficult to remove the oxygen from the surface of the boron film. The oxygen concentration
was estimated to be about 5 %. Oxygen seemed to exist mainly at the grain boundaries.

Boron films with good quality with the aid of photo-CVD process was prepared
[123, 124]. The reactant gas B2Hes (~ 1 % in H2) was used. The films were grown on a single-
crystalline Si plane and silica glass at various growth temperatures of 600 — 1000 °C. Obtained
boron films showed both an amorphous structure and crystalline grains with sizes increased in
increasing growth temperature. The activation energy for the film growth 0.14 eV for thermal
CVD process decreased to 0.043eV by using photo-CVD, which demonstrated the
decomposition and excitation of B:He by deuterium lamp with radiation wave length of
115 - 400 nm. The electrical properties of boron films on silica glass showed that those obtained
by photo-thermal CVD process have lower concentrations of holes and higher mobilities than
those obtained by thermal CVD process. Then, Kumashiro et al prepared boron films on silica
glass substrate [125, 126] by solid source molecular beam deposition (SSMBD) and gas source
molecular beam deposition (GSMBD). The growth experiment was performed with cracked
B2Hs at 300 °C under a vacuum for the deposition, where the substrate temperature of above
500 °C is necessary to desorb hydrogen from growth surface. Finally, it have been prepared
[127,128] electrodeposited boron wafers from the molten salts with KBFs+- KF. The
experimental apparatus consisted of graphite crucible for anode and Ni plate for cathode.
Magnetic field was applied perpendicular to crucible to form homogeneous molten solution for
obtaining uniform wafers. After KBFs - KF powders were melted at the ~ 680 K, boron was
deposited on the Ni plate. Then, boron wafers was peeled from these plates. XRD pattern of the
boron wafers revealed their amorphous structure.

Relatively recently, for the first time a-B has been obtained [129] by using Soxhelt
method: after heating the mixture of boron oxide B:03 and magnesium Mg in appropriate
amounts at 750 °C in a tube-furnace under argon atmosphere. The mixture obtained by heating
was subjected to a purification procedure in Soxhelt apparatus with 6 M HCl. The dissolution
off side products with concentrated acid was speeded up and also the purification procedure
time was minimized (down to 3 — 4 h) since the product was reacted with pure acid solution in

each cycle with the aid of Soxhelt apparatus. B2O3 and Mg (1 : 2.3 mole ratio) were mixed and
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pellets were formed by 3 metric tons pressure and heated for 2h at 750 °C under argon
atmosphere. The obtained product was grinded to smaller size to increase the surface area for
better dissolution of the side products. As a result, 93.1 % pure a-B was obtained by washing
with 6 M HCI solution 3 times again in the Soxhelt apparatus.

There are some reports on boron films containing high concentrations of impurities.
Samples of a-B films containing up to 16 at % carbon were formed [130] on fused silica substrate
by an electron-beam deposition technique. Carbon was added to the samples during deposition
by introducing acetylene through a leak valve. Aiming to obtain MgB: thin films, boron thin
films were deposited [131] by using thermoionic vacuum arc technology on the Mg surfaces
deposited on the glass substrate applying both sputtering and thermal evaporation methods.
Thickness of the grown thin boron film was measured approximately as 1 pm. Boron-silicon
amorphous films were prepared [132] by pulsed laser deposition technique. The nanoscale
samples containing boron and iron were obtained [133] through chemical reactions (wet-
chemical synthesis) of boron and iron sources in solutions at low temperatures. XRD revealed
the amorphous character of these nanoscale products.

In review [134], discussions of fundamentals on pure boron formation leads to the
following: boron being a solid with a very high melting point usually forms a powdery material.
Since there is no medium for its growth in the rapidly solidified form it is amorphous in nature.
In cases, where the feed material are gases (boron chloride plus H2 or borane) boron is the only
solid product. Its crystallinity is found only when ultra-high temperatures are available as in
plasma or arc processes. The understanding of above fundamentals and thermo-chemical
calculations indicate the possibility of forming pure boron element in molten chloride melts by
metallothermic reaction of purified boron tri-chlorides. Such processes may be more
economical than hydrogen-reduction of boron halides on hot filaments, as heat dissipation

control is much easier in a molten salt medium.
4.2. Crystallization of amorphous boron

Process of crystallization of amorphous boron had been studied [135] within the
temperature range 800 - 2200 °C in argon atmosphere. In general, gas-transport reactions yield
amorphous boron (< 800 °C), a-B (800 — 1100 °C), mixture of non-stoichiometric borides and
tetragonal boron (1100 - 1500 °C), and B-B (> 1500 °C). When heated in argon environment,
a-B can be transformed into a-B, but in vacuum it usually prefers f-B structure. a-B can be
considered as very fine microcrystalline $-B with short-order determined by boron icosahedra.
Thus, crystallization of a-B should be treated as ordering process of the icosahedral groups.

Transition of the a-B in crystalline state was specially analyzed by Pirtskhalaishvili et al
[136]. It was stated that reduction of boron from its halogenides depending the reduction
temperature, deposition rate, pressures of reacting gases, and impurity composition yields the
different structural modifications of boron: below ~ 800 °C — amorphous; above ~ 1100 °C —
crystalline; at higher temperatures — even single-crystalline. It was found that heating of the a-B

leads the transition to «- and -B and such transitions depend on initial product purity and its
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annealing. Both a-B obtained by electrolysis or diborane reduction transformed into 3-B with
heat of transformation ~ 0.4 kcal / g - at.

An investigation of processes of structure change in thin boron films, which occurs
under the influence of space-charge-limited-currents (SCLC), was performed in [137]. Initial
a-B films of ~ 3 um thick were deposited on pyroceram substrates by the thermal evaporation of
a polycrystalline boron rod in vacuum and Au - B - Au film-structures were formed to obtain
current—voltage characteristics at various temperatures. It appeared that the boron film
structure (morphology) changed under the influence of electric fields of ~10*V /cm: the
structure ordering took place.

Crystallization of a-B needs existence of the crystallization centers. This issue was
considered [138] based on XRD study of the atomic radial distribution function (ARDF) in
powders of a-B of various origins.

The transition of a-B into crystalline state was also investigated [139] by differential
thermal analysis (DTA) at different heating rates. Obtained DTA-curves were transformed into
transitional kinetic relation using the heat balance equation. Thermodynamic equations for
formation processes of a- and 3-Bl boron from a-B were also obtained. As a result a metastable
diagram of elementary boron was constructed, which determines the regions of existence of
amorphous and crystalline phases.

An investigation of sintering kinetics of boron was presented in [140]. The influence of
powder size distribution on the temperature-dependence of sintering, reaching a high final
density, and gaining a homogeneous grain size had been shown. The maximum sintering
density was reached as the process was managed under conditions providing the successive
a-B — a-B — f-B phase transitions in boron. The results of sintering of boron pellets
compacted by explosive compression were considered. It was found that exposing—sintering
process produces pellets of a-B and a-B.

Some characteristic features of the technology of producing a-B by the amorphous
powder’s crystallization were also considered [141]. Powder samples were heated to 1000 °C in
a high-temperature resistance furnace and then the rate was reduced. After these heating
processes, pyrolytic a-B transforms to a-B. Electrolytic a-B starts to crystallize at 1150 °C to -B
without going through the intermediate o-B phase. The investigation of the influence of
impurities on the crystallization of a-B showed that carbon is more unfavorable than metallic
impurities, preventing the formation of the o-B. Though the powders of pyrolytic and
electrolytic a-B are distinguished by purity (electrolytic boron is more contaminated), the
investigations performed lead to the speculation that the crystallization process is influenced by
the short-range of the atoms of the initial powders rather than by the impurity content. In
connection with this, one can note an early special method of spectrographic analysis of high
purity a-B developed in [142]. It allowed the simultaneous determination of 32 element
impurities in a-B with a sensitivity of 0.00003 — 0.01 % and relative error of 6 — 20 %.

Relatively recently, the problems of adaptation and application of synchrotron radiation
diffraction in the study and structure determination of the solid phase products obtained during

the thermal decomposition of gaseous diborane, higher cluster boron hydrides, and their

254



L. Chkhartishvili. Nano Studies, 2011, v. 3, pp. 227-314.

derivatives and metal-derivatives of ortho-carborane were discussed [143]. It was demonstrated
that thermal decomposition process for the preparation of phases of boron proceeds at relatively
low temperatures of 500 — 900 °C with formation of a-B, containing nanostructural elements.
Based on a brief review of standard methods of preparing of a-B a conclusion has been made
that boron, which is a refractory material, obtained at high temperatures should be mainly a

crystalline product. Thus, a-B has to be produced at relatively low temperatures.
4.3. Amorphous structure of boron

As a close model for the a-B films structure can be considered that for the liquid boron
(1g-B). The negative volume change of boron on melting and relatively low surface tension of
1g-B should be accounted for the preservation of the icosahedral structure characteristic for
boron crystalline modifications in liquid phase. A model of the structure of 1q-B was built by
Khantadze & Topuridze [144] using boron icosahedron as the constructional element. The
arrangement of Bz icosahedra in the structure of f-B as well as their random, chaotic
distribution were found to give an almost identical loose filling of space. As a result it was
concluded that icosahedron is presented as a structural unit of the liquid phase. Thus, 1g-B may
be considered as a disordered mixture of icosahedra, whereas a-B, including films prepared by
vacuum vaporization or by quenching from the liquid state, should be considered as a
disordered packing of icosahedra.

Five-fold symmetry in liquids was considered in [145]. It was stated that a complete
description of the structure of simple liquids, like the melted boron, was missed from
understanding of condensed matter. But, new observations showed that liquids contain many
configurations with five-fold symmetry. Understanding the structure of simple liquids is a
fundamental, unsolved problem in the mathematical and physical sciences. Attempts to
describe liquids theoretically as disordered crystals have failed, and their description as dense
gases (fluids) remains too complex. On other hand, there are only a few experimental
measurements on 1g-B due to the fact that it is extremely reactive with any container.
Electrostatic levitation in vacuum prevented contamination and multibeam heating overcame
sample position stability problems occurring when handling boron at high temperatures. This
allowed the density determination of the liquid as well as the high temperature solid states.

An ab initio molecular-dynamics simulation of 1q-B was presented in [146]. At the
density ~ 2 g/ cm?® and the temperature ~ 2600 K, icosahedra are destroyed although atoms still
form an open packing with 6-fold coordination. Moreover, it was found that most 3-center
covalent bonds, which make the a-B phase semiconducting, are destroyed. Furthermore, the
estimated electrical conductivity shows that boron undergoes a semiconductor-to-metal
transition on melting, in agreement with the previous scarce experimental information.

The structure factor and the pair distribution function has been measured for 1q-B in the
temperature range 2600 — 2000 K, extending over both the normal and supercooled liquid states
[147]. The bond length and coordination number of the first coordination shell are similar to

those reported for the crystalline and amorphous solid forms, but the second and third
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coordination shells are broader and shifted to higher distances. The insulator-metal transition
that takes place in boron upon melting is associated with a relatively small change in both
volume and short-range order. Previously, the structure of solid and liquid boron was simulated
on a computer and concluded that these icosahedra were destroyed upon melting. This result
contradicted some indirect evidence that this unusual material maintains some short-range
order in the liquid state. The presence of icosahedra would affect properties like the electrical
conductivity of 1g-B. Experimentally it has been found that at short length scales, the structure
of 1g-B is similar to its nonicosahedral solid forms, a comparison that the computer simulations
did not address. The similarity is surprising because as a solid, boron is an insulator, while as a
liquid, it behaves like a metal. But authors were unable to conclusively determine whether
icosahedra remain intact above the melting temperature (whether 1qg-B contains icosahedra).

Over the 2275 - 2460 K interval, the density of the liquid and undercooled phases of
boron was measured as 2.17 - 103 - 0.25 (7= 7=) kg / m3, where 7= is the melting temperature
(2360 K) [148]. Similarly, the density of the solid phase was measured over the 2010 — 2360 K
range as 2.11 - 10* - 0.09 (7— 7m) kg / m3. These data provided clear experimental evidence that
boron contracts (nearly 3 %) upon melting.

Okada et al have designed [149] the electrostatic levitation chamber for X-ray scattering
experiments (XRD and Compton scattering on 1q-B were obtained).

The electrical conductivity of levitated liquid elemental boron was measured near the
melting point using a contactless electrical conductivity technique [150]. A phase change is
clearly detected in the course of laser heating of a 2 mm diameter boron sphere levitated
aerodynamically. The value obtained for the electrical conductivity sets 1q-B among the liquid
semiconductors and establishes that the semiconducting behavior survives the melting process
contradicting an earlier report that a semiconductor-to-metal transition occurs.

The density, surface tension, and spectral and total hemispherical emissivities of 1q-B
obtained with contactless diagnostics were reported for temperatures between 2360 and 3100 K
[151]. It was shown that, contrary to some previous expectations, 1q-B is denser than the solid at
its melting point. It is also shown that the high total emissivity of 0.36 is not consistent with
that of a liquid metal as claimed. Finally, good agreement is found with previously reported
surface tension and spectral emissivities of 1q-B.

A comprehensive study of 1q-B with X-ray measurements of the atomic structure and
dynamics coupled with ab initio molecular dynamics simulations has been performed in [152].
There found no evidence of survival into the liquid of the icosahedral arrangements that
characterize the crystal structures of boron but many atoms appear to adopt a geometry
corresponding to the pentagonal pyramids of the crystalline phases. Despite similarities in the
melting behavior of boron and silicon, there is the evidence of a significant structural shift with
temperature that might suggest an eventual liquid-liquid phase transition. Relatively poor
agreement with the observed damping of the sound excitations was obtained with the simple
form of mode-coupling theory that has proved successful with other monatomic liquids,

indicating that higher-order correlation functions arising from directional bonding and short-
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lived local structures are playing a crucial role. The large ratio of the high frequency to the
isothermal sound velocity indicated the much stronger viscoelastic stiffening in 1q-B.

Viscosity of 1g-B was measured over the temperature range from 2325 to 2556 K using an
electrostatic levitation method combined with an oscillation drop technique [153]. The results
obtained revealed that the viscosity increases slowly with decreasing temperature from
2.2 mPa - s at 2550 K to 2.6 mPa - s at 2370 K, and substantially increases with further decrease
in temperature below the melting temperature (2360 K), becoming as large as 6.4 mPa - s at
2325 K. Such behavior suggests that clusters with extension may appear in supercooled 1q-B.

As it was mantioned above, until recently there have been few experimental
measurements on 1q-B since it reacts with a container. But, the advent of levitation techniques
made possible to handle a sample without contamination and to carry out the measurements on
the physical properties of 1g-B in the temperature region down to the supercooled state. These
results have been in brief reviewed in [154]. Density measurements have revealed that boron
contracts by nearly 3 % upon melting. By the measuring of electrical conductivity of 1g-B, it has
been shown that the semiconducting property remains even in the liquid state. XRD and
inelastic X-ray scattering measurements on 1q-B were carried out in order to address the
question whether Bi2 icosahedral units may survive into the liquid state. No evidence has been
obtained on the survival of the icosahedral units into liquid. Ab initio molecular dynamics
simulations of 1g-B also suggested that icosahedral arrangements are destroyed upon melting.
Both of these experimental and simulation studies seem to strongly deny the existence of B
icosahedral units in 1qg-B. Instead, there still remains possibility that small clusters such as
pentagonal units could exist in 1q-B. In the more deeply supercooled state of 1q-B, if realized, it
is expected that small clusters may be connected together and grow larger. Authors of review
have succeeded themselfs to measure viscosity of 1q-B over the temperature range from 2325 to
2556 K. The results obtained revealed that the viscosity increases slowly with decreasing
temperature from 2.2 MPa - s at 2550 K to 2.6 MPa - s at 2370 K and substantially increases with
further decrease of temperature below the melting temperature (7n = 2360 K), becoming as
large as 6.4 MPa - s at 2325 K. The increase of the viscosity suggests that clusters with extension
may appear in supercooled 1q-B. At first glance, such observation coincides with above
mentioned existence of small clusters with pentagonal structure which could appear in the 1q-B
above the melting temperature (~ 2400 K) and also in supercooled state at 2340 K. It is noticed,
however, that the temperature dependence of viscosity of 1g-B still follows the Arhenius’
equation in the temperature range where the XRD measurements were made. Therefore, the
substantial increase of the viscosity in the supercooled 1q-B observed in the lower temperature
range might be caused by the other origin except for the pentagonal unit. In the supercooled
states below 2325 K, the growth of clusters could be favored resulting in the substantial increase
of viscosity: the pentagonal units could be connected each other and grow largely and the life
time of such large cluster could be long enough to increase the macroscopic viscosity as
observed in the present experiments. It is possible that quenching the supercooled state of 1q-B

could lead to the formation of new metastable phase of boron.
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The structure of evaporated boron films was studied [155] by electron diffraction. These
films gave a typical amorphous pattern: 11 halos were observed. Both ARDF and the intensity
comparison methods were applied to analysis of the data obtained for these thin films of boron
prepared by the method of vacuum deposition. Bond distances similar to those appearing in the
crystalline forms of boron were found in the evaporated film. The Bi2 icosahedra which are the
structural entities common to all modifications of crystal boron existed also in the film.
However, the arrangement of the icosahedra was found to be quite random. It was determined
following B — B bond lengths: 1.78 (within an icosahedron), 1.70 (between icosahedra), 1.60
(between icosahedral and isolated atoms), and 2.00 A (so-called A-bond). The deviation of the
B - B bond length within icosahedron may originate from the fact that 1.78 A is a mean value of
the B — B distances in nearly regular icosahedra in the film, considering that it ranges from 1.73
to 1.83 A even in crystalline boron.

The ARDF of non-crystalline boron had been computed [156] from intensities of
diffracted X-rays. It was investigated boron deposites from the reduction of BCls with H: at
1000 - 1200 °C which occur as powders, irregular plates, and aggregated needle-like crystals.
Such non-crystalline forms of boron had been interpreted on the basis of a- and B-B crystalline
structures. Usually, so-called a-B appeared in the form of irregular plates with metallic luster.
The spherical growth was found to be characteristic of this form of material. Coordination
numbers of maxima at ARDF were estimated as 6.6, 17.5, 8.0, 33.6, and 85.0. From the well
defined maxima at 1.8 and 3.1 A one can assume that in these specimens the icosahedral
arrangement of boron existed in spite of the disordered non-crystalline structure. It should be
considered as a metastable form of boron — the ordering occurs only above ~ 1200 °C, when -B
grains starts forming. It was found useful to compare results obtained for a-B with those for
o-B. Half of atoms in an icosahedron in «a-B structure are bound by a 3-center bond to
neighboring icosahedra. Each of these atoms has 5 neighbors in the icosahedron at
1.73 - 1.79 A, and 2 neighbors in a neighboring icosahedron at 2.03 A. Remained atoms in the
icosahedron are linked with the neighboring icosahedra by covalent single bonds and has 6
neighbors at 1.71 - 1.79 A. In the second coordination space there are 17 atoms at 2.9 — 3.3 A.

Results of the electron-diffraction studies performed on a-B films obtained by the
atomization of the pressed crystalline boron tablets were suggested in [157]. The first 2 maxima
on the ARDF-curve are placed at 1.75 and 3.00 A with coordination numbers 5.6 and 17.0,
respectively. As it is known, in crystalline p-B there are 5 intra-icosahedral bonds each 1.805 A
in length, and 1 inter-icosahedral bond 1.680 A in length. Thus average value equals to
(5-1.805A+1-1.680A)/6~1.784 A, what is close to the obtained radius of the first
coordination sphere. The structure of boron films prepared by liquid drop quenching
techniques was described in [158].

Boron films (~ 20 pm in thick) condensed on metal substrates was investigated in [159].
Main goal of this investigation was the determination of the nature of small-angle scattering by
the electron density heterogeneities in an amorphous film in comparison with a polycrystalline
one. Such scattering centers in a-B are more non-equilibrium than in polycrystals. They were

found to have an elongated shape and be oriented approximately as incident molecular flux.
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They are more poly-dispersive. Their volume concentration makes up ~ 1.7 %, while sizes were
estimated as ~ 450 (longitudinal) and ~ 100 A (transversal).

The purest a-B may be prepared by the gas-phase deposition, in particular, by pyrolysis.
a-B can not be obtained by the super-cooling of melt because it transforms into liquid state only
through crystallization process. Consequently, in this case transformation temperature
coincides with crystallization temperature. Comparison of the temperature-dependences for
excess-entropies of two states yields that second-order phase transition in boron takes place
around 1200 K [160]. Pre-crystallization changes in a-B include insignificant relative
=0.87,

Transformation *

displacements of icosahedra. As it is known 7,

ase Transition Thus, temperature of
crystallization of the a-B can be estimated as 1500 K, which is in good agreement with
inflection point at the entropy—temperature curve.

It was found [161] that boron films (900 — 1000 A in thick) obtained by the vacuum
sublimation on various substrates of the zone-melted boron crystals in most part were
characterized by the amorphous structure. Interatomic distances detected frequently are 1.78
and 2.88 A, i.e. almost the same distances which are characteristic of boron icosahedron.
Consequently, at the first icosahedra should be formed. a-B obtained at higher temperatures can
be imagined as mix of various boron modifications with icosahedral structures.

The structure of vacuum-deposited thin films of boron and boron films prepared by a
rolling technique from the liquid state was investigated in [162]. From structural and electron
microscopic studies it was shown that, depending on the substrate temperature, the structure of
thin films changes from amorphous to crystalline, but the structure of films formed by a rolling
technique remains as that of $-B. Boron films prepared by vacuum evaporation technique on
different surfaces (polyamide, rock-salt, mica, quartz etc) without preliminary heating had an
“amorphous” structure. The heating above ~ 800 °C gave possibility of preparing crystalline
state — red a-B. The X-ray and metallographic investigations of the morphology and structural
imperfections of liquid-rolled films of boron showed that the structure of these films is f-B with
significant imperfections of the lattice, and the presence some amorphous phase is suspected.

Palatnik et al [163] studied the structure of condensed boron films. Films were prepared
by the electron-beam vacuum evaporation and condensation method using Ta and Nb
substrates preheated up to 300 — 1200 °C. At < 650 °C, diffraction patterns showed only 7 halos,
which is characteristic of amorphous structure. According to the ARDF, first maximum is
located at 1.75 A with coordination number of 6.5 — 7.0 atoms. These values are in satisfactory
agreement with mean bond length in an icosahedron 1.78 A and mean coordination number in
a boron crystal. At 650 — 700 °C, in addition to halos one can find a line characteristic of fine-
crystallized tetragonal boron. At 730 - 900 °C, it exists only tetragonal boron structure without
amorphous inclusions, while at 1100 - 1200 °C, the condensed material reveals structures
characteristic of B-B and boride inclusions. Annealing at ~ 1000 °C transforms tetragonal
structure at first into a- and then into B-B. Annealing at temperatures higher than ~ 1400 °C
transforms all films directly into B-B. Palatnik et al also considered [164] the polymorphism,
substructure, and short-order in a-B films. Further, it had been once more described [165] the

structure of the a-B films.
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Structure and electrical properties of boron films prepared by the vacuum condensation
method [166] were found to be dependent on preparing conditions. At relatively low
temperatures, when substrate temperature < 620 K, it was obtained randomly orientated boron
icosahedra. But, at higher temperatures, one can find some short-ordering analogous that in
meta-stable tetragonal modification Bso, and stable boron crystalline modifications as well.

The electron microscopic study of the a-B structure had been performed by
Kervalishvili et al [167] too.

Results of the XRD study of the ARDF in powders of a-B of various origins were
analyzed in [138]. Radii of coordination spheres and corresponding coordination numbers
found are as follows (values after thermal treatment are given in parenthesis): pyrolytic boron —
1.75 A and 5.8 (1.75 A and 6.0), 3.15 A and 16.1 (3.20 A and 17.8), [none] (3.70 A and 4.0),
455 A and 32.3 (4.50 A and 31.3), 5.75 A and 53.1 (5.85 A and 60.5); electrolytic boron — 1.8 A
and 6.5, 3.5 A and 23.0, 4.3 A and 7.5, 5.1 A and 33.7, 6.3 A and 55.2. Comparing parameters
obtained for first and second coordination spheres, it is possible to make a conclusion that
boron atoms in a-B are bounded in icosahedra. From their part, icosahedra can be linking in
various ways different from linking in any crystalline modification of boron. Besides, the
character of “amophicity” of specimens differs one from another: sub-structure (short-order) of
the pyrolytic a-B films differs from that of the electrolytic films. Both of them are
heterogeneous, but pyrolytic boron looks more like a-B, while electrolytic boron — like -B.

The short-range order structure of a-B was studied by Kobayashi [168]. Three sample
materials of different appearances — film, whisker and fiber, were prepared by CVD by the
reduction of BCls with hydrogen. The reduced ARDF derived from XRD or electron diffraction
patterns were found to be almost identical among three samples. The reduced ARDFs were
compared with those calculated for the four crystalline modifications of boron, ie. a-B,
o-tetragonal, B-B and p-tetragonal boron. The reduced ARDFs of a-B were found to be similar
to those of the B-B and f-tetragonal boron. From the similarity of physical and chemical
properties and co-existence in deposition, the short-range order structure of a-B was shown to
be closer to that of the $-B modification.

In [169], the structure of a-B was investigated with pulsed neutron diffraction technique.
The experimental static structural factor and derived ARDF support a model based on building
blocks of Bi2 icosahedra resembling those found in B-B, but with disorder occurring in the
linking between these subunits (some earlier neutron diffraction studies based on reactor data
also showed that the structure of a-B should be closely related to that of crystalline g-B, which
consists of a complicated arrangement of icosahedral subunits; however the limited wave
vector, < 10.3/ A, did not permit the derivation of a meaningful radial distribution). Because of
the very large cross section of neutron capturing by boron °B isotope, such experiments can be
performed only reducing its concentration. Identical measurements were made for an a-B
sample consisting of 99.1 % "B contained in a metallic cylinder and powder sample of the
97.1 % isotopically enriched crystalline B-!'B. An overall qualitative comparison of structural

factors for both samples strongly suggested that the amorphous and -B structures are closely
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related. In addition to the amorphous phase itself, the intensity data indicated that the
“amorphous” sample may contain up to ~ 5 % of a mixture of crystalline a- and -B.

Authors made simple model calculation in order to simulate the most important features
in the a-B. Icosahedral units of Biz were assumed to be hard spheres in a random-packed
arrangement (as earlier it had been done for molecular glasses). The model structural factor was
calculated using hard-sphere diameter 4.8 A and a packing fraction 0.45. The first diffraction
peak at 1.5 A was reproduced as well as a significant contribution to the largest peak at 4.2 A.
However, only little contribution to the second peak at 2.5A was found. This model
reproduced a significant part of the oscillations at large wave vector due to short-range order
within an icosahedron. Based on the effective ARDF calculations, coordination numbers were
estimated. Coordination number of about 6 for the first coordinated sphere centered at 1.8 A
was found in both amorphous and crystalline cases. The a-B had about 15 atoms in the second
sphere at 3.0 A which is a slightly larger distance than for the model. This similarity supports
the existence of the icosahedron as a subunit in a-B. Additional maxima appeared at radial
distances of 4.7 and 5.8 A which describe the medium-range order in the amorphous structure.
Disorder occurs in the linking between icosahedra which seems to be not entirely random at
medium-range distances in a-B. There seems to be no questions of the amorphous nature of
vacuum deposited boron: these boron films usually consist of randomly orientated icosahedra;
the estimated atomic spacing is similar to the crystalline material; the calculated coordination
number of boron films is approximately 6, again in agreement with the crystalline material. The
fact that short-range order is maintained accounts for the semiconducting nature of a-B.

Morphology and structure of powder particles of elementary a-B before and after
following thermal treatment in vacuum at ~ 800 °C for 30 min were investigated by Kutelia et al
[170] applying the method of high resolution electron microscopy (HREM). Configurations
consisting of several icosahedra were found to represent the structural element of powder
particles. It was studied freely-growing particles of the a-B powders prepared by plasma-
chemical reduction of the boron trichloride by the hydrogen. Their special feature is a round
elliptic shape with 2D structure: ratio diameter to the thickness is as ~ 20 : 1. Icosahedra were
found to be randomly placed in habit-layer of particles correlating only with nearest neighbors.
Short-range in a-B was studied using integral-analysis method allowing computing of the ARDF
based on the Fourier-transformation (FT) of the electron-coherent-scattering intensities.
Obtained coordination spheres’ radii and corresponding coordination numbers are as following:
1.80 A - 6.44,3.00 A - 16.8,3.76 A - 10.6, 4.40 A - 23.0, and 5.76 A - 35.0. The first 3 maxima
are in good agreement with those in rhombohedral and tetragonal modifications of boron, in
particular, with -B. Thermal treatment yielded coagulation of icosahedra in spheroids with
diameters ~ 20 — 50 A. Thus, ultra-dispersed powder of the elementary boron is characterized
by amorphously structured particles composed of statistically distributed icosahedra and their
coagulations. Heating raises their diameters almost twice. Structure remains in whole
amorphous, but within the local regions there were obtained crystalline structure characteristic
for B-B. At temperatures higher than ~ 800 °C the crystallization takes place. Thus, icosahedra

serve as simplest structural units, which form stable plane amorphous aggregates.
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The ARDF method for the determining of the a-B structure was developed by
Nakashidze [171]. Using this method, the inter-icosahedral bonds were shown to be directed
along the 3-fold symmetry axis. The number of the nearest neighboring icosahedra was found
to decrease with thermal treatment of boron. Both a-B films and powders are constructed from
the randomly orientated and bounded icosahedra in structure close to tetragonal boron
structure. Additional information gave absorption-curve analysis and its comparison with
theoretical curves for various models of scattering particles. If R denotes interatomic distances
between neighboring atoms, atoms of the next coordination spheres will be placed at
R =1.618 R and R3=1.903 Ri.. The particles can exist in form of pentagons, pentagonal
pyramids, polyhedrons B, and icosahedra Bi2. Then, Nakashidze devoted a special investigation
[172] to the boron amorphography — crystallographic properties of a-B. It was emphasized
analogy with quasi-crystals, which are intermediate species between periodical crystals and
amorphous solids. a-B powders of various origins were examined: obtained by pyrolysis of
diborane; electrolysis of potassium tetrafluorineborane; plasma-chemical reduction of boron
chloride. It was found that a-B uses icosahedron as a structural unit. This fact allows
introducing of function of radial distribution of icosahedra, which helps to construct a
geometrical model of a-B structure and to define the term “ideal amorphous structure of boron”.
The least is useful for quantitative characterization of defects in amorphous structure. Naturally,
coordination spheres of icosahedra are almost equidistant and can be described by the
symmetric cubic forms, which is a consequence of the a-B isotropy. Possible inter-icosahedral
distances along 2-, 3- or 5-fold symmetry axes equal to 0.46, 0.44, and 0.51 nm, respectively. At
the atomic level a-B has a close-packed structure. The first coordination number equals to 4,
what reveals tetrahedral coordination of icosahedra. They should be linked along the 3-fold
symmetry axes. This is a feature of amorphous structure as in boron crystals icosahedra are
linked along the 5-fold symmetry axes. Powders, films and plates of a-B in first approximation
possess one and same structure: 4 icosahedra forming a tetrahedron. Real structures differ from
ideal amorphous structure by the defects, another rule of linking, joined icosahedra etc.
Qualitative differences reveal in surface properties as well: a-B is a hydrophilic material, while
crystalline boron is hydrophobic. Real structure of the a-B affects its way of crystallization
(a-B — a-B — B-B or directly a-B — B-B) and quality of the obtained crystals.

Structure of the a-B obtained by the higher boranes pyrolysis was described in [173].
Further analysis of the pyrolytic boron (obtained by the complete pyrolysis of diborane B2Hs
and higher boranes) reveals [143] a nanostructure with molecular formations of 3 connected
boron icosahedra. Diffraction patterns showed smallest interatomic distance 1.75 A and
corresponding coordination number about 5, which are characteristic to an icosahedral
fragment. Radius of the second coordination sphere equals to 2.10 A, but coordination number
is lower (~4 -5) due to distributions of icosahedra, disclinations and unoccupied icosahedral
vertexes. As for the third coordination sphere, it is characterized by the values 3.00 A and 16.
Such structure can be simply explained by the 3-icosahedral aggregate with radius of ~5 A.
Behind this distance there exist no ordered structure.
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High energy-resolution boron K-emission of single-crystalline a-B were measured [174]
with soft X-ray emission spectroscopy (SXES) instrument attached to a conventional
transmission electron microscope (TEM). The intensity profiles of the spectra, which
correspond to the DOS of the valence bands with p-symmetry, were compared with those of
a-B, single-crystalline 3-B and boron carbide. A characteristic shoulder structure appears in the
spectrum of o-B. This structure should be due to the inter-cluster 3-center bonding states
among B2 clusters in a-B. Consequently, such structure does not appear in the spectrum of p-B

and boron carbide crystals and a-B as well.
4.4. Physical properties of amorphous boron

Let us start from the main electrical and optical properties of a-B samples of various
origin and structure. These properties of vacuum-deposited a-B films were described in [175].
The layers ~300 or between 1000 and 8000 A in thick, formed on fused silica substrates by
electron bombardment, remain amorphous in structure (fine-grained and with no crystalline
structure) up to ~ 900 °C. Nonlinear conduction was observed under high field (> 10* V/ cm)
conditions. Acceptor state at 0.1 eV above the valence band edge was predicted. Optical
measurements indicated minimum band gap of 1.32 eV, and a possible direct transition at
2.08 eV. Then, it was investigated [176] electrical conductivity of vacuum deposited a-B layers.
Boron was evaporated from a zone-refined rod. These thin deposits (~300 A thick) were
examined by XRD and their pattern showed diffuse rings characteristic of amorphous structure.
The layers exhibited p-type semiconducting properties with impurity levels within the band
gap. As the voltage U across the layer increases the current 7 progressively follows an Ohmic
(I~ U), a SCLC (/~ U?) and, finally, a higher power voltage dependence (/~ U"” with n > 2).
The existence of indirect and direct optical transitions in a-B (0.74 and 1.38 eV, respectively)
were also reported [177]. These optical constants were measured on samples obtained by
vacuum deposition onto fused silica substrate in vacuum. Short-order in a-B thin and massive
films studied in [14] was like that in o-B. Nevertheless, they did not crystallize even being
heated in argon atmosphere. On the one hand, contrary to contaminated specimens these films
showed wide thermal band gap of 1.3 eV, which is almost the value measured in f-B. On the
other hand, measurements of the absorption coefficient gave significantly lower value of the
optical band gap, 0.62 eV. Such difference is one more argument for the amorphous structure of
the vacuum deposited boron films. Resistivity of a-B films containing up to 16 at % carbon were
investigated in [130]. The resistivity increased with carbon content. The increase in resistivity
can be discussed in terms of a compensation model.

Temperature dependences of dark- and photoconductivity of boron films were measured
in [178]. Kinetics of photoconductivity and absorption spectra at nitrogen boiling-point and
room temperature were also studied. These data revealed hopping nature of conduction.
Electro-physical properties of a-B films were studied in [179]. Tested boron films were obtained
by the sublimation of boron atoms on the crystalline surface heated almost to the melting

temperature. Due to low volatility of carbon, the main contaminator of boron, obtained films
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should be pure. Thick of films grown on quartz was ~1-2um. The room temperature
resistivity and thermal band gap of a-B were estimated as ~ 10 — 10* Ohm - cm and 1.0 eV.

Measurements of the electrical conductivity, Seebek coefficient, and thermal
conductivity of a-B were made by Berezin et al [180] over wide temperature ranges (80 - 850,
300 - 850, and 80-1100 K, respectively). The obtained temperature-dependence of the
electrical conductivity can be satisfactorily described by the Mott’s law. The value determined
for the thermal energy gap of a-B, 1.3 eV, was found to be slightly smaller than that of
crystalline B-B (~ 1.4 eV). The room temperature spectral dependence of the reflection and
absorption coefficients were determined for the wave length intervals 2 - 25 and 1.3 — 25 um,
respectively. Parameter of the Urbach-tail was found to be 0.19 eV, while static permittivity
was estimated as ~ 9. In addition, current—voltage characteristics of a-B were studied and shown
to be consistent with Poole—Frenkel law. Temperature dependences of the a-B electrical
conductivity presented in [181] by also can be described by the Mott’s law, what argues
hopping mechanism of conduction. The investigation of the electrical properties of a-B in wide
temperature and electrical field ranges and some its optical properties as well was carried out
[182] and it was shown that the temperature- and field-dependences of the a-B conductivity are
characteristic of amorphous semiconductors. The standard DOS-tail found in a-B characterized
with energy-parameter ~ 0.1 eV from the Urbach formula.

Temperature dependences of dielectric loss tangent together with internal friction (IF)
were studied [183] in boron films (20 - 100 pm in thick) obtained by the liquid drop quenching
method. Their microstructural studies revealed dislocations and thin twinning layers. The
qualitative discussion was given for obtained IF temperature maxima. The temperature-
dependence (within the interval 80 — 1000 K) and Seebeck coefficient of a-B films were studied
by Samqurashvili & Tavadze [184]. The activation energy in the intrinsic conduction region
(starting at temperature > 500 K what exceeds that for 3-B) was determined as 0.93 eV. Room
temperature resistivity of a-B was estimated as ~ 10* Ohm - cm.

In [120], studies were made on low-frequency refraction indexes for pure and
hydrogenated a-B films prepared by plasma deposition. It was shown that the refractive indexes
vary widely depending on the deposition conditions and sometimes have larger value compared
with the crystal. Comparison of the absorption spectra leads to the following explanation of
these features. In pure a-B, the absorption near the band edge is stronger than in the crystal and
varies widely while conventional definition of the gap give nearly constant values which are
slightly smaller than the crystalline gap. As a consequence, it seems reasonable that the
refractive indexes of the amorphous phase are likely to be larger than those of crystalline boron.
As for the hydrogenated a-B, the variation in the gap is rather clear and can contribute to the
variation in the refractive indexes, the effect of which may be regarded as an essential
modification of the matrix by the incorporation of hydrogen.

All thin boron films deposited by electron beam evaporation or by pyrolysis of
decarbone on quartz glass substrates showed p-type conduction [121, 122]. The electrical
conductivity oincreased rapidly from 10 to 1/ Ohm - cm as temperature 7'increased from 300

to 800 K. In the case of the film deposited by pyrolysis, the linear relation was observed in the
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plots of log o against 1/ 7. Mott’s law indicating hopping conduction was observed in the
electrical conductivity of the sample deposited by electron beam evaporation. The Seebeck
coefficient a was positive for all samples. The value of the coefficient decreased slowly from 500
to 300 eV / K, while the power factor a?c increased from ~ 10 to ~10°V?2?/Ohm - cm - K,
with temperature increasing from 300 to 800 K.

Thermoelectric properties were measured for boron films prepared on silica glass
substrate by SSMBD and GSMBD [125, 126]. The electrical properties indicated that the
GSMBD films with highest carrier mobility can be formed at substrate temperature 700 °C. All
films showed to be p-type conductors with high thermoelectric power ~1 mV /K at entire
temperature ranges although some fluctuations caused by a stress effect in the films.
Temperature-dependence of electrical conductivity showed band conduction with activation
energy of 1.060 for SSMBD films and 0.608 eV for GSMBD ones. The trap densities for the
SSMBD films are lower than those by GSMBD one’s. The GSMBD films did not contain
hydrogen, but trap levels would be formed by hydrogen desorption during the film growth,
which produces low electric conductivity. The electrical conductivity of SSMBD films was
higher than that of GSMBD one’s by two order of magnitudes. The SSMBD films had the
resistivity of ~10?-10° Ohm - cm, carrier concentration of ~10cm=3, and mobility of
0.2-18cm?2/V -s depending on the substrate temperature. The thermoelectric figure of merit
for SSMBD films showed higher values (of 10/ K) than those for GSMBD one’s, which is
compatible to that for CVD wafer. Then, electrical and thermoelectric properties were
measured [127,128] in electrodeposited boron wafers prepared from molten salts with
KBFs - KF. The electrical properties of the wafers showed p-type conduction. The temperature-
dependencies of conductivity showed thermal activation energies of 0.2 - 0.5 eV depending on
the KBF4/ KF ratio. Thermoelectric power tended to increase with increasing temperature up to
103 - 102V /K. Measured thermal-diffusivity produced thermal conductivity showing glass-
like behavior in the entire temperature range. Thermoelectric figure of merit calculated by
conductivity, thermoelectric power and thermal conductivity showed to be 105 -10*/K at
high temperatures. Kumashiro et al, who previously had prepared p-type boron films, described
their thermoelectric properties [185, 186]. The conductivity for photo-thermal CVD boron
films grown at 800 — 1000 K showed to be higher than that of thermal CVD one’s, indicating
the promotion of short-range ordering in the films. Then, photo-thermal CVD boron showed
high high-temperature figure of merit 10/ K.

Band gap of the boron-silicon amorphous films prepared by pulsed laser deposition
technique was estimated [132] from the optical absorption spectrum, and it increased with
increasing silicon concentration. The values and concentration-dependence of the band gap are
nearly the same as those measured for amorphous B -Si prepared by electron beam
evaporation. Electrical direct current conductivity of these films was two or three orders of
magnitude larger than that of pure a-B, and its temperature dependence revealed variable-
range-hopping-type behavior (Mott’s law). Concentration dependence of the direct current

conductivity was similar to that of metal-doped (3-B.
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The local structure of a-B resembles that of the crystalline f-B. Nevertheless, one can
expect a higher metal solubility in a-B than in B-B (for example, the solubility limit is about
1.5at % in the case of V-doping) because of the structure flexibility. The metal-insulator
transition of V- and Zr-doped a-B films were studied by Tanabe et al [187]. In particular, the
temperature-dependences of the electrical conductivity of pure and V-doped amorphous boron
were measured. It was found that transition occurs between x=2.9 and 3.7 in ViBioo-x and
x=11 and 14 in Zr:Bio-x~. The XRD patterns indicated that the metal-insulator transition of
Zr:Bioo-x is a typical case, which requires a marked change of structure as in the case of ViBioo-x.
On the other hand, transition of ViBioo-x does not require the change of the framework of the
Biz cluster. A possible reason for the low critical concentration of the transition in V.Bioo-x
should be the change of the bonding nature near the doped V atom from covalent to metallic.

There are few suggestions on magnetic properties of amorphous boron. In view of
electron-paramagnetic-resonance (EPR) line-width data measurements performed on powdered
samples, Koulmann et al give direct evidence for the existence of the paramagnetic centers in
a-B [188]. In [189], magnetic susceptibility measurements of a-B samples had been performed
between 80 and 1300 K. Surface impurities presented in a-B powder (according with a small
particle size) had made measurements difficult. These impurity contributions being eliminated
and a paramagnetic susceptibility signal rising exponentially with the temperature above room
temperature was found, just as in f-B. Thus, the presence of the same sort electronic states in
the forbidden gap of two materials should be considered. EPR was investigated [130] in a-B
films containing up to 16 at % carbon. Signal remained essentially unchanged with increasing
carbon content. Amorphous powders of boron isotopes has been studied by Tsiskarishvili et al
[190] in the temperature range 100 - 400 K using EPR-method. It was shown that paramagnetic
centers are the holes captured on trapping levels and they represent volume (not surface)
defects. These experiments confirmed the existence of icosahedral arrangement in a-B. Then, it
was studied [191] EPR in !B- and !'B-isotopically enriched a-B. Obtained high concentration
(2 10/ cm3) of paramagnetic centers showed that they characterize intrinsic defects. It is
difficult to recognize, what is a reason of difference between two samples: higher impurities

content in 1°B or isotopic effect itself — because of lighter atoms the number of broken bonds in
10B should be higher than in !B.

4.5. Electrical current switching in amorphous boron

Reversible current switching is a characteristic effect of a-B. Usually, a voltage increase
in a-B samples leads to switching into a higher conducting state involving a change in electron
capture cross section by collision ionization. This interesting phenomenon with wide
perspectives of practical applications should be considered separately. The pre-switching,
nonlinear current—voltage characteristics in amorphous forms of boron were analyzed by
Moorjani & Feldman [192]. They investigated role played by Joule heating and its effect on
switching characteristics. It was demonstrated that during switching, a conducting filament

through the semiconducting film, can be formed. Study of the effect of temperature and shelf-
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life on the threshold and sustaining voltages for amorphous thin films of boron had shown [193]
that the threshold voltage decreases with increasing temperature while the sustaining voltage is
approximately independent of temperature. Both the voltages do not vary significantly with
shelf-life. In view of these experiments the hypothesis was suggested that switching is brought
about by ionization across the band gap followed by the filling of traps and change in carrier
capture cross-section. Sustaining voltage in this case corresponds to a voltage sufficient to keep
the traps filled. Observation of the times involved in one switching cycle and the location of the
conducting filament suggested [194] another possible mechanism for switching. It was
postulated that Joule heating in the sample interior predetermines high conducting (avalanche)
path which in turn leads to a RC-discharge and filament formation. With this model one can
proceed from an almost purely thermal mechanism for switching to an almost purely electronic
mechanism. Frenkel-Poole approach was used [130] to interpret the properties of a-B films
containing up to 16 at % carbon.

Current—voltage characteristics of the a-B n films (90 - 800 ym in thick) were also
studied by Zajtsev et al [195] within the temperature range 80 — 300 K in electric fields up to
2.10°V/cm. At relatively low fields, obtained curves can be described by the thermal-field
emission from a Coulomb center with energy level of ~0.08 eV (Frenkel-Poole effect). But at
fields higher than 6 - 10* V/ cm, the effect of thermal-field tunneling seems to be preferable.
Investigations of switching parameters in a-B thin films containing carbon was conducted [196]
under rapid single-pulse voltage conditions. The results were discussed in terms of an electro-
thermal model in which the switching process becomes less dominated by thermal effects as the

duration of the applied voltage is decreased.
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Figure 3. Normalized current—voltage characteristic of the thermal

switch [198] suitable for number of samples of amorphous boron.

Summarizing earlier data available on current switching in boron it can be concluded
that various switching mechanisms can take place in a-B depending on samples properties and

external conditions. Moreover, mechanism can be changed during the switching process. But,
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in any case thermal mechanism related to the Joule heat generated due to the current passage in
the material always contribute in current switching obtained in a-B. According to our
investigations [96, 197-201] the current switching observed in crystalline $-B near the room
temperature possesses a thermal nature. Considering heat-balance equation for a solid
semiconducting sample overheated through Joule effect, its normalized current—voltage
characteristic (Figure 3) has been determined

Luv 1/

20, 1+1°/12°
where /and U are the current flowing through the sample and the voltage across the sample,
respectively; while /s and Us are their values in switching point related by the equation
Us/ Is= Ro/ 2 with R denoting resistance of sample at ambient temperature, i.e. at zero current.
On this basis, a universal correlation was established between Ohmic resistance of the sample
and voltage of the predominantly thermal switching: when resistance decreases by a factor ~ 2,
the current switches on. According to this simple criterion, switching effect observed not only
in crystalline -B, but also in number of samples of a-B reveal mainly thermal nature. Of course,
switching in a-B should be termed as thermo-electrical as the thermal switching assists to the

avalanche electrical breakdown, which occurs at currents exceeding a threshold.
4.6. Applications of amorphous boron

There are suggested some technical applications for a-B. Boron thin film can be
promising thermoelectric material used at high temperatures. Besides, boron films were studied
in order to produce an acoustic device, such as a loudspeaker (tweeter) membrane, forming a
film composite B — Ti — B. So-called free boron films (i.e. films removed from its substrate) can
serve as filters in space X-ray radiation studies. As for the powdered a-B, it is utilized in
producing of various boron-based materials. In particular, due to its high chemical activity and
dispersity, a-B powder is valuable product for chemical synthesis of cermets and refractory
borides, which can serve as heat-resistance and semiconducting materials.

A flare which is used for signaling, illumination, or defensive countermeasures in
civilian and military applications is a type of pyrotechnic that produces a brilliant light or
intense heat without an explosion. A green flare contains a pyrotechnical composition
illuminating in the green region of the optical spectrum used for lightening the field. One aim
of the study [202] was to eliminate environmentally hazardous perchlorated oxidizers used in
standard green flares. Another aim was to compare the luminous intensities and efficiencies of
the standard green flare composition with green flare compositions containing a-B and Mg
covered boron. It was observed that the maximum luminous intensity value of the composition
containing magnesium coated boron is 26 % higher and the mean luminous intensity value is
nearly the same with respect to the standard flare composition. The maximum luminous
intensity value of the composition with regular boron is 7 % and the mean luminous intensity
value is 34 % higher than the standard composition. However, it is further observed that boron

containing compositions have lower burn time and luminous efficiencies.
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5. Dispersed crystalline boron
5.1. Amorphization of boron in process of dispersion

There are known various techniques of producing of the boron powders. For instance,
boron powders can be treated in induction-coupled argon plasma [203]. In this method, most of
the small particles (50 to 100 um in diameter) of microcrystalline B-B that quickly transit argon
plasma are maintained within a radio-frequency induction-coupled torch element as better
crystallized spheroids of the same crystalline form and nearly the same size as the starting
material. In this process, a few crystals can be formed along with this general product, in
particular, polycrystals of unreported “cubic” form of boron, apparently consisting of many
hexagonal platelets stacked in an imprecise “amorphous” fashion.

Tsomaia & Shvangiradze [204] found out phenomenon of disappearing of the
characteristic crystalline X-ray pattern during the boron dispersion, so-called “mechanical
amorphization”. Instead of lines one can obtain only interferential halo characteristic of
substance amorphous state. According to authors, dispersion results in deep distortions and
structural defects in boron. Property of disordering in process of mechanical treatment should
be related with bonding nature in boron.

An effect of fine mechanical dispersion studies as applied to phase composition of boron
was obtained [205] by different methods. It was established that at fine dispersion of boron
obtained by depositing from a gas phase (e.g., from BBr3) one of phase components is
amorphized. An assumption was made that unstable readily amorphized phase found for the
first time was a boron modification constructed of atoms with least energetically stable
s*pr-configurations (s*p and sp). Powders of various origins, including dispersed crystalline
boron filaments, were studies in details. In this case meta-stable components of filament easier
transform into a-B than components with o- and -B structures. Powder X-ray diagrams of the
mechanically dispersed crystalline boron of various origins (in particular, deposited from BBrs
on metallic filament) showed [206] diffusive halo and lines characteristic of the mortar material,
but did not show any interferential lines characteristic of the crystalline state. Thus, fine-
dispersion of boron leads to its amophization as a result of significant distortions of structure.

The results of electron-microscopic and electronographic studies of dispersed boron
powders of crystalline boron were presented by Tsomaia in [207]. A model was suggested for
the phenomenon of crystalline boron amorphization occurring in the process of mechanical
dispersion. There were singled out 3 fractions according to the particles sizes: 14 -7, 7 — 2, and
< 7 pm. Degree of surface amorphization increases with decreasing sizes of particles. However,
at very small sizes particles tend to coagulation. Then, electron-beam microscopic studies had
been performed [208] for various fractions of dispersed boron. Small fraction particles revealed
spongy surfaces, what points on amorphization effect. At sizes <2 ym, amorphization again
leads to the particles coagulation process. According to XRD studies, dispersed powders of 3-B

being melted crystallize again in B-B structure disregarded the degree of amorphization and
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B2Os-phase inclusions (which increases with decreasing particle sizes due to boron high affinity
to oxygen) [209]. Boron grinding process and classification of crystalline boron powders were
described in [210]. The data of radiographic examinations of the powders were presented. A
conclusion was made that in the process of fine dispersion of the crystalline boron there occurs
amorphization of its particles. It was studied fractions with particles sizes 10 — 1 pm. At sizes
>7 pm, the deals of amorphized phase as well as B20s3 inclusions increase. For complete
understanding of the process taking place during dispersion of crystalline boron it is important
to undertake electron microscopic and electron diffraction examination of powders of dispersed
boron. The data of the electron diffraction analysis of the dispersed and amorphous powders of
boron were found almost identical [201]. The only exception was the electron diffraction
patterns of fractions, where the interference lines of the B-B phase appeared. The spongy
surfaces of the crystallite indicate the presence of an amorphous layer; with increase of
dispersion the degree of amorphization increases further and coagulated areas can be seen.
Amorphization during the mechanical dispersion was found to be almost independent both of
the technique of preparation and the purity of the initial B-B crystal. Besides, it can be seen that
in addition to amorphous substrate (diffuse back-ground diffraction) in the material, there are
also presented crystallites (“spot” diffraction) which do not respond to grinding. From the data
obtained, authors suggested a model for powder dispersion which is based on the following
principle: in the process of dispersion, the surface of the crystal is deformed and fractioned, and
a so-called “amorphous pillow” appears around the crystal. In some cases crystalites with
“amorphous pillow” may serve as centers of coagulation of similar crystalites and also entirely
amorphous particles. Then, dispersed and fractionated boron powders were fully investigated
[212] by XRD and electron diffraction, electron microscope observations and chemical and
spectrographic analysis. It was established that in the process of mechanical dispersion
crystalline boron becomes amorphous. This change is independent of the dispersed boron. The
degree of amorphism increases with the increase in the powder dispersity. Particles which
usually become amorphous are 10 — 0.07 pm in size. It was assumed that the valence p-electrons
in the amorphous layer of dispersed particles are probably delocalized and collected in less
stable configurations.

Tsomaia also studied EPR in dispersed fraction classified boron powders of various
dispersity from 100 to <5 um [213]. EPR spectra of all fractions were observed at ambient
temperature. The signal was weakened with particle reduction. Low probability of localized
electron states in boron powders amorphized by mechanical dispersion was determined. The
deal of amorphous phase in smallest particles was up to ~ 60 %. EPR signals from a-B and
particles surfaces amorphized during dispersion were compared. Signal in a-B seems to be

related with unpaired electrons localized on impurities or defects of structure.
5.2. Chemical activity of boron powders

Powdered boron is a chemically active material. A thermo-kinetic method was used

[214] to study the interaction of hydrogen and oxygen with boron powders at high temperature.
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Investigated fine-grained boron powders were obtained using various methods: electrolysis of
KBF3; thermal decomposition of diborane; and reduction of BCls with H: in plasma.

Thermal and thermo-gravimetric analysis was made [215] for various dispersed boron
powders with grain sizes on the range of 100 to 5 um. Experimental results showed a number of
thermal effects. Their intensity increases with a decrease of boron particle size. These effects
should be caused by the presence of B20s in the boron powder, the content of which increases
with increasing particle dispersion. These inclusions should be connected with the dehydration
process of boron acid H3BOs formed as a result of the exposure of the powders to air. Usually,
B203 molecules are formed on the fine-sized (less than ~7 pm) particles, which absorb water
reacting with boron oxide and transforming it into HsBOs. It can be removed only by heating.

Because of boron hardness boron powders obtained by grinding or milling always
contains significant amounts (up to ~5 %) of the reducer’s material. In [216], it had been
suggested method of the ultrasonic dispersion of crystalline boron powder in distilled water
environment. Method was used to produce fine-grained crystalline f-B powder. The kinetics of
densification of boron powders in process of sintering of different deposites was also studied and
densification activation energy determined for various average particle sizes: 621, 491, and
412 kJ / mole for 20, 10, and 2 pm, respectively. Such process practically does not change
material’s crystalline structure: there are no traces of amorphized surface layers in powder.
However, due to water environment composition of oxygen increases as a result of reactions:

2B + 3H20 — B203 + 3H»

B20s3 + 3H20 — 2H3BO:s

2B + 6H20 — 2H3BOs + 3Ho.

Localizations of largely oxidized impurities of iron, silicon, manganese on the surface of

boron powders were detected [217] by X-ray photoelectron spectroscopy. Oxygen was found on
the surface of boron particles in form of oxide films (layer thickness may vary from ~1 A to a
few pm) and in the adsorbed states. Apart from boron oxide B20s other oxygen compounds may
also be formed on the surface of the particles. The composition and state of chemical elements
on the surface of the boron particles were found to be dependent to a considerable extent on
the dispersion technique and further processing of the powder. For comparison, boron powders
produced by diborane pyrolysis, grinding zone-melted ingots, and purification of magneto-
thermally reduced boron were studied. The appearance of boron oxide is probably related to
intensive oxidation of particle surface, the latter being “amorphized” as a result of dispersion.
Dispersion of boron particles to sizes smaller than ~ 10 pm resulted in appearance of boron
oxides forming islands on those areas where surfaces of particles are “amorphized” in the
grinding process. Samples of a-B were also oxidized on the surface.

Analyzing results of investigation of structure, composition, and properties of the
fractionated dispersed (particles of sizes 100 — 40 um together with fine-dispersed “amorphized”
part) powders of boron, Badzagua stated [218] that dispersion leads to the significant surface
distortion in B-B particles, where are formed inhomogeneously distributed inclusions of
o-tetragonal boron and boron oxide. According to the EPR-measurements, concentrations of

impurities on surface and in bulk depend on the particle size. Besides, amorphized surface
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include micro-twins as twin-boundaries which in boron serve as interfacial failures. Weakening
of EPR signals conditional by foreign impurities was found [219] in ground and fractionated
specimens of crystalline 3-B with a particle size decreased up to ~ 50 pm. But, smaller particles
are characterized by an increase of amplitude of these signals. Absence of variations in the EPR
spectrum of non-fractionated f-B powders with rise in their fineness suggested distribution of

impurities at the grain boundaries which are places of boron ingots’ failure.
5.3. Applications of boron powders

Powdered boron is known as solid fuel material. It is a reason why ignition processes in
boron-particles system in oxygen-containing environment were studied theoretically and
experimentally [220]. Usually powdered solid fuel is not entirely disaggregated in a combustion
chamber: a gas-dredge of conglomerates and particles is formed, which is characterized with
lower ignition temperature than initial powder. Corresponding conditions for boron particles
were considered in [221]. Some experimental results also were presented. Boron is a hardly-
ignited material. The ignition possibility in a gas-dredge of boron particles by addition small
amounts of magnesium were established in [222]. Physical mechanism of the boron combustion
process and its mathematical description were also suggested. Then, it was proposed ignition
model for a single boron particle in humid environments [223].

There are known many other fields of utilization of dispersed boron. Boron powders can
be used as abrasive materials; in high-modulus, high-temperature composites synthesized by the
powder metallurgy; for coatings of machine parts with special properties; for elaboration of the

energy-storage substances; as components of solid fuels for missiles etc.

6. Boron filaments and fibers
6.1. Methods of fabrication of boron filaments and fibers

In available reports on boron 1D micro-structures, they are termed “filaments” or
“fibers” without a clear distinction and regardless of their sizes, structures, and properties. In
present review both of them are used (according to a text) almost in one and same sense.

There are known different techniques for the preparation of boron filaments. Some of
them had been described by Zhigach & Tsirlin [224]. Main technique (of practical importance)
is deposition of boron on incandescent W wire (“hot-wire method”) during the chemical
reaction between boron trichloride and hydrogen. Obtained filaments seem to be amorphous
being in fact microcrystalline (crystal sizes ~ 15 — 17 A). They contain cracks yielded in low
tensile strength of filaments. Diborane also can be used as initial product. There were reviewed
as well some other methods of obtaining of boron filaments: spinning from the melt (in this
way only very short filaments can be obtained); method of powder metallurgy (again with low-

success); extrusion of powder from melted boron; deposition of boron on the cold polymeric
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substrate from the vapor under the boron melt; and electrolysis from the melted salt. Another
early overview especially on CVD of boron filament was made in [225].

Some of methods of preparation of boron fibers were discussed by Carlsson as well [226].
Brief descriptions of the following techniques had been done: direct spinning; thermal
decomposition of boranes; hydrogen reduction of boron halides (usually boron tribromide or
boron trichloride); and utilization of electrical (glow, corona, arc, pulse) discharges. In
connection with dominating halide processes various wire-substrates (tungsten, boron nitride,
carbon, titan carbide, silica, boron filament itself) were discussed together with methods for
increasing the deposition rates (heating the substrate, reduction of the temperature gradient
along the growing fiber etc) and those for improving the tensile strength of the fibers after their
production. Finally, tensile strengths of boron fibers produced by different techniques were
compared. Usually, diffraction patterns of deposited boron fibers indicate an amorphous or
microcrystalline state. Boron fiber consists of an inner boride core surrounded by a-B mantle.

Massive elemental a-B was prepared [227] applying the reduction of BBrs vapor by H: in
the vicinity of an incandescent W filament 25 um in diameter. Conditions were developed for
obtaining the boron in the shape of rods up to 2 mm in diameter and from 5 to 10 cm in length
(temperature of rod should not exceed about 1500 K, since otherwise the boron will be deposite
in polycrystalline form). This material was very hard. Obtained a-B exhibited relatively high
resistivity and high-temperature coefficient of resistance. It was very opaque in visible range.

The deposition temperature for boron fibers produced by the hydrogen reduction of BCl3
on a hot W wire is important in that below 1300 °C one obtains strong “amorphous” (according
to diffuse XRD lines) fibers; whereas above 1300 °C microcrystallinity appears, resulting in
appreciably weaker material [228].

Tsirlin et al experimentally investigated macro-kinetics of the gas-phase chemical
deposition of boron on heated W wire (10-25 pm in diameter) [229]. It was performed
continuous deposition from the hydrogen and boron chloride mixture according to reaction

2BCIs + 3H2 — 2B + 6HCI,
which is accompanied by the dichloroborane forming reaction

BCls + H2 — BHCl2 + HCL

Obtained boron layers possessed microcrystalline (pseudo-amorphous) structure.
6.2. Filamentary and fibrous structures of boron

Observations of [230] from the interpretation of electron diffraction patterns of
filamentary “amorphous” boron were as follows. X-ray studies of filaments of vapor-deposited
boron showed a diffusive pattern of 6 halos. The same pattern was observed in the electron
microscope in samples of crushed filament and also in chemically thinned filament. It was
concluded that the structure of CVD boron consist of fcc stacking of close-packed layers of Biz,
and profuse faulting occurs in the stacking of these layers so that the structure could readily be
described as faulted hcp. Although in [231] these experimental observations considered as valid,

authors felt that presented analysis and conclusions were open to question. The results of their
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own research suggested the following picture of the structure of vapor-deposited boron
filaments. The major portion of the material consists of a-B form having extremely small
crystallite size. This structure produces the characteristic halo-patterns. Indeed, the existence of
the small crystallites (< 0.1 um diameter) had been demonstrated. Further, the structure of
boron filaments deposited on a W-wire substrate in the temperature range 870 — 1260 °C, was
studied [232] by XRD and TEM. The typical diffraction patterns were found to be consisted of 6
or 7 broad maxima or halos. This pattern was interpreted as arising from a microcrystalline
(~30 A diameter) material having an average unit-cell structure intermediate between a- and
“simple”-tetragonal boron. There are also some inclusions of a- and f-B, less than ~ 1 pm in
diameter, which are distributed throughout the microcrystalline material. It was emphasized
that a truly amorphous material with no long-range order would not produce 6 or 7 well-
defined halos as observed, but rather only 2 or 3 extremely broad maxima.

Then, the structure of non-crystalline, CVD boron fibers was investigated [233] by
computer modeling the experimentally obtained XRD patterns (the diffraction patterns were
computed using Debye scattering equation, while modeling was done utilizing parameters like
the minimum nearest-neighbor distance, density, broadening and relative intensities of the
various peaks as boundary conditions). The results suggested that the fibers mainly consist of a
continuous network of randomly oriented regions of local atomic order, about 2 nm in
diameter, containing boron atoms arranged in icosahedra. Part of these regions has tetragonal
structure and the remaining part a distorted rhombohedral structure. This model also indicates
the presence of many partial icosahedra and loose atoms not associated with any icosahedra.
The partial icosahedra are in agreement with the relaxing sub-units which have been suggested
to explain the anelasticity of fibrous boron. As for the loosely bound boron atoms, they have
been postulated to understand the strengthening mechanism in boron fibers during thermal
treatment. The coordinates of distributions of up to ~ 1400 boron atoms were used to compute
theoretical diffraction patterns compared with the model developed for the fibrous boron
structure. The atoms positions were then changed, i.e. distortions were introduced, as well as
the size and shape of the regions, until the calculated diffraction pattern bore a fair resemblance
to the experimentally obtained one. For example, out of 540 boron atoms, 276 atoms are found
in 23 complete icosahedra. The remaining 264 peripheral atoms are distributed in 2 groups of
11, 18 groups of 9, 6 groups of 6, 4 groups of 4, 2 groups of 2 and 24 individual atoms.

Chemical composition of boron fibers (~ 100 um in diameter) obtained by the deposition
of boron (by boron reduction from its trichloride) on W wire (17 pm in diameter) was analyzed
in [234]. Such fibers were considered as homogeneous all along the length. Method used
allowed to determine all chemical elements with concentrations of ~1-10%*at% and to

analyze them with concentrations of ~ 1 - 10-® at %. Relative precision was 5 - 20 %).
6.3. Stability and strength of filamentary and fibrous boron

Let us in-short concern the stability and strength of boron filaments and fibers. Stability

of “amorphous” boron prepared by vapor thermal decomposition onto an 11 pym diameter
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tungsten filament was studied in [235]. The imperfections in specimens were of a very fine
scale. The obtained image suggests extensive twinning in material. Upon heating with the
electron beam the boron would change from an “amorphous” form that was regarded as an
extensively faulted structure to a form having a layered structure that exhibited less extensive
faulting in the stacking of the layers. The distance between obtained diffraction spots
corresponds to the fundamental spacing derivable from the consideration of the packing of Bn
groups regarded as a large metal-atom. Heat treatment of such “amorphous” boron at
progressively higher temperatures in evacuated capsules leads to “recrystallization”, while
annealing above ~ 1300 °C causes the formation of the crystalline $-B modification.

Other XRD studies of boron filament layers showed that they consist mainly o-B in a
fine dispersed and in relatively coarse-grained states. Besides $-B was found in a small amount
in a fine dispersed state. Heat treatment of the boron filaments is found [236] to be able to
change their phase composition. As for the fracture characteristics of a-B filaments, they had
been investigated in [237]. Boron filaments used were prepared by the chemical vapor plating of
the a-B from a volatile halide. Tungsten wire 0.5 mm in diameter was used as a substrate. The
filaments produced were of two diameter ranges 3 - 5 and 10 — 15 mm. The increase in strength
demonstrated that surface defects do exist on a-B filaments. It was shown that surface flaws in
a-B filaments can be eliminated by chemical polishing greatly enhancing strength properties. It
was found two types of tests and the crystalline boride core seems to be responsible for the large
difference in records. The point is that boron filaments are non-homogeneous structures
composed of tungsten boride core ~ 0.5 mm in diameter surrounded by coating of bulk a-B. The
strength of the filament is affected not only by the inherent properties of the bulk boron and
the conditions on its surface, but also by the presence of the core material and interface
between core and the boron. Region adjacent to the core acts as a stress concentrator because
there is a structural gradient across the interface and internal stress is generated. In addition,
pores had been detected. Pre-exiting flaws of some nature surface cracks, notches, inclusions etc
also are presented in this brittle material. The tensile strength of boron filaments were
measured [238] at elevated temperatures (up to ~ 700 °C). The tensile strength values of
uncoated boron filaments decreased with air exposure. Silicon carbide had been tested as a
strengthening coating material of boron filaments. Issue of the boron fibers strength was
analyzed by Zhigach et al [239] based on statistical treatment of the wide experimental data.
Boron fibers strength was found to be dependent on their length with averaged value about
310 kgf' / mm 2. This parameter is characterized by a significant spread in values due to presence
in fibers different amounts of defects like the microcracks and impurity inclusions affecting
their strength. In order to investigate the fracture behavior, various types of boron filaments
were broken in tension in such a way that primary fracture surfaces, and fragments ejected
when fracture occurred were retained [240]. Fracture surfaces observed in SEM could be placed
into one of two broad categories. Type I surfaces exhibit primary fracture characteristics such as
mirror, mist, and hackle zones. Flaws which initiated failure could frequently be resolved.

Type II surfaces appeared to be generated by subsequent fracture immediately following
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primary failure. The character of relationship between the fracture surface and the stress
distributions occurring within the fibers should be a result of the manufacturing conditions.

Physical-mechanical properties of boron filaments with variable diameter (53 — 126 A)
were studied in [241]. Averaged tensile strength and shear modulus were estimated as ~ 3000
and ~ 160 000 MN / m?2, respectively. Electrical resistivity of boron fibers was presented by the
empirical formula: p[Ohm:cm]=d??*[pm]/96.5, where d is the filaments’ diameter.
Explanation was related with their complex structure: during the boron deposition on W
filament (12.5 ym in diameter) it takes place tungsten bronzing process (in 70 — 90 pm thick
radial layer) forming internally stressed layer of borides with composition from W2B to WBe.2s
so that increasing in d increases deal of the pure boron in filament. Aiming to obtain data on
high-temperature physical-mechanical properties of boron filaments, in [242] their strength
was measured at temperatures higher than ~ 400 - 500 °C. It was found drastic decrease in
strength, which probably was caused by the fast oxidization and decrease in shear modulus.

Average tensile strength of boron filaments was estimated [243] as < 400 kgf/ mm?2,
which is in 6 - 10 times less than critical theoretical value for boron. Decreasing in strength
mainly should be related with imperfections of micro- and macrostructures. When a filament is
grown on W filament, there exist a tungsten boride core, which seems to be almost
“amorphous”, may be fine-crystallized (with grains 20 - 30 A in diameter). Structural defects
like the cracks and foreign inclusions are localized at the interface zone between core and
boron layers. They are possible even to reach the filament surface. Core of composition
WBs.25:020 is found to be stressed. The strength is not related with filament morphology, but
with existence of a few basic types of fracturing. It was also presented [244] the results of
measurements of the boron filaments elastic modulus in temperature range 300 — 1480 K. This
parameter was found to be decreasing in linear-law with temperature. One can conclude that
boron filament is a brittle material. Its strength is controlled by structure imperfection or flaws.
In the absence of flaws due to substrate defects or contamination fracture of the wire-deposited
boron filaments originated within their core. Besides, vapor deposited boron filaments exhibit
high residual stresses, which strongly influence their mechanical properties. It should be
mentioned that vapor-deposited a-B fibers usually display large thermally-activated anealastic
deformation. Some initial results concerning the characteristics and mechanisms of this
anelasticity had been described in [228].

6.4. Internal friction in boron filaments and fibers

IF-studies are a powerful method of investigation of real atomic structures of boron
filaments and fibers. In particular, the extensive information on the behavior of microparticles
and various defects in boron filaments can be obtained from these measurements. The IF of
vapor deposited boron fibers was measured [245] at room temperature in an inverted torsion
pendulum at frequency ~ 5 Hz. Two regions were observed: a relatively amplitude-independent

and strong amplitude-dependent for higher oscillatory stresses. Irreversible changes in material
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started within a few cycles at higher amplitude are qualitatively similar to the depining of
dislocations in metals. Absolute values of the shear modulus typically were 1.4 - 102 dyne / cm 2.

Low-temperature IF and shear modulus of boron fibers (~ 100 pm in diameter) obtained
by the gas-phase deposition of boron on W wire (12.5 pm in diameter), as well as boron fibers
coated by the boron carbide layer (~5 pm in thick), was studied in [246]. The change of the
height and form of the maximum was studied in dependence on the fiber diameter and purity.
It was suggested that the origin of the maxima is connected with impurity displacement in a
periodically applied elastic field. Then, IF of boron fibers was studied [247] from room
temperature to 700 °C. The dependence on thermal treatment, fiber diameter, and its purity of
the height and shape of an IF maximum was established. Fibers were obtained by the gas-phase
deposition of boron on heated W wire (12.5 pm in diameter), besides boron fibers were coated
by the boron carbide layer (~ 5 pm in thick). In spite of low-temperature thermal treatment, the
high-temperature annealing drastically changes the decay temperature-curve. It demonstrated
significant structural changes in boron fibers, which take place at high temperatures.

In [248], IF and shear modulus of boron filaments in dependence on temperature were
studied aiming to understand nature of the structural defects in filaments. Results revealed
significant structural changes in annealed at high temperatures filaments.

Temperature-dependence of IF in boron fibers in interval from - 120 to + 700 °C were
investigated in [249]. It was studied fibers obtained by the gas-phase deposition on heated W
wire. Such boron fiber possesses a microcrystalline structure, which by the high-temperature
treatment is transformed in 3-B. W fully spends forming its borides. Shell of the boron fiber can
be considered as two-phase system — quasi-viscous amorphous and elastic polycrystalline
phases. Stresses seem to be relaxed at the interfaces and / or in viscous—elastic regions.

In [250], the dependence of the IF of the boron filament on amplitude was studied in
vacuum. The filament was finely dispersed and showed residual internal stress distributed in
the bulk of the sample. A step-wise change in the IF was established at room temperature. The
results obtained were analyzed taking into consideration the possible effects of residual internal
stresses on the energy and the crystal geometry characteristics, and the nature of interaction of
the admixtures with the dislocations of finely crystalline aggregates in boron filaments.

The temperature spectrum of the IF at twisting and bending vibrations in boron fibers
within the temperature range 300 — 1100 K was studied [251] and a broad relaxation peak was
found. A model was suggested, based on the interphase diffusion interaction in the region of the
fiber core, which allows an assessment to be made of the content of borides in the core and an
evaluation of the kinetic parameters determining the formation of these phases. In particular,
suggested model allows to explain the experimental data obtained and to evaluate the ratio of

borides in the boron fiber core.
6.5. Applications of boron filaments and fibers

One of the main areas of application of boron in form of fibers is the production of

composite materials [252].
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Because of their high strength and modulus to weight ratios, vapor-deposited boron
fibers have found increasingly large-scale application in fiber-reinforced composite materials as
reinforcing element. A rather common combination of materials utilizes boron fibers is an
epoxy matrix. The excellent mechanical properties of boron fibers (average tensile fracture
stress ~ 3.5 GN / m? and modulus of elasticity ~ 400 GN / m?) make them very useful for fiber-
strengthened materials, particularly, in light-weight constructions like the military aircraft
structures and aerospace composites. For example, the strength properties of boron fibers affect
the boraluminum strength. Metal-like composite materials with Al and Ti matrixes
strengthened by the boron filaments are used at high temperatures: 300 —700 °C. Besides,
technological processes of fabrication of these materials and parts of machines include high-
temperature (500 — 800 °C) treatments. Thus, their physical-mechanical properties at higher
temperatures are not out of interest.

Boron filamentary crystals have applications for semiconductor devices as high strength
filaments in fibrous composites. Boron filaments can by used as tension-wires in high-frequency

oscillographic galvanometers as well.

7. One-dimensional nano-structures of boron

There is known a few early reports on fabrication of the boron one-dimensional species,
which can be considered as nano-structures. Red o-B filamentary crystal was grown from the
vapor by seeding [253] using the vapor-liquid—solid mechanism (reduction of BCls with H: for
transport and Pt as the liquid-forming agent). Both straight and kinked boron whisker crystals
were produced. They were flexible indicating high yield strength. It was investigated [156]
intensities of diffracted X-rays for boron deposites from the reduction of BCls with H2 at
1000 - 1200 °C, which can occur as aggregates of needle-like crystals. Besides, it was shown
[114] that in certain conditions in the CVD thin layer of a-B an aggregate of tetragonal crystals
can be nucleated, and a heap of welded nodules (whiskers) of a-B can grow as fibers normal to
the substrate. The short-range order structure of a-B was studied by Kobayashi [168] using as
sample materials CVD whiskers prepared by the reduction of BCls with hydrogen.

7.1. Boron nanowires

Using ab initio QC and DFT methods to determine stable structures of bare boron
clusters, in addition to other forms, it can be predicted [254] existence of the boron scroll-type
filaments arising from coaxial closed layers of tubular surfaces. Actually, crystalline boron
nanowires with tetragonal structure have been synthesized based on laser ablation of a B / NiCo
target [255]; the nanowires were sometimes single crystals and had a droplet at one end of the
nanowire; the droplet contained B, Ni and Co elements, which indicates that the vapor-liquid—

solid (VLS) mechanism may play a key role in the growth of the boron nanowires.
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In [256], it was reported growth of boron ninowires by CVD. The nanowires had
diameters in the range of 20 — 200 nm (mean value ~ 60 nm), lengths of several um, and were
crystalline as grown. Conductivity measurements established that the nanowires are
semiconducting and exhibit electrical properties consistent with those of elemental boron. An
orthorhombic unit cell with 2=9.4, 5=7.1 and ¢=5.4 A was consistent with nano-diffraction
data. These lattice parameters did not match those of any known boron polymorph or boron-
rich compound. A model was suggested that C-surface coats dense cylindrical B-core. The
nanowires were dense, twinned, whisker crystals rather than nanotubes.

Crystalline boron nanowires also were produced [257] through post-annealing a-B
nanowires synthesized by radio-frequency magnetron sputtering. High-resolution TEM was
used to characterize the microstructure of the crystalline boron nanowires. Selected-area
electron diffraction studies showed that the crystalline boron nanowires belong to a -B
structure, with lattice parameters of a=10.95 and c¢=23.82 A. FElectron energy-loss
spectroscopy (EELS) was used to characterize the chemical composition of boron nanowires.

Electrical transport in crystalline boron nanowires was studied [258] using Ni and Ti as
the contact electrodes made on individual nanowires, in which Ni forms Ohm contact and Ti
forms Schottky-barrier junction. Electrical measurements demonstrated p-type semiconductor
behavior with estimated carrier mobility of 103 cm?/ V - cm. This behavior was attributed to
electric-field-induced impact ionization.

As it was demonstrated [259] boron nanowire Y-junctions can be synthesized in a self-
assembled manner by fusing two individual boron nanowires grown inclined toward each
other. It was showed that the presence of a second liquid, in addition the liquid Au catalyst, is
critical to the inclination of the boron nanowire.

The electronic and geometric structures, total and binding energies, harmonic
frequencies, point symmetries, and HOMO-LUMO gaps of small neutral boron B. (n=2 —12)
clusters has been investigated using DFT [34]. Linear boron structures have been found along
with other structures.

Vertically aligned boron nanowires in self-assembled large-scale arrays with excellent
uniformity and high density have been fabricated [260] using radio-frequency magnetron
sputtering of boron and B20s powder onto various substrates. The produced nanowires were

several tens of micrometers long and 20 — 80 nm wide, with typically platform-shaped tips.
7.2. Boron nanoribbons

Catalyst-free growth of boron nanoribbons was observed [261] by pyrolysis of diborane
at 630 - 750 °C and ~ 200 mTorr in quartz tube furnace. Nano-diffraction analysis indicated that
the nanoribbon is single crystalline a-tetragonal boron. TEM and SEM images showed the
nanoribbon was covered by a 1 -2 nm thick amorphous layer. Elemental analysis by EELS,
energy-dispersive X-ray spectroscopy (EDXS), and X-ray photoelectron spectrometry (XPS)
showed the nanoribbons consist of boron with small amounts of oxygen and carbon. FT IR

spectrometric and Raman spectra were also reported.
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Low-pressure CVD was used [262] to synthesize crystalline boron nanoribbons of 16 nm
thickness by both uncatalyzed and Ni-catalyzed pyrolysis of diborane at relatively low
temperature of 925 °C. The ribbons were characterized with SEM, TEM, XPS, Auger electron
spectroscopy, and Raman spectroscopy. Obtained nanoribbons were crystalline with
o-tetragonal boron structure. They consist of ~ 70 % boron, ~ 14 % oxygen, ~ 14 % carbon, and
trace amounts of other impurities including nitrogen. Like the oxygen, the carbon was likely

presented mainly at surface.

7.3. Boron nanobelts

Wang et al have successfully fabricated single crystalline tetragonal boron nanobelts by
laser ablation method in a furnace without using a catalyst or hazardous boron vapor source at
the temperature range of 700 — 1000 °C in 25 Pa of argon [263]. The obtained boron nanobelts
were rectangular in cross-sectional shape with a width-to-thickness ratio of about 5, several
tens nanometers to about 150 nm in width, and several micrometers to the order of millimeters
in length. The interior was well crystallized in tetragonal and amorphous structures 2 - 4 nm
thick can be seen along the surface. Only boron EELS peak was detected from single nanobelts.

Kirihara et al studied electrical transport in single-crystalline boron nanobelts with
o-tetragonal crystalline structure using in measurements metal electrodes of Ni/ Au bilayer
[264]. Nanobelts were synthesized using pulse laser ablation. Thickness and lengths were
approximately 25 and 100 nm, respectively. From the temperature-dependence of electrical
conductance, the boron nanobelt is found to be a semiconductor. The electrical conductivity
was of order of 103/ Ohm - cm at 295 K. Fitting results to variable-range-hopping conduction
revealed a high density of localized states at the Fermi level compared with bulk B-B. Then,
Kirihara et al measured electrical conductance of single crystalline boron nanobelts again
having o-tetragonal structure [265]. The Mg-doped boron nanobelts had the same o-tetragonal
crystalline structure as the pristine nanobelts. The pure boron nanobelt was a p-type
semiconductor and its electrical conductivity and carrier mobility were estimated to be on the
order of 103/ Ohm - cm and 103 cm?/V - s at room temperature, respectively, with activation
energy of ~0.19 eV. After Mg vapor diffusion, the nanobelts were still semiconductor, while
the electrical conductance increased by a factor of 100 - 500.

Catalyst-free single-crystalline boron nanobelts were successfully synthesized using
pulse laser ablation [266]. The electrical conduction of an individual nanobelt was measured
and it was discussed the mechanism of electrical transport in this nanobelt probed by electric
field effect, chemical doping, and photoconduction. Temperature coefficients of electrical
conductance and carrier mobility, obtained by current vs. bias voltage characteristics and their
back-gate modulation, revealed a hopping conduction. On the other hand, doping of Mg atoms
into the boron nanobelt by a vapor diffusion method increased the conductance by a factor of
more than ~ 100 at room temperature. Dependence of photocurrent on the atmosphere also was
observed. In ambient air, slow photoresponse under blue light illumination was observed. Rise

and decay time exceeded 3 days. The magnitude of photoresponse in ambient air and oxygen
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was greater than in hydrogen and argon atmospheres. In vacuum, a photo-resistivity effect
consisting of the continuous decrease of conductance under blue light illumination was
observed. Variation of band bending of the nanobelt surface by adsorption or desorption of
oxygen and water molecules appeared to switch the photoconduction on and off by the
respective trapping and recombination of photoexited carriers at the nanobelt core and surface.

The convergent-beam electron diffraction (CBED) at room temperature has been applied
[267] to the boron nanobelt structural analysis. All obtained reflections can be indexed with
tetragonal unit cell. The CBED pattern shows two mirror symmetries, which are consistent
with space group of the a-tetragonal boron structure. The crystal structural parameters and
electron density of the boron nanobelts were determined based on the last squares fitting the
intensities of the CBED patterns and dynamical diffraction calculations.

EELS and K-SXES were used [268, 269] to investigate the electron structure of boron
nanobelts with 40 and 130 nm width. The energy positions of top of valence band were found
to be almost the same with the §-B. At the same time, boron nanobelt spectrum shows some
new structures related with bottom of the conduction band. From these results, the boron
nanobelt is expected to be a semiconductor with a narrow band gap of ~ 0.2 eV. This estimation
is consistent with reported result of the electrical conductance experiment indicating typical
hopping conduction. Boron nanobelts are either a semimetal or narrow-gap semiconductor.
However, it is inconsistent with the theoretical band structure calculation, which predicted a
metallic nature of the pure a-tetragonal boron. The point is that 1D boron materials, including
boron nanobelts, posses a crystalline structure of bare o-tetragonal boron without any
inclusions like the carbon and nitrogen atoms characteristic for o-tetragonal boron
macrocrystalline structure.

Hyodo et al attempted Li- and Mg-doping into boron nanobelts [270], whose crystalline
structure was o-tetragonal boron and discussed the possibility of metal-transition and
superconductivity. The compositions, the lattice constants of the a-tetragonal boron structure,
the occupancies of Mg in pure, Li- and Mg-doped boron nanobelts were presented. Li and Mg
doping at high concentrations was indicated from the significant increase of the lattice
constants. Besides, the current—voltage characteristics and their temperature-dependence for
Li- and Mg-doped boron nanobelts were measured.

Thermal neutron transmutation of '°B atom can be a method of carrier doping into boron
structures because the neutron capture reaction °B (n, o) “Li. It results in significant structural
damages in such structures. But, after healing the radiation damage, Li-atoms can modify the
transport property. As it been mentioned above, previously the electrical transport properties of
single crystalline boron nanobelts composed of o-tetragonal boron was reported and
temperature coefficients of electrical conductance revealed a hopping conduction. Recently, the
effects of a neutron-capture reaction of isotope °B on the structure and electrical transport of
10B-enriched single-crystalline boron nanobelts were reported in [271]. Partial amorphization,
particularly at the surface of the nanobelt, was observed after thermal neutron irradiation with
a dose of 2 - 10"/ cm?. Carrier doping into the nanobelts by neutron transmutation is expected

after post-annealing. The change in conductance was discussed based on the distribution of
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localized states in the band gap of a-tetragonal boron. In [272], the effects of neutron capture
reaction of isotope '°B and Li ion implantation on the structure and electrical transport of °B
enriched single crystalline boron nanobelts were demonstrated as well. The drastic change in
the conductance was discussed based on the distribution of localized states in forbidden band of

the crystalline structure.
7.4. Applications of boron one-dimensional nano-structures

Theoretical studies suggest that boron nanotubes, resembling carbon ones, should be
stable. Moreover, boron nanotubes are predicted to have high metallic conductivities, exceeding
those of carbon nanotubes. Consequently, boron-related 1D nano-structures might be better
candidates for applications as nanoscale interconnects than are carbon-related. Any 1D
structure of boron could be useful in various functional nanoscale devices because of the
thermal stability and mechanical strength. The 1D structure of boron has attracted much
attention also as a building block for micro electro-mechanical systems. Additionally, the
electronic properties and diameters of B-based nanowires are amenable to synthetic control.
Thus, both the conducting and semiconducting components necessary to build devices of
nanoelectronics can be obtained from B-based nanowires.

The 1D nano-structures of boron are promising as various nano-structural devices such
as a nano-probe with high strength and a nanowire chemical sensor with high sensitivity
because of the thermal stability and mechanical strength of the bulk boron. The structure of the
boron nanowires Y-junctions’ arrays may allow construction of 3- or multiple-terminal
nanowire devices directly on Si-based readout circuits through controlled nanowire growth.

Unlike carbon nanotubes, boron nanoribbons do not roll-up to multiwall tubular forms
and then the dangling bonds at their surfaces may be available for bonding other elements,
including hydrogen. For this reason, boron nanostructures are of interest for hydrogen storage
applications too. A 1D-nanostructure of boron, like the boron nanobelt, could be useful in
various functional nanoscale devices because boron-rich solids are promising candidates for
thermoelectric materials and sold-state neutron sensors.

As it was mentioned, boron icosahedral cluster solids have the high DOS due to the high
symmetry of the Biz icosahedral cluster. On the other hand, the high phonon frequency and
large electron—phonon coupling constant are also characteristic features of boron-rich solids.
These features give an advantage for high-7: superconductivity. If one can dope metallic
element into boron icosahedral cluster solid, in particular, in boron nanobelts, to adjust the

Fermi energy to the position of the high DOS, then high-7: superconductivity can be expected.

8. Boron sheets

There are number of theoretical studies and only few experiments predicting stability of

the boron sheets’ fragments — planar or quasi-planar boron clusters. Based on the investigation
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[21] of geometrical structures and properties of small cationic boron clusters B»" (=2 — 14) and
using LSD formalism with a nonlocal correction, it was found that a part of the final structures
of the cationic boron clusters prefers planar atomic arrangements and can be considered as
fragments of a planar surface. The geometry optimization performed in [23] using DFT for B,
clusters for n < 14, suggested that the most stable structure for each boron cluster should be
planar or quasi-planar. Accurate calculations carried out on small boron clusters B, (n=2 — 14)
based on ab initio QC methods, determined [25] that part of the final structures of the boron
clusters, namely with indexes n > 9, results quasi-planar structures, fragments of 2D surfaces.

Very stable quasi-planar clusters of bare boron were found [273] by systematic ab initio
DFT and QC methods. They are composed of dove-tailed hexagonal pyramids different from
“classical” forms of o- or -B crystallites. These quasi-planars are fragments of quasi-planar
surfaces, which can be easily obtained and constructed from a basic unit of hexagonal pyramids.
An interpretation on double layers of boron quasi-planar surfaces showed an increase in the
stability of the system which can be related to the overlap of morbitals between the layers.
Therefore, it was predicted existence of a series of parallel boron layers, as in graphite. Based on
ab initio QC and HF approximations, DFT and LMTO (within the ASA) methods, Boustani &
Quandt determined the geometric and electronic structures of atomic-scaled boron surfaces
[26]. In contrast to semiconducting a-B, the boron sheets showed a metallic behavior similar to
graphite. Using ab initio QC methods, different structures of B3 clusters was investigated in
[27]. The part of the most stable isomers was found to have a quasi-planar structure often
containing dove-tailed hexagonal pyramids. A curvature strain was found to favor their
stability. Among curiously stable cationic Bis" cluster and its neutral and anionic counterparts
isomers examined in [28] though the use of DFT, the planar and quasi-planar structures were
seen to be more stable than 3D isomers. But, the ordering by stability of the planar and quasi-
planar structures changes depending on the cluster charge-state. In particular, planar structures
of boron benefit from 7-delocalization.

The electronic structure and chemical bonding of boron clusters Bs and Bs were
investigated [29] using anion photoelectron spectroscopy and ab initio calculations. Extensive
searches were carried out for global minimum of Bs, which was found to have a planar
structure with a closed-shell ground state. Zhai et al reported [31] more experimental and
theoretical evidences that small boron clusters prefer planar structures.

In [274], it has been suggested the results of ab initio calculations showing that boron
can form a wide variety of metastable planar forms with unusual electronic and mechanical
properties. The preferred planar structure is a buckled triangular lattice that breaks the 2-fold
ground state degeneracy of a flat triangular plane. Special DFT calculations have been carried
out [275] to obtain the geometric and electronic structures of boron sheets. The buckled boron
sheet formed by alternating up and down rows of B atoms, with a buckling height of 0.85 A, is
found to be about 0.20 eV / atom more stable than the corresponding atomically flat sheet. Two
different B - B bond-lengths characterize the buckled geometry: (1) 1.63 A between the B-
atoms in row, and (2) 1.81 A between the B-atoms in adjacent rows. The flat and buckled sheets

have different geometric and bonding characteristics, but both are metallic.
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Small boron clusters as individual species in the gas phase were reviewed by
Alexandrova et al [32]. Free boron clusters have been characterized using photoelectron
spectroscopy and ab initio calculations, which have established the planar or quasi-planar
shapes of small boron clusters. This was surprised as the chemistry of boron has been diversely
featured by 3D structures. The planarity of the species has been further elucidated on the basis
of multiple aromaticity, multiple antiaromaticity, and conflicting aromaticity. The electronic
and geometric structures, total and binding energies, harmonic frequencies, point symmetries,
and HOMO-LUMO gaps of small neutral boron clusters B» (2=2 — 12) have been investigated
using DFT [34]. Planar and quasi-planar structures have been found along with other structures,
but within the size range, planar and quasi-planar structures have the lowest energies.

Based on a numerical ab initio study, in [276] it was discussed a structure model for a
broad boron sheet, which is the analog of a single graphite sheet, and the precursor of boron
nanotubes. The sheet has linear chains of sp hybridized o-bonds lying only along its armchair
direction, a high stiffness, and anisotropic bonds properties. The puckering of the sheet has
been explained as a mechanism to stabilize the sp o-bonds. The anisotropic bond properties of
the boron sheet lead to a 2D reference lattice structure, which is rectangular rather than
triangular. As a consequence the chiral angles of related boron nanotubes range from 0 to 90 °.
Given the electronic properties of the boron sheets, it has been demonstrated that all of the
related boron nanotubes are metallic, irrespective of their radius and chiral angle, and also
postulated the existence of helical currents in ideal chiral nanotubes. It was shown that the
strain energy of such boron nanotubes depends on their radii, as well as on their chiral angles.

Ab initio calculations based on generalized-gradient approximation (GGA) to DFT have
been performed [277] to study structural and electronic properties of the 2D sheets consisting of
the elemental boron. The results found are that the boron sheet can be stable and can possess
metallic or semiconducting character depending on its atomistic configuration. The unique
features present in the electronic properties of the buckled {1212} and reconstructed {1221}
sheets would lead to a significant variation on electronic and mechanical properties of the
corresponding single-walled boron nanotubes. In [278], a comparative theoretical study of the
structural, electronic and optical properties of boron sheets by ab initio pseudopotential (PP)
calculations was presented. The results indicated that purposed 2D boron sheets are metastable.
The unusual bond properties of the boron sheets lead to different 2D-lattice configurations. In
addition to electronic properties of anisotropic bonds, calculated electronic band structures and
DOS revealed that all purposed boron sheets are metallic.

In order to elaborate a direct experimental method available for structural determination
of boron clusters, Wang has combined [36] photoelectron spectroscopy of size-selected cluster
anions with quantum calculations to probe the atomic and electronic structures and chemical
bonding of small boron clusters up to 20 atoms. It was found that for neutral boron clusters the
planar to 3D structural transition occurs at B2o, which possesses a double-ring structure.

In [279], it was presented a new class of boron sheets, composed of triangular and
hexagonal motifs, that are more stable than structures considered to date and thus are likely to

be the precursors of boron nanotubes. A simple and clear picture of electronic bonding in boron

284



L. Chkhartishvili. Nano Studies, 2011, v. 3, pp. 227-314.

sheets were described, and highlighted the importance of 3-center bonding and its competition
with 2-center bonding, which can also explain the stability of boron fullerenes. These findings
called for reconsideration of some earlier data on boron sheets, nanotubes, and clusters. Using
ab initio calculations, the [280] has predicted a novel stable boron sheet and boron nanotubes
which show different electronic properties. The boron sheet is flat and has the structure that
the 2 centers of each 3 hexagons in the hexagonal lattice are filled with additional atoms, which
preserves the symmetry of the triangular lattice. The boron sheet is metal, and there are bands
similar to the 7-bands in the graphene near the Fermi level. Rolled from the sheet, the
nanotubes with diameter larger than 17 A are metals. Smaller nanotubes are semiconductors
with the gap decreasing as the diameter and chiral angle increase. In [281], the configurations,
stability and electronic structures of a new class of boron sheets have been predicted within the
framework of DFT at the GGA-level. These boron sheets should be sparser than other proposals.
Theoretical results showed that such kind stable boron sheet remains flat and is metallic. There
are bands similar to the 7-bands near the Fermi level.

The results of a study of the high pressure phase diagram of elemental boron, using full-
potential density functional calculations has been presented in [282]. At high pressures
(p> 100 GPa) boron crystallizes in quasi-layered bulk phases, characterized by in-plane multi-
center bonds and out-of-plane unidimensional o-bonds. These structures are all metallic, in
contrast to the low-pressure icosahedral ones, which are semiconducting. The structure and
bonding of layered bulk phases can be easily described in terms of single puckered boron sheets.
These results bridge the gap between boron nanostructures and bulk phases.

Above described boron surfaces can find some practical applications. They can serve as
light-weight protective armor, as a neutron-absorber material in fission reactors, or as very
high-temperature semiconductors. Furthermore, it was shown that the strain energy of such
boron nanotubes will depend on their radii, as well as on their chiral angles. This is a rather
unique property among nanotubular systems, and it could be the basis of a different type of

structure control within nanotechnology.

9. Boron nanotubes
9.1. Data on atomic and electronic structures of boron nanotubes

Like the boron sheets, there are known number of theoretical studies and few
experiments predicting stability and electronic structure of boron nanotubes. Based on ab initio
QC methods, accurate calculations on small boron clusters B (7=2— 12) were carried out to
determine their electronic and geometric structures [25]. Part of the final structures of the
boron clusters, with n > 9, results in convex structures, which can be considered as segments of
nanotubes. Then, using ab initio QC and DFT methods it was determined [254] structures of
bare boron clusters. In addition to other cluster forms, boron nanotubules were found to be

highly stable as well. These nanotubular structures are composed of hexagonal pyramids only
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and can be considered as segments of extended pips. Applying “Aufbau Principle”, one can
easily construct stable boron structures besides the nanotubular clusters described. Thus,
“Aufbau Principle” should help in illuminating the chemical and physical nature of new boron
materials based on boron nanotubules. The stability of boron tubules defined through binding
energy per atom is comparable to that of the most stable quasi-planar clusters and to that of
nanotubular structures found in boron quasicrystals.

Based on ab initio QC and HF approximations, DFT and LMTO (within the ASA)
methods, the geometric and electronic structures of atomic-scaled boron nanotubes has been
determined in [26]. Then using same ab initio QC methods Boustani et al investigated different
structures of Bs: clusters [27]. The part of the most stable isomers had a tubular structure often
containing dove-tailed hexagonal pyramids. The elimination of dangling bonds was found to
favor the tubular structures stability.

Ciuparu et al reported the first synthesis of pure boron single-wall nanotubes by reaction
of BCls with H2 and Mg - MCM-41 catalyst over parallel cylindrical pores with uniform
diameter (36 =1 A) [283]. The composition of the tubular structures observed in TEM was
confirmed by EELS, and the tubular geometry was also confirmed by the presence of the
characteristic spectral features in the Raman breathing mode region. A pure siliceous template
with a very narrow distribution of pores alone did not produce boron nanotubes suggesting the
Mg incorporated into the pore walls is the catalyst or the catalyst precursor for the growth of
single-walled boron nanotubes. The boron nanotubes produced were approximately 3 nm in
diameter, comparable to the diameter of the catalytic template pore, suggesting the nanotube
growth is physically constrained by the pores of the mesoporous molecular sieve. The initial
length of a tube outside the pore of the catalyst was determined at 16 nm. Earlier boron
nanotubes had been anticipated only from ab initio calculations and their electronic properties
predicted, but they had never been reportedly produced.

A survey of novel classes of nanotubular materials based on boron was presented in
[284]. Pure boron nanotubes are shown to be a consequence of a general Aufbau principle for
boron clusters and solid boron phases, which postulates various novel boron materials besides
the well-known bulk phases of boron based on boron icosahedra. Furthermore, several
numerical studies suggest the existence of a large family of compound nanotubular materials
derived from crystalline AlBo.

It has been presentes results of ab initio simulations of bundled single-wall zigzag boron
nanotubes (ropes) [285]. Besides the known smooth and puckered modifications, there were
found new forms that are radially constricted, and which seem to be energetically superior to
the known isomers. Those structures might be interpreted as intermediate states between ideal
tubular phases and the known bulk phases based on boron icosahedra.

Experimental and computational simulations revealed [31] that boron clusters, which
favor 2D structures up to 18 atoms, prefer 3D structures beginning at 20 atoms. Using global
optimization methods, it was found that the Ba neutral cluster has a double-ring tubular
structure with diameter of 5.2 A. For the B~ anion, the tubular structure is shown to be

isoenergetical to 2D structures, which were observed and confirmed by photoelectron
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spectroscopy. The 2D-to-3D structural transition observed at Bxo suggests that it may be
considered as the embryo of the thinnest single-walled boron nanotubes.

Evans et al reported [274] the results of ab initio calculations showing that boron can
form a wide variety of metastable planar and nanotubular forms with unusual electronic and
mechanical properties. When the plane is rolled into a tube, the 2-fold ground-state degeneracy
of flat triangular plane leads to a strong chirality-dependence of the binding energy and elastic
response, an unusual property that is not found in carbon nanotubes. The achiral (z, 0) tubes
derive their structure from the flat triangular plane. The achiral (2, n) boron nanotubes arise
from the buckled plane, and have large cohesive energies and different structures. (22, ) boron
nanotubes have an internal relaxation mechanism that results in very low Poisson ratio.

DFT calculations have been carried out [275] to obtain the geometric and electronic
structures of boron nanotubes. Boron nanotubes formed by rolling a buckled B-sheet exhibit
also buckled surface when their helicity allows for the formation of alternating up and down B
rows in the surface. In all other cases, boron nanotubes exhibit only flat surfaces. Hence, all the
(1, 0) boron nanotubes have buckled geometry, while not all (2, 0) boron nanotubes have the
same geometry. The flat and buckled nanotubes have different geometric and bonding
characteristics, but both are metallic.

As it was above mentioned, in order to elaborate a direct experimental method available
for structural determination of boron clusters, [36] photoelectron spectroscopy of size-selected
cluster anions was combined with quantum calculations to probe the atomic and electronic
structures and chemical bonding of small boron clusters up to 20 atoms. In particular, it was
found that for neutral boron clusters the planar to 3D structural transition occurs at B2o, which
possesses a double-ring structure, even though the B2 anion remains planar. The stability of
the double-ring structure is interesting, suggesting possible existence of all-boron nanotubes.

The structures of a family of multi-walled boron nanotubes, which are built from
hexagonal pyramids, has been proposed by Mukhopadhyay et al at the first time [286, 287]. In
addition, it was determined the geometry, electronic and structural properties of 3 cluster-
families: boron spheres, double-rings and quasi-planars up to a cluster size of 122 atoms and
compared the stability of the cluster families to each other, and reported a structural transition
from 2D quasi-planar clusters to 3D double-rings. Transition occurs between Bis and Bio.

In [288], it was investigated the properties of nanotubes obtained from newely described
boron a-sheet, using DFT. Computations confirmed their high stability and identified
mechanical stiffness parameters. This allows one to further analyze the basic vibrations,
including the radial breathing mode Raman frequency, 210/ cm. Careful relaxation revealed
the curvature-induced buckling of certain atoms off the original plane. This distortion changes
the overlap of the orbitals near the Fermi level and opens up the gap in narrow tubes, rendering
them semiconducting. Wider tubes with the diameter d>1.7 nm retain original metallic
character of the a-sheet.

The configurations, stability and electronic structures of a new class of boron nanotubes
have been predicted within the framework of DFT at the GGA level [281]. Stable boron

nanotubes with various diameters and chiral vectors can be rolled from the boron sheet. Only
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the thin (8, 0) nanotube was found to be semiconducting with band gap of 0.44 eV, while all the
other thick boron nanotubes should be metallic independent of their chirality.

There are still many open questions on the physical properties of boron nanotubes which
need to be answered on both the theoretical and experimental sides. In [289], the electronic
structure and transport properties of large-diameter boron nanotubes of different structures and
chiralities were theoretically investigated. Obtained results are in agreement with experimental
findings and a method to control the electron transport in boron nanotubes been proposed.

In [290], it has been carried out DFT calculations using the GGA based on the PW basis
set and the PP approach to study the adsorption of CO, O: and He to boron nanotubes. The
calculations are done for a (6, 0) semiconducting boron nanotube tube with the 96 boron atoms.
In calculations for adsorption of gases on the perfect tube, 7, 5 and 4 possible initial
configurations for CO, Oz and He have been considered, respectively. So, authors could find the
best position for each of them. It was realized that the interaction between the nanotube and
these gas molecules is weak. The electronic DOS of (6, 0) tube adsorbed with O: along with that
of the pure one was shown. It was also found that O: has significant influence on the electronic
structures of semiconducting boron nanotubes.

And finally, let us point to the works by Leithe—Jasper et al [291, 292] succeeded in
growing hexagonal ScBi7Co2s whisker-like crystals with “inserted” boron tubes. In this crystal,
boron framework is accommodated between Sc-layers. Rings of B-atoms forming tube-like
structures are the key structural features. Mutually inclined boron icosahedra and large
6-membered rings are bonded to the tubular central cores around the c-axis. Interatomic
distances of B-atoms are all in the usual range of lengths observed in higher borides (0.15 to
0.19 nm). The main structural features, the 0.35 nm diameter “tunnels”, the 1.45 nm diameter

12-membered rings of Sc and the 1 nm diameter hexagonal rings of icosahedra, were resolved.
9.2. Geometrical models for boron nanotubes

For analysis of the boron nanotubular structures and future purposeful designing devices
based on nanotubular boron it is important to be able to predict reliably the sizes of nanotubes
with given indexes. At first such kind model was proposed in [293].

We have solved this task for the mostly regular forms with equal B - B lengths, which
exhibit rolled flat surfaces. Within the frames of model proposed, we have obtained [294-298]
the explicit expressions in term of B — B bond length for atomic sites coordinates and intersite

distances in boron nanotubes of regular geometry. If d, , is the B - B bonds length in a zigzag

(11, 0) nanotube the tube radius r,, , is expressed as

\/gd(n.o)

dsinz/2n’
and r

(n.n)?>

Tno) =

Let d respectively, denote the B — B bond length and radius in an armchair (n, n)

(n.n)

nanotube, then
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d(n.n)

2sinz/n’
Here nanotube index n=1,2,3,... determines the number of atoms because the nanotube unit

Fonmy =

cell consists of 2n boron atoms. At n =1 zigzag nanotube degenerate in zigzag atomic chain,
while armchair nanotube degenerate in straight atomic chain. Correspondingly, formula

obtained for r,

(n,n)

in general case, does not works; instead it should be assumed r,,,, =0.
Now about the detailed regular geometries of the zigzag and armchair boron nanotubes,
which we can describe using cylindrical coordinates 7 (p, @, z). Constant of the zigzag (n, 0)

nanotube 1D-lattice equals to d, , . Its unit cell consists of 2 equidistant atomic rings in parallel

planes perpendicular to the axis, each with n boron atoms. Evidently, cylindrical coordinate p
for all atomic sites equals to tube radius:

P =Tuo -
As for the coordinates ¢ and z, they equal to

(4k-3-(-D"7@
p= ;
2n
ld,,
I=—"".
2

Here k=1,23,...,n and [ =0,£1,32,... number atomic sites in given plane and atomic planes,

respectively. If d, , is the B — B bond length in an armchair (2, n) nanotube, then its 1D lattice

(n,n)

constant equals N4—1/cos’ 7/2n d,, .. The unit cell also consists of two atomic rings in parallel

(n,n)
planes perpendicular to the tube axis and, from its part, each ring consists of n boron atoms.

Coordinate p for all atomic sites again equals to tube radius:
10 = r(n,n) 4
while the rest cylindrical coordinates equal to
(4k-3-(-D"Hzx
»= ;
2n

1
zz\/l——2 ld,, >
4cos” /2n '
where again k=1,23,...,n and [ =0,£1,32,.... On the basis of above obtained relations, it was
found the squared distances between an arbitrary atomic site 7 (p,¢,z) and site 7, (p,0,0) of

the so-called “central atom” with /=0 and k =1, i.e. with ¢ =0 and z =0, in zigzag

(u0B=0)B)’ _ 3sin’(@k=3—(=D)z/4n I’

dl o, 4sin’ 77/2n 4’
and armchair tubes
(niB—,%B) _sin’(4k =3~ (=1)")7/4n +(1_ 1 jlz‘
di sin® 7z /n 4cos’® 7w/ 2n

Independently, an analogous exact idealized polyhedral model has formulated by to

describe the geometry of single-walled boron nanotubes in [299]. The boron nanotubes were
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assumed to be formed by sp? hybridization and adopt a flat equilateral triangle pattern.
Beginning from the two fundamental postulates that (1) all bond length are equal and (2) all
atoms are equidistant from the common cylindrical axis, it has been derived exact formulas for
the geometric parameters of the nanotube radius, bond angle and unit cell length, and
presented asymptotic expansions for these quantities to the first two orders of magnitude. The
fundamental variable of this model is the subtend semi-angle from which all the other
parameters are derived and it is given as a root of a transcendental equation and therefore
cannot be written as an explicit analytical function of tube indexes. Good agreement was
demonstrated for predictions of the polyhedral model, compared with the results obtained from
ab initio simulations. The polyhedral model allows the possible identification of an inner radius,
so that the notion of boron nanotube wall thickness can be introduced. The geometric
structures of some ultra-small boron nanotubes were examined. It should be emphasized that
although in idealized model all bond length are adopted to be equal, a similar but more
sophisticated polyhedral model of boron nanotubes might incorporate unequal bond lengths.
Authors survey [300] a number of existing nanotubular boron structures which have
been proposed by them as possible exact geometric models for boron nanotubes taking into
account that conventional rolled-up model of nanotubes completely ignores any effects due to
curvature. It is a review of number of developments relating to the geometry of boron
nanotubes, including both the traditional rolled-up model and exact polyhedral construction,

also including results for the case when the bond lengths may take on distinct values.
9.3. Estimates for ground state parameters of boron nanotubes

We have developed a quasi-classical approach to the calculation substance atomic and
electronic structures [301]. It was demonstrated that an atom can be considered as a quasi-
classical electron system in sense of Maslov criterion and, on this basis, the quasi-classical
method of the construction of interatomic pair potentials was elaborated [302, 303]. In
particular, this method had been used to obtain boron—boron pair interatomic potential. Within
the initial quasi-classical approximation, using quadratic polynomial expression for the electron
screening factor standing in the effective atomic potential, the binding energy E=E(d)
between pair of boron atoms was found as piece-wise algebraic function of the interatomic
distance d and known quasi-classical parameters of the electron-density and potential
distributions in the interacting atoms. These parameters and electron cloud radii can be
obtained by fitting quasi-classical electron energy levels and mean orbital radii of electrons to
their ab initio, e.g. HF, values.

The proposed quasi-classical B-B binding energy function in dependence on
interatomic distance E = E(d) seems to be useful in calculations performed to obtain ground-
state characteristics of boron structures. Part of its parameters, like the coefficients of harmonic
and anharmonic terms in the corresponding interatomic potential (converted from the total
energy using virial theorem), and atomic core charge (which is about 3, i.e. near the valency of

boron atom) were successfully applied to interpret boron isotopic composition effect [237] on
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structural [305-308] and melting parameters [309-311], respectively. As for the analysis of the
binding energy curve itself based on the parameters obtained equating quasi-classical electron
energy levels and mean orbital radii of the electrons with their HF values, it leads to the
equilibrium B - B distance of 1.78 A, binding energy at that distance of 2.80 eV, and relative
vibration frequency of 0.131 eV. These values only by few percents are deviated from the
averaged experimental B - B bond length in main structural units of boron and boron-rich
compounds — icosahedra of 1.80 A, dissociation energy of 2.69 eV, and oscillatory quantum of

0.130 eV of diboron molecule B, respectively.

Table 1. Tabulated boron-boron binding energy function.

d,au. E(d),a.u.
3.20 0.101408
3.21 0.101656
3.22 0.101887
3.23 0.102100
3.24 0.102297
3.25 0.102478
3.26 0.102642
3.27 0.102791
3.28 0.102925
3.29 0.103043
3.30 0.103147
3.31 0.103236
3.32 0.103311
3.33 0.103372
3.34 0.103420
3.35 0.103454
3.36 0.103475
3.37 0.103483
3.38 0.103479
3.39 0.103462
3.40 0.103433
3.41 0.103393
3.42 0.103341
3.43 0.103278
3.44 0.103203
3.45 0.103118
3.46 0.103023
3.47 0.102917
3.48 0.102802
3.49 0.102677
3.50 0.102542
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The binding energy curve obtained in initial quasi-classical approximation for
interacting boron atoms is expressed by a piece-wise analytical function. Evidently, for
numerical calculations the tabulated form would be more appropriate. Here such form (in a.u.)
is given in Table 1 over the range from d = 3.20 up to 3.50 a.u. (i.e. in the vicinity of
equilibrium interatomic distance of 3.37 a.u. = 1.78 A) with step of argument of 0.01 a.u., what

seems sufficient to provide accurate energy computations.

Table 2. Estimated radii of boron zigzag and armchair nanotubes.

(2, 0) or (n, ) Tty OF Tnys A
1, 1) 0.00
(1,0) 0.77
2,2) 0.89
(3, 3) 1.03
(2, 0) 1.09
(4, 4) 1.26
(5, 5) 1.51
(3, 0) 1.54
(6, 6) 1.78
(4, 0) 2.01
(7,7) 2.05
(8, 8) 2.33
(5, 0) 2.49
©,9) 2.60

(10, 10) 2.88
(6, 0) 2.98
(11, 11) 3.16
(12, 12) 3.44
(7, 0) 3.46

This curve together with obtained formulas should be useful for calculating of boron
nanotubes geometrical and other parameters. On basis of these formulas, sizes of the small

single-walled B-nanotubes were estimated (Table 2) assuming bond lengths as d, =1.78 A, what

is the equilibrium interatomic distance value according to the quasi-classical B - B pair

potential. Actually, d ,,, and d,, depend on n; and their exact values can not be determined

only geometrically. In general, this task requires solving of the physical problem of the binding
energy maximization for given nanotubular structure with respect B — B bond length. But, these

dependences evidently have to be weak and in all cases in satisfactory approximation both d,, ,,
and d,, ,, can be substituted by the mentioned value of 1.78 A.

Analogously, one can estimate molar binding energy of a boron nanotube. Any
constituent boron atom has 6 nearest neighbors and binding energy between pair of boron

atoms is about 2.80 eV. So, taking into account interaction only between nearest neighbors the
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tube binding energy per atom may be calculated as 2.80 eV x6/2=8.40 eV. Of course, it is a
crude estimation: actually binding energy should depend on the tube index.

Thus, using the electron-density and potential distributions in a boron atom
parameterized within the initial quasi-classical approximation, it is possible to tabulate boron-
boron pair binding energy curve, which leads to the boron-boron equilibrium interatomic
distance, equilibrium binding energy, and relative vibration frequency values only slightly
deviated from averaged bond length in structural units of boron and boron-rich solids,
dissociation energy, and oscillatory quantum of the diboron molecule, respectively. On this
basis, the B — B bond length and molar binding energy in a boron nanotube are predicted to be
about 1.78 A and 8.40 eV, respectively.

Note that there was presented a non-self-consistent density-functional based
construction of nonorthogonal matrix elements for B and some other boron-containing species
within the framework of the LCAO formalism using the local-density approximation (LDA)
[312]. Despite the simplicity of the scheme considering only 2-center Hamiltonian integrals and
overlap matrix elements, the method has been proven to be sufficiently accurate and
transferable to all scale BN(H) structures from small clusters and molecules to crystalline solids

and solid surfaces.
9.4. Applications of boron nanotubes

As for the applications of nanotubular boron, obtained theoretical results together with
“Aufbau Principle” should help when searching for boron-based nanotubular or atomic-scaled
microelectronic devices. It was indicated the possibility, in the design of the nanodevice, to
control the electronic transport properties of the boron nanotube through the diameter. The
strong variation in elastic properties of boron nanotubes makes them the mechanical analogue
of carbon nanotubes, and may make them ideal candidates for application in composite
materials and nano-electromechanical systems.

Novel boron-based nanotubular materials were compared to standard nanotubular
systems built from carbon, and pointed out a number of remarkable structural and electronic
properties. The success of future nanotechnologies will strongly depend on ability to control the
structure of materials on the atomic scale. For carbon nanotubes it turns out that one of their
structural parameters, the chirality, may not be controlled during synthesis. The basic reason
for this defect was explained and shown that novel classes of nanotubes like boron nanotubes,
which are related to sheets with anisotropic in-plane mechanical properties, could actually
overcome these problems [313]. Obtained results further suggest that extended searches for
nanomaterials similar to pure boron might allow for one of the simplest and most direct ways to
achieve structural control within nanotechnology.

Boron nanotubes theoretically proposed to have metallic properties whether they are in
armchair or zigzag structure, so they have attracted much interest. However, their real
properties have been not understood because they are hard to synthesize. Recently, in [314] a

large quantity of boron nanotubes, which may provide a way to master their electric and field
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emission properties, have been successfully fabricated. Study on individual boron nanotubes
showed that they have metallic properties with an averaged conductivity of 40/Q - cm.
Moreover, individual boron nanotubes can sustain a high current of about 80 yA and their
current density can reach 2.04 - 10! A / m?, which is very close to those of carbon nanotubes.
They are also incorporated into prototype luminescent tube devices for the first time and
exhibit high luminescent efficiency and stability, which suggests that boron nanotubes have a
promising future in the field emission area.

Wide boron tubes rolled from o-sheet retain its original metallic character. This
combination of properties could make boron o-tubes an important material for electronic,
bio- and chemical sensing, and optical applications.

The study of adsorbents on nanoparticle surfaces, in particular, boron nanotubes has
become of central interest in surface science because of the enormous importance of catalytic

and gas sensors for industrial applications.

10. Boron cages

As it has been above mentioned, an interesting feature of elemental boron and boron
compounds in solid state is the occurrence of highly symmetric icosahedral clusters. The rich
chemistry of boron also dominated by other 3D cage structures. Part of the final structures of
the cationic boron clusters B, (=2 — 14) obtained [21] by the linear search for minima on the
LSD PES, prefers such quasi-planar atomic arrangements that can be considered as segments of
a sphere. The structure and stability of small neutral boron clusters B, (2=2-14) was
investigated [315] employing DFT. The search for minima was performed using gradient
methods at the LSD. Part of final structures prefer quasi-planar forms and can be considered as
segments of the surface of a sphere. From the curvature and size of the convex clusters, it was
predicted that this spherical cluster should consist of 90 boron atoms, and there may exist a
group of elemental spherical boron clusters. The frequency analysis was carried out for the most
stable convex and quasi-planar clusters only. All these clusters have vibrational frequencies
corresponding to the local minima. Most of the calculated IR vibration frequencies lie in the
interval 200 - 1400/ cm. In addition to the main conclusion that most of the neutral and
cationic boron clusters have similar topologies one can deduce that the evolution of most of the
structures with increasing cluster size exhibits some striking regularities: (1) the participation of
the pentagonal, hexagonal or heptagonal pyramids seems to be energetically favorable; (2) the
convex clusters tend to converge to a definite spherical cluster consisting of about 90 atoms; (3)
the quasi-planar structures tend to attain a planar surface with large number of atoms; (4) the
3D structures, which are less stable than the respective 2D structure, try to close the open
spheres with a small number of atoms.

Based on a systematic ab initio HF SCF and direct CI methods Boustani suggested [316]
that stable convex and spherical structures of bare boron clusters can easily be obtained with

help of an “Aufbau Principle”: there exist only two basic units, the pentagonal and hexagonal

294



L. Chkhartishvili. Nano Studies, 2011, v. 3, pp. 227-314.

pyramids, which can form different boron structures (spherical clusters can be constructed only
by a combination of pentagonal pyramids leading to 3D structures with hexagonal pyramids).
Introduced convex and small spherical clusters differ from the “classical” forms known for
boron crystals. Convex surfaces simulate boron surfaces which can be considered as segments of
open or closed spheres. Two convex clusters Bis and Bs have energies close to those of their
conjugate quasi-planar clusters, which are relatively stable and can be considered to act as a
calibration mark. The closed spherical clusters Bi2, B2z, Bs2, and B4 are found to be less stable
than the corresponding conjugated quasi-planar structures. As a consequence, highly stable
spherical boron clusters can systematically be predicted when their conjugate quasi-planar
clusters are determined and energies are compared.

Using ab initio QC methods, accurate calculations on small boron clusters B, (n=2 — 14)
were carried out [25] to determine their electronic and geometric structures. The geometry
optimization with a linear search to local minima on the PES was performed using analytical
gradients in the framework of the restricted HF SCF approach. Most of the final structures of
the boron clusters with z > 9 results in convex structures, which can be considered as segments
of hollow spheres.

Some highly spherical shells of boron atoms including “supericosahedron” Biss, which
can exist in boron-rich solids, was considered by Perkins et al [317].

Applying ab initio QC methods, different structures of Bs: cluster was investigated [27].
Hollow spheres are found to be less stable than quasi-planar and tubular isomers.

The curiously stable Bis" cationic cluster and its neutral and anionic counterparts were
examined [28] though the use of DFT. An intriguing atom-in-cage structure was found to be a
local minimum on the cationic, neutral, and anionic surfaces. A structure was found for the Bis~
anionic cluster, and the 12 external boron atoms are determined to be arranged as 3
6-membered rings back-to-back.

The electronic and geometric structures, total and binding energies, harmonic
frequencies, point symmetries, and HOMO-LUMO gaps of small neutral boron Ba (n=2 - 12)
clusters has been investigated [34] using DFT. Convex and 3D cage and open-cage structures
were found along with other structures. None of the lowest energy structures and their isomers
has an inner atom. i.e., all the atoms are positioned at the surface.

The geometry, electronic, and structural properties of an unusually stable boron cage
made of 80 boron atoms were studied, using ab initio calculations [318] (see [319]). The shape of
this cluster is very similar to that of the well-known Ceo fullerene, but in the Bso case, there is an
additional atom in the center of each hexagon. The resulting cage has a relatively large highest
occupied and lowest unoccupied energy gap (~ 1 eV) and, most importantly, is energetically
more stable than boron double rings, which were detected in experiments and considered as
building blocks of boron nanotubes. This seems to be most stable boron cage.

Based on ab initio QC and DFT methods, the [286, 287] determined the geometry,
electronic and structural properties of 3 cluster-families: boron spheres, double-rings and quasi-

planars up to a cluster size of 122 atoms. The most stable structure is the Bioo sphere showing
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similar shape but more stability than the Bso cage. The structures of a family of nearly round
boron cages which are built from hexagonal pyramids had been proposed at the first time.

Using ab initio calculations, the [320] analyzed electronic structure and vibrational
modes of the boron fullerene Bso, a stable spherical cage similar in shape to the well-known Ceo.
There exist several isomers, lying close in structure and energy, with total energy difference
within 30 meV. It was presented the detailed analysis of their electronic structure and
geometry. Calculated radial breathing mode frequency turns out to be 474 / cm, which can be a
characteristic of Bso in Raman spectroscopy. Since the Bso structure is made of interwoven
double-ring clusters, double-rings with various diameters also were investigated, presented
their structure and HOMO-LUMO dependence on the diameter, and found out that the gap
alternates for different sizes and closes its value for infinite double-ring.

The symmetry of the boron buckyball and a related boron nanotube was investigated in
[321]. Using large-scale ab initio calculations up to second-order Meller-Plesset perturbation
theory, it has been determined unambiguously the equilibrium geometry / symmetry of two
structurally related boron clusters: the Bso fullerene and the finite-length (5, 0) boron nanotube.
The Bso cluster was found to have the same symmetry as the carbon Ce molecule since its 20
additional boron atoms are located exactly at the centers of the 20 hexagons. Additionally,
authirs showed that the (5, 0) boron nanotube does not suffer from atomic buckling. All the
boron nanotubes rolled from the o-sheet are predicted to be free from structural distortions,
which has a significant impact on their electronic properties.

Ab initio electronic structure calculations showed that boron clusters Bos, Bos, Bioo, Bio1,
and Binz based on icosahedral-Bn: stuffed fullerenes are more stable than the fullerene-like
boron clusters [322]. These structures are envisaged as an icosahedral Bi2 each vertex of which is
connected to the apex of a pentagonal pyramid Bs via radial o-bonds. The resulting Bss
(B12@B12@Beo) retains the same symmetry as Ceo, and the B. (7= 84 — 116) clusters are generated
around it. It was considered the possibility of producing such Bi>-based giant clusters.

In a few words about other boron-containing cage molecules.

The relative thermodynamic stability of certain boron containing fullerenes BiCj-x
C.ByH: and C:B)F: (x; y, z> 10) was studied by Kuznetsov & Ionov [323]. Some of the concepts
of theoretical chemistry were applied to the problem of boron—carbon bonds formation upon
introduction of B atoms in cluster molecules composed of carbon atoms. In such cluster
molecules, one can expect the formation of multi-center bonds in different rings. The character
of these bonds varies from the localized Heitler-London type bonds to the systems with the
boron-mediated antiferromagnetic superexchange interaction. Introduction of B donor atoms
drastically alerts the donor-acceptor properties of the fullerene Ce. The problem of bond
energy calculation in B:«Cj-x was solved in frame of new semi-empirical theory which connects
thermodynamic and structural properties. It was shown that the hetero-fullerenes B«C;-x with
x=5,10 and y =60 are less stable than Ceo. On the other hand, the cluster Bs is expected to
have high thermodynamic stability in comparison with Ceo and BioCso. The results allow
concluding that stability decreases with increasing interatomic distances between hetero-atoms

although there are some oscillations. The thermodynamic properties (enthalpy and bond
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energy) had been evaluated for the following cluster molecules: BioCso, B12Cas, B16Ca4, B18Cai,
B10Cio, Bs2, Bs2, and Bs:Hs. The trends in stability observed upon changing composition and
character of multi-center bonds in 7-membered rings (=3, 4, 5, 6) were analyzed.

Prediction of a hollow fullerene-like boron cluster Bso has been provocative and
motivating to rapid further research in field of boron nanostructures. A variety of competing
structures, of lower symmetries and even with different topologies (stuffed, non-hollow) have
been proposed and extensively studied, in theory. Authors of [324] have outlined the progress
in computational and theoretical analysis of the emerging possibilities. They also have put the
stability of pure-boron mnanostructures in the context of broader thermodynamics, a
compositional triangle of greater interest, B-C-N, where pure C allotropes are well established,
pure N phase appears impossible, while pure B and various intermediate B:C;N. compositions
and their interfaces are rich in properties, allow controllable assembly and remain a focus of
active exploration.

Their previous research on nano-sized clusters of boron and boron compounds Atis et al
[325] have extended to investigate the hydrogen storage capacity of Li-Bm= (1 + m = 6) clusters
within the DFT. It was shown that the number of hydrogen increases the stability and HONO-
LUMO energy gap, which indicated the lower reactivity features of the clusters. By comparing
the results with available data it was stated that with the bare boron clusters alone, it is difficult
to increase the capacity of the hydrogen storage.

As for the applications of boron fullerenes, as it was stated nano-sized cage clusters of

bare boron and, especially, borides can serve for hydrogen storage.

11. Boron nanocrystals

Quasicrystals are intermediate species between periodical crystals and amorphous solids:
on the one hand, they possess 5-fold symmetry axis materialized in structural element —
icosahedron, but, at the other hand, they are not periodical. This issue takes on special
significance in connection with boron because icosahedral-cluster structures are characteristic
of all boron crystalline modifications. At first let us point to some studies devoted to
quasicrystals of other elements and quasicrystals in general, which can be useful analyzing
boron case. A model of geometrical structure of icosahedral quasicrystals that was discussed
[326] is based on icosahedral clusters connected by linkages (consistent with accepted motif of
the atomic structure). Such geometry should be convenient for complete atomic structure
models defined by decoration, especially if configurational disorder is to be included. Using
time-dependent DFT, Xie etal showed [327] that the first singlet excitations of series of
icosahedral clusters are optically forbidden and that their optical absorption gaps and spectral
properties are size- and composition-dependent and can be tuned broadly in the UV-visible
region. It was demonstrated that optical gaps of icosahedral clusters can be tailored from the UV
to near IR by properly doping them with (transition) metals, hydrogen, group VII B atoms, and

organic functional groups. Thus, icosahedral clusters are suitable for tunable optical
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applications. Relative stabilities of the alternative carbon nanoparticles with icosahedral
symmetry (diamond-like nanocrystals and multi-shelled fullerenes — onions) have been studied
[328] applying a parametric model and also by the charge-DFT within the tight-binding
approximation. It was demonstrated that increasing in particles’ sizes as well as their
hydrogenation stabilize the diamond-like crystallites. Formation of “intermediate’
nanostructures build up from the diamond-like crystallites inside the fullerene-shell was found
out as well. A jellium-passivated cluster model was developed [329] to study the energetics of
short-range ordering in supercooled liquid and glass systems. The energy difference between
icosahedral clusters and fcc embryos in jellium was found to correlate with glass-forming ability
of liquid Al alloys. Celino et al elucidated the role played by defective icosahedra on the
stability of undercooled copper by using molecular-dynamics simulations [330]. It was shown
that not only perfect but also defective icosahedra embedded in a disordered matrix, lower the
local cohesive energy. This is the effect of stabilizing the liquid structure against crystallization.
This study identified the nature of those icosahedral subunits that contribute to the stability of
the undercooled liquid.

Based on a series of ab initio studies it had been pointed out the remarkable structural
stability of nanotubular and quasi-planar boron clusters, and postulated the existence of novel
layered, tubular, and quasicrystalline boron solids built from elemental subunits [331, 332].
Performed study illustrated and predicted qualitative structural and electronic properties for
various models of nanotubular and layered boron solids, and compared them to well-known
tubular and layered forms of pure carbon and mixed boron compounds.

An oblate rhombohedral unit cell of a-B crystal was constructed and the transition of 2
boron icosahedra Biz lying at the ends of its short body diagonal was estimated in [333].
Applying ab initio HF SCF methods it was investigated different configurations of 2 icosahedra.
The obtained structure B2 exhibits a closed tubular form of 2 coalesced interpenetrating
icosahedra. Model based on a Bai cluster, composed 2 icosahedra with mutual 3 interfacing
atoms, was also studied. Then, it was considered [334] unit cell of hypothetical a-B quasicrystals
by applying accurate ab initio QC methods. As it is known, atomic decoration of the o-B unit
cell is based on a suitable arrangement of 8 boron icosahedra, and thus the mechanism of their
cohesion is stimulated by relaxing a Bos supercluster composed icosahedral boron clusters
located at the vertexes of the rhombohedral unit cell. Several alternative structure of Bes clusters
were proposed and compared to the rhombohedral phase. Total energies of those structures
were computed on the basis of all-electron calculations at the HF SCF level of theory. Due to
the large number of degrees of freedom, the geometries of all isomers were optimized under
reasonable symmetry constrains. Total energies showed that segments of nanotubes and quasi-
planar sheets turn out to be more stable than the unit cell of a-B quasicrystals.

The surface energies of a- and B-rhombohedral and tetragonal boron were ab initio
calculated [335, 336] to investigate their role in nanoscale crystal growth. Equilibrium shapes of
boron crystals were obtained using Wulff’s theorem. Although the existence of pure
o-tetragonal boron had long been denied (as it was above mentioned) a-tetragonal boron was

recently prepared in the form of a nanowire. Indeed, results of calculations showed that
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o-tetragonal boron, despite its low cohesive energy, is more stable than the other structures as a
result of its low surface energy when the number of atoms is less than about 216. The nanowire
of ao-tetragonal boron that was obtained experimentally probably was in a metastable state. The
difference between the surface energy of the ab-plane and that of the ac-plane explains why the
o-tetragonal boron nanowire grows in the c-direction. The surface energy of f-tetragonal boron
was found to be higher than that of a-tetragonal boron, and lower than that of a-rhombohedral
and B-rhombohedral boron. Nevertheless, 3-tetragonal boron has the lowest total energy of all
boron polymorphs in a region with a numbers of atoms 216 - 512. This explains why
B-tetragonal boron can be obtained by gas-phase synthesis but not by liquid-phase synthesis
because an appropriate number of atoms must be isolated to obtain the B-tetragonal boron
structure. The real crystal was probably obtained through non-equilibrium growth. Since the

surface energy of this modification is rather isotropic, it will not have a wire-like morphology.

12. Conclusions

Bare boron exhibits a variety of micro- and nano-structured forms, which can find
applications in a number of wide fields of techniques and technologies. This diversity reduces to
features of the electronic structure of an isolated boron atom B, which being associated in a
multi-atomic network tends to the most stable electronic configuration adding one or two extra
electrons from point imperfections of a structure and / or foreign impurity atoms.

Boron molecular clusters B» (n=2, 3, 4, ...) at relatively low index n reveal a planar (flat)
or quasi-planar (buckled) surfaces, which can be considered as fragments of flat or buckled
boron sheets, respectively. But, at relatively high n they are open or closed convex surfaces,
which are imagined as fragments of boron tubules and fullerenes or tubules and fullerenes
themselves defending they are rolled cylindrically or spherically, respectively. Ordering by
stability of these structures changes depending on their charge state because the stability of a
boron molecular cluster increases if dangling bonds on its surface are saturated by extra
electrons provided by foreign atoms associated with cluster.

Electron deficiency characteristic of boron structures leads to the clustered crystalline
structures of elemental boron and most of boron-rich compounds. As a rule, constituent clusters
are only slightly distorted (i.e., almost ideal) boron icosahedron Bi2 and its fragments. The
preference for icosahedral cluster is based on electron requirements: it is a polyhedral building
block with boron atoms at vertexes which needs minimal number (a pair) of extra electrons to
stabilize its atomic structure. All main boron crystalline structures, a- and f-rhombohedral and
tetragonal modifications of boron are open networks with many crystallographic voids in which
icosahedra can be linked together in a variety of ways.

From the theoretical calculations a-rhombohedral boron has been shown to be the most
stable phase at low temperatures among icosahedron-based boron crystals. This is consistent
with low-temperature crystal growth of a-rhombohedral boron. But, on the other hand, from

all available experiments the f-rhombohedral structure of boron is known to be stable over all
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temperatures from absolute zero to melting. The explanation is accounted for possible structural
imperfections in real crystals: unlike a-rhombohedral boron, in which every site is almost fully
occupied, f-rhombohedral boron is characterized by significant partial occupancies of regular
sites in lattice, self-interstitial atoms in high concentration and related intrinsic disorder.
Optimizing the site occupation yields a superstructure of p-rhombohedral boron -
B'-rhombohedral boron. Its energy is lower than a-rhombohedral boron, but its symmetry is
lower than B-rhombohedral boron. Thus, it can be found a unique, energy-minimizing pattern
of occupied and vacant sites that can be stable at low temperatures, but that breaks the
B-rhombohedral symmetry.

As for the o- and B-tetragonal boron, their macro-crystals are believed to be structures
stabilized by presence of point structural imperfections and certain impurities in high
concentrations. But, situation changes in case of finite number of atoms in a crystal. Namely,
although the existence of pure a-tetragonal boron had long been denied a-tetragonal boron was
prepared in the form of a nanowire. Indeed, results of calculations showed that a-tetragonal
boron, despite its low cohesive energy, is more stable than the other structures as a result of its
low surface energy when the number of atoms is too small. The mentioned nanowire of
o-tetragonal boron was probably in a metastable state. The difference between the surface
energy of the ab-plane and that of the ac-plane explains why the a-tetragonal boron nanowire
grows in the c-direction. The surface energy of f-tetragonal boron was found to be higher than
that of a-tetragonal boron, and lower than that of a-rhombohedral and f-rhombohedral boron.
Nevertheless, p-tetragonal boron has the lowest total energy of all boron polymorphs in a
region with a low numbers of atoms. This explains why B-tetragonal boron can be obtained by
gas-phase synthesis but not by liquid-phase synthesis because an appropriate number of atoms
must be isolated to obtain the P-tetragonal boron structure. The real crystal was probably
obtained through non-equilibrium growth. Since the surface energy of this modification is
rather isotropic, it will probably not have a wire-like morphology.

Solid state boron can also exist in amorphous form as thin films or fine-dispersed
powders. High chemical activity of dispersed amorphous boron makes it as valuable product for
chemical synthesis. Features of the diffraction pattern point on short-range ordering
characteristic of an icosahedron and randomly distributed icosahedra. Both amorphous films
and powders are constructed from the randomly orientated and bounded boron icosahedra in
structure close to tetragonal boron structure. Liquid boron may be considered as a disordered
mixture of icosahedra, whereas amorphous boron is as a disordered packing of icosahedra.
Boron, which is a refractory material, obtained at high temperatures mainly is a crystalline
product, while amorphous boron is produced at relatively low temperatures. Amorphous boron,
obtained at higher temperatures can be imagined as a mix of various boron modifications with
icosahedral structures. Such kind of amorphous boron can be considered as fine
microcrystalline B-rhombohedral boron with short-range order determined by icosahedra.
Crystallization of amorphous boron is treated as ordering process of the icosahedral groups.

At the atomic level amorphous boron has a close-packed structure. Configurations

consisting of several icosahedra were found to represent the structural element of powder
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particles. In first approximation, all forms of amorphous boron possesses one and same
structure: 3-icosahedral spheroidal aggregate and 4 icosahedra forming a tetrahedron. Real
structures differ from ideal amorphous structure by the defects, another rule of linking, joined
icosahedra etc. In amorphous boron, disorder occurs in the linking between icosahedra which is
not entirely random at medium-range distances. But, long-range arrangement of the icosahedra
in amorphous boron seems to be quite random.

The distance between obtained diffraction spots for amorphous boron corresponds to the
fundamental spacing derivable from a consideration of the packing of Bi2 groups regarded as a
“large atom”. The fact that amorphous boron uses icosahedron as a structural unit allows
introducing of function of radial distribution of icosahedra, which helps to construct a
geometrical model of amorphous boron structure and to define the term “ideal amorphous
structure of boron”. The least is useful for quantitative characterization of defects in amorphous
structure. In this model, coordination spheres of icosahedra are almost equidistant and can be
described by the symmetric cubic forms, which is a consequence of the amorphous boron
isotropy. The particles those can exist in amorphous boron in addition to icosahedra Bi are
some relaxing sub-units: boron pentagons, pentagonal pyramids, partial icosahedra -
polyhedrons Bio, and as well loose atoms not associated with any icosahedron.

Properties of both crystalline and amorphous boron are merged in boron powders
obtained by the dispersion the boron crystals. The fine-dispersion of the crystalline boron leads
to its amophization as a result of significant distortions of the surface structure. Degree of
surface amorphization as well as boron compounds’ inclusions in the process of mechanical
dispersion increase with decreasing sizes of particles. However, at very small sizes particles tend
to coagulation. The presence of an amorphous layer indicates the spongy surfaces of the
crystallites. Amorphization during the mechanical dispersion was found to be almost
independent both of the technique of preparation and the purity of the initial boron crystal.
From the data obtained in the process of dispersion, the surface of the crystal is deformed and
fractioned, and a so-called “amorphous pillow” appears around the crystal. In some cases these
crystals may serve as centers of coagulation of similar crystals and amorphous particles.

Thermal treatment yielded coagulation of icosahedra in spheroids. Thus, ultra-dispersed
powder of the elementary boron is characterized by amorphously structured particles composed
of statistically distributed icosahedra and their coagulations. Structure remains in whole
amorphous, but within the local regions there were obtained crystalline structure. The
composition and state of chemical elements on the surface of the boron particles depend to a
considerable extent on the dispersion technique and further processing of the powder.

More boron micro-structures merging properties of both crystalline and amorphous
boron are boron filaments and fibers. Boron filaments and fibers are non-homogeneous
structures. Usually, diffraction patterns of boron filaments and fibers deposited on hot-wire-
substrate indicate an amorphous or core-microcrystalline state. Boron filaments and fibers
consist of an inner boride core surrounded by an amorphous boron mantle. Their strength is
affected not only by the inherent properties of the bulk boron and the condition on its surface,

but also by the presence of the core material and interface between core and the boron layer.
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1D nano-structures of boron like the nanowires, nanoribbons, and nanobelts as a rule
have a crystalline structure of bare a-tetragonal boron without any foreign inclusions like the
carbon and nitrogen atoms characteristic of a-tetragonal boron macrocrystalline structure.

2D nano-structures of boron are presented by flat or buckled sheets, and surfaces of
nanotubes of various chirality, and cage-molecules including spheroidal fullerenes.

3D nano-structures of boron are presented by boron quasicrystals and nano-scale

crystallites of all crystalline modifications of boron.
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