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Several bacterial strains of actinomycetes as well as blue-green algae Spirulina platensis
were used in the studies aimed at developing of biotechnology of microbial synthesis of gold
and silver nanoparticles. The nanoparticle formation time and concentration conditions were
studied for all the examined strains of bacteria. A complex of analytical and spectral methods:
UV —visible spectrometry, X-ray diffraction (XRD), transmission electron microscopy (TEM),
scanning electron microscopy (SEM) with energy-dispersive analysis of X-ray (EDAX),
equilibrium dialysis, neutron activation analysis (NAA) and atomic absorption spectrometry
(AAS) has been applied for examining of the obtained nanoparticles. A single peak observed in
the all UV-vis absorption spectra evidences for the spherical shape of the produced gold and
silver nanoparticles, which is confirmed by TEM images. In all the XRD images the diffraction
patterns correspond to the face centered cubic (fcc) structure of gold and silver nanoparticles.
The histograms of particle sizes for studied samples show that the sizes of gold and silver
nanoparticles are in the range of 5 to 80 nm, with the average at 20 — 25 nm. The data obtained
by NAA and AAS illustrates that the total concentrations of gold and silver in the samples at
first increase rapidly (in adsorption processes on the cell walls) and then does not change
significantly. The results of the performed investigations show that the examined
microorganisms exposed to relevant compounds are capable of producing gold and silver
nanoparticles of spherical shape extracellularly.



Synthesis of gold and silver nanoparticles by some microorganisms.

1. Introduction

The development of the methods of biosynthesis of inorganic metallic nanoparticles has
attracted great attention due to their eco-friendly technology. Nanomaterials have unique
physical and chemical properties, such as ultra small size, large surface area to mass ratio, and
high reactivity, which favorably distinguish them from bulk materials of the same elemental
composition. Development of reliable, nontoxic, and eco-friendly methods for synthesis of gold
and silver nanoparticles is of utmost importance to expand their biomedical applications. One of
the options to achieve this goal is to use microorganisms for this purpose.

Nanoparticles are biosynthesized when the microorganisms grab target ions from their
environment and then turn the metal ions into the element metal through enzymes generated
by cell activities. Microorganisms can produce nanoparticles through either intracellular or
extracellular routes [1 — 3].

Gold nanoparticles are used in medicine, catalysis, chemical and biosensing. Silver
nanoparticles are also used in medicine and catalysis, as well as in nonlinear optics and
electronics. Gold and silver nanoparticles have great potential in medical applications, such as
oncology, cardiology, immunology, neurology and endocrinology. A variety of studies are
demonstrating that gold nanoparticles have real promise as anticancer agents. Silver
nanoparticles have antibacterial activity and widely applied in medical practice [4 - 7].

In present study we were focused on new bacterial strains of actinomycetes
(Arthrobacter and Streptomyces genera) as well as the blue—green microalgae Spirulina
platensis (S. platensis).

The actinomycetes-mediated “green chemistry” approach towards the synthesis of
nanoparticles has many advantages [8, 9]. The ability of biosorption and bioremediation shown
by actinomycetes could be useful in heavy metal removal and helpful in describing the
phenomena caused by the valence change of metal ions. Specifically actinomycetes are known
to secrete much higher amounts of proteins, thereby increasing significantly the productivity of
this biosynthetic approach. The studied actinomycete species are common indigenous soil
bacteria. They are member of the high mol % G + C actinomycete-coryneform bacteria. The
isolation and investigation of novel strains of these species for synthesis gold and silver
nanoparticles is of great practical interest.

Blue—green microalgae S. platensis, is widely used as a matrix for pharmaceuticals and
also as a biologically active food additive for humans and animals. The ability to biotransform
and endogenously add the desired essential elements producing complexes easily assimilated by
a human organism is a distinctive feature of S. platensis. As a living organism, it accumulates
elements strictly as much as is necessary for the organism. In our earlier investigation
S. platensis was used as the matrix for development the new pharmaceutical substances
[10 - 13] as well as the biosorbent for remediation of the waste waters [14]. Gold and silver
nanoparticles in S platensis biomass have a great potential in medical and biotechnological
applications [15, 16].

In this work, the experience of Georgian scientists [17 — 20] in collaborative studies new
strains microorganisms for development the methods of producing gold and silver nanoparticles
is summarized. The new strains of microorganisms are studied as possible “nanofactories” for
the development of clean and nontoxic methods of synthesis silver and gold nanoparticles.
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2. Materials and methods

Several bacterial strains of actinomycetes Streptomyces glaucus 71MD and Streptomyces
sp. 211A (isolated from the rhizosphere of soybeans grown in Georgia), actinomycetes
belonging to arthrobacter genera — Arthrobacter globiformis 151B and Arthrobacter oxydans
61B (isolated from the basalt rocks collected from the Kazreti region of Georgia) as well as blue—
green algae S. platensis (strain IPPAS B — 256) were used to study the synthesis gold and silver
nanoparticles by these microorganisms. The cells of actinomycetes and S. p/atensis were grown
as described elsewhere [17, 18]. The harvested mycelial mass was then resuspended in 250 ml
Erlenmeyer flasks in 100 ml of 103 M aqueous HAuCls (chloroauric acid) solution in the
synthesis of gold nanoparticles, and in aqueous AgNOs (argentum nitrate) solution in the
synthesis of silver nanoparticles.

Time-dependence of nanoparticle formation was studied for different time intervals
(hours to several days). The complex of analytical and spectral methods: UV-vis spectrometry,
X-ray diffraction (XRD), transmission electron microscopy (TEM), scanning electron
microscopy (SEM) with energy-dispersive analysis of X-ray (EDAX), equilibrium dialysis,
neutron activation analysis (NAA) and atomic absorption spectrometry (AAS) were used for
investigation of the obtained nanoparticles. The technical characteristics of used methods are
given in previous works [17 - 20].

3. Results and discussion

The first experiments were carried out to determine an optimal gold compound
concentration for synthesis of nanoparticles. The results of these experiments for S. platensis
suspended in a gold chloroaurate solution at different concentrations (the dose dependence) are
shown in Fig. 1a. As it is seen from the ultraviolet-visible (UV-vis) absorption spectra due to
surface plasmon resonance (SPR) one broader peak at 530 nm appears for the concentrations of
103 -5-103 M. The presence of this peak confirms the gold ions reduction from Au(IIl) to
Au(0) by biomolecules, proteins and enzymes on the surface of S. p/atensis cells and aggregation
of the gold nanoparticles in the solution. At higher concentrations of HAuCls (102 M) such peak
is not observed.

In Ref. [21] it is hypothesized that the number of active objects on the surface of S.
platensis cells that were involved in the synthesis not sufficient for reduction of gold ions at
higher concentrations. Consequently, the synthesis process depended on the gold concentration
as well as on the number of the cells in the solution. This differential response indicates the
possibility of custom designed nanoparticles by varying cell number and gold concentration in
the solution. Thus for second series of experiments the solution of chloroaurate in
concentration 10 M was used.

The optimal concentration of silver nitrate for synthesis of silver nanoparticles was also
determined and it was equal to 10 M. In Fig. 1b the dose dependence for silver nanoparticles
produced by actinomycete Streptomyces sp. 211A is presented. As it seen from the spectra the
surface plasmon peak of silver at 425 nm appear for silver nitrat concentration 10 M but in all
cases it is separated not too well as the gold peaks, that may be caused with antibacterial
properties of silver.
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Figure 1. UV — vis spectra of S. platensis suspension for different dose exposure of gold
chloroaurate (a) and Streptomyces sp. 211A for different dose exposure of silver nitrate (b).
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Figure 2. UV - vis spectra of Arthrobacter oxydans 61B with gold
nanoparticles (a) and Streptomyces glaucus71M with silver nanoparticles (b).
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The UV - vis absorption spectra of gold nanoparticles produced by Arthrobacter oxydans
61B and silver nanoparticles in Streptomyces glaucus 71M (the time dependence) are given on
Fig. 2. The presences of resonances at 530 and 425 nm indicate the gold and silver ions
reduction and aggregation of nanoparticles in the solutions, respectively. The intensity of the
peaks increases with increased time of reaction. A single peak in all spectra is the evidence of
the spherical shape of gold and silver nanoparticles which is confirmed by the TEM images for
gold nanoparticles in biomass of Arthrobacter oxydans 61B (Fig. 3) and the SEM image for silver
nanoparticles in biomass of Strepromyces glaucus 71M (Fig. 4).

In all the TEM images the diffraction patterns correspond to the face centered cubic (fcc)
structure of gold and silver nanoparticles. The particle size histograms for the studied samples
show that sizes of gold and silver nanoparticles are in the range of 5 to 80 nm with the average
at 20 — 25 nm. The XRD data for gold and silver nanoparticles confirm the presence of the fcc
structure (Fig. 5).
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Figure 5. The XRD spectrum of Au nanoparticles in biomass of S. platensis.

In Fig. 5, as an example, the XRD pattern of gold nanoparticles synthesized by treating
S.platensis with chloroauric acid aqueous 103 M solution for 4 days is presented. The diffraction
pattern shows the amorphous structure of gold particles. However, a number of Bragg’s
reflections corresponding to the fcc structure of gold are also seen here: four characteristic
peaks (111), (200), (220) and (311). The results obtained clearly show that gold nanoparticles
formed by reduction of Au (IIl) ions by S. platensis, are crystalline in nature and they are
generally produced extracellularly.

The Scherrer equation was used to approximately estimate the size of nanoparticles using
the size of maximum intensity on the diffractogram (Fig. 5):

d= KA/ Bcos 6,
where K'is the shape factor, for cubic crystals it equals to 0.9 -1, A is X-ray wavelength, for
Cu Ka A=1.54178 A, fis the line broadening at half the maximum intensity in radians, &is the
Bragg angle, and dis the size of nanoparticles in nm. It is important to realize that the Scherrer
formula is applicable to grains less than 0.1 pm [22, 23]. For approximate assessment of the size
nanoparticles (111) the interferential maximum was used. In this case =38 °. The calculations
were carried out taking into account only apparatus error of S (= 0.3 °) without evaluating other
defects on the maximum’s shape. The obtained results show that at the concentration HAuCl4
103 M the size of gold nanoparticles is = 14 nm, at 5.103 M = 20 nm, and at 102 M = 100 nm.
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The SEM images obtained for all studied microorganisms illustrate that most of the
nanoparticles are spherical and do not create large-scale agglomerates. As an example, the SEM
image of Streptomyces glaucus 71MD cells (after interacting with AgNOs solution for seven
days) is given in Fig. 4.

An EDAX X-ray spectrum was recorded proving the presence of gold nanoparticles in S.
platensis cells treated with HAuCls for 12 days (Fig. 6). Along with the Au peaks, the signals
from matrix elements of biomass belonging to C, O, Cl and Fe were recorded.

Figure 6. EDAX spectrum of Spirulina platensis biomass with
gold nanoparticles after exposure by HAuClsfor 12 days.
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Figure 7. The gold concentrations in Figure 8. The gold concentrations in
biomass of Arthrobacter globiformis biomass of Arthrobacter globiformis
151B versus the time of exposure 151B versus the time of exposure
gold cloroaurat determined by AAS. gold cloroaurat determined by NAA.
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Examples of analytical determinations (using AAS and NAA) gold and silver total
concentrations in the bacterial biomass are given for Arthrobacter globiformis 151B in Figs. 7
and 8.

Neutron activation analysis (NAA) was carried out at the nuclear research reactor
SAFARI -1 of Nuclear Energy Corporation of South Africa (NECSA). The samples were
irradiated for 8 s by a neutron flux density of ~ 10 n - cm™ - s™!. Their activities were measured
three times, after cooling for 3 and 30 hours and 7 days, respectively. The gold content was
determined on the 411.8 keV y-line of “®Au. Genie 2000 software was used to process NAA
data.

The data obtained by NAA (Fig. 8) illustrate that the uptake of metals involve two
phases: a rapid phase and a slower phase. In the first ‘rapid’ phase, the metal ions are mainly
adsorbed onto the surface of microorganism. The biomolecules on cell walls of bacteria contain
the functional amino, carboxylic, sulfydryl, phosphate and thiol groups that can bind metal ions.
The concentration of gold increases rapidly. In the ‘slow’ phase, the metal ions are transported
across the cell membrane into the cytoplasm. The total concentration of gold in samples
(extracellular and intracellular) in this phase does not change significantly. The data obtained
for Arthrobacter globiformis 151B by AAS (Fig.7) are confirmed by data obtained for this
bacteria using NAA (Fig. 8).

To study biosorption process on the bacterial cells the method of dialysis and atomic-
absorption analysis were used. Equilibrium studies that give the capacity of the adsorbent and
the equilibrium relationships between adsorbent and adsorbate are described by Freundlich
adsorption isotherms:

Co=KC:'/n
C'» is the concentration of the metal adsorbed, C' is equilibrium concentration of the metal ion
in the solution, K and 1z are empirical constants.

-3.2
Streptomyces
3418pp. 211A
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N -3.8+ h v
S p
_I .0 /_: [ ] B
_4 D T e '/J{‘J
I 14 lf{/
-4.2 T T Log Cw;l
-2 -1 0
LDQ Cmtal

Figure 9. The linearized Freundlich adsorption isotherms for gold — Streptomyces
spp. 211A cells (A — homogenized cells, and B — particulate homogenized cells).
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In Fig. 9 biosorption isotherms for gold — Streptomyces spp. 211A cells (A -
homogenized cells, and B — particulate homogenized cells (insert)) are presented. Each dot is
the average of three independent values, and the standard deviation < 13 % of average value.

By means of Freundlich isotherms the biosorption constants (X) and the sorptive
capacity (n) were determined for gold — Strepromyces spp. 211A cells. These are equal to

Gold - Streptomyces spp. 211A — homogenized cells:
K=411-10%
n=3.84;

Gold — Streptomyces spp. 211A — particulate homogenized cells:
K=147-10"
n=4.55.

It was shown, that biosorption constant for homogenized cells are greater then for
particulate homogenized cells and for the both cases sorptive capacity is greater.
Concentrations of metal sorbed by bacterium in solution at equilibrium obeyed the Freundlich
equation, suggesting the presence of heterogeneous sorption sites on bacterium surfaces and in
each species of microorganisms, since the sorption depends on the nature and the composition
of the cell wall [24].

On the other hand, gram-positive bacteria have a greater sorptive capacity due to their
thicker layer of peptidoglycan which contains numerous sorptive sites [25].

The results obtained shows that cell homogenization increased the surface of bacterial
cells increase sorptive capacity and nanoparticles formation probability.

4. Conclusions

The results of the performed studies show that the examined microorganisms are capable
of effectively producing gold and silver nanoparticles extracellularly when exposed to the gold
and silver compounds at specific concentrations.

The shape of the majority of the nanoparticles is spherical and the size of nanoparticles is
in the range 5-80 nm with the average size at 20 — 25 nm. The described biosynthesis of
nanoparticles is simple, economically viable and an eco-friendly process.
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In the second part of the short dictionary are more than 100 terms in Georgian, which
focuses mainly on general issues and topics of synthesis of nanosystems. Tab. 1 lists some of
such terms in English, German, and Russian taken from dictionaries and scientific periodic
chemical publications [1-13], and the corresponding terms in Georgian with appropriate
definitions (synonyms are divided by sloping line).

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

Terms
in English in German in Russian in Georgian
Acicular particle Nadelférmige Hronpuaras vactuma | 650bobgdemo
Partikel f Boffoemszo
/ Needle-shaped / Nadelférmige
particle Teilchenform f
Acicular particles Nadelformige Hronpuarsre B9dLoligdemo
Partikel(n) pl YaCTHUIIBI Boffoerszgoo
/ Needle-shaped
parti cles (699L0L BMEIoL bsfows30).
s it
'E - N~ T,

http://www.google.de/imgres?q=Acicular+particle
&um
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Short dictionary (glossary) on nanochemistry and nanotechnology. Part II.

Acicular structure Nadelformige Hronpuaras 698LoLYdGO
Struktur f CTPyKTypa BAHOMIEHMOS
/ Needle-like / Nadelgefiige n
Aerosol spray Aerosolspray [Tuponus aeposoneir | odbgn0wo
pyrolysis (ASP) Pyrolyse f 596MHMBMEgdols
306HM@wobo
/ Spray-Pyrolyse f Crpeii-iuposus / 53690 306HMOBO
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©536M93980LM30U).

Auger electron
spectroscopy (AES)

Augerelektronen
Spektroskopie (AES) f
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9@IOOMbYo
39-139dBHOML3M300
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RGOl ©95d99(3053909w0
Lbgangdol 39839md0m).

Biomimetic Biomimetisches

nanomaterial Nanomaterial n
Biomimetic Biomimetische

nanomaterials Nanomaterialien pl
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/ Biomimetics
/ Bioinspired
materials

/ 30mIm393 03900
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00mI5L5¢gd0L 0d0Gs3E0ss 96
89949bocnos gmEbow dbgdsdo
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d99abgls dBomeMyo©HO
0009JBHOL — 0¥ sL
0539¢0000%g, HGMIOL dsx39d0
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900900l d0mdodgBHo3M@o
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30600 5 3MdswEHOL
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00mI5L590. 59 dBOMMBOYIBHIOL
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“Bottom-up”
nanotechnology

Bottom-up
Nanotechnologie f

/Bottom-up Ansatz m

/ Aufwirtsmethode f
/Aufwirtsverfahren n
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BobmEgdbmemmaos
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99396@9d0L goalbbgowgds
656mIg GO BmIgdsdEY. 50
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d00gdol dgommEgdo:
500835DMMo Lobmgbo
mOMJwgdol Ggdymdo
30bgbLsgoom;
3sHBdmgdodory®mo Lobmgbo;
©)I3d N MOEYOO
blibsM7000s6; LomBmangdby
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Bridged fullerene Bridged Fulleren n MocTuKOBBIH dMyMM0 BMEgMgbo
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/ Verbriicktes
Fulleren n
/ Uberbriicktes
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Bridged fullerenes Bridged Fullerene pl | MocTtukossie dMyOHO
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FmM0b, oo baobbols
LodOHEOL BYEs30MmYPIBYS.
56B9396 odsEYB3gM0dY)-
& (LT - low temperature,
500°C-89) s
Bo00r()839Os¢neae (HT -
high temperature, 500°C-ols
bg0dmom) CVD-39mmgdl).

Colloidal Nano-
reactors

Kolloidale Nano-
Reaktoren m pl
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HaHOPEaKTOPbI

3MWMO0OHO
Bobm®g9dEH™mMgdo
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00, 3.6., bogMEoom 99dm-
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2396L0BO3M3L MOREME
I3 Ea0d
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/ Core—Shell-
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3500 3moRMEJ30MOMd).
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/ Kryoprozessierung f

Cuures
KPHUOXUMUYECKUH

QOVS-
G33IOGHNOYO
JodomMo Lobomgbo
/ 3®0mgodomeo
Lobmgbo

(603009M9dgd0L s
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300 63. 3.b.-0b 053369096
5M9039

Q905 GHYI3YHOOYI
099560396 Bgdmgdggdsl,
39609, 300Mm©s%3J350.
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Cryochemistry

Kryochemie f

Kpuoxumus

3Momdodos

/ JoB0s don
39939653909
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3Gomgodos — 39360969030L s
3996030L M0, GMIgos
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3H0MEEBI3d,
3600m3mbgblogos,
bd0d53096M0 FOMdS o
Lbgs 049bgd9b
656mbsfoes3gdols
9oLOMYOSWI3)-

Cryocondensation

Kryokondensation f

Kprokonpgencanus
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Cryomilling
/ Cryogenic grinding

/ Freeze grinding

Kryomahlen n

/ Cryogenic
Schleifen n

/ Tieftemperatur-
zerkleinerung f

/ Einfrieren
Schleifen n

Kpronomon
/ Kpuousmensuenue

36M0Mm©Ixd3s

/ ©QOdS-
A9939MoGHNOMO
©BI3d

(89560 Lbgyergdol
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Cyclofullerene

Cyclofullerenes

Cyclofulleren n

Cyclofullerene pl

[uxnodyrrepex

HuxnodyrrepeHsr

2H-2,9-Cyclo-1-nor(Ceo—h)[5,6]fullerene
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Disintegration Desintegration f [ducnepruposanue ©565H0oes 3905
/ Desitegrierung f
/ Zerkleinerung f
/ Dispersion / Dispergieren n / ©obL3gOLOMYDdS
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LsoL3gMLOM Bobobs o

0L3gOLOWEO J3MYIMLY
©30M30©IOYLIO0”, 53MIN3Y
©0ob39MLoMYBdOL bgMbolsgsh
©30m30©IOYW IO @oF3s-
3990 Lbgrwob Baffoens-
39900 Dmdob J3gws brgsmo
390dgds 0gml G5dgbody
0030mdgEBHM0B somge
656393597, 0530053500
©OoL3gOLOMYBOLL —
50096039 656039gEMed©Y).
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5 -200 63).

Freeze drying

/ Lyophilization

Gefriertrocknung f

/ Liophilisierung f

Cy6aumanuonHas
cymka

/ JInopunusanus

/ JlnodunbHas cymka
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Fullerene cation Fulleren-Kation n Karnon dymrepena | gwwgMgbols

3o@ombo
Fullerene cations Fulleren-Kationen pl | Katuons! ¢pynnepena | g3meog®gbols

39@0mbgdo
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7,8,9,10,11,12-

5 3 r _R
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396D500MY350MMs30 (1-).

Fullerene derivative
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Fullerene derivatives | Fullerene derivaten pl | IIpousBozusie RNME9g@9bol
bynmepena Bofo®mdgdo
[60]PCBM
- : (BIeg®IBob Bydsgmo
(Phenyl Cx Butyric Acid Methyl Ester) b%%g’g@% 63603) G302
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Biomol. Chem., 2007, 5, 1158).

Fulleren-
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macrocycles MaKpOILMKJIIBI
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Fullerenoid oxide

Fullerenoid oxides

Fullerenartiges
oxid n

Fullerenartige
oxide pl
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http://www.chem.msu.su/rus/fullerenes/raveau.html

RMEg69gbol Abgoglo
mdlboo

/ §o9e9M960m0@0

BMEgM9gbol Abgoglo
mdlbogdo

/ B IHIbm0©yd0

(399EgMybmogdo sbogro
3sbob mglogdos. sy,

SrO-ol, Bi203-ols s Al203-ols
d93bmdom oo
$9939M0GHMsbg doomgls
5qdobo@o
Sr33Biz4+sAl4801414352, GMI0L
90b6m300LEL 5g3L
GIOOIRONWO LHGIHIOs,
ob B9G®o9OMwo mdbowos;
3oL 5gaL
§obboga3gbEOIdnEo
39999960 3obebo, HGMIol
339609880 AlO4 -0l
39359009005, HMIgdos
§omIngdbol gmeg@gbo Css-ols
(d=8.54) Bligs3gL, 853058 ©OWO
%m0l (d=18.54) Alsi-ols
UggGe9dl; Breg®gbolipsb
396Ub3539800, 0bobo gMHmdsaby-
00b556 0BMEOMYPIMWO ©
39MOIEO M5 S Gg3LYdIME0S
SrZ 3s¢0mbgdom s Bi-O
3obBHIMYd0m; Alss-ob bzgMmls
dogboom O, Bi s Sr
306390O0OdN
“Bo@®0mI35L” AbggL
1g39M™MY0d0s FMagLYIMO.
F9lodergdgaros Alss-ob
bzg®mdo Al-ob dggges bbgs
99396@gdom (Si, Fe, Ge) o
Sr-ob Bsbo33egds
35¢ombgdoo: Ca, Sr, Cs

(B. Raveau et al. Nat. Mater.,
2004, 3, 269-273). 36mdowos

23Mgm3g TiOxob
BOLIOIM0RIO OJbogo).
Fullerenol Fullerenol n Oynnepenon RNMEgOH9bMEo
/ Fullerol Ceo(OH)x / Fullerol n / ®ynnepon / Br9egmeo
Ceo(OH) 2
/ Hydroxylated / Hydroxyliertes / Tuppokcudymreper |/ 3oM®mglowomg-
fullerene Ceo Fulleren Ceon M@0 BgMgbo
/Tlonmurugpoxcunup- |/ 30¢00-
oBaHHBIN QynepeH | 300OMIJLOOM-
oo BYIOHo
Fullerenols Fullerenole pl Oy nnepenosnsr BMEIHIbME900
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/ Fullerols
/ Hydroxylated
fullerenes

/ Fullerole pl
/ Hydroxylierte
Fullerene pl

/ ®ynmeposnst

/ Tugpoxcu-
bynnepenst
/Tlomurugpoxcuinp-
OBaHHBIE (yJIIepPeHBI

Fullerol Ceo(OH)20

http://physics.aalto.fi/
groups/soft/downloads/

/ B2 IOOIO0

/ 300OHMJLooty-
30 B g©bgdo
/ 3cagoo-
30OmmdlowoMy-
¥ B ©bgdo

(§9oedo bLbso
RBMEgmHgbol 3amsbiols
BogO»900; BMEgMgbomsb
39960 gdyemo OH-
X3MB900L Jodlodsew®o
6oEbgos 36 — 40).

Fused Fullerenes Fused Fullerene n pl | Kouzencuposanusie | 3mbgblbo®gdwmwo
bynmepeHst 0 gm9bo
/ Verschmolzene
Fullerene n pl
(Bawg®gbo, Grdgwog
. : Bo607@0s MBOH® oy
http://www.google.de/im G S
gI'ES?q 9093 dMIL sEHMINs
=Fused+Fullerenes&um 82b03AR0m).
Gas-phase synthesis | Gas-phase synthese Cumnres, rasodasHsiil | SOOFSHMOO
with vapour mit der Dampf- C KOHJleHCcauuen LobmgHo mGMJeols
condensation kondensation f IIapoB 3Mbgblsgoom
/ Evaporation — / Verdampfungs — / Metop, ncnapenus / 50N g0s —
condensation method | Kondensation U KOH/IeHCAIIuU 30bqgblsool
Methode f oMo
(0ommbgdob, 996sbmdgdol
5 bagOongdol
656mxybgbowgdol dowgdol
39O F>50 MOHMIIdOL
3mbgbbsgoom
306GOM@oMyds©

$9939M5BHMMDg 0bgO GO
5000L 5GHIMLRIOMI0 VS

§6935%9)-

Heterofullerene

Heterofullerenes

Heterofulleren n

Heterofullerene pl

I'etepodynepen

l'erepodynnepenst

3960OMEgOH960

3909MOGNwIM9bgdo
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http://www?2.chemie.uni-erlangen.de/services/dissonline/data/disserta
tion/Berthold_Nuber/html/habiallgl.html

(39909096900 b5foc3gd0,
I gddog bobToMmdool
BmbPbTo bobdomdool ghmo sb
6590096009 s&Hmdo
Bobs(330090@0s Bbgs
99996@9d0L 5&H™mIgdom:

B, S, N s lbg. olobo
36006303 9blbzs30gds
BOwYO6900L oMY
5009 HgO0LOYsB; dgMAIb.
“39H9Mm” — bb3s35M0, bbgs).

Higher Fullerene Hohere Fulleren Brrcmwmii dpysneper | «9950e0glo
BI9Oo
Higher Fullerenes Hohere Fullerene Bricmue dymnepens: | ©9ds@erglio
BIgH6gB0
e @
V&ﬁ = c::f b (70-%9 Bg¢y0
: . . BobBoMmd@oEH™Bol
! | http://www.tkf.mpg.de/154386/figl_C78.jpg | 9533900 gcmgibgdos).
C;-;(Dan) C?{!--{(DJ)
Homofullerene Homofulleren n T'omodynnepen 3m0mgmegMgbo
Homofullerenes Homofullerene p I'omodynnepersr 3mImzmegM9bgdo

(B9@oM)6g00, Oemdegddos
09bmdgw 5- s 6-§936G006
303090380 35 BobToMd>EO—

65bJoMmB©O Fg(33¢00s
http://ljpt.academicdirect.org/AO9/cover.gif | agmowgbol xamzd00m.
“3m0m”-30930Jb0 506063l
Lasfyobo 303e0l
39535MH0MYL).
HTCVD technology | HTCVD- Bricoko- oo~
(High temperature Technologie f TeMIIepaTypHOe &99396M5GH OO
chemical vapour (Hochtemperatur- XUMHYeCKOoe Jo809mH0 ©ogd3s
deposition) chemische OCaKJeHUe U3 MONIJEoL BobBoIb
Gasphasen- ra30Boii ¢assl (HTCVD)
abscheidung f)

(MO0l BsBoEsb Jodor®mo
©s9d3ol (CVD) dgomeol
Lobgmds, Mmdgabsg 04gbgdgb
Loaoodol, 3gmdsbomdol s
39G00mLGONIEIOIBL
bogroomdo — g9®dsbomdo
930&5gbowMo sx83L3900L

3B F).
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Hydrothermal
synthesis

Hydrothermal-
synthese f

Cuures
TUPOTepMabHBIH

300OMmNMIMEo
Lobomgbo

(Lbgosbbgs Jodowmo
659M9d0b s Foboegdol
300900l F9MEO b)Y
bobGgdgddo 100 °C -bg o

1 530 §6935%9 oo
§9oeblbomgddo dodobamy
130D03MNO-Jodorymo
36Om39Lgd0L gsdmygbgdoom. 50
09000 009096, 3oy,
656m3sboEsl — Lobomgb®
39MomNYRL).

Hydroxylated Ceo

Hydroxyliertes
Ceon

I'mppokcudynnepen

/ Tlonuruapoxcunup-
OBaHHBIN QysIepeH

30MmdLo-
BOwIObo

/ 3eago-
30OmMmdlowoMy-
oo gowyhgbo

IR-visible sum
frequency generation
(SFG) surface
vibrational
spectroscopy

Infrarot-sichtbare
Summenfrequenz
erzeugung (SFG)-
Schwingungs-
spektroskopie f

Bubpanuonnas
CIeKTPOCKOIIUA Ha
CyMMapHOM 4acToTe
HUK-sugumoit
ob6acTu

6HH9300
(30065(3000)
139JEOMLZM305
0bg3Msfomgwo o
bowemo mdbgdols
X59996H0 LobdoMob
396965300LsL (SFG)

Janus particles

Janus Partikel n pl

YacTuner Anyce
(HacTumbr-aHyCsI)
/ By TMIKVe 9aCTUIIBI

05690 Bofogs3gdo

/ ®Bsbmgzsbo
Bofoerszgoo

(3mogmbdsor®o dozmm- s
6o6mp06%mBogrgdols
Bofos3gd0, HMIgdos
39002905 MO0 56 IgBo
Lbgoalibgs Jodomeo
9903960™d0b s / 96
BOHIOL Bofooloysb,

I gdog 3oblbgsgzgds
D300 s /56

I3 md5do 030L909d00m. 50
Boffons3gdds mogolio
Labgefimgds doowgl
mOLIbMZ60 OHMBsgwro
©396Mm0b 0567boLYE. 0y
0569b0 bsffoerszgdol
b9s306bg 5@l Jodomeo

X 3953900, GMI0ms3
890degds bafowrszol gho
Bobg350OLBYOMA0 YsMYMBOO
350l M 35¢0HYds S
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99m6H980 — OIWVII00
99bEH9d0U, 35306 sbgo
Boffoans3gdl vhbogds
303956¢9H0 odmem©o
9md9b@o o bsffoamszo
d90d¢9ds ImdMHbogl
99IAOYO Zgerol
30oOB0LoY0
590300090 gd00 S SbYD
39000b3939080 dgbodegdgeros
05000 OLEGHBE0WMO F>OMNZs.
049 SBYMO BOZMGIEO
659607900 d0gOMIMO395
(OHR9OHM3560), 95906
F9L0deEgdgE0s 50
3990996905 9@ 9d@H@b
©ob39gddo, 3gHImE
ILIIHOOEIXo Jorsweol
3d99abobongol).

Layer-by-layer

Schicht fiir Schicht f

[MTocnoitnas c6opka

03965-3965 5Hgmds

(062535080560,
obgsxglizosbo
LEBHOMIBHMOIdOL BoEgdol
09000, OMIGE03 9IYogds
LoMBEgdby bLBsMYIOEO
300dgMH9030L dmbmIMygdol
056000009301 ©o¢9J35L.
0990 GH0dM9930L LG sdowo-
Do3os begds
I9IAOOLHGOZO0 96
Yowds&o ©s
30QMHMRBMOYOHO
MOD0YH0J399d900L
batxbg. Jongdmmo mbgwo
5339d0b Lobiggs 5 — 500 69,
3099000 5fgmds Fglodewgdguos
6900L3096 IMbEHw
b9s306DY, BHgdbmemyos
05030305, 3OM3EgLL FoMIoMo-
2396 3596%7, momsbol
$9939Mo@GHc5bY).

Lyophilization

Liophilisierung f

Jlnodunmsamus/
JInodunpuas cymka

WOMBOE0HOE0s

Metallorganic
chemical vapour
deposition (MOCVD)

Metallorganische
Gasphasen-
abscheidung f
(MOCVD)

/ Metallorganisch-
chemische
Gasabscheidungs-
prozess m

XuMuueckoe
OCaXKJeHue U3 IapoB
MeTaJUIOPTaHU4IeCKUX
coeguHeHUM

Jod0ymo @swgd3s
SO RNGIGHE NG
Bogomoms
MO0Jw0sb

(5065000 B5b0D Jodow®o
©o9d30L dgommeols
Lobglibgomds, Mmdgedos
369379OLMOSQ 35dn0Yygbgds
5dOHME5©0 3gBowmeysbmwo
65960900).
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Morphology of Morfologie der Hanmocrpyxryp
nanostructures Nanostrukturen f pl | mopdororus
|
E L Acicular
2" Flake

Columnar

Plate

http://www.newdruginfo.com/pharmacopeia/
usp28/v28230/uspnf/pub/images/v28230/g-1317.gif

BobmlGMMJEOgdol
AORMEMY0S

(6.b.8. 5M0L YHNOMOWOMBS
656mmd09dEgdol
35bslosMYBYdOL — BMEIOL,
bmdol, bogdEomo
®O5605300U; 6.1.9. Fgdangds
356bb35309dMEgL dsbserols
39002960 MdoL, dolo
360LGSMOO bLGHOGMIGHMOOL
©5 d0mgdol bg®boboysb
59300090 gd0m;
Bobmbsfogs3gdo dgodangds
0ymb bgsslbgs bmdgdol

(1 - 100 68) > BeEIOL:
bxgOHMEOo, VIOMLYdGO,
3060, 67dLbolgdmo,
3RO, MIHIROYLO ©d
Lbg).

Nanobattery

Nanobatteries

Nanobatterie f

Nanobatterien pl

Hanob6arapeiika

Hano6GaTapeiiku

BobmdsE509s

BobMds@ 69900

(6560 9dbmarmyogdols
359my9gbgdom ©sdBsIdo
05356M95; 9936090900l 53
ML 636mombogsl
Ofgdb).

Nanocatalysis

Nanokatalyse f

Hawnoxaranus

Bobm3o@HoobBo

(656m3sBHswobo — Bsbmdgsbo-
9900L, bs6mAsbdEHsd M0
9936090900l (Nanoscience,
Nanoscale science) 960-9Om0
M0l — bsbmgodool Jods®-
00 gds. bsbmgodos dgobfag-
@0l Bsbmmd09dHgdol domgdol
09 gdLs ©s Jodoe m30lY-
090l; BbMIsB oo s6M0L
JodomEo M95g30900L sBJstrgds
96 06030605 Bobm3o@swobs-
BHMOIOOL M56smBOLL).

Nanoceramic

Nanoceramics

Nanokeramik f

Nanokeramiken pl

Hanoxepamuxka
(Kepamuueckuit
HAHOCTPYKTYPHBIH
MaTepHan)

Bobm3g®msdogs

(3m335gBHreo dobons
0gbogdoL, 35MHBOIdOU,
60@®0@Yd0L, dMmGOEIdOL s
bbgs 565066mo BogBogdols
bog3:1939@bY, Gedgerog
39009905 asbemgdoom 100 63
BmIob 3OHOLEIWOGHIOOLOYD —
05M330900b556).

Nanocomposite

Nanokomposit m, n

Hawmoxommosur

Bobm3maI3mboEo
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Nanocomposites

Nanokomposite pl

HauoxomMmiosutsr

Processing Route to Nanocomposites

Nanocomposite

a—100 nanometers—»|

=504

http://www.google.de/search?q=Nanoco

mposite&hl=de&rlz=1R2SKPT enGE397
&prmd=imvnsb&tbm=isch&tbo=u&sourc
e=univ&sa=X&ei=H0_5T_ LPEIj64QTo06
HQBg&ved=0CGIQsAQ&biw=1008&bih

B56m3md3mBoEgdo

(89560 3033mBoEoOO
3oLogs, Mol Mbss gho
Bobob od3b 33O
9939b@9doL — baffowszgdo,
360LG0E Y00, dmF3Mgdo,
B0ORB0GHJO0 o 5.9. — LEFPEM
bmds 9HM, mM0g3y 6 Lsdogzy
396%mdogdsdo 100 63-By

Bogangdo).

Nanocrystal

Nanocrystals

Nanokrystall m

Nanokristalle pl

Hanoxpucrann

Hanoxpucranisl

Bobm3MoLEHswo

Bobm3MoLEHwgdo

(3OobGHIWMOO
Bobmbasfowszgdo;
656m30M0LEIWMO Dobogrs
656m3gBHOMo
3956%mdogdol BmIgdom.
DmIgdob 9539d¢9gdol

3503 gbob 353,

6560 3M0LESH

000 MIsM9mdsdo
6030009070900 sbogw
30L9090L 0d9bL, o3 sG>
05000030L ©0obslosMYdYEO
05360Hml3M3vo Bmdgdol
9900bgggsdo.

9OMO 5 03039

89003960 mdoL
603009Mgd9dd> Fg0dengds
§omdngdbols Lbgoslbgs
9OBMEMA00L 3OOLEIWYd0).

Nanodiamond

Nanodiamonds

Nanodiamant m

Nanodiamanten pl

Hanoanmas

Hanoanmassl
(ynpTpamucnepcHsie

anmassl, YA, HA)

Diamonds show potential
as column packing for
high-performance liquid
chromato-graphy (Analyst,
2007, 132, 403).
http://www.rsc.org/Publish
ing/ChemTech/Volume/20
07/05/nanodiamonds.asp

Bsbmoendslio

Bobmoedsligdo

(65530Mmd>0L

6560 300LEHSIWMO Dobogrs
5@35b0L 3OHOLEHIWMOHO
LEAHOMIEGHMOO.
656m3M0LEIWo LBgHywo
RG0S Dmdoo 1 - 10 63.
009096 gEH™bsgom@o
Lobmgbom s obogm®o
Q993000 50650 B5BOIO
( CVD-3900m0). 30639
89000b393590 3000gds BMBsgm
Gmbo ggmol gbgbowo,
9906980 — 5edsbols
Lbgoalibgs bLobgol mbgwo
3003M0LEIMOHO S5BL30,
OdYog 50)039
656m5¢Toliol Lobganls 5@BsMYOL.
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656m5¢doliols 3@obBowo
39002905 Se0dabiols
30MHM30b5956, HxIgedos C
@™o sp*-3006H0@0B305905,
05 BBMbabzol o®LOLYSH,
GHmIgedog C s@mdo spP-
300600D5(305805. 3500 GOl
560l 30dGoEMo 36y C
S&MIPPOm sPP- s spP-
3006M00D(30530.
Bobmedoligdo bobdoMmdaols
6o6m3slGHMHg000,

I gdLSE 0093903090
5pM9039 Fwgegbgdo,
65530MdoL B3bmTowszgdo,
656053030, 65HBoMdoOL
656mbsbgols gm®ds).

Nanoelectronics Nanoelektronik f Hamosnexrponuka Bsbmgwgd@Bembozs

(99dBHMmbozsdo
656mg3609M9d0L s
65bm@9gbmermyogdols
9900M©gd0L 459mygbgds;
39653190 Mgd0m F99©gY
bg3gOMYdT0: bobmBo3gdo,
6o6m3ma30wBHgMYdo,

3G M99d@®mbogzs,
065300635300L gbsbgo.
6obmgangd@®mbogzsdo
GHM3MEMR0MOHO gergdgb@gdol
bmdgdo 100 63-bg 930699).

Nanoengineer Nanoingenieur m Hanoumxenep B56m0bgobgMo

Nanoengineers Nanoingenieure pl HanoumxeHnepsr 656m0bsg0bMgd0

Nanoengineering NanoEngineering f Hanoumxenepus BsbmobsgobgMos

/ Nanoengineering f
(@0580560b LodgbogMem-

/ Nanotechnologie f 3650370 LogBosbmds

/ Nanotechnik f 636mp6bmBoergdol
(636 ONIGNOCO)
000973Hgoob 56
LOHOIIHTOIOOL @ 53939
6obm@9gbmermyongdols
dgmmEgdom dgjdbowo
0009JHJOoLS s
LAOIIHIOIOOL
30bbGOMOMIdOL,
©53Bsgd0Ly o
359mygg6900Lsm30b).

Nanofiber(fibre) Nanofaser f HamososoxHO Bobmd™mF3m

Nanofibers(fibres) Nanofasern pl HamosonoxHna Bobmd™F3mgd0
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£ 1m

Carbon Nanofiber Makes
Smart Yarn

http

://www.technovelgy.

com/ct/Science-Fiction-
News.asp?NewsNum=269

(655m™d09dE0, H@Iol m@o
0obolosmgdgeo bmds (L, Ly)
656mp6%BmBorgdobss

(1 -100 63) s sGLYdOMSE
930695 dgbsdgBy. 39535MEYdS
Lx/ Ly 56 960 50985¢)9dmgl
3:1-U; 50539 GMUL,
656mMd09dBH0, HMIolm3zolss
9L 99850 5GOL 2:1, SGOL
9.§. Bobmagbo.
656md™F3mgdL 309301003690
Bobmmdogd@godo:
656mdows3gdo,
656m3sgzmegdo,
656m30L39M 900 s
BobmEgMmgdo).

Nanofilter

Nanofilter n

Hanodunstp

http://www.nanodic.com/PicturePreview.
php?ch=nanomaterial&term=Nanofilter&g

BsbmgowmEmo

(09969196 dmeErg3rEgdols
©obOYMRoQ, 35y,
36m@H90bgdob, ©ba,
3060LgdoL 3500MAJ6MO
99cmgdggdoLogsb
3b5(393500, HMIJMS

— —3 0059930 30 63-By bs3agd00,
_Z&type_] pg 9ol golv)5300539050 ©s
bbgo).
Nanoflower Nano-Blume f Hanomserox Bsbmyzog0e0
Nanoflowers Nano-Blumen pl HanongeTs: Bsbmygzog0wgd0

http://www.nanodic.com/PicturePreview.
php?ch=general&term=Nanoflower&g=4&t

ype=jpg

(Bmy09M0 9angdgb@Eob bogm-
00, HG@IOL G0MId Y3530l
96 bgb Fosgo3L (bsbmmsog o,
6obm@yg), dom 5ggL 656mAgE-
690 Dmdgdo s Bombg
©533003905 Bgbadergdos 9ergd-
GOb-00360mL 30370
99MEOOm).

Nanoglass

Nanoglasses

Nanoglas n

Nanogliser pl

Hawuocrexiio

Hawuoctexna

Bobmdobs

656m8069d0

(80b0ob 5¢0Esdo
d9bsfoergdro
Bobmbsfogs3gdologsb (6.6.)
399003560 B0MY3500
0obo¢gd0. bbMm3oboL 6.6.
3900905 04l HmymOs
360LGIMOO, s1939
506HBME0o 56 dgodangds dolido
6.6. LogONME 56 0gmb,
2105, RS0,
BobmBm®™3z560 dobs — sigmo
90653 9M0L BBMA0BS. 56 5@l

53009090, OM3 I5GHGOES
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0yl 25933060359, OHMYMOE
Loogzs@®o dobs, ol
365dBH03Mws 990dgds
0gmb 6gdoldog®o dslsgs,
9GO0 30. 636mdobol
30LgdsL AobLsBLIMZL
FoBMoEoby s 6.6. m30L9d9d0
5 6.6. Bndgdo. 3oy,

32380 E®IBL Foogwo,
Bot0byx 0bBYMO s Y30mgo
39839H0™ds
396306393 0s Jobsdo
39bsfoangdmeo CdS-ob 6.6.-%g
3sHImbyMo HgHmbsblom.
65630690 5J3L BoMorm
359mygbgds. 359, 335G 30
Bo6mBMmOHMZ56 Jobsl 5J3L Igoe
©099dBHH0390L dmGol
939519 VIO OIE-
93600370 Bgeffggemds
2.5-56 1.3-80g. sbgoo dobs
©OIXIOHOIwo
Byeffgzomdol

96003369 mdsdg 1.8
0b56BMB9dL d9dobozm®
LodBHZ0EL, MG L3TMOLOS
9ol g53mboygbgders
90360mbdgdgdolb 3GobEswgddo
30905 Mol LEOBMESEFOME
HM500030v)o Si02-0b
Boggao. sdoom
F9LodEgdg0s 356MODBOGMWO
$9350™d0l 9993060905
36OHmEgLleMoL Bsd@vao
Lobdomob g5bMs 40 %-om).

Nanoink Nanotinte f HanovepHuuia Bobmagersbo
(uepHMITA Oy
. . (656mbsfogrszgdols

CTPYHHOU 30M0EOHO blbsto
MUKPOIIeYaTH) ©ob3OLAE o680
LL3gbBos), HMIol
©56036990gdss
3956LsBL3OMWwo
H™M3MEmyools ©s
gabdgon®o
0obsbosmgdgdol dmbg

BobMLGHOMEGHMOMWO
Lsg3oMgd0l 89Jdbs).

Nanolayer Nanoschicht f Hanocnoit Bsbm8eg
/ Nanolage f / Bobmgzgbo

Nanolayers Nanoschichten pl Hanocon Bobm3Gm9900
/ Nanolagen pl / Bsbmgzgbgdo

(89560 Lbgwyeobl 56 Loombol
bgs30mby
656m96%mTomgdols boldol
®M6Bmdogdosbo

BEHOMIBNOS, 369 56 53L30).
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Nano-object Nanoobjekt n Hamoo6BbexT Bsbmmdogd@o
/ Nanoscale object

Nano-objects Nanoobjekte pl Hanoo6BeKTsI Bobmmd0gdEgdo

(@o@gm0o0l ob3MYEBHMWo
6ofoo 56 amzsmMo
5650L3MYGHMOo (ZmMYdOo,
LoEIM0gEggdo), HMIGEoS
bmIgd0 9H0 gobBMBoErgdsdo

35063 656000035 Mbd0s:
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Fullerenes (PHF) Fullerene COH)x pl | dynrepens: RME9gM9gbgdo
/ Polyhydroxylated / Polyhydroxylierte |/ ITomurnapoxcuaup- |/ 30meo3o®mdbo-
fullerenes Fullerene pl oBaHHBIe QyIIIepeHsl | COMIOIEO
BIgO6gB0
Precipitation from Féllung (f) aus Ocaxpenue u3 OE9I39
colloid solutions kolloid(al)en KOJIJIOUJHBIX 3MMO0EYOHO
Loésungen pacTBOpOB bLbsGd0b
Ausfi
/ us.f“allung (f) aus (berotbieo
k01101d(al)en 656mbosfjoeszgdols s
Lijsungen 656mxybgbowgdol domgdol
Lo 9900, Mol sOLO
/ Prazipitation (f) aus BamBs6mdL blBsGOb
kolloi d( al) en 3033mbgbEms dmMol
. 695J300b d9Hy39¢8Hd0, 35y,
Losungen 356033979 80896330 bLBGOL
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pH-0b bsb@mdolgd®o bhHoom,
6ol 39993 bLobGgds
bg3500 3MMOEIOO
900M3oM9gMdOE ool
©0oL3gOLYE Ago®
0M3ogmdsdo.

3000 YH0o blbs®gdowsb
©5)g30b ByomEom (©.3.b.)
9000905 656mbsfjoarszgdo (6.6.)
bmIgdol dobyz00 doerosb
3006 256550 gdom, s3Mmgm39
00MHMZ0 — 25OLOL GHo3ol
Bofloszgdo (CdSe/ZnsS,
HgS/CdS, TiO2/Sn02). 3gomol
©.3-b. 3060050 3OHMdEYTss
6.6. 359Lb30gd0L 15306
5300935, 3MWIMOPLIOO
Boffoans3gdol o
3sbBgMYdOL bEHMVOWODGOS
30 8000935 oysbgdol
dm@wo3wydoo,
MO0 (355 300IJOIO0
©5 BYO30MIS© 5JBH0MO
603009M9d900. 53 IgOMEOM
009996 359, IgGss
b0 gdol 656m-
3b360egdl H2S-0b Jodow®o
69543000 WomNMBIdOL
§9ocdo blibs Fo0r10¢gd0b).

Pulsed laser
deposition (PLD)

Gepulste Laser
Deposition (PLD) f
/ Pulse Laser
Deposition f

/ PLD Verfahren n

WmmynscHOe
Jla3epHOe HaIlbLIeHHe

0339 lvmOo
@5BINMO ©oGJI6s

(583L3900L > BIBIOIdOL
3005 La@bwyeols
bgs306bg 3539330
00399bMOO sBIOOL
3590b0ggdoL bsdoBEYL
0oLogolmsb
)H009MH0Jdggdol
36mMIBHIOoL
3Mbgblsgoom. dog39m3bgds
PVD-3gmm@gdol xamab).

Pyrolytic synthesis of
nanopowders

/ Nanopowder
synthesis by pyrolysis

Pyrolytische Synthese
des Nanopulvers f

/ Nanopulver-
Synthese durch
Pyrolyse f

ITuponuruyeckoe
noyry4eHue
HaHOIIOPOIIKOB

Bobmgbgboergdols
306MoHBMOO
dowgdos

(0mmbgdob, d9bobmdgdol
56 Jodoreo bagHogdols
(gbogdoL, dMGOEYdOL,
B0@M0YdOL, 35MBOEIdOL)
Bobmxbgbowgdol domgds
9299960~ >

3900 mMYsbwo boghHmgdob,
3ommdbogdol,
3oMdmbogdol,
[SIOIOT NG Yo Tel NI T T TORYS ytelol U8
glsersGgdol, 530gdOL,
080900 o bbgs 659HmgdOL
09MHINWO G0
29633909 HYI3YOEHODY.
09HIMNwo 3oMHobols
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8900010 BB IIHVIO0
09005, I00GOMO
6503900 LodwgsEm Bmdoo
50 — 300 60).

Quantum well

Quantum wells

Quantentopf m

Quantentdpfen pl

KBauToBasg ama

KBauToBsIEe AMBI

9395660 mGIM

939660 mGIMgd0

(93560 MmO — J.m.
6obg36M5yIBHIOO
Tobogrol mbywo, dMEYJWo
19655, Bggmangdmog 1 - 10 63,
6derol dogboom
9w9dBO™bol 3m@gbioswm@o
969605 MBOM BSOS,
300069 ol oMM ©s
50335650, 9¢9dGHOMBOL
90365mds 9bOM©IEos 9Ho
396mdogdsdo, sbs®Pgb
G0 0L MO30LMBIWOS.
90365Mds J.02.-b LOdMEYOL
396396003ws6vyeo
300560 gdom 043563900
5 99dBHOMboL gbgtgosls
533b BbmE© EOLIMIHILO
9609369 md9d0).

Recrystallisation of
nanomaterials

Rekristallisation von
Nanomaterialien f

Pexpucrannusanus
HaHOMaTepUaoB

Bsb6masboergdols
9360LEGHIW0DOE0S

(30@0360LEME Igs6
bbgmedo dsmEgergdol Bmdol
B3O JHMO @5 03039
3Bl JoEzegdl dmeol
603009M700L OB BooL
3990, Boffoes3ms oo
D90530600 3odm
656035 gdL 5ggL Fo@do
D900 1530LBIWO
969605, GOL godm
0b6¢9bLomEs 30dobstgmdls

65Bmdsboengdols
693600LGSW0Bs309,
056330900L Mol B
000000b5MYMOL Mmmsbol
GJ83965HDO3DY3)-
Scanning Auger Auger Ckanupytomas Oxe- | 350356069390
microscopy (SAM) Rastermikroskopie f | mukpockonusa (COM) | mg9-00360m30m300
/ Auger (Scanning)- | / Raster (Scanning)- |/ Onexrpornas Oxe- |/ dsb35606M909wo0
electron microscopy | Auger Mikroskopie f | Mukpockonus (O9M) | gengd@GH@mbmewo
39-00360mL 3305
Sekofullerene Sekofulleren n Cexodyrepen b93MmRMwM9bo
Sekofullerenes Sekofullerene pl CexodyrepeHsl 193MmBY9gOH969gd0
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http://www.nanodic.com/
carbon/Secofullerene.htm

(3OO0 F)EgHYHol
6900Ldogmo bsfjo®do,

dowgdeo C-C ddgd0L
39baghoom s GgLadsdol
2395bagho dMEMgdMb Mom®
5&™3o §goedool
9990mgdom. “Vgzm” — om.
secure — go3MHOO).

Self-assembled
monolayer (SAM)

Self-assembled
monolayers (SAM)

Selbstorganisierte
Monoschicht f

Selbstorganisierte
Monoschichten pl

Camocobuparoniuiics
MOHOCJION

Camoco6uparouuecs
MOHOCJIOU

Head Group ——
Spacer Group

Terminal

Sulfur \

Group

Substrate

http://www.sigmaaldrich.
com/content/dam/sigma-a
ldrich/articles/material-
matters/pdf/self-assemble
d-monolayers.pdf

03005{14Md500
dmbmdmy

03005(YmMd500
dmbmdMggdo

(588080 )M0 Berrg3)Ergdol
9090900 s3MGASGHIO0
(8mbmdMYg9d0), HMdgdos
®3000690v9M5©
(0030005(90dom) Fo@dmogdbgds
3900039 LBLEME by
(LGB0l Bye3o®vy)
D930 5dE0HO
603009M789d0L
5bMMdE00LSL 53

993 gdol “mogol”
X39%B900L (Mmomegdo,
Losbydo, Bmbigmbao@gdo s
Lbgs) LHGsB300 LYRBLEHOSEGOL
30356m).

Self-assembly

Selbstassemblierung f
/ Selbstanordnung f

/ Selbstbau m
/Selbstzusammenbau m
/ Selbst-Assembly f

/ Self-Assembly f

Camoc6opxka

Self-Assembly of [G-2]-PEG5000-
[G-2] in Aqueous Media: Left —

unimers below cmc;
onset of self-assembly; Right —

Center -

supermolecule with dendritic core
and linear shell (for more details
see Gitsov et al., J. Polym. Sci.,
Part A: Polym. Chem. 2000, 38,
2711-2727).

http://www.esf.edu/faculty/gitsov/

03005(Yymds

(003005(ymds, 0.5.,
300M0M560bs300L
396L03MmMYdIMEo Fgdmbggzss,
o> Jnewg3newydo

L3650 30n®
LOHOOIHNOI0@
9mfigbMopagds. .o,
Bo6MLGHOMIBHMOIOOL dowgdol
“9390m@sb Bgdmm 396~
99mmEL 3093210936905. 00.5.-0L
0535000009005: MZ0MSFYMOQO
9bmImeg309eeo I0hg9d0L
§o0mgdbo (3sg.,

5 356000MmgdoL

9093 9d0L mgH™L sxzL30L
D9306%Y), wgbydome—
™R 9HOL 55313900l BowYds,
3965-3965 5Fymds s IMsgz5wo
bbgs. 0.5, G9degds bgdmEIL
1oddodol dogrols,
3930@OHME0 3o¢rgdOL,
I9IOOYO 3gerol
bgdmgdygdom. 0.5.-0b
099690896 3md3orGG Yo
B039d0ol 994dbs8o, IBM).
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Self-organization

Selbstorganisation f
/ Selbsteuerung f

Camoopranusanus

0300008560H905
/ ®3003mfgbM0gqds

(009M8m0b53039M0 36m3gLo,
3ol OB
53000535 d0dE0bsMY
9mffgbMoggdeo
LEAHOYIEMOIOOL Fomrdmddbs
bgds 9bgMyools s
6ogmog®dob fig30do©
90fjmgoobol sy
3MfbsLmOME os

Lol gdgddo).

Shock wave synthesis

Stopwellen-
Synthese f

CuHTe3 yzapHo-
BOJTHOBOM

/ JleTOHaIIMOHHBIHA
CUHTE3

M EYd0m-
GO0 Lobmgbo

/ ©9&™bszo®o
Lobogbo

(8999603960 sGEYdom-
oMo bgdmgdywgdol
990M0; 53 EOML 3OmEgLbo
LfGx80s s Foogds
656m3gBHOHMEo Bmdol
Boffonszgdo. 58 dgomels
09969996 bsbmogrdsliols o
Lbgoalibgs wommbgdol (Al
Mg, Ti, Zr, Zn s bbgs)
gbogd0L Babmgbzbowgdol
90LO©Yd).

Spinodal
decomposition

Spinodale
Entmiscung f
/ Spinodaler Zerfall m

CInuHOZaIbHBIN
pacmazn

L3obmow Mo
NN

(56750003500 BBl IEAMS©
BDIO© 053010535
530l 89dsboBbdo.
L30bMEsWO — BsBH
05653597 9oLV
000M3oMgmdgdol s
@000 9649 LEEOsE
950 BoBYdOL Qodgmxo
bs%o 96 Bgs3060).

Spray drying

Spriitrocknung f

/ Spriitrocknen n

PacnsinurensHas
CyIIKa

963 4953039300,

(399bLByEols dmEzoEgdol
09000 blbsMgd0sb s
bb396%0gd0s6, HmIgaros
9932996905 Lombob §3gmgdol
39536193935L 50MTo@oMgdeols
65350080, B3949egd603,
359630, HG™IgEos
353bgegdyos (100 — 300°C),
5 9990ma dys®o
Boffoensggdol

390035 393909).
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Sum frequency Summen-Frequenz- | CymmaprOouactoTHO- | U39d@BHM™ULIM300
generation Erzeugung reHepHpyeMas X599960 LobdoMob
spectroscopy (SFGS) | (Generation) CIIEKTPOCKOIIUA 3969M5300L5L
Spektroskopie (SFGS)
(SFGS) £
Sum frequency Summen-Frequenz- | CymmMapHO4YacTOTHO- | 30065300
generation (SFG) Erzeugung (SFG) reHepupyeMas 139JBOMLZM305
vibrational Schwingungs- KosieGaTeTbHaA X59996H0 LobdoMob
spectroscopy spektroskopie f CroekTpockonus 396965300LsL (SFG)
Sum frequency Summenfrequenz- CnexTpockonus Ha 139JdGHOMBZM300
spectroscopy (SFS) spektroskopie (SFS) f | renepamun X 9396 LobdoMgbg
CYMMAapHBIX 9aCTOT (SFS)
Sum frequency Vibrational KonebarenpHas HH93000
vibrational Summenfrequenz CIIEKTPOCKOIUA Ha 139JdGHOMBZM300
spectroscopy (SFVS) | Spektroskopie f reHepanuu X50996 LobdoMgby
(SFVS) CYyMMapHBIX 4acToT/ (SFVS)
CyMMapHO4YaCTOTHO-
reHepupyeMas
KosieGaTeTbHaA
CIIEKTPOCKOIIUA
Supramolecular Supramolekulare Cynpamosexynapusrii | 9365900930900
catalysis Katalyse f KaTaju3 39@owobo
(L9360 YINW OO
3950Do, U.3., boBJs®ob
F9E3ws MYog30530, Mmdgedos
0300 35390 bo@ ™Mo 56
3900059535000 FMI>MYNdS
5oL b3MHITMEY 3OO
5bLddo. b.3.-d0
bm3658mE9 39O
65{0e530 5G0OL OHmymes
393o0bBGH™MMO, 515939
bdbBHGGH096 dobo
3033wgdLo).
Supramolecular gels | Supramolekulare Cynpamonekynapusie | Lwy3@s-
Gele n pl reju 9t 93MO0
30egdo
(39w9d0, Homdmddbowo
Q2B INE)Iw OO

(M < 3000) a9fs6dmdgabgero
53963900m. 3030MmEMbybY
000 3L 3oFodo,
0330b9gdM0 LAHOMJGHMOYdO,
603w gdoE §ONT969000056
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|

10 nm

10ym

Water gelation by small organic molecules
http://pubs.acs.org/doi/abs/10.1021/cr0302049

3935300690v905 36535000,
56530350 9bGHMGO
“)M009MH0JgHd0m.
LbrGsmnbg dmgdoeos
b13638m@3NE YO0 590l
3063950, 39O ©s
dgLsdgmeo bBGMIEHIMIdO.
o6 453bLbyms
39WHoMdmgdbs
QVIWIMWYINL O
b Bozmogmgdsms
Dma0gmmo 3esbol
Bogmgd0m 50blibgds 0dom,
600 omdmgdboeo bsdysb-
bmdowgdosbo

193675909 39LIMO
LEAHOYIEHMOS SbEIBL
399bLbgaols oMgdmdEggwro
9093 gd0L J0Ge3EgdL o
00md00HYdsL HMYMM3
BmbBbol wedo, sbggy
b393080vM0

9093 InGOLO
")H00gMHmJdggdoL
bog1dz@dy.

390 o03mdgdbgwro s39b@0,
3oLdo JOMINGMOOL 56
m@)3n@wYO0 GI3I3HMOIBOL
d9@obom, 3godangds gobgl
93036md0s6MY Lobsmerol o6
Jodom®o bsgemgdol dodsmo;
sLgmO Fggdo
3960L399BH0ML0s FMEHM
Jodoro Lbgblegdols
©53D©IdOLMZ0L. oS
Lo3MHE0MO LEHGNMJGHMOMIdOL
965350003960m36905 0dargzs
F9LodEgdEMdsL 25dm30ygbmom
obobo ¢9d3was@gds©

500 6Mwo
b)39OLEHOMIGHMOYO0L
LobgHdo 3o@swOBOLMZOL).

Surface vibrational
spectroscopy via
infrared-visible sum
frequency generation

Summenfrequenzer-
zeugungs-
spektroskopie (SFS)

/ IR-VIS-
Summenfrequenz-
Erzeugung (IR-VIS-
SFG)

IloBepxHOCTHaA
BUOpaIiOHHAsA
CIIEKTPOCKOIIUA Ha
reHepanuu
CYMMapHHBIX 4aCTOT
HK-Bugumoit
obactu

/ Koneb6arenpHas
CIEeKTPOCKOIIUS
ITOBEPXHOCTH C
reHepanyen
CYMMapHBIX 4aCTOT
MK-Bugnmoit
o06acTu

B9306M0L
“b93000
(30065(30¢00)
139dGHOMB3M300
0bgmsfomgwo —-
boeo mobgdols
X59996 LobdoMgmo
396965300U5L
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Thin film

Thin films

Diinnfilm m
Diinnschicht f

Diinnfilme pl
Diinnschichten pl

Touxkag mréuka

Touxue miaéuxku

0bgwo sx3L30

0bgEo 313900

(0obgo 583133900 — O.0.
0obogrol mbgwo 139bgdos,
Gmdgems bobdg
656m3gBHOM0©b
(Bmbmo@mdnGo dMg)
65900960309 JozmMbsdgs.
5MBYIMBL YoM, MHY3500 S
0030500500 50050 M.5. 9gsH0
@.5. @omnmbgdol bywsdombg
5GLgdMEwo mgdbo®o
553133900 ©s bygamzbm®o
831310 bOBIMYdO,
HImgdLsE 0IdOM™dIb
Lbgoalibgs dsboergdby
90360mw9d@®mbogologzol
bgabsfiymgdol 894abobsls,
3MOMB00LYD ©obyEI390,
39609269900 gargg@obmzob.
®bI3500 M.5. YR S0M>©
©0L39gOLME Bsbol Joxzgddo
©5 0bY35© BobgdL

999 b09gd30; GO0
3083900l s 9Imwbogdol
§o6MIngdbs dgladergdgeros
b0 ME BIO30MHVIMS©
54060 603m0gMHgdgdols
0565030bsL. 50650 0.5.
9900905 Ho@dmogdbsls
5mOHMJgdoLsl zgmls s
Lombolb dmEwgemdsly dmmob.
0.5. Loyl LaBM3M396
56933000 LObsMEOL
0633bLogmdom, 4ot o.o.
Ufogemdghb gewodd®mbawo
30360Hmb3Mm3000, M96GAIbmwo
139dBHOMLIN300M. M.5. S
0bgwo sx5313M0 bsgsMmgdol
B0@gds LBIZEE JEI3L
3036099 BHOHMBO3L).

“Top—down”
nanotechnology

Top—down
Nanotechnologie f

Hanorexnosnorus
THUIA “CBepXy—BHU3~

Bsbm@Hgdbmaermyos,
“Db9gdmsb
J3990»396”

/ ©5©0535¢0
BobmE9dbmemmaos

(656cbAHONIHVOIO
0oLogrgdol dogdol

3996memy0s, GMIgedos
Bofos3gool 656magEHwmo
bmIgd0 3000Yds MBO®
dlbgowo bsfoamszgdol,
3b3600gd0L 56 Igstro
bbgomeol dsegangdols
©59m33539000m. 53
$996mma00L 93mm360L
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3033593900 BobmBsbioengdols
5 Bobmygbgbowgdol domgdols
09™M©Yd0: SFMORO
BybbmdgBOl
360bGH0DE09,
0BEBLOIH0 3esliogaeo
©IBMOTS(300,
9LIOOMBIOJg0)-
Vibrational sum Vibrational KonebaTenpHas 6H930000
frequency Summenfrequenzer- | cmexrpockomnus Ha 139JEOMLM305
spectroscopy (VSFS) | zeugung reHepanuu X 9396 LobdoMmgbg
Spektroskopie f CYMMapHBIX 4aCTOT (VSFS)
/ Vibrational
Summenfrequenz
Spektroskopie f
Zeolite nanolayer Zeolith eonutHsbrit 39Mom(MH0)ol
Nanoschicht f HAHOCJIOMN Bobm8mg
/ Zeolite nanosheet / Zeolith- / LleomuTHsbIi / 39Mom(«96H0)ol
Nanosheet nf HaHOJIUCT Bobmgzm®Egwo
/ Zeolith-Nanoblatt n | / IleonuTHsrit / 39Mom(«96H0)ol
HaHOJIUCT BobmpmedEgwo
Zeolite nanolayers Zeolithe HeonutHsie 39Mom(M0)ol
Nanoschichten pl HAHOCJION Bobm3Gm9900
/ Zeolite nanosheets | / Zeolithe / LleomuTHsIe / 39™om(«96H0)ol
Nanoblitter pl HaHOJIUCT Bobmgzm®egdo

Ultra-thin zeolite nanosheets

http://nanoall.blogspot.com/
2012/02/zeolite-nanosheets.html

References

1. AHTJI0-pyCCKUIT HAHOTEXHOJIOTUYECKUH CJIOBaph.
http://popnano.ru/glossary/index.php?letter=P&ctg=7

2. CroBapp HaHOTEXHOJOTWYECKMX ¥ CBS3aHHBIX C HAHOTEXHOJOTMEH TEPMUHOB.
Jnextpounsrii cioBaps. POCHAHO. 2009. http://thesaurus.rusnano.com

3. Linguee.de — Das Web als Worterbuch. http://www.linguee.de/

Dictionary of nanotechnology (Nanodictionary). http://www.nanodic.com/

5. ENZYKLO.Online Enzyklopidie. http://www.enzyklo.de/Begriffe/

-~

53




Short dictionary (glossary) on nanochemistry and nanotechnology. Part II.

http://www.dict.cc

www.nano.org.uk/nano/glossary

http://www.nano.bam.de/en/glossar/index.htm
http://www.nano.bam.de/de/glossar/index.htm
http://dict.leo.org/Englisch-Deutsch/.html

A. A. Enucees, A B.Jlykamun. OyuknuonansHele HaHoMmarepuansl. 2010, Mocksa:
OusmaTiur.

Ol E—doG0—-0byrolbr)H—JosOmmeo  Jodomo gduozmbo  (MgogEMMgdo
@5 3993399 q00: 3. EM0dY, 3. (30(309300). 2004, ®doolio: ©b0g39MLEO.
39960319600 GH9MT0bMEM05. JoMmNM—-OiEo GgMHdobmemaos (6. 3ol o
6. 05305d0dol Mgog300m). 1982, mdoobo: dg3bogMgds.

54



Z.V. Jubuti et al. Nano Studies, 2012, 6, 55-60.

SKCUTOHHO-TIJIABMEHHBIN PE3OHAHC B
IMOJIYITIPOBOJAHUWKOBBIX CBEPXTOHKHUX CJIOAX

3. B. Ixu6yru -2, H. II. Nomugze 2, I'. JI. DpucraBu 2

I I'py3UHCKUH TeXHUYEeCKUN YHUBEPCUTET

Toumucu, I'pysus

nugo42@mail.ru

2T6unucckuii rocysapcTBeHHbIN yHUBepcuTteT uM. W. /I>xaBaxumBrin
Téunucu, I'pysus

ITpunsnra 6 asrycra 2012 roga

Ha ceroguamHuii AeHb OITHYECKHE METOABI, SBIAACH HepPa3pyIIAIOI[UMH, WUIPAIOT
3HAYUTENBHYIO POJIb B UCCIEAOBAHUAX (PU3NIECKIX CBOMCTB IIOTyIIPOBOSHUKOBBIX MAaT€PHAJIOB
HAHO2JIEKTPOHUKH. VIcClefoBaHUSA CIIEKTPOB ONTHYECKOTO IIOTJIOUIEHUS B OKOJOKPaeBOH U
SKCUTOHHOM  00JacTIX  IO3BOJIAIOT  H3YYUTh IPUPOLY U OLEHWUBATh  BEIUIUHBI
BHYTPUKPHUCTAINYECKUX TeOPMAalMOHHBIX HAIPS)KEHUH, TOKAIBHBIX JIEKTPUYECKHUX ITI0JIEH,
M3MepATh KOHIIEHTPaLUK JIeTHpylomeit mpumecu u ap. [1 —3].

Kax wusBectHOo [4,5], mpucyrcTBMe B IIOJYNPOBOZHUKE OOJBIINX KOHIEHTPALUHU
CBOGOZHBIX HOCHTEJIeH TOKA IIPUBOAUT K 3HAUUTEIPHOMY U3MEHEHUIO PyHZaMEeHTaIbHOTO Kpas
noryomeHusa. B Ge B 061acTu Kpast IPAMBIX II€PEXOJOB, II0 Mepe yBeIUdeHUs KOHIEHTPALUK
CBOOOZHBIX HOCHUTeJeH, IIPOMCXOAUT yMeHblIeHHe ¢ VIIMpeHHe OKCUTOHHOTO IIHKa,
COIIPOBOXJAIOLIeeCs CABUTOM €r0 B KOPOTKOBOJIHOBYIO CTOPOHY, a TaKXe 3aMEeTHBIM
yMeHblIeHreM KodbdHUIeHTa IOIJIOLeHUS B 06/IaCTH CIUIOUIHOTO CIEKTpa. JTO M3MeHeHUe
ABIIAETCS Pe3yJIbTaTOM SKPAaHMUPOBAHMA CBOOOZHBIMU HOCHUTEIIMHU TOKA (I1a3MO# CBOOGOZHBIX
HOCHUTeJIe}) KyJOHOBCKOTO 3JIeKTPOHHO-ZBIPOYHOTO B3aUMOZEHCTBUA, KOTOpOE UTpaeT
OCHOBHYIO POJIb B (POPMHUPOBAHUH TOHKOM CTPYKTYPbI Kpast IOTJIOIIEHNUA.

IIpn 3TOM Ky/JIOHOBCKMII NOTEHIWAA 3aMeHSeTCs SKPaHHpPOBAHHBIM ITOTEHI[HMAIOM, a
SKpaHUPOBaHUE HOCUT HUHAMMYECKUH XapakTep. 3afada HaXOXAEHUS BUA dKPAaHHUPOBAHHOTO
KyJIOHOBCKOTO IIOTEHIIMaja, B STOM CJIy4ae O4YeHb CJIOXKHA. IloaToMy, Ipu TeopeTHYeCKHX
OlLleHKaX SKPaHUPOBAHME CUUTAETCH CTATUYECKUM, WIU XK€ PaCCMaTPUBAETCS TOJIBKO 00JIACTb,
IJe SKpaHUPOBAHME MOXKHO CUUTATh CTATHYECKUM. TaKoBOi sABIsgeTcs 061aCTh KOHLEHTPALUY
HOCHUTesIeH, IPUBOAILIAS K NCUe3HOBEHUIO 9KCUTOHHOTO MakcuMymMa [4].

ITpu cratyecKOM 9KpaHHPOBAaHUY SKPAHUPOBAHHBIN KYJIOHOBCKHUI IIOTEHI[HA PaBeH

V.=e’exp(-rir,)ler, (1)
rze, 1, — PaguyC SKPaHHPOBAaHWULA, a £ — AMDIEKTPUUECKas MPOHUIIAeMOCTb. B Kiraccuueckoit
IIJIa3Me TIPY BBIIIOJTHEHUH YCIOBUI

kT >> e’/ er; u r,>>n"", (2)
rge n — KOHIIEHTpallusd CBOOOZHBIX HOCHTeNell B IutasMe. UTO >Ke KacaeTcsa paguyca
CTaTMYeCKOTO SKPaHUPOBAHUS, TO [JIs HETO MOXHO II0JIb30BaThCs popmyroit [lebas

r, =y €kT l47e’n . ®)
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CoracHo skcnepuMeHTanIbHOU pabote [4], mpu T =4.2 K nucye3HOBeHMe NTHKA IIPIMOTO
SKCHUTOHA B TepMAaHHUU IIPOUCXONUT IIPU KOHIeHTpanuu Hocureneil n. =5 - 10" cm3. 3ameTHOE

JKeé M3MeHEeHNE DKCUTOHHOTO IIMKd HAaYMHAETCA IIPY KOHUEHTPpAUWHN Had IIOPALOK MeHbIIen ne,

KOI'Zld SKpaHUPOBaHNE HE MOXKET CINUTATHCA CTATUIECKUM, T.K. HE BBIIIOTHAETCA yCIOBHE
ho, >>E,, (4)

rie E, — oHeprus CBSI3U SKCUTOHA, a @), — COOCTBEHHAs JaCTOTA TJIa3Mbl CBOGOHBIX HOCUTETEH

Cc Maccou m:

@, =+J4zne/ em . ©)

C menpl0 M3y4eHHA OKCUTOHHO-IUIA3MEHHOTO  B3auUMOZeHcTBUA B o0OiacTu
KOHIIeHTpAalluy, KOTZa 5KPaHUPOBAHME HOCUT CYIIECTBEHHO AWHAMUYECKHUIl XapaKTep, HaMHU
OBLIO MCCIEeJOBAaHO W3MEHeHUe Kpas IIOTJIONIeHHWs TepMaHHd, IIOf, BIUAHHEM CBOOOJHBIX
HOCHTeJell TOKa, CO3/aBaeMbIX B 0Opa3llax HU3KOTEMIIEPAaTYpHBIM IIPUMECHBIM IIpoOoeM
MenKux HOoHOpoB (As, Sb). CmexTpsl CHHManuch B OOJACTH Kpasd IPAMBIX IIEPEXOAOB IIPU
T =4.2XK. Hccrnengyemble 00pasipl IIPeACTaBIAIN COOOHM IIJIOCKOIAPAJIIe/bHbIe IIJIACTUHBI
TOJIIUHON 2 — 4 ym, c KoHueHTpauuei npumecu N, =6-10"(a),2 - 10% (6) u 8 - 10> cm™3 ().

s mpuioskeHUA IPOOUBHOTO IO B 0OPa3Iibl BIUIABJIAIUCH OMUYECKHe KOHTAKThI U3
In + As. MexaHu4eckas IpOYHOCTH 00eCIIeYnBaIach OZHOBPEMEHHBIM BIIABJI€HHEM KOHTAKTOB
B obpasel, ¥ paMy M3 BBICOKOOMHOTO repmanus TonmuHoi 50 pm. [Ing mpemoTBpameHusS
BO3HUKHOBEHUsA TEIUIOBBIX HATHXKEHUH, pamMa U oOpasel, BBIPE3aJUCh B OJUHAKOBBIX
KpucTayutorpadpuyeckux HampasiaeHuax. C IeIpi0 IpefOTBpallleHHs IleperpeBa 0OpasloB B
Impolecce M3MEePeHHS JIUTEIBHOCTh HMITYJIbCOB IPOOMBHOTO IIOJNA, COCTaBiIana 1 —3ps.
OKCIIepUMEHTA/IbHAsA yCTAaHOBKA IIO3BOJIJIA CHUMATh CIEKTPHl IIOIJIONMIEHWS BO BpeMs
MIPUJIOXKEHUA UMITYJIBCOB 3JIeKTPUYECKOro IoJId. Tak Kak CBOOOHbIE DIeKTPOHBI HAXOAYUJINCH B
SKCTpeMyMax 30HBI IIpoBoguMOcTH Npu k =[111], TO MONHOCTBIO YCTPaHSIUCH IIOTPENUIHOCTH
CBA3aHHBIE C 3aIlOJTHEHHeM KpaeB 30H. KoHIeHTpanus CBOOOAHBIX HOCHTeNIEeH Ha Pa3HBIX
CTQAMAX HHU3KOTEMIIEpaTypHOTO IIPUMECHOTO IIpobos ompefesnsanach usMepeHueM BAX u
reoMeTpueil 06pasIoB.

B03MOXHOCTD MCCIeIOBAaHUA Kpas MOTJIOUIEHUA B MIMPOKOM [AHAlla30He KOHIEHTPALNH
Ha OJHOM oO0paslle IIOBBINIAJIA TOYHOCTh HU3MEPEHHUH, TaK KaKe WCKIIOYaJIoCh BIUSHUE
HeOJHOPOJHOCTEeH II0 TOJIIMHE Pa3HbIX 00pa3nos. [Ipu uamepeHnaIx onTHYecKas UIMPUHA LN
monoxpomatopa (MZIP — 2) cocrasnsna 2 - 10 eV. OxcriepuMeHTaNbHAS YCTAHOBKA U METOUKA
M3MepeHUl ONHCAHHI B [2].

Ha pwuc.1 mpexcraBreHsl CHeKTpsl Kpasd IOTJIOmMeHUs obOpasma (a), T.e. C
N,=6-10"cm3, cuarsie npu 7 =4.2 K npu pasHbIX IPUIOXKEHHBIX DJIEKTPUYECKUX IIOJIAX.
Kpusas 1 — criextp o6pasua 6e3 nonsa. Tak kak crektp cuar npu 1 =4.2 K, MOXXHO cuuTaTh, 4TO
B o0Opasie cBOOOAHBIX HOcuTesneidl Her. KpuBag2 cHATa mpm HanpsokeHHocTH 7 V/cm.
Konuentpanus cBoGOZHBIX HOCHUTesle# 3apsza B HeM cocrasiater n= 210" cm3. Ilo
CPaBHEHHUIO C KpUBOH 1, Ha KpUBOH 2 SKCUTOHHBIN MaKCUMYM 3aMETHO YBeJIWYeH U CIBUHYT B
IJIUHHOBOJTHOBYIO cTOpoHY. KpuBas3 coorBercTtByer KoHueHTpanuu n= 4-10"cm3.
OKCUTOHHBIF MaKCHMyM 3TOH KPHBOI 3aMeTHO pacUIMpeH U ¢j1abo, 0 CPaBHEHUIO C KPUBOH 1,
CABUHYT B CTOPOHY KOPOTKHX BOJH. JlajbHeiillee yBelnyeHUEe KOHIEHTPALMH CBOOOJHBIX
HOcHTeNell 3apsAja (KpuBag4) IPUBOAUT K YBEIHYEHUIO CIBUTa DKCUTOHHOTO MAaKCHMyMa B
KOPOTKOBOJIHOBYIO CTOPOHY CIIEKTpPA BMECTE C €eT0 YMeHBIIEHHEM.
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@107 (smY)

4.5

4.0

fiv (eV)

0.5889 0.5891

Pucynoxk 1. Criextps! xpas norsomenusa Ge n-tuma obpasia (a) — Ge:As,
N, =6-10" cm™ B 06/1aCTH IPAMBIX II€PEXOZ0B P Pa3HBIX KOHIIEHTPAIIUIX
CBOOOJHBIX HOCUTEJIEH TOKa CO3JaHHBIX IpUMeCcHbIM Ipoboem npu T =4.2 K:

1 — 6e3 mpuoxkenHoro nons; 2 — n=2-10%cm3u E=7V/cm;
3-n=4-10%cm3u E=10V/cm;4-n=6-10%cm3u E=15V/cm.

«10° sm™)
4.5 |

4.0 ]

Ity (eV)

0.889 0.891 0.893

Pucynoxk 2. Criextps! xpas noriomenus Ge n-tuma o6pasia (6) — Ge:As,
N, =8-10" cm™ B 06/1aCTH IPAMBIX IIEPEXOZ0B P Pa3HBIX KOHIIEHTPAIIUIX
CBOOOZHBIX HOCHTENIEeH TOKa, CO3aHHBIX IPUMeCHBIM IIpoboem npu T =4.2 K:

1 — 6e3 mpuoxxerHoro noinst; 2 — n=4-10%cm3u E=10V /cm;
3-n=8-10*cm3u E=30V/cm;4—n=1-105cm3u E=60V /cm.

Ha pwmc. 2 npezncraBieHs! CIIEKTPHI Kpas IorjiomeHus obpasua (6) ¢ N, =810 cm3,

cuarsie npu 1 =4.2 K, ny1a pasubeix npoOuBHbIX nosneil. 13 cpaBuenus puc. 1 u 2 cienyer, uro

CIIEKTpBI Kpas TOTJoljeHus obpasua (0), B MHTepBaje KOHI[EHTPAIUil KMMEIOIUX MeCTO B
obpasue (a), IPOXOZAT Te >Ke CTafUM M3MEHEHMH, YTO U CIeKTpsl obpasua (a). Ilpu srom

yBeIndYeHHe SKCUTOHHOTO MaKCHMMyMa Y CABUT €r0 B JJIMHHOBOJHOBYIO CTOPOHY Ha CIIEKTpe
(xp. 2) obpasia (6) BeIpaxkeH ciabee.
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10° (sm™

0.889 0.891

Pucynoxk 3. Cniextps! kpasg noriomenusa Ge n-tuna obpasiua () — Ge:As,
N, =1-10"% cm™ B 06/1aCcT! IPAMBIX IIEPEXOZ0B P Pa3HBIX KOHIIEHTPAIIUIX
CBOOOZHBIX HOCHUTEIEeH TOKa, CO3LaHHBIX IPUMeCHBIM Ipoboem nipu T =4.2 K:

1 — 6e3 mpuoxxerHoro nonst; 2 — n=7-10% cm3u E=20V /cm;
3-n=1-10°cm3*u E=30V/cm;4—n=4-105cm>3u E=50V /cm.

Coexrtpsr obpasma (B) ¢ N, =810 cm™® npexncraBrenst Ha puc.3. B srom ciyuae
Ha6II0aeTCs JTUIIb yMeHbIIeHue SKCUTOHHOTO Ioromenusa. CyuiecTByer, OZHAKO, OCHOBaHUE
CYUMTATh, YTO IPHU CTOAb OONBIION KOHIEHTPAlMM IIPHUMECHBIX I[€HTPOB M HAIUYUL
KOMIIEHCAIIUX IPO0O0Ii TepBOHAYAIBHO IIPOUCXOIUT B Y3KHUX «IIHYPaX», KOTOPBIE PACIIHPIIOTCS
C POCTOM IpHIOXKeHHOTo HampsokeHHA [6]. OO0 5TOM CBUETENIBCTBYET IIOCTOSHCTBO CIIEKTPOB
MOZyJISIIUY Kpas HOTJIOeHN 9TOT0 00pasiia 31eKTpUIeCKUM 1osIeM [5].

ITo Hamemy MHeHUIO HabIOjaeMOe YCHIEHNE DJI€KTPOHHO-ABIPOYHOTO B3aUMOAEHCTBUS
cBsI3aHO C 3GGeKTOM «aHTUIKPAHWBOHAHUA», OOYCIOBIEHHOrO 3¢deKToM 3amas/ibIlBaHUsL
mepepacipesieleHUss IUIOTHOCTH 3apsjfa B Ia3Me II0 OTHOLIEHWM K H3MeHEeHUIO
3JIEKTPUYECKOTO IIOJIA BBI3BIBAIOLIETO 3TO IepepaclpesiesieHue.

OKpaHUpOBaHUe, KaK U KoyebaHue IIJIa3Mbl, Pe3yJbTaT ee KOJUIEKTUBHOTO IIOBeIeHI,
06yCIOBIEHHOTO JaIbHOLEHCTBYIOUIMM XapaKTePOM KYJIOHOBCKUX CUJI JEeHCTBYIOUINX MEXY ee
yactuuamu. [[pu4mHO# TaKoro OBejeHUS SBISAETCS TeCHAsA CBSI3b MEX Y IIOTHOCTHIO 3apsfa U
ITOTEHIINAIOM, BBITEKAIOUM 13 ypaBHeHuu JlioBuiuig u Jlammaca. DTy ypaBHEHUS ONPEeZeIsIIoT
CBSI3b MEXZY 4YacTOTOM IITa3MEHHBIX KOJIeOaHWM U BOJHOBBIM BEKTOPOM BO30OYXXZEHUS, T.e.
OIlpesiesIAI0T LUCIEePCHOHHOE YpaBHEHMe IIasMbl. [Ipu MajbIX IIOTHOCTSAX BO30YXKAAIOIETO
3apsA/a B KJIACCUYeCKOH IIa3Me 5TO YpaBHEeHHe HMeeT Buf, [7]

@G =+ IV, 6)
Ile @), — YacToTa BO3MYIIEHHOM IIJIa3Mbl, V, — TeIUIOBas CKOPOCTh YACTHUI| ILIa3Mbl k —

BOJHOBOH BeKTOp BO30OyXzeHuda. Ilpu HM3KMX TeMIlepaTypaXx ¥ JJIMHHOBOJHOBBIX

BOSOYX/JEHUAX () ~ (), . Bennmumuoil @ , B STMX YCJIOBUAX MOXHO OIEHHMBATH CKOPOCTD

peakuuy IIasMbl Ha BO3MYyUIEHWe, T.e. BpeMs TpeOyemoe Ay skpanuposanus. llpu @, >> @,

rme (()1 — YdCTOTa BO3MYIIEHHA, SKPAHHUPOBAHHE MOXXHO CYUTATh MI'HOBEHHBIM M IIPUMEHITDH

¢popmyry crarmyeckoro skpanmposanus. IIpu @, = @ umeror mecto addexTsI 3ana3ApIBaHUA.
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Wsyuenne BiusHusa 3(pdeKToB 3amasfplBaHUs Ha NPOLECC DKPAHHPOBAHUSA, KaK OTMEYaoCh
BBIIIIE, BeChMa CJIOXKHAA 3a7ada.

B nyxe ypaBuenumit Berre—ConbmuTepa ciesyeT CYWTaTh, YTO IIPU SKPAaHHUPOBAHUU
s dexTrBHAL YaCTOTA B3AMMOEIHCTBUA ONpefeseTCs IepesaBaeMoil sHepruei. JTa SHeprus
paBHa HYJIIO IIPH pacCeMBaHUU Ha cTaTUdeckux 3apszax. COOTBETCTBEHHO, B OTOM Ciydae
crpaBejuBa (GoOpMysa IS CTATUYECKOTO SKpaHUpPOBaHMA. Eciu Macchsl dKpaHUpyeMOH U
SKPAaHUPYIOIIUX YaCTHI, OJIU3KM, TO IlepesaBaeMas SHEPIHUs COCTaBIsgeT 3aMeTHYIO 4acTh HX
KHMHEeTUYeCKOM SHeprHHu.

s sxcuTtoHa (m, > m,) 3Ta SHeprus onpepesuaeTca GopMyIoi

E =E, /(1+m,/m,) (7)
Te m, —Macca 9JIeKTPOHa, a m, — Macca gsipKu. COOTBETCTBYIONAS YaCTOTa

® =E,Ih ®)
1 yCjioBHu€ IIpUMEHNMOCTH CTATHYIECKOI'O DKPAHHUPOBAHUA AJIS1 DKCHUTOHA HMMEET BU

o, >>a. 9)

DKpaHUpPyOWas CIIOCOGHOCTH IUIA3MBI, KaK W3BECTHO, XapPaKTEPU3YeTCS AMAIEKTPUIECKO
[IPOHHUIAEMOCTBIO. B cCiydae SKpaHHUPOBAHUS 3JIEKTPUYECKUX 3apSZOB — 3TO IIPOJOJIBHAS
IV3IeKTPUYecKast IPOHUI[AEMOCTb.

ITpu paccmorpenuu 3azauu 06 SKpaHHpoBaHUU, yI0OHO BBectu Dypbe-pasioxenue
moTeHIfMasa. Torza 3aBUCHMMOCTh IIOTEHI[MANa OT pajfuyca CBOZUTHCA K 3aBUCHUMOCTHU
IVDJIEKTPUYECKOM IIPOHUIIAeMOCTH OT k. B aTOM ciyuae, mjs cTaTU4eCKOH AUDIEKTPUYECKOI
IIOCTOSIHHOM 1osydaeM [7]:

e(k)=1/1+k*r2). (10)
Kor,zga CymeCTBeHHBI 3¢)¢)eKTBI 3dIIa3bIBAHUA [7]:, AUDJIEKTPHUYIECKAA ITPOHUIIAE€MOCTD
ek, 0)=1- (& —k*v; +(iw/7,)). (11)

i®/T,; — 4NeH yYUTHIBAIOIMI 3aTyxaHWe BO3MywleHu:. B sroii gopmyse, B obmem crydae,
BMeCTO V, CTOUT V, — CKOPOCTh 3ByKa B maa3me. OfHako, IpM MaibIX IIOTHOCTAX ILIA3MBI
CKOPOCTH 3ByKa IPHUOIM3UTEILHO paBHA TeIaoBOH ckopocTtu v, . Ilpu k=0, mHanpumep, nid
CBETOBOM BOJIHBI B ILJIa3Me,

ew=1- /o (12)
B aTOM ciry4ae, npu @= @, ©MeeT MeCTO IJIa3MEeHHBIN pe30HaHC, Tak Kak £(@)=0. [Ipu @0
u k#0 cormacHo (11) o6nacTe TIIA3MEHHOTO Ppe30HAHCA OIpeZeNdeTca U3 YCIOBHAL
k*v; =@ = @,. OueBunHO, 570 U GyzeT 061ACTHIO, KOIJA HPH SKPAHMPOBAHMM HEOGXOZMMO
YYUTHIBAaTh 3G GEKT 3ama3AbIBaHUA.

B cirydae BBICOKOYACTOTHOTO BO3MYIIEHHA, KOTJA @>(), , B IUIa3Me IIPOMCXOJUT

yCUJIeHUe WIN «aHTUSKPAaHHPOBAHUE» BO3MYIIEHUS, TAK KaK B OTOM 00JIACTH YaCTOT, COIJIACHO
(11) BermymHA TPOJOIBPHON SUDIEKTPUIECKOH IIPOHUIIAEMOCTH OKa3bIBAETCA MEHBIIIE eTUHUIIEL.
Bb13BaHO 3TO yC/IOBHE PE30HAHCOM MeXAy KosebaHuAMM IUlasMbl U HekoTophiMu QDypse-
KOMIIOHeHTaMU QYHKIIUM BO3MyIeHUd. B ciydyae sKCMTOHHO-IIJIa3MeHHOTO B3aUMO/IeCTBUA 3a
YacTOTy BO3MYILIEHHH, KaK OTMeYayJoCh BBIIIE, HYXHO OpaTh yactory mepegauu. Iloatomy,
YCIOBHE «aHTUOKPAaHUPOBAaHMA» SKCUTOHA B IIJIa3Me JOJDKHO BBITIOJIHATECA IIPU @) = @), .

«AHTHUDKpaHUpOBaHMe»  OKCHTOHA  3aKJIOYaeTcad B  YCHJIEHHHM  KYJIOHOBCKOTO

B3aMMOJEHCTBUA MEXJAY €ero 4YacTHLIAMHU, 4YTO HAa CIeKTpax Kpad IOIJIOUeHUA JOJDKHO
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BBIP@)KAThCA B BO3PACTAaHUM BeIWYMHBI DKCUTOHHOTO ITMKA U B CABUTE €T0 B JJIMHHOBOJHOBYIO
obyacTh crekTpa. Takoe mM3MeHeHHe SKCUTOHHOTO ITMKAa HaOJIIOaeTcA Ha CIeKTpe oOpasia C
N, =6-10" cm3, m0osTOMy MO>XHO IIPEAIIOIOXUTH, YTO OTO CBA3AHO C «AHTUIKPAHUPOBAHUEM»
skcuToHa. /Iy y6eAuTe IbBHOCTH IIPOBeIeM HeKOTOPHIe OIleHKH.

W3 mpepncraBieHHBIX CIeKTpoB obpasua ¢ N, = 6-10"“cm3 (puc.l) cremyer, 4ToO
yBeJIM4eHHe M CABUT B [JIWHHOBOJHOBYIO CTOPOHY OSKCHUTOHHOTO MAaKCHMyMa Haumbosee
OTYeTIMBO IIPOSABIAETCA B Cilydae KOHIeHTpanuu Hocureneir n=2-10" cm3. Temneparypa
CBOOOZHBIX HOCHTENIeH B yCIOBHAX dKcrepuMmeHTa, corsacHo [8], pasua T =20 K. [Ipu arowm,

o 2
JleGaeBcKas JTHHA SKPaHUPOBAHUA B TIIa3Me CBOGOHBIX HOCUTeNel 7, =+ kT /47re’n =900 A,

a 9acToTa IUIa3MeHHbBIX KoieGaHu#d — @, =.\/4me’n/em =42 .10 s, B paccmarpuBaemMoM
CJIydae 3JIeKTPOHBI, COCTABIIAONINe IUIasMy, Haxomarcs B goiuse [111]. Qurypupyromas B (11)
KBa/[paT CKOPOCTH YacTutsl v; =kT/m—e’/€r,m=6.3 - 1012 cm? - 52,

W3BectHO [8], YTO KOJIIEKTUBHOE IIOBEeJ€HHE IIJIa3Mbl IPOSBIAETCA TOJIBKO B CIydae
BO3MYLIEHUs C IJIMHOH BOMHBI A>/4,, Toe A, B KIacCMYeCKOH IUIasMe paBHO 1, . B
paccmarpuBaembx ycmoBuax 4, =900 A, mostomy ®ypre-cocraBisiomue BOTHOBOH GyHKIMHU
SKCHUTOHA,  IIO/IBEpraiolfuecs  BIWSHUIO  «aHTUDKPAaHWPOBAaHWSI»  JOJDKHBI  HMMeTh
k~1/4,= 5-10°cm™. IloxgcraBuB moJy4YeHHble 3HAa4YeHUA IapaMeTpoB B (7) NOIy4IuM:
w = 5-10°s. Yro oxe KacaeTca YaCTOTHI Ilepefjladyd SKCUTOHA, TO OHA PaBHA
w=E, /hi(1+m,/m,)=635-10"s", roe E, — sHeprua cBA3u IpaMoro skcuTtoHa B Ge, m, —
Macca aymektpoHa B MuHumyMme [000], m, — macca jerkoii neipku. Takum oGpasoM, @) = @, .
[lopcraBnas 3HaveHus mapamerpoB B (11) momywaercs e(k,a)):l—a)f, /(a)z—kzvi)<1. 210
3Ha4uT, 4o Pyphe cocTaBifiomye BOTHOBOM QyHKIIUYU SKCUTOHA, COOTBETCTBYIOI[/E BOTHOBBIM
uyncaam k <1/r, , yCUIMBAIOTCA B PacCMaTPHMBAaE€MbIX YCJIOBHAX, YTO IPHUBOJUT K 3aMETHOMY

YBeJIIM4eHUIO SHePTUH CBA3H SKCUTOHA.

CroeKTpasIbHBIN [UAIa30H, B KOTOPOM HaOJIIOZAeTCs yBeTHYeHNe MOTIOMEeHN, ABIAeTCI
BeCbMa IIMPOKMM M 3aXBaThIBaeT COCTOAHUA HEIPepBIBHOIO CIeKTpa. BepoATHO, 3TO MOXXHO
OOBACHUTD, €CJTH YYECTb, YTO 00JIaCTh Ie £(0) > £(®),) ABIAETCA NOBOJBHO IIUPOKOH, Aaxe Oe3

y4€Ta 3dTyXdHHA I1IIda3MEHHBIX KOJIeOAaHUM UM CTOJIKHOBEHHM 3KCHUTOHA C DJIEKTpOHaMH (8(00) -

BBICOKOYACTOTHAA ,H;I/IBJIGKTPI/I‘—IGCKHH IIOCTOAHHAA HOJIYHPOBO,ILHI/IKa).
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1. Introduction

Georgia is small country situated on the territory of South Caucasus region and
neighbored by some countries having developed nuclear industries. The country had received
difficult heritage from Soviet period of time — a number of abandoned (orphaned) radioactive
sources. There were found more than 300 such type sources in Georgia.

Another big issue is export-import control (including the border monitoring): Georgia is
transit country; therefore many loads crossed the Georgian territory. Export-import control can
be considered as a part of comprehensive state nuclear security system. This system should be
based on nuclear security regime established within the country. Georgia, based on
international support, takes active steps to establish nuclear security regime, according to
international standards and requirements. The establishment of the regime is focused on the
following tasks:

o Elaborate legislative framework and define competent authorities with their
responsibilities;

o Involvement in international legal instruments;

° Establishment of radioactive source inventory;

o Conduct regulatory and control activity (export-import and control inside the country)
to prevent accidents;

L Provide searching, detection and response for abandoned sources (or on nuclear
accident).

We focused on conducting of export-import control of nuclear and radioactive materials,
especially radiation border control.

2. National system for export-import control for nuclear and radioactive materials

National export-import control system is based on legal requirements defined by
Georgian frame law “On Nuclear and Radiation Safety” (Ch.IV, Art.18). The law sets
requirements for issuing special permit for export-import (including transit) of any type not
cleared (not exempted) radioactive material (permit validation is one year). This requirement is
stricter than internationally (by International Atomic Energy Agency — IAEA) recognized
standards [1]. The Export-Import Control System also covers Radiation Border Control System,
which consists of administrative and technical subsystems.
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Administrative subsystem defines main responsibilities of different involved institutes
and their actions to response in case of finding of any suspicious nuclear and radioactive
material at Georgian border. The subsystem is based on “Concept of Operations” approved by
resolution No. 397 of Georgian Government and fully corresponds to the international
standards [2, 3]. The resolution considers conducting of on-site investigations used portal and
handle detectors and (in case of necessity) involvement of off-site experts to issue decision for
identification of suspicious goods (Fig.1). The final decision for assessment of suspicions
radioactive material should be taken by state regulatory body for nuclear and radiation activity.
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Figure 1. Response on scheme for borders.

Technical subsystem considers radiation portal and handle detectors and secure
communication system for quick transfer of information from border to destination point.

3. Border Control System

As it was mentioned above, one of the important part of Border Control System is
technical subsystem containing technical means for radiation control on Georgian borders. The
subsystem consists of portal and handle detectors for ionizing radiation. Station portal monitors
are designed for control of pedestrians, cars, trains and luggage. They are installed on every
border check points. The green border is controlled by movable portal monitors installed into
cars and handle detectors. Every portal monitor has at least three detectors: one — motion
detector and other two ionizing radiation detectors (one plastic detector for gamma signals, and
other *He with organic material as neutron moderator for fixation of neutrons).

The sensitivity of the detectors arranged in accordance of international requirements: at
least indication 0.2 pSv / h a gamma alarm should be triggered when the dose rate is increased
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by 0.1 pSv / h [4]. This system gives the possibility to fix any type of radiation widely met in

practice:

1. Alpha radiation can penetrate only few centimeters in air and can be shielded by any
simple materials, but alpha decay always accompanied by gamma radiation. So, alpha
nuclides can be fixed by accompanied gamma radiation;

2. Beta decay also accompanies by gamma radiation. It also should be considered that beta
particles penetrating substances generate braking gamma radiation, So, gamma detectors
can fix beta nuclides (including so-called “pure” beta nuclides like *Sr, %Ni and others);

3. Neutron radiation — Devices have special neutron detectors to fix and differ fissile
materials from any other type of nuclear and radioactive materials.

Neutron/Gamma Alarm e O O
Lwe  SLPA-B Lane 4 (Vehicie) Fow Loww o Loesd

T 28 -Now 2005 10 D8 18

Figure 2. View of portal monitor and obtained data.

It should be stated that portal monitors installed places providing shorter distance
between scanned object and detector. Monitors have emergency electrical supply systems
providing their uninterruption operation in case switch of electric power. All monitors are
equipped by video camera and special system fixing unauthorized access to the detection system.
Monitors are connected to the special server, where all information is collected and distributed
to the computers and other electronic devices using special software. In case of gamma, neutron
or unauthorized access alarm video is taken. Level gamma and neutron signal are fixed by
special graphs (Fig. 2). All signals should be responded and consequence conclusions fixed by
software. In other case description file remained “open”.

The main difficulties for operation of portal monitors are connected to the possibility to
distinguish alarm produced by illegal (hided radioactive source) from bulk material containing
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radionuclides (like ceramic, automobile tires, bananas and others). It also should be consider
that this operation should be conducted by border guards, but not specialists for nuclear physics.
Therefore the simple rules are developed.

The most important for these rules are presence of handle gamma and neutron detectors,
and gamma spectrometers at the borders and capability of border workers to use them properly.
Handle detectors should be divided on the following groups: sensitive gamma detectors,
neutron detectors, gamma detectors to measure and gamma spectrometers. It can be considered
that some dosimeter can have two or more detectors with different functions.

As a first step profile of gamma signal can be used to distinguish point source form bulk
material, but profile depends on the speed of car (or train), and cannot be considered as strong
argument for making the decision. According to elaborate rules the following actions (as a
secondary checking) should be taken:

L. Scan by handle detectors whole surface of transport man: in case of balk material
radiation should be homogeneous and very high
2. Detect by gamma spectrometer radianuclide and compare the result with existed tables

(every check point is supplied by special data table explaining content of natural

radionuclides in different materials). This method can have some difficulties in case of

“pure” beta nuclides, which can be solved by other simple methods.

Figure 3. Well logging (a) and machine gun night sites (b).

The given method works properly. It was tested during the several real events occurred
at the borders. We can refer to two cases, when well logging device (contains Pu — Be source)
and Kalashnikov machine gun night sites (contains ***Ra) were fixed and detained (Fig. 3).
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There is suggested a morphology model for nano-powdered hexagonal boron nitride
h-BN that can serve as an effective solid-additive to liquid lubricant materials. The model
allows the estimating surface specific area, the hard-to-measure morphology parameter, based
on powder particles average size.

Introduction: h-BN as a solid lubricant additive

Lubricants are extensively used by industry to control friction and wear in a large
variety of mechanical and tribological applications because without lubricants most moving
parts of machines and engines fail or wear out and become useless. Most lubricants come in a
liquid- or grease- consistency. But, liquid lubricants alone cannot meet the increasingly more
stringent application conditions under very high and low temperatures, ultra-high vacuum,
radiation, extreme contact pressure, very low and high sliding speeds, etc. It is a reason why the
idea of combined uses of solid and liquid lubricants is becoming more popular. Solid additives in
current liquid lubricants containing heavy metals, sulfur and phosphorus bearing substances,
etc. are environmentally harmful and cause pollutions. They can be displaced by light boron-
based nano-scale powders in oils and greases providing much better tribological performance.

The most part of boron compounds are the superhard materials. But, some of them stand
out as very effective solid lubricants. In particular, boron compounds with layered structures
possess high potential to provide various surfaces with low friction and wear under both dry
and lubricated sliding conditions [1]. Among them powdered hexagonal boron nitride h-BN has
a capacity to significantly reduce friction and wear when mixed at low concentrations (as little
as ~ 1 wt. %) with liquid lubricants — oils, greasers, and fuels. Previously tribological interest in
h-BN was limited to lubrication for metalworking processes where lubrication at high
temperatures and / or cleanliness of working environments is of critical concern. However, later
it was reevaluated as a “clean” lubricant which can be an alternative to above mentioned “dirty”
ones (e.g., carbon C in graphite-structure or molybdenum disulfide MoS:2) in more general
applications as a solid lubricant.
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Hexagonal BN has a lamellar crystalline structure, in which the bonding between
molecules within each layer is strong covalent, while the binding between layers is almost
entirely by means of weak van der Waals forces. This structure is similar to that of graphite and
MoS:, which are highly successful solid lubricants too, and the mechanism behind their
effective lubricating performance is understood to be owing to easy shearing along the basal
plane of the hexagonal crystalline structures.

BN captured attention as a potential solid lubricant for general use because of this
similarity. However, a number of results showed that, as a solid lubricant, BN was inferior to
graphite and MoS:. From the fundamental investigations of h-BN lubricant properties
performed in [2], h-BN in general was found less effective than other solid lubricants except for
high-temperature applications. However, a series of sliding experiments showed somewhat
curious behavior of BN when added into lubricating oil, e.g., in the case of sliding of bearing
steel versus itself. BN slightly increased the coefficient of friction, but drastically decreased
wear. In sliding of steel bearing, boron is present in small cavities on wear scars. Not all boron is
present there as h-BN, but in other forms too. Although boron nitride is known to have high
thermal stability, the observation of the wear scars had shown coexistence of boron and oxygen
at the same locations, evidence which suggests oxidation during sliding. BN introduced to the
actually rubbing parts strongly adhered to steel surfaces, and works to decrease wear.

Different approach to modification of sliding surface by h-BN lubricant recently has
been suggested for gears. Gears and other mechanical assemblies are some of the key
components for conversion of wind energy to electrical energy in wind turbines, but their
durability and efficiency are severely impaired by some tribological issues like micropitting,
wear, scuffing, and spalling. To address these issues, in [3] a combinational approach was
proposed to incorporate surface treatment in coordination with the use of nanocolloidal
lubricant additives. In particular, boron nitride based solid lubricants were manufactured and
flat gear steel samples were borided using an electrochemical boriding process. The borided
surfaces enhanced the mechanical properties of the surface layer, leading to improved wear
resistance. As for the boron nitride itself, it was observed to be stayed well dispersed within the
oil and formed a stable tribofilm which was important to achieve improved tribological
performance.

It looks that h-BN particles interact with sliding surfaces and form low-friction
boundary films protecting these surfaces against wear and providing low friction due to their
low shear. Correspondingly, there was found a preferential orientation of h-BN nanocrystalline
sheets of hexagonal boron nitride (formed from the tribochemical reaction between a borated
additive and a nitrogenous compound using mineral oil containing a little amount of synthetic
base as the base-oil) parallel to the sliding direction [4]. It was evidenced the formation of a
lamellar solid from the tribochemical reaction of a borated additive and a succinimide additive.
The result is the formation of h-BN in the tribofilm. The tribofilm was mainly composed of an
amorphous borate matrix containing highly-dispersed h-BN nanoparticles in the form of sheets
10 nm wide and 5 nm thick. Thus, when present at sliding interface the atomic layers of
hexagonal BN, the self-lubricated solid, align themselves parallel to the direction of sliding
motion and then shear with relative ease to provide the levels of low friction.

Such orientation of nanosheets has a favorable effect on friction — this statement was
proved by the combination phospholipid molecules with h-BN. Phospholipid in vivo and
hexagonal boron nitride in vitro are good examples of frictionless lubricants. Phospholipid
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molecules and BN have the ability to form multibilayer or layered structures similar to
lamellate solid. It has been confirmed experimentally that phospholipid molecules as lamellar
lubricants protect the surface of joints against wear while acting as frictionless lubricant. The
experiment strongly suggested [5] that h-BN has the ability to lubricate under load with very
low friction coefficient comparable to phospholipids. Relatively low surface energy and low
adhesion between the crystallites are giving the additives low friction coefficient. The results of
the experimental studies showed that h-BN as an additive in vaseline possesses friction reducing
properties, and excellent antiwear properties.

It should be noted that hexagonal BN is a versatile ceramic material, with unique
properties and a wide application area in industry. Because of complex of important properties —
resistance to oxidation up to high temperatures, lubricity, high corrosion resistance, high
thermal conductivity and high electrical resistivity — it is used mostly as a high temperature
lubricant material. However, powdered h-BN when added into plastics not only reduces
friction coefficient, but also increases their thermal conductivity, decreases thermal expansion
and increases use temperatures. There are number of suggestions on practical utilizing BN-
based lubricants useful for metallic, ceramic, polymer, etc. interfaces.

Although aluminum is one of the most prominent metals in the fabrication of metal
matrix composites, frequently the oxidation of aluminum prevents the precisely measuring the
wetting of ceramics. In [6], an improved sessile drop method was devised to prevent the
oxidation of the aluminum. Using this method, the contact angle between h-BN and molten Al
was measured in a purified He + H2 atmosphere and in a very high vacuum at high-temperature.
It was confirmed that AIN was produced at the solid / liquid interface and caused the contact
angle to decrease to 0 °. AIN had good structural properties, whereas h-BN did not. Accordingly,
it was suggested that h-BN particles, which have good wetting, be inserted into the Al-melt.
This causes the surface of the h-BN to be converted into AIN which has good structural
properties. Using this process, a metal matrix composite, which has good structural properties,
should be produced. In particular, since h-BN is lubricous, a material should be produced which
has high wear resistance.

Results of friction force in small-size bearings lubricated with the amount of oil
contained boron nitride additives were presented in [7]. The investigated bearings were porous
journal bearing and thrust bearing of the type sphere-on-plane operating with low velocity
under spinning friction regime. The comparison of the results obtained for oil with boron
nitride additives with one without such additives, magnetically active lubricant and oil with
other than BN additives showed a significant reduction of the friction coefficient and contact
temperature.

The antiwear capacity of a borate containing nitrogen was evaluated in [8]. Rubbing
surface analyses revealed that there were borate and boron nitride under high load in
comparison to only borate found under low load. Therefore, it can be considered that, under
mild conditions, the borate ester is absorbed physically and chemically on the rubbing surface
providing antiwear function at low load, and under severe conditions some of absorbed borate
films degrade and form boron nitride tribochemically developing antiwear performance at high
load.

In [9], the modified borate powder also was synthesized as an oil additive. The results of
studying its tribological properties showed that it had good extreme pressure, antiwear and
friction reduction properties. The viscosity of base-oil and the water content in the modified
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borate had great effect on the wear resistance with extreme pressure. It can form a tribological
mixed reaction-film on friction surface. Boron mainly existed in the form of BN on friction
surface, while nitrogen content was higher than sodium content.

Thus, borate esters possess friction-reducing, antiwear, and antioxidant characteristics
when blended in lubricating oils. However, they are susceptible to hydrolysis. The formation of
a stable five-member ring structure in the ester molecules, involving coordination of nitrogen
with boron, contributes substantially to the resistance to hydrolysis of borate esters. The
susceptibility of borates to hydrolysis can be reduced by introducing N,N-dialkylaminoethyl
groups with alkyl radicals containing more than three carbon atoms [10]. It was revealed that
the borate ester can be adsorbed on the rubbing surface, and some of the adsorbed borate film
degrades and forms boron nitride. Wear tests indicated that the combination of oil-soluble
metals (copper, tin, and cadmium) compounds with organoborates gives better antiwear
properties than the components separately. An antiwear synergistic mechanism can be
postulated, in which borates with electron-deficient boron p-orbitals catalyze the
triboreduction of the metal compounds on the rubbing surfaces, producing elemental metals.

AISI — 1045 steel was duplex surface modified by deposition of a Si— B — N composite
film and a MoS:-based film [11]. It was found that composite film was composed of h-BN and c-
BN which had much larger hardness than the steel substrate and were able to form interfacial
transition layer with the steel substrate, and hence the tribological behavior of the steel was
greatly improved. Moreover, the friction and wear behavior of the Si— B — N film was further
significantly improved by the introduction of the Mo.

The tribological performance of grease lubricant plus h-BN micro-particles additive was
studied on steel / steel tribopair under vibrating fretting and sliding fretting conditions [12].
The grease compounded with boron nitride was found to be the best for industrial applications.

In [13], it was performed a comparative study on the tribological behavior of hexagonal
boron nitride as lubricating microparticles — an additive in porous sliding bearings for a car
clutch. The main effect of h-BN microparticles lamellar lubricant plus oil in comparison to a
standard Mobil-lubricant appears to be that the impregnation of h-BN microparticles in Cu — Fe
porous bearings persists for a long period of time and the microparticles are gradually released,
being supplied to the contact surfaces. In the bench test, porous bearings have demonstrated
that such impregnation will satisfy up to ~ 10° h of clutch operation in a real engine.

Ni-based alloy / nano-hexagonal boron nitride (nano-h-BN) self-lubricating composite
coatings were successfully produced on medium carbon steel substrate by means of Nd : YAG
laser cladding [14]. A novel high energy ball milling method was adopted to clad nano-Ni onto
nano-h-BN with an aim to enhance the compatibility between the h-BN and the metal matrix
during laser cladding process. It was found that nano-h-BN was hardly to be composed into
Ni 45 matrix coating even if increasing the weight percentage of h-BN from 5 to 10 wt. % with
a conventional mechanical mixing. The high energy ball milling of nano-Ni onto nano-h-BN
significantly improved the interfacial compatibility between h-BN and Ni 60 matrix. The
friction coefficient of the laser clad Ni 60 / nano-Ni-clad h-BN coating was reduced obviously.

The results of the recent experimental studies have demonstrated [15] the high potential
of h-BN as an additive for preventing fretting sliding, and can very useful for application in
grease-based compound lubrication of a steel surface in industrial equipment.

Cubic, amorphous and hexagonal boron nitride films were deposited onto a silicon
substrate and a reciprocating tribometer was used to examine friction and wear properties for
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these three BN films [16]. The c-BN film showed the highest wear and peeling resistance of the
tested films. The lubricating performance of the c-BN film proved significant with a long
lubricating life and low friction. In contrast, the a-BN and h-BN films showed short lubricating
endurance lives and large friction changes in spite of the fact that they are good, in general, as
solid lubricants. These unexpected results were speculated to reflect the premature debonding
of the h-BN and a-BN films during sliding and the subsequent discharge of their flakes out of
the nip between the substrate and the ball indenter, owing to their lower adhesion to the
substrate.

The high-temperature friction and wear characteristics of ceramic matrix composites
incorporated with various solid lubricants including hexagonal BN have been investigated from
room temperature up to ~ 1000 °C [17]. On the basis of general design considerations relevant
to solid lubrication proposed for friction and wear data of self-lubricating composites, such
optimized composites appear to be promising candidates for long-duration, extreme
environment applications with low friction and small wear rate.

The results of investigation of the tribological behavior of SisN4—h-BN composites with
different hexagonal boron nitride volume fractions under distilled water lubrication showed
[18] that the addition of h-BN into SisNs matrix significantly decreased the friction coefficient
for SisN4 against SisN4 pair under titrimetric water lubrication. The morphological analysis and
chemical characterization of the worn surfaces via scanning reveal that under titrimetric water
lubrication, the h-BN in SisNs — h-BN spalled off during the wearing tests and the spalled pits
formed on the wearing surface of SisNs —h-BN, and then the debris dropped into the pits to
react with water, thus a tribochemical film formed on the wearing surface. It facilitated
smoothing the surfaces of SisNs+ — h-BN and SisNs to create a fine lubrication environment.

The recent ring compression tests of the interfacial friction and flow behavior of an
Al>:Os-based ceramic composite have indicated [19] that boron nitride lubricant can be used
effectively at elevated temperature range of 1400 — 1600 °C.

It is known that the processability of polymers by extrusion is related to the interface
between the polymer melt and the die wall because the wall surface energy affects the flow of
polymer melts in extrusion die. On the other hand, BN powders acting as a solid lubricant lower
the surface energy. It is reason why the effects of BN powders on the rheological properties and
the extrusion processability of metallocene-catalyzed low-density polyethylene were
investigated [20]. Small crystal size and uniform size distribution were found to be more
effective. Also, the influence of a hot-pressed BN die on the instability of capillary flow was
found to be quite effective in delaying surface and sharkskin defects and postponing gross melt
fracture. A synergistic effect of processability improvement could be obtained when both BN
powder and a hot-pressed BN die are used together.

During the die flow of metallocene polyethylenes, flow instabilities may occur. Namely,
wall slip, “sharkskin”, and stick-slip (pressure oscillations) and gross fracture may be obtained
depending on the volume flow rate and die geometry. Fluoroelastomers and boron nitride
powders with hexagonal crystal structure can be used as suitable processing aids in melt
extrusion processes. Fluoroelastomers at low concentrations act as die lubricants and may
eliminate flow instabilities such as surface and stick-slip melt fracture. On the other hand,
specific BN powders may not only eliminate surface and stick-slip melt fracture, but also
postpone gross melt fracture to higher volume flow rates. In [21], it was shown a way for
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quantitative differentiation of the influence of polymer processing additives on rheological
behavior.

Boron nitride as a solid lubricant was tested [22] as an additive to the lubricants used in
the polytetrafluoroethylene paste extrusion in order to identify enhanced processing aids. It was
found that the addition of boron nitride not only increases the extrusion pressure but at the
same time improves the final mechanical properties of the final extrudates. This offers
possibilities for controlling these properties by controlling the degree of fibrillation, i.e., by
adding a small amount of solid BN lubricant to adjust pressure, fibrillation, and thus the final
mechanical properties.

Calcined petroleum coke and hexagonal boron nitride were used as the friction
modifiers to improve the friction and wear properties of phenolic resin-based friction
composites too [23]. It was found that the hybrid of the two friction modifiers was effective to
significantly decrease the wear rate and stabilize the friction coefficient of the friction
composites at various temperatures by forming a uniform lubricating and / or transferred film
on the rubbing surfaces. The uniform and durable transfer films were also able to effectively
diminish the direct contact between the friction composite and the cast iron counterpart and
hence prevent severe wear of the latter as well. The effectiveness of the hybrid of calcined
petroleum coke and h-BN in improving the friction and wear behavior of the phenolic resin-
based friction modifiers could be attributed to the complementary action of the “low
temperature” lubricity of calcined petroleum coke and the “high temperature” lubricity of h-BN.
The optimum ratio of these two friction modifiers in the friction composites was suggested to be
1:1, and the corresponding friction composite showed the best friction-reducing and antiwear
abilities.

Summarizing above brief overview on powdered h-BN lubricity, one should emphasize
that in general the larger grain size and higher crystallinity lead to better lubricating properties
and high temperature-stability of h-BN. However, there is a problem of sedimentation: micro-
scale powders added into lubricating oil and other liquid materials may settle out unless very
effective surfactants or dispersing agents are added too. In case of nano-scale particles, mainly
because of their very large surface-to-volume ratio, as well as light weight (due to BN low
specific gravity), these powders may stay in dispersion for a long time without the use of
additional surfactants. Fortunately, boron nitride can be produced in nano-powders and,
therefore, is easy to incorporate within liquid lubricants.

Particles morphology characteristics

There are two most important parameters characterizing powdered materials
morphology — average particles size r (or sizes for non-globular particles) and surface specific
area O .

Microstructural parameters can be estimated by X-ray diffraction line profile analysis
(XRDLPA) using different model-based approaches like Scherer analysis, integral breadth
method, Williamson—-Hall and modified Rietveld techniques. Concerning XRD, it should be
noted that these traditional methods are popular because they are relatively straight forward. In
particular, the crystallite size can be calculated as well known Debye-Scherer ratio KA/ Bcosé,
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where B describes the structural broadening, which is the difference in integral profile width
between a standard and experimental samples: B, =B, —B,,. In the range of 0 —500 A, the

size obs
average h-BN crystals’ thickness L in the c-axis direction (defined as the mean height of a pack
of parallel and crystallographically connected hexagonal layers) calculated by the Scherer
formula has to be considered as relatively crude value. In this calculation, full width at half
maximum (FWHM) values of the peaks originating from (002) planes of h-BN (26 =26.7 °)
presented on the XRD patterns can be utilized.

Average grain radius r of particles can be measured on scanning electron microscope
(SEM). Such determination means the averaging at least tens of grains in the SEM micrographs.
The procedure provides radii of particles, large feces of which are in the observation direction
in the micrographs. Consequently, this value may not reflect the average size of the whole
product and should be regarded as approximate.

As for the specific surface area of powdered materials, it usually is determined by too
complicated Brunauer-Emmet-Teller (BET) analysis. In addition, because the size and forms of
particles affect the performance in powder’s usage before the BET measurements the
agglomerations in BN powders should be grounded. Usually, h-BN powders are subjected to
ultrasonic vibrations in water-bath in order to break up these relatively soft self-agglomerates.

Surface specific area is the most important characteristic of powdered materials because
it largely determines their physical and chemical properties. As it has been mentioned,
measuring the o values is a too complicated procedure, which in addition requires a prior
breaking up the agglomerates. However, the specific surface is correlated with another basic
geometric characteristic of the powder r, the average size of particles: the smaller the particles,
the greater their total surface area per unit mass (or decrease in the specific surface area
indicates larger particle size of the powder). However, the measuring of r is much easier. So it
makes sense to build a morphology model of the particles, which will allow recalculating the
specific surface from the experimental average radius. This problem, we decided to solve for
nano-powdered hexagonal BN.

Morphology model

For the lubrication purpose, it is desirable to produce tailored h-BN particles which are
having thin platelet morphology, but also somewhat higher surface area. A change in the
particle size such as cutting the particle in half across the basal plane does not effectively
change the specific surface area of the particles produced. A powder having thin platelets may
be achieved, e.g., by dry milling. In such instances, a slight reduction in the particle diameter
results in an increased surface area thereby increasing reactivity and improving the
performance of powders.

Our model (Fig.1) proposed for such hexagonal boron nitride powders is based on
following assumptions:

1. Particles are of disk-shape, the bases of which are parallel to the layers of this lamellar
crystal, i.e., the aspect ratio 7=r/h, where h is the height of the disk of radius r, is
much greater than one, 7 >>1;
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2. Aspect ratio is almost independent of the dispersity of powdered h-BN samples;
3. Particles are too small to be textured and hence their density p well coincides with the

value of 2.28 g / cm?® measured in single-crystalline h-BN.

Figure 1. Morphology model for hexagonal boron nitride nanopowders.

In spite of the fact that disk-shape seems evident for h-BN particles, let cite some recent
experimental data supporting this key assumption of the morphology model proposed. Particles
of the BN sample studied in [2] had generally flat plate-like shapes, and the ratio of the
thickness to the average diameter was around 0.07. Different investigations indicated [24] that,
in the early stage of ball milling, the thick layers of h-BN are sliced into many thinner sheets
because of cleavage along the basal planes. In the final stage of milling, the fiber-like tightly
bonded sheets are broken and refined further, until a nanocrystalline and amorphous mixture is
formed. Grains of the h-BN grown carbothermally from boron carbide also showed plate-like
lamellar shapes with sizes about pm [25].

The thermal decomposition of guanidinium tetraborate, pentaborate, and nonaborate
was characterized under ammonia atmospheres and defined for bulk powder transformations of
these precursors to boron nitride. It was found [26] that the bulk pyrolyses under high-
temperature ammonia produce micrometer- and sub-micrometer-sized platelet morphology
particles with high oxygen contents; however, subsequent pyrolysis of these powders at 1600 °C
under NHs reduces the oxygen contents to < 1 wt. %.

Microstructural parameters like crystallite size and the morphology and particle size of
the boron nitride powders milled in a high-energy vibrational ball mill before and after ball
milling were, evaluated, respectively from the XRD data and observed in a field emission
scanning electron microscope (FESEM) [27]. According to FESEM observations each crystal of
the unmilled BN powder has thin plate-like morphology having the particle diameter of the
order of 400 — 600 nm. The ball-milled BN powders were not deformed uniformly and having
different sizes and shapes. Morphology of BN powders was changed into much thinner plates
having particle diameter range from ~90 to 200 nm after ball milling whereas the average
crystallite size measured by XRD was 7.7 and 5.2 nm, respectively. In initial stage of milling,
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thick layers are sliced into several thinner sheets due to cleavage. Due to slip of basal planes,
basal plane defects are introduced in the BN grains and after long time milling the thin sheets
are broken and refined. It has been observed from FESEM a reduction in the particle diameter,
platelet thickness which results in BN particle fracture.

In [28], the effect of MgO, CaO and BaO on carbothermic formation of hexagonal boron
nitride from B:0s3— C mixtures containing alkaline earth oxide additives reacting at high
temperature in nitrogen atmosphere was investigated. Particle morphology of the formed h-BN
powders were examined by FESEM. Particle size and shape of h-BN powder formed with
additives appear to be similar. The plate-like morphology of h-BN particles can be clearly seen
in their micrographs. Particle size of the formed h-BN powders were examined by particle size
distributions were determined by particle size analyzer. The average particle size of h-BN
powder obtained from plain mixture was 149 nm; and those obtained from MgO, CaO and BaO
containing mixtures were 297, 367 and 429 nm, respectively. BET specific surface area
measurements were performed on samples obtained from plain and CaO containing mixtures,
where it was found that h-BN powder formed from plain mixes had a specific surface area of
31.7 m?/ g, while that of the h-BN produced by CaO addition was 21 m?/ g, confirming the
increase in the grain size.

There was also studied [29] the effect of copper Cu (in form of cupric nitride) and
calcium Ca (in form of calcium oxide CaO) on carbothermic formation of boron nitride from
the mixture of boron oxide B20s with a C-containing precursor. Such reactions yield plate-like
particles, large faces of which can be characterized by the diameter. The plate-like h-BN
particles are found to have more pronounced effect on the thermal conductivity of the polymer
composite materials [30]. Raw boron nitride produced in [31] by nitriding of boron oxide was
composed of plates which form agglomerates.

Model parameters

The model described in previous section leads to the relation
2(1+m)

pr

There are available experimental data, which should help us in estimating the aspect ratio 77 for

nano-powdered boron nitride.

The description of some procedures and results of a laboratory-scale production of boron
nitride powder using carbothermic method in the tube furnace was given in [32]. Specific
surface area of graphite-like BN in powder form used in Pt/ BN catalyst in a steady-state-flow
reactor for conducted the deep oxidation of methanol was 49 m? / g [33]. Boron nitride powders
can be also produced by reaction of boric acid with ammonia at high temperatures [34]. In [35],
characterization of raw boron nitride produced by reaction of boron oxide with ammonia and
heat-treated at high-temperatures was conducted using specific area BET measurements and
crystalline size calculations on the basis of Debye-Scherer equation and SEM data.

Effect of CaCOs3 on formation of hexagonal boron nitride was investigated [36] by
holding CaCOs free and CaCOs added activated carbon-boric oxide mixtures under nitrogen
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atmosphere at high temperatures. Products were characterized by BET specific surface area
analysis. It was observed that calcium carbonate addition led to an increase in the amount and
the grain size of hexagonal boron nitride. Addition of CaCOs into the starting mixture yielded
h-BN powder with high crystallinity and low specific surface area. Average crystal thickness L.
values of h-BN formed from plain and CaCOs added mixtures were 22.02 and 23.85 nm,
respectively. On the other hand, from the SEM micrographs average grain diameter of h-BN
formed from plain mixtures was found to be 0.36 + 0.08 um and addition of CaCOs increased
the grain diameter to 0.70 +0.14 pm. The results of the BET specific surface area measurements
were in accord with the observations made on the SEM micrographs. The specific surface area
of the h-BN powder formed in the experiments conducted with plain mixtures was determined
as 31.7 m?/ g; whereas that of the h-BN powder obtained in the same experimental conditions
with CaCOs added mixture was 21 m?/ g.

In our calculations we rely on data presented [29] for the powder carbothermally formed
from the mixture of boron oxide and a C-containing precursor without any catalytic additives:
r=0.175 pm and 0 =31.7 m?/ g. These data provide an empirical evaluation of the aspect ratio,
n=5.32, which is close to the square of the ratio 5.31 of inter- (3.3306 A) and intralayer
(1.4457 A) bonds lengths measured in h-BN crystals and practically coincides with the
theoretical value 93+ 22 )/ 7%= 5.32, which follows from the geometric model [37] for boron
nitride layered nanosystems. This coincidence seems not to be accidental since, according to the
Harrison’s well-known interpolation scheme [38], in crystals any energy-parameter has to be
inversely proportional to the square of the corresponding length-parameter. So, the aspect ratio
for h-BN nanoparticles equals to the ratio of inter- and intralayer binding energies of this
layered crystal.

Assuming that 7=5.32, we finally have: 0 [m?/g] =5.54/r [um]. The minimal size of
the h-BN particles chemically produced by us [39] was r=0.05 um. From this formula, it
corresponds to the specific surface area o =110m?/g, i.e., significantly exceeds that for
globular model. Thus, according to the proposed morphology model, the deviation of the
particle shape from the sphere substantially increases surface specific area of nano-powdered
hexagonal boron nitride.
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ITpunara 15 cenra6ps 2012 roza

MeTomoM peHTTeHOCTPYKTYPHOTO aHa/IK3a MCCIeJ0BaHO HAHOCTPYKTYPHOE COCTOSHUE B
MOKphITUAX Y-Mo2N, CHHTe3MpPOBaHHBIX B YCIOBUAX HU3KOTO DHEPreTU4ecKOoro BO3ZeHCTBUA Ha
bpoHT ocaxzeHus TOKPHITHA. [lOCTOAHHBIN OTpPHIATENBHBIA IIOTEHIIMAT CMelleHusd,
NIPUJIOKEHHBIN K moaioxke, coctaBian 30 B. HaHoCTpyKTypHbIe TOKPBITHA UMeaIn aMOpPhHO-
KpucTajindeckoe crpoerue. CpesHuit pasMep o6sacTeii KOTePeHTHOTO PAaCcCeAHHSA COCTABJLAT
okosio 6 HM. TBepzmocTs Takux mokpsiTuii npessimaeT 60 I'Tla. B mokpriTuax ¢opmupoBaauch
BBICOKME OCTAaTOYHBIE CXKHUMAIoI[We MaKpoHampsokeHusa. OOHapyXXeHO IIOZaBIeHHe 3axBaTa
MaKpOYaCTHII IPU CUHTe3€e IMOKPBITUH HUTPHUAA MOIUOIeHA IIPU HCIIOIB30BAHHOM IIOCTOSHHOM
OTpHUIIaTeIbHOM IIOTeHIIVajle CMelleHNUs.

1. Beegenue

[MonudyuKIoHaIPHEIE HAHOCTPYKTYPHbIE IOKPBHITHUSA HUTPHAA THUTaHA B OTPOMHBIX
MaciTabax MCIONB3YIOTCA B IpOMbBIIUIEHHOCTH [1]. B 3HaumTenpHO MeHblIedl Mepe
WCIIOJIB3YIOTCA IOKPHITUA HUTpUA IupkoHus [2]. Ho B mo6oM ciiydae ciefyeT IpU3HATh, YTO
IIOKPHITUA HUTPUOB IIepeXOqHbIX MeTaIoB [V B rpynmsr OTHOCATCA K KaTerOpUU JOCTATOYHO
XOPpOIIO U3y4YeHHBIX. VI3 HUTpUAOB IepeXoJHBIX MeTa/JIOB VI B rpynmsl ToabKO e JMHCTBEHHOE
mokpeitne — CrN  Hamimo  kxomMmepuyeckoe mpumeHenHme [3]. Mudopmanmus o
HAaHOKPUCTA/UTMYEeCKUX ITOKPHITUIX HUTPHJA MOIMO/LeHA OueHb orpaHudeHa. Mmerorcs nums
eIVHUYHblEe IyOJMKAIIMK II0 JTOMY IEepPCIIeKTUBHOMY Marepuany. V3 Hux ciexmyer, 4TO
IIOKPHITUS HUTPUJA MOJHOJeHa TakKe IPOSABIAIOT NONU(YHKIMOHAIbHbIE CBOMcTBA. B
YaCTHOCTH, OHH O0O0JafaloT CBEPXIPOBOAMMOCTBIO [4,5] ¥ IepCIeKTHBHBI B KadyecTBe
ouddy3roHHBIX GapbepoB B MHUKpPO3JIeKTpoHHKe [6]. X mnpuMeHeHHe BO3MOXHO B
MHOTOCJIOMHBIX KOHJEHCATopaXx B KadecTBe 3JIEKTPOZHOrO Marepuana [7], adpdeKTHBHOrO
karanusaropa [8 —13]. OHu MOTYT MMeTh BBICOKYIO M CBEPXBBICOKYIO TBepAOCTH [14]. Taxxe
YUUTHIBAsA, YTO LIBETHBIE METAJUIbI, TaKMe KaK MeJb, UMEIOT HU3KYI0 PaCTBOPUMOCTH B HUTPUJE
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MoIu6eHa, MOKHO OXXHUZATh, YTO IOKPBITUA HUTPUJA MOIHOIeHa MOTYT OBITh IIPEBOCXOLHBIM
KaHJUZATOM [JIs HaHeCEeHUs YIPOYHIIONMX IOKPHITUH Ha (GOPMYIOIU WHCTPYMEHT,
IpUMeHsAEeMBIil [ O0OpabGOTKM I[BETHBIX MeTayaoB M ciiaBoB [15]. Ilpumuem BbIcOKas
pPacTBOPUMOCTh MOJMOZEHAa B KeJIe30COAepXKallluX MaTepHuagax o00eclleYuBaeT BBICOKYIO
afiTe3nio IOKPBITUHM HUTpuUja MoiaubmeHa Kk mnozyioxkam [16,17]. Iloxpsitusa Hutpuza
Monu6meHa 00/IaZai0T YHUKAIBHBIMU TPUOOIOTHYeCKUME cBoiicTBaMu [18]. D10 06yciroBreHO
BO3MOXXHOCTBIO O0OpasoBaHus B 30He TpeHus (a3 Marumemn [19]. [Ing momydeHHsS Takux
IIOKPBITUH HUTpUIA MONUOAEHAa, KaK IIPABUJIO, KUCIIOIH30BAJIOCh MArHETPOHHOE pacCIbLIeHHe
(15,20 -27].

Ogmnako Hanbojee TIIpUEMJIEMBIM TEXHOJOTMYECKHMM METOJOM U3 BCEX HBIHE
CYIIECTBYIOUIMX CIIOCOOOB CHHTe3a HAaHOKPUCTATMYECKUX IIOKPBITUN M3 HUTPHUJAA MOJIHOIeHa
ABIAETCA BaKyyMHO-ZAyroBoe ocaxjeHue [28]. B oajnextpomyroBom paspsaze MonubfeH,
ABMAIOIMICA MaTepuajoM Karoja, IpeoOpasyeTcsi B IIOTOKM KOMIIOHEHT  BBICOKO
MOHHU3UPOBAHHON HM3KOTEMIIEPAaTypHOH IIJIa3Mbl. DTO OOeClleYMBaeT BBICOKYIO XUMHYECKYIO
aKTUBHOCTH MeTaUIMYeCKOH I1a3Mbl MOJIMOAeHA B IPUCYTCTBUX Ia3000pa3HOro a30Ta, KOTOPhIi
HaXOOWUTCA B  aKTUBUPOBAHHOM COCTOAHMH. B  9TOH CBA3M BO3MOXEH CHHTe3
HAaHOKPUCTA/UIMYeCKOTO HUTPHUA MOIMOJeHA KaK B BH/Ee IIOPOLIKOB (TOMOT€HHOE 3apOKIeHue
B razomiasameHHoi dase) [29, 30], Tak u B BuJe II€HOK U MOKPHITUH HAa Pa3IUIHBIX IOJJIOXKKAX
(rereporenHoe 3apoxxgeHue u poct) [28]. OOpasoBaHMe NOKPHITUA IIPOUCXOIUT B IIPOIECCE
OCKIEeHUSI Ha MOJJIOKKY HEeUTPaTbHBIX, BO30OYKIEHHBIX U 3apsDKEHHBIX YaCTHI, MOIUOLEHA U
asora. Kax mnpaBwio, HaHOKpUCTa/UIMYECKHWe IIOKPBITUS W3 HUTPUJA MOJIUOLEHA MMEIOT
BBICOKYIO a/IT€3UIO K XKeJIe30COjepXKalllIM MaTepHUaIaM.

OpHako cuHTe3 IOKPBITUI HUTPUA MOIUOJeHa KOHKPETHOTO (ha30BOrO COCTAaBa 3aBUCUT
ot Gosbioro yucia ¢axkropoB. OTMeTHUM OCHOBHBIE. Bo-IlepBhIX, B cucTeMe MOJIHOZEH — a30T
o0pasyeTcss HeCKOJIBKO HHUTPUAHBIX (a3, KOTOpble Pa3IHYaloTCI MEXIy CO00H IO (HU3UKO-
MeXaHHYeCKUM cBoiicTBaM [31]. Bo-BTOpsIX, XOPOIIO M3BECTHO, YTO MIPOI[ECC CHHTE3a IIPOLYyKTOB
peakuyy MoiuGIeHa C a30TOM B IIJIEHKAaX M IOKPBITUAX MOXeT IIPUBOAUTH K (pazooOpa3oBaHUIO,
HEeCOBIIA/IAIONIEMY C OXKHZAEeMBIM II0 PaBHOBECHHIM (Da30BBIM JuarpaMMaM M HabJIofaeMbIM B
MacCHBHBIX oOpasiax [28]. YcroiuuBOCTh 00pasyromuxcsi HUTPUIHBIX (a3 ompeenseTcs
MaJIeHIIUMU IIPHUMeCAMHU IIOCTOPOHHUX 3JIEMEHTOB, OCOOEHHO 3JIEMEHTOB BHepeHUA (YyIIepo,
KHuCI0pox, Bomopon) [32]. B-Tpersux, BaXXHBIM (DaKTOPOM SBJISETCS TO OOCTOATENBCTBO, YTO
IIPOIlecC CHHTe3a IIPU BaKyyMHO-ZYTOBOM OCXIE€HWUU IIPOTEKAeT B YCJIOBUAX KpailHe [JaleKux
OT TepMOJVHAMMYECKOTO paBHOBecus. Haumbosnbimuii MHTEpEC C TOUKHU 3peHHS NMPAKTHIECKUX
IIpUMEHEHUH B BUJe TIOKPBITUI IIpeJCTaBIsgeT TYTOIUIaBKUM HUTpHUA MoaubzaeHa Y-MoN, uro
CBA3aHO C €T0 BBICOKOH TBEPAOCTBIO. XOTHA yXe HCCIeOBAINCh MHTEPBAIbl JaBIeHUI a30Ta,
obecIleynBaoIIe CUHTE3 BBICOKOTBEPABIX MOHO(DA3HBIX IIOKPBITUIL, B TOM 4ucie U Y-Mo:N, HO
ocTaeTca ImpobjeMa yIpaBleHUs UX HAaHOCTPYKTYPHBIM COCTOSHUEM. B mepByio ouepens mpu
BaKyyMHO-JYTOBOM OCKZEHHH OHA 3aBUCUT OT ODHEPTUM HOHOB (BeJIMYMHBI IIOTEHIIMaIa
CMeIIeHN), BO3EHCTBYIONUINX Ha IIOBEPXHOCTh POCTA TOKPHITHIA.

Ilens panHOM paboThl — OSKCIIEPHMEHTAJIbHOE HCCIeNOBaHME HAHOCTPYKTYpPhl U
HAIPSOKEHHOTO COCTOSHMS IIOKPBITHI HUTpHUZA MOJIUOLeHa Ha pa3IHYHbIX ITOJJIOXKKAX,
CHHTE3UPOBAHHBIX B YCJIOBUAX HU3KOTO DHEPreTHYEeCKOTO BO3ZeiCTBUA HAa (POHT OCAXKAEHUS
IIOKPBITHA.
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2. MeTozuKa SKCIIEpUMEHTOB
2.1. OcaxxzeHne MOKPHITUH

[ns monydeHus oO6pa3LOB KCIIONB30BAJIACH CEpUiHAsA BaKyyMHO-IyTOBas yCTAHOBKA
«Bymat — 6». O6pa3up! MOIyYaau B OGUHAKOBBIX YCIOBUAX HA ITOJTHPOBAHHBIX IMIHHIPUYIECKUX
IIO/IJIOKKAX M3 PasHbIX MaTepHajoB: ObICTpopexymras craab POM5, HepikaBelomas CTalb
12X18H9T n wmemp wmapxku MI1. Ilognoxkm c BeICOTON M AuaMeTpoM 9 MM uMenu
IIJIOCKOTIApaJIjIe/IbHble TOPLBI, HAa OJWH U3 KOTOPBIX HAHOCWJIOCH TOKpeITHe. llommoxku
IIpe/iBapUTeIbHO TIPOMBIBAIN I@JIOYHBIM PacCTBOPOM B yJIBTPa3ByKoBo# BaHHe. [Tocie oTkauku
BaKyyMHOI Kameps! fo masneHus 107 Ila Ha momIoXKu mozaBasyu OTPUILATENIBHBIN ITOTEHIINAI
cvemenus 1000 B mpu Toxe gmyrm 100 A, B pesyinbrare 4ero IpOM3BOAMIACH OYUCTKA U
aKTUBAIUA MX IIOBEPXHOCTH OOMOapIUpOBKOM HOHAMU MoOauOZeHa B TedeHHe 2 MUH.
Wcnapsemsrit MaTepuas — MoaubaeH Boicokor yucTorsl Mapku MUYBII. ITapameTpsr ocaxxmenus:
tok gpyru (I;) — 130 A, morennman nopnoxku (U — 30 B, maBmreHue asora B mporiecce
ocaxaenus (A) — 0.1 ITa, ckopocts ocaxkzenus (V) cocrasusina 8.1 mxm / 4.

2.2. Ananus comep>kaHUS IpUMecei

DoHOBbIe TIpUMeCH OIpeJe/IsINCh C IIOMOIIBIO JIa3ePHOTO SHEepPro-Macco-aHaIu3aTopa
OMAJI - 1. MakcumanpHOe comepsxanue yriaepoza He mpessimrano 0.001 at. %, a xucmopoza —
0.16 at. %. O6uMit XUMUYECKUH aHAIN3 U OIIpefiesieHre KOHIIEHTPAI[K a30Ta TPOBOAIIINCH Ha
SHEProAUCIIepCHOHHOM peHTreHoBcKoM MuKpoaHanusarope INCA — 350. KoxnuenTpanus asora
B obpasuax cocrasnana 32.0 + 1.5 ar. %.

2.3. ArrecTranus CTpyKTyphl 06pasioB

OO6pasupl aTTeCTOBAINCH METOJAMHU PEHTTEHOBCKOTO CTPYKTypHOro aHamusa. CheMKH
IIPOM3BOAMIINCE Ha peHTreHOBcKOM audpaxkromerpe [IPOH -2.0 B m3mydyeHHMM >Xee3HOTO
aHoga. /lubpakuonHas KapTUHA perucTpupoBanack morodeuHo depes 0.1 ° ¢ skcmosumueit B
kaxgoit Touke 20 ... 40". YpoBeHb MaKpoHaIpsSXeHUI OLleHUBAJICA ¢ ToMolnbio sinW- meToza.

MuxkpodpaKTorpaMMbl ITOKPBITUH, IIOZBEPTHYTHIX PpaspyIIeHHWI0 H3THOOM C BBICOKOI
CKOPOCTBIO IIpM KOMHATHOHM TeMIlepaType, M3y4aJd B PAaCTPOBOM 3JIEKTPOHHOM MHMKPOCKOIIE
JEOL JSM -840 um B pacTpoBOM »3JIeKTpOHHOM Mukpockome Zeiss Ultra55 mo metozmuke
omMCaHHOU B pabote [33].

2.4. VictipITaHMe Ha TBEPAOCTH

TBepmocTs (/M) HMOKPHITHI OIpeneinach IO INIyOMHe IPOHUKHOBEHUS WHIEHTOpAa B
MaTepuan IIOKPHITUA. ABTOMAaTH4YeCKOe MUKPOUHIEHTUPOBAHWE IIPOBOAUIN C IIOMOIIBIO
napeHtopa «Mukpon —I'amma» ¢ mnupamuzoir bepkosumua. Harpyska B mpememax 20r c
aBTOMAaTHYeCKH BBIIIOJHAEMBIM HarpyXeHHeM U pasrpy:xeHueM Ha npotrsxeHun 30 ¢, a Taxxke
3aIIMCBIO AMarpaMM Harpy>XeHWMs U pasTpyXeHusd B KoopAuHarax F'— A, rpge F — Harpyska Ha
WHJEHTOp, /1 — riyOuHa IPOHUKHOBEHUI UHIEHTOPA B MaTepUal IOKPBITHA.
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3. Pe3ympTaTs! 1 ux 06cyx/eHMe

Wzyuyenne  MHKpPOGPaKTOTpaMM  XPYIKUX  H3JIOMOB  IIOJIy4eHHBIX  IIOKPBITHH,
OCRKJEHHBIX IIPU MHHUMaJIbHOM IoTeHnuane cMmemenus Ur=30B Ha MemHble IOIIOXKH
IIOKa3ajJio, YTO HA BCEX HCCIeJOBAaHHBIX oOOpasmax ¢GopMupyeTcsa OeCIOpHCThIe ILIOTHEHIE
MOKPHITUA. THIMYHAA ITaHOpaMa HM3JIOMOB Pa3pyIIeHHOTO IOKPHITHA IIpHMBeleHa Ha pHC. 1.
IToBepXHOCTh XPYIKOTO H37I0Ma IIOKPHITHA YyKazaHa cTpenkoi 1 Ha pumc.2. Ha Heit He
BBIABIAETCA KaKasg-THOO 3aMeTHas AaHH30TPOIMA MUKpopenbeda, YTO CBUAETEIBCTBYeT 00
OTCYTCTBUHU KaKUX-TNO0 0COOEHHOCTEH B CTPOEHUHU ITOKPBITHI Ha MUKPOCTPYKTYPHOM yPOBHE.
Crpenkoii 2 Ha puc. 2 TOKa3aHa IOBEPXHOCTh MeJHON IO/IOXKKH.

SET 20kV x500 10pm SEI 20kV x10000 1pm

Pucysnox 1. Ilanopama u3zioma. Pucynoxk 2. MukpodpakrorpamMma usroma.

Ha mpomecc cTpykTypooOpasoBaHHA IIOKPHITHH IIPU BaKyyMHO-ZyTOBOM OCXAEHUU
MOT'YT BIUATH ABa (paKTOpa: MAaKpOYACTULIBI ¥ TpUMecH. ['eHepanus MaKpOYaCTHUI] ¥ MX SMUCCHUIL
B HAllpaBJIeHUU IOJJIOXKHU ABJIAETCA HEOTheMJIEMbIM CBOMCTBOM BaKyyMHO-ZyTOBOTO pa3psaza.
MakpoyacTULbl ABIAIOTCA OCHOBHOHM INPUYMHOM BO3HUKHOBEHUA OOBEMHBIX JAedeKTOB B
MIOKPBITUAX U yXyALIEHHS IIePOXOBATOCTHU IMOBepXHOCTU. CTaJIKMBAACH C GPOHTOM OCAKIEHUS,
MaKpOYaCTHUIIBI MOTYT «IPHJIMIATh» K HeMY MO0 OTpaxarbcsa (PUKOLIETHPOBaTh). B cirydae
IIOKPBITUH HUTPUA MOIUOAEeHA CHHTE3UPYEeMBIX B JAHHBIX YCJIOBHAX OOHAPYXEHO HHTEpeCHOe
ABIeHUe. B Ipollecce pocTa IOKPBHITUA MAKpO4YaCTUIBI OOMOAapAUPYIOT (PPOHT OCAKIEHUA
(puc. 2, ctpenka 3), 0 4eM CBHUETENbCTBYeT 3aMeTHAs IIepPOXOBATOCTh (GPOHTA OCAXKIEHUA, HO
OHU He «IPUWINIAIT» U He «3aMyPOBBIBAIOTCS» B 00BbeM pacryuiero mokpsitus. O6cyxaeHue
br3nYecKOl IPUPOABI STOTO ABJIEHUS BBEIXOAUT 3a PAMKHU AAHHOU paborel. OTMETUM JIMIIB TO,
YTO MaKpOYAaCTUIBI MOIUOIeHa He IIPUBOAAT K ITOSBIEHUIO OOBEMHBIX (TPeXMEPHBIX) NeheKTOB
B IIOKPBITUAX HUTPUJA MOIHOIeHA.

B moKpsITHAX, OCOKAEHHBIX HA MeJHbIe ITOAJIOXKKH, KpoMe (OHOBBIX IIPUMeCei, IO BCei
TOJIIHE IIOKPBITUA, BBIABIAETCA IIpUMech Menu. MaKCHMaJbHOe COJepXaHHe MeIu
O6GHApYy>XeHO B CJI0e IOKPBITUA IpHUIeXaleM K mogioxke. C pocTOM TOJIIMHBI ITOKPBITHA
comepkaHMe MeIu CHIbKaeTca. KoHIleHTpanusa Meny HaXOAMIACh HA YPOBHE He IIPEBBINIAIONIEM
0.1 aT. %. O6Hapy>xeHHBIe (POHOBBIE IIPUMECH He INIPEBBINIAIOT IIpeZesIbl UX PAaCTBOPUMOCTHU B
Y-HuTpuze moaubznena [32]. IlosTomy ux BIMSHME Ha IPOIECCH CTPYKTYPOOOPa30BAHMUA MOXKHO
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He YYUTHIBaTh. MIMeso MecTo Take Io/laBlIeHHe 3aXBaTa «MaKpOYaCTUI» MOJIHUOAEeHA PACTyIIUM
HUTPUIHBIM IOKpHITHEM (pHC. 1). B MOKPBITHAX, OCAXX/TEHHBIX HA IIOZJIOKKE U3 HepXKaBelollen
U GBICTPOpEXyIIeil cTanyu He 0OOHAPYXeHO 3(h(}eKTOB JeTUPOBAHUA U3 TIOAJIOKKH, a II0 YPOBHIO
GbOHOBBIX ITpuMecell KHCJIOpOZAa M YTJIepofa, KOTOpble MOTYT 3aXBAaTBIBATBCA M3 OCTATOYHOM
aTMocdepsl, 3TH IOKPHITUA He OTJIWYAIOTCA OT IOJTY4YeHHBIX Ha MeJHBIX IOJJIOXKKaX. Takum
06pa3oM, CTaHJAPTHBIE METOAUKU PEHTTEHOCTPYKTYPHOTO aHAIW3a IOJDKHBI BBIABUTH TOJIBKO
CTPYKTypHbIe OocoOeHHOCTH (9((eKTsI) B IOKPBHITUAX HUTPHUAA MOJIUOAEHA CHHTE3UPYEeMBIX
BaKyyMHO-ZYTOBBIM CIIOCOOOM.
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Pucynoxk 3. Judpakrorpamma o6pasma y-Mo2N
ITOKPBITHS Ha IOJJIOXKKE U3 HEepKaBeIole CTalu.

Ha pwuc. 3 mpuBesena nudpaxTorpaMmMa IMOKPHITHA CHHTE3UPOBAHHOTO Ha ITOAJIOXKKE M3
HepxaBetomell cranmu. JlaHHad AudpaKUMOHHAA KapTUHA TUIIMYHA JJIA BCEX ITOKPBITHI
HUTpUZA MONHOJeHa IIOJy4eHHBIX Ha IOJJIOXKKAX M3 MeAH U OBICTpOpEeXyIleHd CTalu.
Kpucrammmyeckas ¢asa Bo Bcex oOpasiax COOTBETCTBYyeT HUTpuAy MonubmeHa — Y-Mo:N
(crpyxrypusiit Tun NaCl), 9To coBmazaer ¢ ZAaHHBIMU IIO OIIPeieIeHUIO COJEPKAaHUA a30Ta.
CooTHolLIeHVe MHTEHCUBHOCTEH AUGPaKIIMOHHbIX JUHUN OTJINYAeTCSA OT CIIPABOYHBIX JAHHBIX.
Jlunus (311) cymecTBeHHO yCHJIEHa, YTO CBUJETEIBCTBYeT O HAJIWYUU TEKCTYphI, T.e. O
IIPeNMYLIeCTBEHHOM yKIagKe 3epeH 1mIockoctamu (311) mapasiienbHO TOBEPXHOCTH IOJJIOXKKH.
CremneHs TeKCTyphI B 00pasiie Ha IOAJIOXKKE U3 OBICTPOpEXYIIeHd CTaJu HECKOJIBKO BBIIIE, YeM
Ha ITOZJIOXKKAX U3 MeJU WIX HepkaBelomeil ctanu. Ilo ymupenuro gudpakiinoHHON IUHIY HA
manbix yriax (111) ompepensanm pasmep obyacTeil KOTepeHTHOTO paccesHHUs IO (opMmysie
CensxoBa—Illepepa. Jlnma Bcex o00OpasioB yurmpeHwe AupaKUIMOHHONH juHMA ~1.9°, gro
COOTBETCTBYeT pa3Mepy o0jacTeil KOT€peHTHOro paccesHus L~ 6 HM B HampaBmeHuu [111].
Takum oOpa3oM, Bce IIOTydYeHHbIe IIOKPBITHA ABJAIOTCA HAHOCTPYKTypHbIMH. Kpowme
KpucTayuindeckoi ¢assr y-Mo:2N, HabmomaeTcs HEKOTOpOe KOJIHMYeCTBO aMOphHOM (a3kl, 0 ueM
CBHZETEIBCTBYT CIab0e MUPOKOe rajo Ha Maxbx yriaax (2 9~35 ... 60°).
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OTHOCHUTeNIPHAA TTaZKOCTh XPYIIKOTO M37I0Ma (pHC. 2, cTpesKa 1) MoXkeT yKassIBaTh Ha TO,
YTO paCIpOCTPaHEHUE TPEUIVHBI IPH XPYNKOM PpaspyIlIeHWH IPOUCXOIUT II0 MeK3epeHHBIM
amMopdHBIM IpocioiikaM. Takum o6pasoMm, ITpU MajJOM OTPHUIATEIbHOM IOTEeHIMale CMelleHUs
IOpUJIOXKEHHOTO K  IIOJJIOXKe  BO3MOXEH  CHHTe3  HAHOCTPYKTypPHOTO  aMOpdHO-
kpuctamudeckoro y-Mo:N. [lanHOe CTpyKTypHO-ha3oBoe COCTOSHHE OTCYTCTByeT Ha
nuarpaMMax cocrosHusg. OHO TakKe He XapaKTePHO IS HUTPHAA MOJHOJeHA B MAaCCUBHOM
COCTOAHMU. B 3TOH CBA3M MOXHO IIOJIaTaTh, YTO OOHApy>XeH HOBBIH  CIIOCOD
HAaHOCTPYKTYPUPOBAHUSA B IOKPBITUAX HUTPUA MOTHOIEHA.

OpguyvM ¥W3  BaXHBIX IIapaMeTpPOB, OINpeZeNdIoNUX  KadecTBO  HM3TeJud ¢
HaHOCTPYKTYPHBIMU IOKPHITHAMU Y-Mo2N, fABIgeTca ypoBeHb OCTaTOUYHBIX MaKPOHAIIPSKEHUH.
[l OleHKY YPOBHSA OCTAaTOYHBIX MAaKPOHAIIPSDKEHUH B OKPBITUAX JJIA KaXA0T0 o6pasia 6pLIu
IIpou3Be/leHbl OfHA IepIeHANKYIIpHAasd U HeCKOJIBKO HAKJIOHHBIX CBheMOK AU(PaKIHOHHOU
auaun (311). IlorpemHocTn B oOIpefeneHUMM MEXIUIOCKOCTHBIX PACCTOSHUN COCTAaBJIAIN
Ad=+5-10°HM, a B ompezeneHMH IIepHOJA KPUCTALIMYECKOH pemerku Aa=+2- 10 HM.
[Tonyuennste sin*W-rpaduku npezacrasieHs! Ha puc. 4.
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0.416
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Pucynok 4. sin? W-rpaduku ncciresoBaHHbIX 00pasios. (1) moamoxka
— HepXKaBeoulas CTalb, (2) ObICTpOpeXyIas CTais, (3) — Mexs.

BuzpHO, 4TO TOKPHITHSA HAXOAATCA IIOZ, AeWCTBUMEM CXKUMAIOIIUX MaKpOHAIPsKeHHI.
BenmuuHa MaKpoHaNps>KeHUM onpezendercs Kak: o= E(aj—ay)/ (1 + y) a1, rie a, — 3Ha4eHHe
IIepuoja pelleTKH, IoaydeHHoe u3 rpadpuka npu W =0 (mepneHguKyndpHast CheMKa); a4 —
3HaueHHe, mosydyeHHoe u3 sin’W-rpaduka myrem skcrpanosanuu ero Ha sin’V =1 mpu
W =90 °; - moxyns IOHra; a y — xoadpdunuent Ilyaccona.

Bermuuna pedopmanuu (a—ay)/a; 419 MOKPHITHA Ha IOAJIOXKKE U3 Hep)KaBeloueil
cranu cocrasisgeT 0.018 (unu 1.8 %), Ha mopmoxke u3 6sicTpopexymeit cramu — 0.014 (1.4 %),
Ha megHOM — 0.005 (0.5 %). Ecmu mpumare 3Hadenme £'=400ITIa, a p#=0.2, To momyuum
CllefyIolIVe 3HAYEHHSA HAIPKEHWI: B IOKPHITUM Ha Hepxaseroueil cramu o=— 6.0 I'Tla, Ha
osicTpopexxymeit cramu o=-4.7ITla, ma o=-1.7TTla. Takum o06pa3oM, B IOKPBITHIX
bopMHUpYIOTC OIATONpPUATHBIE [JI1 IOBBINIEHHSA TBEPAOCTH OCTAaTOYHBIE CXKHUMAIOIIHeE
MaKpOHAIIPSKEeHH.
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Ilepuom pemerku Y-Mo:N B HeHanps:KeHHOM COCTOSHHUHM IIO3BOJAIOT OLEHUTH
sin? W-rpapuxu. [loryyeHHsle 3HAUEHUA COBIIAZAIOT B IIpeJieIaX IIOTPEIIHOCTH U COCTABJIAIOT
0.4200 am pns moxpeiTus Ha HepxaBetouneit ctamu, 0.4201 HM Ha GBICTpPOpeXylIeil CTamu U
0.4197 uMm Ha Menu.

W3mepeHnHBbIe 3HAYEHUA TBEPAOCTH ITOTYUYeHHBIX IIOKPBITHH OKasanuck Berme 60 I'Tla.

4. BerBognr

Metozmom BaKyyMHO-ZyTOBOTO OCaXIeHUL CHHTEe3UPOBaHBI amopdHO-
HaHOKPHCTA/TMYeCKre CBepXTBepJble HAHOCTPYKTypHbIe MOKpHITHA Y-Mo:N c TBepmocThio
npesbrmatomeir 60 I'Tla. BakyyMmHO-ZyroBoe oOcakjeHHWe BeIOCh B YCIOBHAX HHU3KOTO
SHEePreTH4YeCcKOTO BO3/JeMCTBUA Ha QPOHT OCAXKAEHHA MOKPHITUA. B mokpeiTuax dbopmMupyorcsa
BBICOKME OCTaTOYHbIe MaKpoHanpsoxeHuA. OOHapykeHO IOJaBIeHNe 3aXBaTa MAKPOYACTHUIL IIPH
CHHTe3e IOKPBITUN HUTPUJA MOIUOAEeHA IIPU MaJIOM IIOCTOSHHOM OTPUIIATEIFHOM IOTE€HIIMaIe
CMellleHH, IPUIOKEeHHOM K IIOJIJIOKKe.
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We study the effect of leg dimerization on the ground-state magnetic phase diagram of a
two-leg spin § =1/2 ladder with alternating rung exchange. We consider two possible patterns
for dimmers distribution along the legs corresponding to the checkerboard and columnar
structure. We study the system in the limit of strong rung exchange and magnetic field and.
map the model onto the effective spin 7 =1/2 chain model and study the latter using the
continuum-limit bosonization approach. We identified four quantum phase transitions and
corresponding critical magnetic fields, which mark transitions from the spin gapped regimes
into the gapless quantum spin-liquid regimes. In the gapped phases the magnetization curve of
the system shows plateaus at magnetizations equal to zero, its saturation value M =M _, and at

M =0.5M _,,. We show that in the case of checkerboard structure the intra-leg dimerization has

no effect on the ground state properties of the system, while the columnar pattern leads to
renormalization of the critical fields, in particular to extension of the gapped phases and
respectively of the magnetization plateaus.

Introduction

Low-dimensional quantum magnetism has been the subject of intense research during
decades. Perpetual interest in study of these systems is determined by their rather
unconventional low-energy properties (see for a review Ref. [1]). An increased current activity
in this field is connected with the large number of qualitatively new and dominated by the
quantum effects phenomena recently discovered in these systems [2, 3] as well as with the
opened wide perspectives for use of low-dimensional magnetic materials in modern nanoscale
technologies.

The spin § =1/2 two-leg ladders represent one, particular subclass of low-dimensional
quantum magnets which also has attracted a lot of interest for a number of reasons. On the one
hand, there was remarkable progress in recent years in the fabrication of such ladder
compounds [4]. On the other hand, spin-ladder models pose interesting theoretical problems
since the excitation spectrum of a two-leg antiferromagnetic ladder is gapped and therefore, in
the presence of a magnetic field, these systems reveal an extremely complex behavior,
dominated by quantum effects. The magnetic field driven quantum phase transitions in ladder
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systems were intensively investigated both theoretically [5—-15] and experimentally [16].
Usually, these most exciting properties of low dimensional quantum spin systems exhibit
strongly correlated effects driving them toward regimes with no classical analog. Properties of
the systems in these regimes or “quantum phases” depend in turn on the properties of their
ground state and low-lying energy excitations. Therefore search for the gapped phases emerging
from different sources and study of ordered phases and quantum phase transitions associated
with the dynamical generation of new gaps is an important direction in theoretical studies of
quantum spin systems.

A particular realization of such scenario appears in the case where the spin-exchange
coupling constants are spatially modulated. The spin-Peierls effect in spin chains represent
prototype example of such behavior [17]. After the seminal paper by Martin—Delgado, Shankar
and Sierra [18], where extremely rich phase diagram of a ladder with dimerized legs has been
shown, there is continuous interest in studies of ladders with dimerized legs [19 — 25].

Recently the new type of spin-Peirels distortion in ladder systems, connected with
spontaneous dimerization of the system during the magnetization process via alternation of
rung exchange (see Fig. 1) has been proposed [26]. It has been shown that the ladder with rung-
exchange modulation exhibits the very rich ground state magnetic phase diagram and a new
mechanism for magnetization plateau formation.

(a)
| | o0
2m-2 2m-1 2m 2m+1 2m+2 2m+3
N o Ji
-- l-e——o - -
1 + | I 1 1
J J)
1 L 1 1 1 (b)
- ‘_. T —0----- - _‘_
J | JII n
| [ I I -
2m-2 2m-1 2m 2m+1 2m+2 2m+3

Figure 1. Schematic plot of a ladder with alternating rung exchange
and “checkerboard” (a) and “columnar” (b) dimerization of legs.

In this paper we consider the effect of leg dimerization on the infrared properties of the
ladder with rung alternation. In particular we consider two different types of leg dimerization,
the “checkerboard” (Fig. 1a) given by the Hamiltonian

H=)J,d+(=D)"" IS, S i — HY S7+>J,(1+(=D"6, )S, . S,, (1a)

n,a

and the “columnar” (see (Fig. 1.b), given by the Hamiltonian
H=YJ,0+(=1)"8)S8,,Sa-HY.S:+> J,(1+(=1D"8)S,,-S,,- (1b)

Here §n,a is a spin S =1/2 operator of rung n (n=12,..,N) and leg & (@ =1,2). The intraleg

and interleg spin exchange couplings are antiferromagnetic, J,[1£5,]>0, J =J [1£8,]>0.
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Below we restrict our consideration by the limit of strong rung exchange and magnetic
field H,J7 >> J,,8,J ,8,J, and follow the route already used to study the standard ladder

models in the same limit [7, 8].

In absence of leg dimerization, at J, =0 the model (1) has been studied for analytically
in the limit of strong rung exchange and magnetic field J|,H >>J,,d/ using the effective
field-theory approach in [26]. In this limit, the model (1) is mapped onto the spin S =1/2 XXZ
Heisenberg chain in the presence of both longitudinal uniform and staggered magnetic fields,
with the amplitude of the staggered component of the magnetic field proportional to J,/, . The
continuum-limit bosonization analysis of the effective spin-chain Hamiltonian show, that the
alternation of the rung-exchange leads to the dynamical generation of a new energy scale in the
system and to the appearance of a magnetization plateau at magnetization equal to one half of
its saturation value. It was shown that the width of magnetization plateau scales as ¢, with
¥ =8/9. In this paper we continue our studies of the model (1) and investigate the effect of
intraleg dimerization on the ground state magnetic phase diagram of the system.

Derivation of the effective model

We start from the case J, =0, where an eigenstate of H can written as a product of on-
rung states. At each rung two spins form either a singlet state |s’) or one of the triplet states:
1)y ,1t") andlt,) with energies E; =-3J" /4, E) =J}/4,and E" =J| /4+ H , respectively,
where J| denotes the spin exchange on the nth rung. When H is small, the ground state
consists of a product of rung singlet states, while at H = J the |7, ) becomes almost degenerate
with |5y, while other states have much higher energy. Integrating out the high energy states

and introducing the effective pseudo-spin 7 =1/2 operators, 7, which act on these states as

1 _
f,jlsfj>=—§|s,?>, ThsYy =1ty 7. 1s%y =0,

1 _
T,flt;)=+5|tn>, T 1t =ls)y, TH1thy =0.

In the case of “checkerboard” type dimerization of legs, contributions to the effective
Hamiltonian from two legs with opposite dimerization compensate each. As the result the
obtained effective Hamiltonian

H, = Z{J”(Z’; Ty T Ty +3T,T,) —hy + (D" -k ]-7,}, (2)

n
n

where

hy=H-J,—-J,/2 and h =0,J, (3)
is the Hamiltonian of the Heisenberg chain with anisotropy parameter ¥ =1/2 in the uniform
and staggered magnetic fields, studied in [26]. Therefore, in the limit of strong on-rung coupling
the effect of “checkerboard” dimerization of legs on the ground state magnetic properties of the
system Is absent.

In the marked contrast with the “checkerboard” case, in the case of “columnar”
dimerization of legs, the effective Hamiltonian explicitly shows dependence on the leg
dimerization parameter ¢, and is given by
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LTl ) —lhy + (D" -k 17}, (4)

n+l

H, =Y {1+ D" 8, o) +7) T

with h, and h, given by Eq.(3). Thus the effective Hamiltonian describes a dimerized
anisotropic XXZ Heisenbeg chain with the anisotropy parameter ¥ =1/2 in the uniform and
staggered magnetic fields.

At 8, =0, =0, the effective Hamiltonian reduces to the XXZ Heisenberg chain in an
uniform longitudinal magnetic field. The magnetization curve of this model has only saturation
plateau corresponding to the fully polarized chain. At H =0 and J° >> J,, spins coupled by
strong rung exchange form singlet pairs and the nonmagnetic and gapped ground state of the
ladder system is well described by superposition of on-rung singlets. In terms of effective
7 -spin model, the ground state corresponds to the ferromagnetic order with magnetization per
site m =—1/2. In the opposite limit of very strong magnetic field H >> J', fully polarized state

of the ladder with magnetization per rung M =1, is represented in terms of effective 7 -spin
chain as the fully polarized state with magnetization per site m =1/2. This gives the following
relation between the magnetization per rung of the ladder system and the magnetization per
site of the effective chain M =m+1/2.

The performed mapping allows to estimate the critical field H , corresponding to the
transition from a gapped rung-singlet phase to a gapless paramagnetic phase, the saturation field
H , corresponding to the transition onto the fully polarized phase as well as the critical fields
H: which mark borders of the magnetization plateaus at M =0.5M . The direct way to
express H,and H , in terms of ladder parameters is to perform the Jordan—Wigner

transformation which maps the problem onto a system of interacting spinless fermions [27]:

Hiy = 21,5 (4 (1) 8@y +he) + P, Pl = Sty + (=1 1,19, 5)

where p, =aya,, 4, =<J,+hy, @, =h,.

The critical magnetic fields

The lowest onset (H,, ) and highest saturation (H,,) critical field corresponds to that
value of the chemical potential g, for which the band of fermions (or holes, after the
corresponding particle-hole transformation) starts to fill up. In this limit we can neglect the
interaction term in (5) and obtain that H, A =J, —\/ JP+Q6,J) +(5,J,)° and

Ho=J, +J,+3J7+26,0) +(8,7 )"
To determine the critical fields H> we use the continuum-limit bosonization approach.

Using the standard bosonized expressions for the spin operators [28]

i = Lax;z)(x) +(=1)" Asinazd(x), (6a)
N T
Tt = e‘fm“’[Bo (-1)" +% sin \/E;/)(x)}, (6b)

Where ¢(x) and 6(x) are dual bosonic fields d ¢=09,0 , which satisfy the commutation

relation [@(x); 0(x")] = —i B, (X — x’) and A and B are non-universal real constants of the order
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of unity [29], we obtain the bosonized expressions for the smooth and staggered parts of the
relevant spin operators

(T, Tr, +7) 7)) =1(0,0)° +1(9,0)°, (7a)
(=)' (g} -7, +7) 7)) = d,, cosVATK f(x), (7b)
Vor T = 4—;(5x¢)2 : (7¢)
()77 7%, ~d_ cos\JAmp(x). (7d)
Using (7a — d), after rescaling the field we get the following bosonized Hamiltonian

Hy = | de[(axcfﬁ)z +(0,0)’] —%)Osin(x/ﬁ ¢+ @)~ hy \/gaxco} , (8a)

where

A, =6,J 1+ tan® @, (8b)

and

)

(21”50(% +d. )j
tan ¢0 = arctan - .

.6,

The parameter K(y,77) is the spin stiffness parameter for spin chain with anisotropy ¥
and magnetization A=m/m, . At zero magnetization the spin stiffness parameter can be
exactly evaluated from Bethe ansatz K(y,0) =7 /2(1—arccos ¥) [29] and thus, in the considered
case of a ladder with isotropic antiferromagnetic legs K(1/2,0)=0.75. At the transition line
into the ferromagnetic phase, the spin stiffness parameter takes the universal value K(y,1) =1
[6]. Therefore at J,>0 and for finite magnetization 0<m<m, the function K(y,A4)
monotonically increases with increasing m and reaches its maximum value at saturation
magnetization K(1,y7)=1. To evaluate the numerical value of the parameter K(y,A1) in this
paper we use the following ansatz [30]

Ky, A)=A+1-21)K(0,7). (10)
The coefficients d. and d,, are functions of the parameter K and can be calculated
numerically [31].

The Hamiltonian (5) is the standard Hamiltonian for the commensurate—
incommensurate [32] transition which has been intensively studied in the past using
bosonization approach [33] and the Bethe ansatz technique [34]. We use the results obtained in

Refs. [33, 34] to describe magnetization plateau and the transitions from a gapped (plateau) to
gapless paramagnetic phases.

Let us first consider i, = 0. In this case the continuum theory of the initial ladder model

in the magnetic field H =J, +J,/2 is given by the quantum sine-Gordon (SG) model with a

massive term = A sin(v47K ¢) . From the exact solution of the SG model [35] it is known that

the excitation spectrum of the model (7) is gapped and the value of the renormalized spin gap
M, scales with its bare value as [36] M, = J,(A,/J,)"*™ . Thus for h, =0 the low-energy

behavior of the system is determined by the composite effect of the rung and leg modulation

represented in the effective continuum limit theory by the term A sin(v47K¢) .

89



Magnetic phase diagram of a spin antiferromagnetic S=1/2 ladder ... .

In the ground state the field ¢ is pinned in one of the minima of the potential
V(p)=—A, sin(N47K¢—@,) given by the condition <Olsin(v47K¢—,)10>=1 . Using
Egs. (ba —d) we obtain that in the ordered state, the ground-state average value of the on-site
magnetization <7, >=(-1)"cos¢, and of the on-link dimerization operator
<7,-7,,>=(1)"(d, +d.)sing,. Thus in the case of “columnar” type of leg dimerization, the
state corresponding to the magnetization plateau at gnetization equal to half of the saturation
value, rather unconventional gapped and long-range ordered (LRO) phase with coexisting of
Néel antiferromagnetic and Peierls type dimerized order is realized. The ratio of amplitudes of
these coexisting ordered state is determined by the parameter ¢,, which interpolates between
the values ¢, =0 at J, =0 where the LRO Néel antiferromagnetic is realized, to ¢, =7 /2 at
0, >> 6, where only the Peierls dimerized phase is present in the ground state. In terms of the
initial ladder system this corresponds to the phase, where spins on weak odd rungs with have a
dominant triplet character and spins on strong even rungs are predominantly coupled into
singlets.

At hgy # 0 the very presence of the gradient term in the Hamiltonian (12) makes it
necessary to consider the ground state of the SG model in sectors with nonzero topological
charge. The effective chemical potential = /1,0 ¢ tends to change the number of particles in the
ground state i.e. to create a finite and uniform density solitons. However this implies that the
vacuum distribution of the field ¢ will be shifted with respect of the corresponding minima.
This competition between contributions of the smooth and staggered components of magnetic
field is resolved as a continuous phase transition from a gapped state at 7, <M
[32]. The condition hgf =M

1/(2-K)

to a gapless

sol

(paramagnetic) phase at h, > M gives two additional critical

sol sol

values of the magnetic field H, =J) +1J,£J, (AO/J”) . Correspondingly the width of

each magnetization plateaus is given by H) —H_ =2C,J, (AO 1J, )1/(2_10 . Using Eq. (10) we
obtain K(0.5,0.5) = 0.875 what gives that the width of the magnetization plateau scales as §*"°.

As usual in the case of C - IC transition, the magnetic susceptibility of the system shows
a square-root divergence at the transition points: y(H)=(H. -H)"? for H<H_ and
Y(H)=(H-H)"? for H>H'. Thus from analytical studies we obtain the following

magnetic phase diagram for a ladder with alternating rung exchange. For H < H,, the system

on’?
is in a rung-singlet phase with zero magnetization and vanishing magnetic susceptibility. For
H > H , some of singlet rungs melt and the magnetization increase as 4 H — H , . With further

increase of the magnetic field the system gradually crosses to a regime with linearly increasing
magnetization. However, in the vicinity of the magnetization plateau, for H < H_ this linear

dependence changes again into a square-root behavior M =0.5M ,—+ H. —H . For fields in the

interval between H_ < H < H; the magnetization is constant M =0.5M . At H > H_ the

sat *

magnetization increases as M =0.5M,,++/H —H_ , then passes again through a linear regime
it becomes M =M , —+H _,—H . The width

sat ? sat

8/9

until, in the vicinity of the saturation field H

of the magnetization plateau is given by H_, — H_, =2C,J, (AO /J ,,)
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Conclusion

We have studied the ground state magnetic phase diagram of a spin S =1/2 two-leg
ladder with alternating rung-exchange and dimerized legs in the limit of strong rung exchange
and magnetic field. We have considered two possible leg dimerization patterns — checkerboard
and columnar. We have shown, that in the case of checkerboard pattern, dimerization of the
legs does not effect the ground state phase diagram, while in the case of columnar pattern
dimerization of legs leads to renormalization of the critical fields, in particular to extension of
the gapped phases and respectively of the magnetization plateaus. We have also shown, that
columnar leg dimerization leads to appearance of composite order in the ground state in the
gapped phase corresponding to the plateau at magnetization M = 0.5M . In particular, in this

phase the system is characterized by the coexistence of long-range-ordered Néel
antiferromagnetic state with the “rung-rung” dimer phase. The former state corresponds to the
magnetic order where all spins on weak (odd) rungs are aligned along the field and form a
S, =1 triplet state, while spins on strong (even) rungs form a singlet pairs. The latter, “rung-
rung” dimer order corresponds to the phase, where these on-rung triplet and singlet states,
coupled via the strong intraleg exchanges (even links) form an entangled (singlet) state. In the
composite phase, which is realized along the magnetization plateau at magnetization equal to
the half of the saturation value, both these phases are present and their weight is controlled by
the mixing angle ¢, . In absence of the leg dimerization ( ¢, =0 ) only the Néel

antiferromagnetic phase is present, while in absence of the rung-exchange modulation
(¢, = #/2) only the “rung-rung” dimmer phase is realized.
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1. Introduction

The interest in nanosized ferrimagnetic structures is growing due to their usage in
creating new functional materials including biology and medicine [1]. Magnetite, maghemite,
lepidocrocite and 3d-metal spinel ferrites belong to the most widespread type of such
nanoparticles [2]. Today those structures are widely used for drug delivery as a magnetic carrier
[3], for creating magnetic hyperthermia areas [4], as biosensors [5], for oncological diseases
diagnostics [1], and for target therapy [6].

The methods of obtaining magnetite and lepidocrocite nanoparticles are presented in
numerous reviews, such as [7]. The most typical method is the co-precipitation of ferric and
ferrous salts in alkaline media [8], the microemulsion synthesis [9], thermal decomposition of
the ferric or ferrous salts [10], sol-gel synthesis [11], electrochemical synthesis [12] etc.

As an alternative method of the iron oxygen nanoparticles formation they may be
obtained on the iron or steel surfaces in the open-air conditions [13]. Such systems permit to
manage the phase formation process due to changing physicochemical conditions in the
reaction area, i.e. chemical composition of the solution contacting with the steel surface, pH
value in the dispersion media, the oxidant access to the surface, temperature [14].

The aim of the present work is the investigation of the kinetic regularities and colloidal-
chemical mechanisms of the nanosized structures of lepidocrocite and magnetite formation,
their phase transformation and the influence of ferric and ferrous iron, pH value and
temperature on such processes.

2. Materials and methods

The formation of the lepidocricite and magnetite nanosized particles was carried out in
the open-air systems when the surface of the disk made of finished steel (St3) contacted with
water dispersion medium and air oxygen [13]. The ferric and ferrous water solutions and
distilled water were used as a dispersion medium. The wide range of pH values (from 1.5 to
11.5), ferric and ferrous iron concentrations (from 10 to 1-10®mg/dm?) and temperature
(3-70°C) were chosen for the experimental conditions. As the main method of the
investigation X-ray diffraction (XRD) in situ was chosen. DRON - 3 with filtered emission of
cobalt anode was used as the main equipment for investigation. As additional visualization
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technique the scanning electron microscopy (SEM) was suggested. The temperature conditions
were provided by application of TS — 1 / 80 — SPU thermostat.

3. Results and discussion

According to X-ray diffraction data, a few disperse iron oxygen minerals that belong to
structural y-row are usually formed on the steel surface when it contacts with water dispersion
media in absence of other species, and air. Fe(Il) — Fe(III) layered double hydroxides (Green
Rust) are found as seed (started) structures. The development of the Green Rust phase leads to
its transforming into other disperses minerals — lepidocrocite and / or magnetite.

Obtaining of the kinetic regularities based on the XRD-data, when the intensity of the
Green Rust, lepidocrocite and magnetite reflexes was chosen as a criterium for quantity
evaluation of each of them. As main reflexes for calculation the following was given: for
hydroxysulphate Green Rust — 0.547 nm and for hydroxycarbonate Green Rust, respectively,
0.762 nm, for lepidocrocite — 0.296 nm reflex and for magnetite — 0.253 nm reflex. The
estimation of relative quantity, i.e. pick areas, was carried out for each mineral phase at all
experimental conditions.

3.1. The influence of the pH value on the lepidocrocite
and magnetite nanosized surface phase formation

The singularly phase of lepidocrocite forms at pH value 1.5 on the steel surface, the
intensity is gradually growing when the system goes to stationary state (Fig. 1a). Increasing of
the lepidocrocite peaks intensity and its comparative quantity in neutral disperse media retraces
during 48 h and then the system becomes stable and peak areas do not change. The similar
regularity is obtained at pH value 11.0, when relative quantity of lepidocrocite is growing
during 24 h, gets down to 48 h and it does not change until the end of the experiment.
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Figure 1. Kinetic regularities of the formation of lepidocrocite y-FeOOH (a) and magnetite
FeFe:04 (b) on the steel surface at pH values of dispersion medium: 1 —1.5,2 - 11.0 and 3 - 6.5.

The magnetite phase does not develop when the steel surface contacts with acid water
media (pH ~ 1.5) or its quantity is lower than the sensitivity of the equipment (5 %). In neutral
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media the intensity of magnetite reflexes is increasing during 48 h and does not change when
the system transfers into the stationary state, as it was shown above for lepidocrocite under
similar conditions (Fig. 1b). In alkaline media magnetite peaks appear only after 24 h of
carrying out the process of phase formation. Their intensity is increasing during next 24 h and
then does not change when the system transfers into the stationary state.

3.2. The influence of the temperature on the lepidocrocite
and magnetite nanosized surface phase formation

At 10 °C Green Rust is developed on the steel surface but its amount is not significant.
Lepidocrocite appears in the precipitate content only after 72 h of carrying out the process
(Fig. 2a). At 25 °C the peak intensity of lepidocrocite is gradually increasing during 24 h and
then it does not change. Increasing of the temperature up to 35 °C leads to collecting of
y-FeOOH on the steel surface during 8 — 10 h, it reaches maximum and further lepidocrocite
amount does not change. Kinetic regularity obtained at 50 °C is similar to one obtained at 25 °C
but its intensity is smaller. At 70 °C the active lepidocrocite development is carried out 10 h and
then its relative quantity decreases and remains constant.
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Figure 2. Kinetic regularities of the formation of lepidocrocite y-FeOOH (a) and
magnetite FeFe2Ous (b) on the steel surface at 7°C: 1 -25,2 -35,3 - 50 and 4 - 70.
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Figure 3. Temperature dependents of the relative quantity of magnetite
and lepidocrocite formed on the steel surface (24 h). Numbers correspond
to the phases: 1 — magnetite FeFe204, 2 — lepidocrocite y-FeOOH.
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Direct relation exists between the magnetite quantity formed on the steel surface and
temperature of the phase formation (Fig.2b). Fig. 3 shows the plots of relative quantity of
magnetite and lepidocrocite depending on the temperature of its obtaining after 24 h. It mast be
noted that at 10 °C the first reflex of magnetite appears on the XRD-pattern after 72 h that is
similar to the lepidicrocite obtained under such conditions.

3.3. The influence of the ferric and ferrous iron concentration in water
media on the formation of lepidocrocite and magnetite on the steel surface

The maximum amount of lepidocrocite on the steel surface is observed when the small
concentration of both ferric and ferrous iron is present in the water disperse media. The relative
unit corresponds to concentration of ferrous iron 10 mg / dm3. The intensity of the lepidocrocite
reflexes is decreasing when the concentration of ferric and ferrous species increases (Fig. 4a — d).
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Figure 4. Kinetic regularities of the lepidocrocite y-FeOOH formation when ferrous (a) and
ferric (b) iron are present in the water solutions. Kinetic regularities of the magnetite FeFe:O4
formation when ferrous (c) and ferric (d) iron are present in the water solutions. Numbers
correspond to the ferric or ferrous concentrations, mg/ dm?: 1 - 10, 2 — 100 and 3 — 1000.
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Magnetite develops the most intensity at low content of ferric and ferrous iron in the
solution. The pick intensity reaches their maximum after 5 h for ferric and 24 h for ferrous iron
and then it decreases to medium values. At initial concentration both ferric and ferrous iron
100 mg / dm?® magnetite phase is growing during 48 h and it does not change until the end of
the experiment. On the contrary, at high content ferric and ferrous iron in the water medium
the formation of magnetite phase is very weak. Its reflexes appear only after 72 h of the process

carrying out.
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Figiure 5. XRD patterns of the iron oxygen structures formed on the steel surface in the open
air system: a — surface layer, b — surface and near surface layers. Numbers correspond to the
phases: 1 —lepidocrocite y-FeOOH; 2 — magnetite FeFe:04, 3 — goethite a-FeOOH; 4 — iron Fe®.
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Figure 6. SEM images of the iron oxygen structures formed on the steel
surface contacting with water solution and air oxygen: a — the phase
transformation of Green Rust into lepidocrocite, b — magnetite particles.
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So, according to the data obtained the formation of lepidocrocite and magnetite phases
on the steel surface when it contacts with water dispersion media and air oxygen can undergo
in a few ways, i.e. their independent origin from ferric or ferrous aquahydroxoforms that are
present in dispersion media or phase transformation of Green Rust due to oxidation and phase
transformation of one into another. Due to space division of the phase formation process, the
colloidal-chemical mechanisms of the obtaining lepidocrocite and magnetite on the steel
surface (layer two) and in near surface area (layer one) can be different. Fig. 5 shows the phase
composition of iron—oxygen structures formed in the first and in the second layer. It is possible
that the formation of magnetite on the steel surface is connected with the phase transformation
of Green Rust phase and its formation in near electrode layer is due to oxidizing Green Rust or
interaction between ferric or ferrous hydroxoforms. The similar way is possible for
lepidocrocite but it also can be the product of magnetite oxidizing. But the formation of
magnetite and lepidocrocite phases in neutral media and lepidocrocite in acid media does not
depend on each another and it is probable connected with the development of Green Rust
phase.

The processes of the lepidocrocite y-FeOOH and magnetite FeFe:Os formation are
described by the main reactions presented below, i.e.:

3 Fe(OH)2 + 0.5 O2 — FeFe204 + 3 H20, (1)
2 Fe(OH)2 + 0.5 O2 — 2y-FeOOH + H:0, (2)
FelsFe>(OH)12COs - 3H20 + 0.5 O2 — 2 FeFe204 + CO2 + 9 H20, (3)
Fe4Fel',(OH)12COs - 3H20 + O2 — 6y-FeOOH + CO:2 + 6 H:20, (4)
2 FeFe204 + 0.5 O2 + 3 H20 — 6y-FeOOH, (5)
2y-FeOOH + Fe?* — FeFe204 + 2H". (6)

The SEM images (Fig. 6) show the typical lepidocrocite and magnetite particles and their
aggregates formed on the steel surface in the open-air system. The lepidocrocite shape is needles
and magnetite shape is spheres. The average crystallite size for lepidocrocite (the length) is
100 — 250 nm, and for magnetite it is ~ 16 — 20 nm.
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4. Conclusions

The development of iron oxygen structures formed on the steel surface when it contacts
with water dispersion media and air obviously occurs via structural y-row: Green Rust,
lepidocrocite and magnetite. Colloidal-chemical mechanisms of their obtaining are connected
with the interaction of ferric and ferrous aquahydroxoforms with each other, via phase
transformation of Green Rust or they include phase transformation of lepidocrocite into
magnetite or vice versa magnetite into lepidocrocite.

The formation of iron oxygen phases takes place on the steel surface as well as in the
near surface area. In both cases, the mechanisms of the phase formation can be different, i.e. the
oxidation of Green Rust on the steel surface leads to magnetite obtaining but its next oxidation
leads to formation of lepidocrocite in the near surface area.

When the steel surface contacts with water solution containing ferric and ferrous iron
their aquahydroxoforms take part in the phase formation processes. If the high concentration of
ferrous iron is present in the solution the phases formed on the steel surface belong to structural
o-row (ferrihydrite and goethite).

The optimum conditions for the formation of a singularly phase of lepidocrocite are
temperature ratio from 3 to 10 °C and acid medium (pH = 1.5). The most favorable conditions
for magnetite formation are the temperature about 50 °C and the circumneutral medium.
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Investigation of direct martensitic transformation in metastable titanium alloys.
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1. Introduction

One-dimensional (1D) nanomaterials such as nanowires, nanobelts, nanorods, nanotubes
etc, are considered as most promising building blocks for the efficient modern nanodevices. The
unique properties of 1D nanomaterials are caused by their low dimensionality, and hence the
prevalence of quantum effects and surface related phenomena which increases their
functionality. The cross-sections of 1D nanomaterials lay in the nanometer range, however
their lengths may be significant reaching even millimeter sizes. Accordingly, 1D nanomaterials
are easy to handle and manipulate, making them very useful for assembling different
nanodevices [1].

A number of synthetic methods have been developed for the growth of nanowires
(NWs). The general trend in developing new growth technologies is the reduction of the
growth temperature which decreases the energy budget and avoids the thermal influence of the
growth process on device elements located nearby.

The purpose of this work was to grow the 1D nanomaterials at relatively low
temperatures, not exceeding 580 °C using the pyrolysis of hydrazine.

2. Experimental

The nanowires were grown in the tubular vertical quartz reactor in the temperature
range of 430 — 520 °C. The tube was first evacuated and then filled with hydrazine vapor to its
saturated pressure of ~ 10 Torr. The pieces of crystalline Ge and In with the total mass of 12 g
were placed at the bottom of the reactor and annealed in the presence of hydrazine vapor
which was containing 3 mol. % water molecules. In the presence of hydrazine decomposition
products the volatile compounds were formed at the surfaces of Ge and In sources, which after
sublimation caused the growth of 1D nanomaterials on the Si substrate placed at 2 cm above the
targets. The details of the growth technology are considered elsewhere [2, 3].

The obtained nanomaterials were investigated using the Scanning Electron Microscopy
(SEM, FEI Quanta FEG 600) which was equipped with EDX analyzer. XRD data were taken on
a Shimadzu XRD - 6000 diffractometer.

115



Pyrolytic growth of one-dimensional oxide and nitride nanomaterials.

3. Results and discussions

Hydrazine (N2H4) is active compound which finds wide application. It is used as a rocket
fuel, airbag inflator, chemical blowing agent, textile dye, pharmaceutical intermediates etc.
Recently, the hydrazine was used for the control of the properties of graphene by reducing it
from the graphene oxide [3 —6]. Besides the nitrogen and oxygen precursors the hydrasine
pyrolysis products contain also hydrogen which serves as a reducing agent in sophisticated
chemical processes. To date, the temporal evolution of graphene oxide chemistry during
hydrazine reduction remains vague.

Previously, when investigating the growth of 1D nanostructures from Ge target, it was
shown, that in spite of the presence of water and hence oxygen precursors, only germanium
nitride nanowires were produced in hydrasine vapor which was containing 3 mol. % HO. This
phenomenon was observed in the temperature range of 500 — 600 °C. The influence of the
growth temperature manifested itself only by dramatically changing the morphology of NWs
without altering their composition. Fig. 1 shows the changes in the morphology of NWs caused
by the increased growth temperature. At 520 °C the NWs have average diameters of 70 nm
(Fig. 1a), while at 580 °C a large block of hexagonal crystalline GesNa is clearly seen in Fig. 1c. It
should be noted that these growth temperatures are by 300 °C lower than those observed for
the growth GesNs NWs by other authors [7, 8]. It is clear, that the hydrazine vapor is
sufficiently active to reduce the growth temperature and besides only nitrogen precursors are
participating in the synthesis of nanowires. Nevertheless, the oxygen molecules which are
supplied by water play the pivotal role in the growth of NWs as they form volatile GeO
molecules which easily sublimate and perform the mass transfer of Ge from the target to the
growing NWs.
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Figure 1. Temperature dependence of GesNs+ nanowire morphology.

As a next step of our experiments we used the same experimental setup with Ge target
but added a small piece of In to the existing Ge. This caused dramatic changes in the chemistry
of the growth process. These changes were evaluated by analyzing the morphology,
composition and structure of grown 1D nanostructures.
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Figs. 2a — ¢ show SEM images of nanostructures grown on Si substrate from In + Ge
source at 430 °C. The 1D structures are tapered with conical shapes. They have ball-shape tips at
upper ends, while the bottom consists of nanosized ends. Some of the nanostructures are
protruding from the Si surface attaching the substrate through a very sharp nanosized ends.
Others are laying on the surface, indicating that during the growth they become too heavy to
be supported by thin ends which crash under the weight of growing nanowires. The large,
micrometer range ball-tips suggests the vapor-liquid-solid (VLS) growth mechanism for these
NWs. Due to their large sizes these tips are not transparent to electron beam and the
transmission electron microscopy cannot be applied to them. Their composition was studied
using EDX method.

The elemental mapping of NWs is shown in Figs. 2c —f. Fig. 2f was taken using the
oxygen-related X-rays. It shows the absence of oxygen in the tip. From the other hand the
bright yellow ball-tip in Fig. 2e which was obtained using indium X-rays proves that the NWs
were growing from the In droplet.

The tapered body of nanowires consisted of In and oxygen as it is indicated in Fig. 2e, f.
The presence of nitrogen was not observed in NWs. XRD spectra (not shown in this paper)
confirmed the presence of In and In20s phases. These results suggest that at low temperature
(430 °C) only In containing volatile indium suboxide molecules are formed at the In + Ge
surface. These molecules reach the Si substrate and after being reduced in hydrogen they form
In balls which serve as catalysts for the VLS growth of In203 1D nanostructures.

SEM image Indium @*
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Figure 2. SEM images of In203 nanostructures grown from
In + Ge source at 430 °C (a — c) and their elemental mappings (d — f).

In [2] it was shown that after starting the growth process the temperature was gradually
raising during 15 — 20 minutes. Accordingly the flux of In suboxide molecules to Si substrate
was increasing in time causing permanent increase of the catalyst tip diameter and growth of
tapered conical nanostructures. It should be noted, that VLS growth process needs less thermal
budget then direct synthesis of In203 and hence this mechanism prevails at low growth
temperatures.
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Fig. 3 shows SEM image of NWs grown at 460 °C. Now the NWs have the average
thickness of 60 nm with uniform diameters along their axis. The absence of catalyst ball-tips
indicates direct synthesis of nanowire material and realization of vapor—solid (VS) growth
mechanism.

Figure 3. SEM image of In203 NWs grown at 460 °C.
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Figure 4. XRD patterns of NWs grown at 460 °C (a) and 490 °C (b).

XRD spectrum of these nanowires contains peaks that correspond exceptionally to In20s3
(Fig. 4a). The presence of Ge was not observed nor in XRD spectra neither in EDX elemental
maps. It is clear that 460 °C is still low temperature for the formation of Ge compounds.
However the increase of growth temperature up to 490 °C causes the appearance of Ge related
peaks in XRD spectra (Fig. 4b). This temperature can be considered as a starting point from
which GeO molecules begin to form and sublimate. They reach the Si substrate and after
reduction form crystalline Ge particles which are mixed with In2O3s NWs. At this stage only the
reduction of Ge and formation of In2Os nanowires take place at the Si substrate surface. No
nitrides were formed at this temperature even in the presence of nitrogen precursors.
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Figure 5. XRD patterns of NWs grown at 490 °C (a)
and SEM image of corresponding nanowires (b).

Fig. 5a represents the XRD spectrum of nanowires grown from In + Ge source at 520 °C.
It confirms the presence of two separate phases: In2Ge207 and InN. SEM image of corresponding
nanostructures is presented in Fig. 5b. The NWs have diameters in the range of 50 — 200 nm.
They consist of smaller nanoparticles, and even after EDX mapping it is difficult to distinguish
between InN and In2Ge207 nanostructures.

4. Conclusions

The growth of 1D nanostructures during the annealing process (430 — 580 °C) of Ge and
In + Ge sources in the presence of hydrazine vapor was studied. Only germanium nitride
nanostructures were formed in case of Ge source. The morphology of these NWs strongly
depended on the growth temperature and micrometer sized single crystalline blocks of a-GesNas
were obtained at 580 °C. The oxide, oxinitride and nitride nanomaterials were produced at
different temperatures using In + Ge source. At low temperatures close to 430 °C the tapered
In>O3 nanowires were grown through the VLS mechanism. This mechanism was changed to VS
growth of In2Os nanowires at 460 °C. Further increase of temperature up to 490 °C caused the
growth of a mixture of In2Os NWs with crystalline Ge particles. At 520 °C the mixed InN and
In2Ge2:07 nanowires were produced. These results prove that the products of pyrolytic
decomposition of hydrazine may serve as precursors for the formation of oxide, oxinitride and
nitride 1D nanostructures.
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Introduction

Georgius Agricola (1494 - 1555) (Fig. 1), wrote the first basic books on mining, mineral
dressing, and extractive metallurgy (Tab. 1). He lived during the period of transition from
medieval to modern times known in history as Renaissance. It was the Age of Reformation and
the religious revolution in Europe as well as the age of exploration and discovery of new
continents.

Figure 1. Georgius Agricola (1494 — 1555).

Agricola was the first to make a thorough study of mining, minerals, and metallurgy,
although he was trained as a doctor. His books on mining were vastly used for over two
centuries. Georg Bauer Latinized his name, as was then the fashion among scholars. Bauer
means farmer or peasant, for which the Latin equivalent is Agricola. He was born at Glauchau
near Meissen in Saxony, studied at the University of Leipzig then was appointed in 1518 Vice
Principal then Principal of the Municipal School of Zwickau where he taught Greek and Latin and
published a small book on Latin grammar. In 1522 he returned to Leipzig to become lecturer at the
University then in 1524 left to Italy to study philosophy, medicine, and the natural sciences at the
Universities of Bologna, Venice, and probably Padua.
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Table 1. Books by the medical doctor Georgius Agricola.

Year Title Contents
1530 | Bermannus Conversation with a miner and mineralurgist
1533 | De Mensuris et Ponderibus Greek and Roman weights and measures with

some correlation to those used in Saxony

1546

De Natura Fossilium

A treatise on minerals

1546

De Veteribus et Novis Metallis

Historical an geographical references to the

occurrence of metals and mines, and history of
mines in Central Europe

1546 | Retum Metallicarum interpretatio A collection of about 500 Latin terms in
mineralogy and metallurgy with their German

equivalent

1546 | De Orlu et Causis Subterraneorum Views on geological phenomena

1546 | De Natura eorum quae Effluunt ex Terra | A short account on substances which flow from

the earth, e.g., water, gases, and bitumen

1549 | De Animantibus Subterraneis A short work on animals that spent a portion of

their life underground (serpents, lizards, etc.)

1550 | De Precio Metallorum et Monetis Description of minting, comparison of different

coins and their values

1556 | De Re Metallica A treatise on prospecting, mining, assaying,

beneficiation, smelting, and other topics

On his return to Zwickau in 1526 he was appointed physician at Joahimsthal (today
Jachymov) in Bohemia. During his career as medical doctor he travelled extensively visiting mines
in the Erzgebirge. In 1544 he began publication of his books. In 1546 he was appointed Mayor of
Chemnitz. He died at the age of 62.

Agricola and metallurgy

Agricola’s contribution to metallurgy is of great significance because he was the first to
document the state of metallurgy of his day. There was practically nothing written before him
except the Greek, Roman, and Arab writings on various branches of science. Agricola became
interested in mining and metallurgy when he was appointed as a town physician at
Joachimsthal in Bohemia. Joachimsthal (now Jachymovy in Czech Republic) is located on the
eastern slope of the Erzgebirge, in the midst of the then most prolific silver mining district of
Central Europe (Fig.2). Coins made from Joachimsthal silver were known as thalers, from
which the word dollar is derived. It was a booming mining camp, founded eleven years before
Agricola’s arrival, and already having several thousand inhabitants almost entirely of miners
and smelters crowded together. Occupational diseases were widespread.

Agricola spent his spare time in visiting the mines and smelters, in reading up in the
Greek and Latin authors all references to mining, and in association with the most learned
among the mining folk. Among these was one Lorenz Berman, whom Agricola afterward set up
as the “learned miner” in his dialogue Bermannus published in 1530, and was devoted to
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mineralogy and mining terms. Through his visits to mines and smoky smelters, Agricola soon

had an excellent knowledge of mines and metallurgy and became fascinated by the possible
healing powers of minerals.
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Figure 2. A map showing the Erzgebirge (German for Ore
Mountains) forming the border between Saxony and Bohemia.
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Figure 3. Front cover of Agricola’s most famous work De Re Metallica,
Latin for Of Things Metallic, published one year after the author’s death.

In his most important work, De Re Metallica (Fig. 3), he went into minute detail about
the techniques of mining in his time. It contained not only observations of what he saw around
him but also original suggestions about metals and their ores. He gave clear interpretations of
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the importance of erosion in geology and the origins of ore, and increased by a third the list of
know minerals. At a time when it was common for industrial techniques to be closely guarded
secrets, Agricola believed that processes and innovations should be published and made
available to all. He wrote in Latin to gain wide circulation.

Agricola was contemporary to Vannoccio Biringuccio (1480 — 1539) the Italian author
who wrote De La Pirotechnia which appeared in 1540 — one year also after his death.
Biringuccio’s book appeared 16 years before Agricola’s De Re Metallica but it was much smaller.
The reason that it did not get wide circulation may be because it was written in Italian — a
language not understood by many like Latin. Agricola’s book contains much more information
on geology, mining, smelting, and the manufacture of salts, sulfur, bitumen, and glass. On the
other hand, Biringuccio’s book discusses alloys, melting of metals, casting, and fireworks. In this
respect Biringuccio wrote from firsthand knowledge since he was in charge of the Armoury of
Siena in Italy. Thus, the two books essentially complement each other. Both books went into a
large number of editions and translations. The book was cited by Agricola in his introduction to
De Re Metallica; he mentioned that he received a copy as a present from the Venetian
Ambassador to King Ferdinand.
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Figure 4. A wood cut from De Re Metallica Figure 5. Another wood

showing ore crushing by stamp mills. cut showing ore roasting.
Of Things Metallic

Agricola’s views related to the origin of ore deposits as to the circulation of ground
waters, that ore channels are a subsequent creation to the contained rocks, and that they were
filled by deposition from circulating solutions, laid the foundations of our modern theory. In
mineralogy he made the first attempt at systematic treatment of the subject. His system was,
however, wrongly based upon such properties as solubility and homogeneity, and upon external
characteristics such as color and hardness. But he is the first to assert that bismuth and
antimony are true metals, and to some sixty actual mineral species described previous to his
time he added some twenty more, and stated that there are scores unnamed. In De Re Metallica
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he described for the first time, scores of methods and processes. They represent the
accumulation of generations of experience and knowledge to receive detailed and intelligent
exposition.

Agricola was engaged in the preparation of De Re Metallica for a period of over twenty
years. The work was apparently finished in 1550, for the dedication to the Dukes Maurice and
August of Saxony is dated in December of that year. The publication was apparently long
delayed by the preparation of the woodcuts (Figs. 4 and 5). In the preface of De Re Metallica,
Agricola does not mention who prepared the sketches, but stated that he had hired illustrators.
In 1533 the completed book was sent to Froben for publication. The Italian translation was
dedicated by the translator to Elizabeth, Queen of England.

Agricola and diplomacy

Agricola was much favored by the Saxon Electors, Maurice and Augustus. He dedicates
most of his works to them, and shows much gratitude for many favors conferred upon him.
Duke Maurice presented to him a house and a plot of land in Chemnitz. In this same year the
Schmalkalden War broke out, and Agricola was called to personal attendance upon the Duke
Maurice in a diplomatic and advisory capacity. He was sent on various missions from the Duke
to the Emperor Charles, to King Ferdinand of Austria, and to other Princes in matters
connected with the war — the fact that he was a Catholic probably entering into his
appointment to such missions. Chemnitz was occupied by the troops of first one side, then the
other. In April 1547, the war came to an end.

Agricola and Church

Agricola refused to accept the Lutheran Reformation claimed by Martin Luther in
Wittenberg in 1517. He was a staunch Catholic under a Protestant Sovereign in a State seething
with militant Portestantism. He made the acquaintance of Erasmus the Dutch humanist and
Catholic priest who had settled at Basel in Switzerland as editor for Froben Publishing House,
who also opposed Reformation. After his death, at the command of the Prince, burial was
refused him, and not until the fourth day was he borne away to Zeitz and interred in the
Cathedral. Catholics were then few in number at Chemnitz, and the feeling ran high at the time,
so possibly the Prince was afraid of public disturbances of the interment of a Catholic in the
Protestant Cathedral in Chemnitz to which, according to the custom of the time, he would have
been entitled as Burgomaster.

Epilogue

The importance of Agricola in the history of metallurgy can be confirmed from the large
number of books already written about him. On the other hand, the translation by the mining
engineer Herbert Hoover of De Re Metallica is more than a translation — it is full of copious
notes about Agricola and his work. Hoover’s translation was published in 1912; in 1929 he
became President of the United States. The German Mining and Metallurgical Society
established in 1924 the Georg Agricola Silver Medal to honor distinguished contribution to the
mineral industry. Further the Agricola Society was founded in 1926 within the Deutsche
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Museum in Munich, Germany to advance the history of technology. In 1960, it was

transformed to the Georg Agricola Society for the Advancement of the History of Natural
Science and Technology.

Suggested reading

F. Habashi. Readings in Historical Metallurgy, 1. Changing Technology in Extractive

Metallurgy, Métallurgie Extractive Québec, 2006, Québec (Distributed by Laval
University Bookstore “Zone”. www.zone.ul.ca).
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Welcome to ICANM2013

ICANM 2013 will take place from August 12 to
14,2013 on the beautiful Campus of Laval
University in the spectacular Quebec city .
Quebec City is the 400-year-old capital of the
Canadian province of Quebec, also known as
French Canada .Quebec City is one of the
landmarks of North American history which has
retained its European atmosphere.

The aim of ICANM2013 is to gather researchers,
scientists, engineers, practitioners, policy
makers, from all over the world to present
advances in Advanced & Nano Materials. We are
in an era in which there is a continuous progress
in Advanced & Nano Materials technologies and
ICANM2013 will provide a forum to exchange
information, present new technologies and
developments, and discuss the future direction,
strategies and priorities in the field of materials
and nano technology.
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Conference Topics

ICANM 2013 will cover a wide range of interdisciplinary and current research
topics related to advanced & nano materials. These new materials includes,
nanomaterials, bio-nanomaterials, , composites, etc. Specific topics to be
discussed will include but not limited to:

Mew materials

Nanomaterials and nanotechnology

Ferrous and non-ferrous material
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Information Technology in Material Designing
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