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1. INTRODUCTION 

 

ZnO is very interesting material among the wide gap semiconductors. The obtaining of 

impurity defect holes conductivity in ZnO is especially problematic due to the native properties of 

ZnO [1]. Accordingly, conductivity type inversion in wide gap semiconductors is a problem from 

the technological point of view [2,3]. 

Doping limitations in wide gap semiconductors exist due to one of the following reasons: 

(a) too low dopant solubility, (b) too deep dopant energy level within the gap, and (c) self-

compensation by intrinsic defects. Using of the low growth temperatures can reduce the self-

compensation effect. On the other hand, formation of dopant–defect complexes may possess lower 

activation energies. In particular, the DX and AX centers have barriers of the order of only half of 

eV [4,5]. The formation energy of the DX and AX centers much depends on the properties of the 

dopants [3], so in principle one can always improve material dopability by optimal choice of 

dopant. In this respect (a) and (b) categories are often the practical restraints for high carrier 

concentrations at low growth temperatures. 

Theoretical calculation predicted that nitrogen (N) impurity is the best candidate for producing 

shallow acceptor levels in ZnO [6,7]. Nitrogen can be incorporated into ZnO to the concentration of 

more than 10
19

 cm
−3

 [8]. In other experiments, electron paramagnetic resonance measurements 

demonstrate that N substitutes O in the ZnO lattice [9−11]. 

We investigated possibilities of control of electrical and optical properties of ZnO layers 

doped by nitrogen. Healing of radiation defects takes place by method of radical beam quasi-

epitaxy (RBQE). We have selected nitrogen as an acceptor to obtain impurity p-type ZnO layers, as 

it is regarded as the most active acceptor for ZnO crystals [12]. 

We carried out following experiments: initial ZnO samples were implanted by N with 

concentration 10
19

 cm
−3

, at the energy 110 keV, dose 10
15

 cm
−2

, and current density 15 mA / cm
2
. 

Implantation follows by treatment in the atmosphere of singlet oxygen radicals by RBQE with 

concentration 10
14

 − 10
15

 cm
−3

. Analysis of experimental results show that p-type ZnO:N  layers 

with resistivity 5.4 Ω ⋅ cm were obtained. 

 

 

2. EXPERIMENTAL 

 

2.1. Radical beam quasi-epitaxy 

The RBQE enables us to obtain new quasi-epitaxial layers on the surface of binary 

compounds such as ZnO, ZnS, ZnSe. The RBQE serves for regulation of electrical and optical 

properties of II−VI wide band gap semiconductors in basic crystal as well as in new grown layers 

[13]. During the RBQE, basic crystal undergoes treatment in the atmosphere of singlet oxygen 

radicals obtained by RF discharge with operational power (40 − 80) W and pressure (0.1 − 10) Pa. 

The RF oscillator converts molecular oxygen stream into plasma containing ions, electrons, and 
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oxygen radicals. Between the plasma and the basic crystal a special filter exists through which only 

oxygen singlet radicals with )10510( 1514

0 ⋅−=n cm
−3

 concentration are passed. The growth of new 

layers is carried out by non-metal components adsorbed from the gas phase and metals extracted 

from the basic crystal. Accordingly, it produces VZn defects in basic crystals. Basic crystal is placed 

in the area of maximum temperature of the reactor. Temperature in other areas of the reactor is 

much lower. This profile of temperature distribution promotes movement of uncontrollable 

impurities towards cooled areas of the reactor. It should be mentioned that formation of new layers 

takes place in the wide temperature range (from 300 to 1100 K). 

 The treatment temperature is constant during one technological cycle under the RBQE 

method. Treatment temperature, at which obtained layers have stoichiometric character, we call the 

critical temperature. Below this temperature, the obtained ZnO layers have p-type conductivity 

under RBQE treatment. Above the critical temperature, obtained ZnO layers have n-type 

conductivity. So, the RBQE method enables obtaining of n- and p-type stoichiometric layers of 

ZnO. 

In our case under the RBQE method, growth of the ZnO layers on the basic of ZnO takes 

place. Experimental critical temperature is 700=
c

T
o
C. The RBQE gives us the possibility to 

control the electrical and optical properties of new layers over a wider range. Thickness of epitaxial 

layers varies from several atomic layers up to 15 µm. 

 

2.2. Treatment of implanted ZnO crystals by RBQE method 

In order to obtain impurity p-type conductivity in ZnO we carried out following experiment: 

n-type ZnO (of wurtzite structure) was implanted with N
+
 ions at the concentration 10

19
 cm

−3
 at the 

energy 110 keV and at the dose 10
15

 cm
−2

. The density of the current was 15 µA / cm
2
. Healing of 

the created defects in the implanted ZnO crystals carried out by RBQE method in the atmosphere of 

singlet oxygen radicals by RF-discharge with power 80 W at temperature 400 
o
C. The duration of 

RBQE treatment and concentration of oxygen radicals was 4 h and )10510( 1514

0 ⋅−=n cm
−3

, 

respectively. As a result we obtained ZnO:N new layers. 

 
Fig. 1. PL spectra of ZnO layers obtained by RBQE. 

 

According to Hall measurement epitaxial ZnO:N layers showed p-type conductivity. We 

studied photoluminescence (PL) spectra of obtained ZnO:N layers at 77 K. Nitrogen Laser was used 

as an excitation source  ( 1.337=
Ex

λ nm). In the PL spectrum of ZnO:N layers, the following peaks 

were observed: 371.5, 381.2 and 387.4 nm (Fig. 1a). According to the van der Paw measurement, 

holes mobility, their concentration and resistivity were found as 23 cm
2
 / V ⋅ s, 5 ⋅ 10

16
 cm

−3
 and 
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5.4 Ω ⋅ cm, respectively. For structural characterization of ZnO:N layers X-Ray diffraction was 

used (CuKα line, step size 0.02 
o
). 

For comparison and discussion of the obtained results, we carried out RBQE treatment of the 

non-implanted ZnO samples. The non-implanted n-type ZnO crystal was treated under the RBQE 

method in similar conditions ( 400=T
o
C, 4=t h, )10510( 1514

0 ⋅−=n cm
−3

). Then were 

investigated electro-optical characteristics of obtained epitaxial ZnO layers. In the PL spectra of 

ZnO epitaxial layers the peaks at 369.1 nm and 374.5 nm were observed. The investigation with 

van der Paw method showed that a high-ohmic p-type ZnO layers were obtained (mobility 

15 cm
2
 / V ⋅ s, carriers concentration 3 ⋅ 10

14
 cm

−3
, resistivity 1.4 ⋅ 10

4
 Ω ⋅ cm). 

 

 

3. RESULTS AND DISCUSSION 

 

In [1] authors calculated energy of defects’ formation. Energy of formation of VZn is lower 

than the energy of formation of other intrinsic defects in p-type ZnO. According to mechanism of 

defects’ creation under the RBQE method the concentration of VZn increases in basic samples. The 

concentration of VO
+
 before RBQE treatment is high in basic ZnO and remains unchanged under 

RBQE process. Respectively, the probability of transfer of the electrons from VO
+
 to VZn is also 

high. As a result of calculations it was found that the formation energy of VO
++

 is lower than for VO 

and VO
+
 in p-type ZnO [1]. Consequently, concentration of native defects VZn, VO

++
 and 

(VZn
−
 − VO

++
) prevailed in the nonimplanted basic crystal. 

Under implantation with N, the creation of radiation defects occurs in n-type ZnO basic 

crystal. Under RBQE two processes take place: healing of the created defects and formation of new 

epitaxial layers. Because of the specific nature of the RBQE, the diffusion of nitrogen in the new 

ZnO layers occurs. During diffusion of N atoms, creation of NO and Ni defects takes place in new 

grown layers. 

Fig. 1a and b show PL spectra of ZnO:N layers and nonimplanted ZnO. In the PL spectra of 

nonimplanted ZnO layers we observed peaks at 369.1 and 374.5 nm (Fig. 1b). 

 

 
Fig. 2. X-ray diffraction of ZnO:N layers obtained by RBQE. 

 

The peak at 369.1 nm can be attributed to the neutral donor-bound exciton [14,15] and 

374.5 nm corresponds to acceptor bound excitons [16,17]. Observation of the acceptor bound 

exciton in p-type ZnO layers obtained by RBQE confirms a high purity and perfect structure and 

significantly reduced number of residual defects, which is one of the most important issues. 

In PL spectrum of ZnO:N layers the peaks 371.5, 381.2 and 387.4 nm were observed 

(Fig. 1a). In PL spectrum of ZnO:N sample, the peak at 371.5 nm can be attributed to the acceptor-
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bound exciton (A
o
X) related to the nitrogen acceptor [18]. The peak at 371.5 nm recorded in PL 

spectrum of ZnO:N is connected with the emission of NO relaxed defect bound exciton [19−22]. 

Emission with maximum at 381.2 nm observed in PL spectrum which has low intensity band 

of 387.4 nm. The peaks at 381.2 and 387.4 nm are linked to NO and donor-acceptor pear (DAP) 

emission, respectively.  

In [23], the NO ( 1910>N cm
−3

) acceptor energy was estimated from optical data, and 

according to the estimations it may vary in the range of (170 − 200) meV. From Hall-effect 

measurements, the authors of [23] have found an energy of about 150 meV, and also Zeuner et al 

[24] have suggested an energy of (165 ± 400) meV for NO. In [25−28] the donor-acceptor pear was 

connected with emission at 387.4 nm in PL spectrum. 

According to the X-ray diffraction new layers of ZnO:N are characterized by the hexagonal 

structure. X-ray diffraction analysis indicated that the ZnO:N layers had the preferred c -axis 

orientation of crystallites. Peak positioned at 34.4 ° observed for the layers grown at the RBQE 

corresponds to the (002) plane diffraction of ZnO:N with hexagonal wurtzite structure (Fig. 2). 

 

 

4. CONCLUSION 

 

So, our investigation shows that by using the RBQE method on the basis of ZnO (implanted 

by nitrogen) the quasi-epitaxial ZnO:N layers were obtained. According van der Pauw measurement 

the ZnO:N layers have following characteristics: mobility 23 cm
2
 / V ⋅ s, hole concentration 

5 ⋅ 10
16

 cm
−3

, resistivity 5.4 Ω ⋅ cm. In PL spectra of ZnO:N the maxima at 371.5, 381.2, and 

387.4 nm were observed. 371.5 nm is linked to acceptor-bound exciton (A
o
X) related to the 

nitrogen acceptor, 381.2 and 387.4 nm are linked to NO and donor-acceptor pear (DAP) emission 

respectively. 

Hence, the RBQE enables us to control the electro-optical properties of implanted ZnO. In the 

result we obtained p-type ZnO:N grown layers. 
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1. INTRODUCTION 

 
Wide gap type II−VI compounds are characterized by n-type conductivity. The production of 

stoichiometric p-type samples presents a serious problem connected to the strong compensation and 
self-compensation caused by residual impurities and point defects [1−3]. The manufacture of a p-n 
junction in wide gap semiconductors with intrinsic defects to determine conductance type is very 
difficult [4]. ZnO is a direct gap (3.37 eV at room temperature) semiconductor with properties 
similar to GaN [5]. However, holes conductivity in ZnO is especially problematic due to the natural 
strong tendency to self-compensation [6,7]. 

Radial beam quasi-epitaxy (RBQE) [8] was developed to solve this problem. In this study we 
investigate the electrical and optical properties of ZnO samples obtained by RBQE. The p-type ZnO 
growth process was conducted at 400 °C, and electrical and optical investigation was based upon 
photoluminescence, thermo-electromotive force and Hall measurements. We also used X-ray 
diffraction to investigate the structural characterization of ZnO. 

By the RBQE technological method p-type ZnO epitaxial layers were obtained at 400 ºC. Hall 
measurements performed at 77 and 300 K, where resistivity was measured as 5 ⋅ 10−2 and 
3.1 ⋅⋅⋅⋅ 10−3 Ω ⋅ cm, respectively. At 77 K, the holes concentration and mobility was 5 ⋅ 1018 cm−3 and 
22 cm2 / V ⋅ s, respectively, becoming 8 ⋅ 1018 cm−3 and 250 cm2 / V ⋅ s at 300 K. In the 
photoluminescence (PL) spectrum of p-type ZnO layers at 1.369=λ , 374.5, 383.5, 392.5 and 
401 nm, bands are observed and identified (at 70 K). 

 
 

2. RADICAL BEAM QUASI-EPITAXY METHOD 

 
RBQE enables the growth of quasi-epitaxial layers on the surface of binary compounds such 

as ZnO, ZnS and ZnSe. The difference between RBQE and well-known gaseous-phase epitaxy is 
that during the formation of new layers, the non-metal component comes from the gaseous phase 
and the metal-component from the basic crystal. In our case, the concentration of atomic oxygen is 
increased externally. The second significant difference is that the basic crystal is placed in the area 
of maximum temperature of the reactor. This profile of temperature distribution promotes the 
movement of uncontrollable impurities towards the colder areas of the reactor. The formation of 
new layers takes place in the temperature range from 300 to 1100 K, and experiment shows that 
p-type ZnO is obtained from thermal treatment at temperatures bellow 650 °C [9]. 

The RBQE method produces single crystalline layers of ZnO on the basic crystal of ZnO. But 
generally it can be used for other binary compounds too. Fig. 1 shows the scheme for the RBQE 
technology. During the RBQE, where the basic crystal (3) undergoes treatment in an atmosphere of 
singlet oxygen radicals, obtained by RF discharge at an operating power (40 − 80) W (6). The RF 
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oscillator converts the molecular oxygen stream into plasma containing ions, electrons etc in 
addition to oxygen radicals. Due to their activity, such oxygen radicals interact with the basic 
crystal and the growth of new layers is carried out by non-metal components adsorbed from the gas 
phase and metals extracted from the basic crystal. Singlet oxygen radicals are highly active when 
they reach the surface of the basic crystal. During the process, oxygen radicals stimulate the 
extraction of the Zn atom from the basic crystal and create a new ZnO quasiepitaxial layer on the 
surface. Meanwhile, a number of Zn vacancies are created in the surface area of the basic crystal. A 
narrow temperature distribution profile (11) is maintained by a water-cooling system in both the 
upper (1) and lower (2) parts of the reactor. The magnetic (0.3 T) and electric fields (5000 V / m) 
(7) control the distance between the plasma and basic crystal. The experiment shows that the 
effective distance is from 1≈d  to 2.5 cm, since for 1<d cm, crystal evaporation (ion etching) 
takes place, while at 5.2>d cm, the radicals can unify as molecules reducing the efficiency of layer 
growth. The concentration of oxygen radicals was about )10510( 1514

0 ⋅−≈n cm−3 [10]. 

 

 
Fig. 1. Scheme of RBQE technology: (1) and 2) cooling systems, (3) basic crystal, (4) heater, 

(5) vacuum pump, (6) RF device, (7) magnetic and electric fields which separates only oxygen 
radicals from oxygen plasma, (8) thermocouple, (9) platinum coil, (10) potentiometer, and 

(11) temperature distribution in the reactor. 
 
Increasing temperature increases the concentration of Zn atom extracted from the basic crystal 

during RBQE. At the fixed concentration of oxygen radicals, the intensity of metal extraction decreases 
with decreasing growth temperature, and consequently metal concentration in the ZnO epitaxial layers 
decreases. This results in an increase of the concentration of VZn in the new epitaxial layers. 

Accordingly of defect creation mechanism under RBQE method, the concentration of VZn 
increases in the basic crystals. It is known that the concentration of oxygen vacancies in the basic 
n-type ZnO crystal was very high. As the temperature of the treatment processing is rather high, 
oxygen vacancies will mainly be ionized, and so the concentration of VO is low. Due to the increase 
of VZn the Fermi level decreases to the valence band edge and a transfer of electrons from VO

+ to 
VZn takes place, resulting in the creation of VZn

− and VO
++. With increased the concentration of VZn

− 
and VO

++ the probability of creation of (VZn
− − VO

++) increases too. This model agrees with 
available experimental data [9]. 
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By means of the RBQE method it is possible to produce n- and p-type stoichiometric layers of 
ZnO with thickness from a few atomic layers to 25 µm. The size of basic crystals in the RBQE 
reactor changes from 1 to 4 cm2 and with modernized of the RBQE reactor can be increased. 

The RBQE method provides control of the defect creation mechanism in the production of 
ZnO wide-gap semiconductors, and consequently the determination of the electrical and optical 
properties of the samples. In particular, the RBQE method has the following important advantage: 
for fixed oxygen concentration it is possible to regulate the concentration of Zn extracted from the 
basic crystal by variation of its temperature. The method allows control of the stoichiometric 
composition both in the growing of ZnO layers and in the basic ZnO crystal. 

 
 

3. EXPERIMENTAL RESULTS 

 
Monocrystalline layers of ZnO were grown on ZnO crystals using RBQE. As initial crystal 

was used of high quality n-type ZnO ( 2104.9 −⋅=ρ Ω ⋅ cm) monocrystal (produced by Cermet, 
Inc.). In order to obtain p-type ZnO epitaxial layers, the basic crystal (n-type ZnO) was treated at 
400 oC in an atmosphere of activated oxygen obtained by RF-discharge at 80 W for 4 h. The 
concentration of oxygen radicals was (1014 − 1015) cm−3. According to thermo-electro-move-force 
(EMF) measurement, the epitaxial ZnO layers showed p-type conductivity. We have studied 
photoluminescence (PL) spectra of the initial n-type ZnO crystals and new epitaxial p-type ZnO 
layers obtained by RBQE method at temperatures of 70 and 300 K with a FS920 luminescence 
spectrometer from Edinburgh Instruments. A xenon tube was used as an excitation source 
( 313=

Ex
λ nm).  Fig. 2 shows the PL spectra of the initial n-type and manufactured p-type samples 

recorded at 300 K. In the PL spectrum of initial n-type sample, a maximum occurs at 5.378=λ nm 
(Fig. 2b), while for p-type ZnO layers, maxima were observed at 378.5 and 394.5 nm (Fig. 2a). 

 

 
 

Fig. 2.  - - - - - - (a) p-type ZnO treated RBQE; 
– - – - –  (b) n-type initial ZnO; 

  ––––––   (c) RBQE treated ZnO. 
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The PL spectrum (recorded at 70 K) for the initial n-type ZnO gave maxima at 369.1, 374.5, 
383.5 and 392.5 nm (Fig. 3a), while the quasiepitaxial p-type ZnO layers had maxima at 369.1, 
374.5, 383.5, 392.5 and 401 nm with different intensities (Fig. 3b). Fig. 4a and b highlights the PL 
spectra of p-type ZnO layers recorded at both 300 and 70 K. Bands recorded at 70 K are shifted into 
the short wavelength area by 20 nm. 

 
Fig. 3.  – - – - –  (a) n-type ZnO; 
             ––––––   (b) p-type ZnO. 

 

 
Fig. 4.  - - - - - -  (a) p-type ZnO, 300 K; 

            ––––––   (b) p-type ZnO, 70 K. 
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Fig. 5. X-ray diffraction of the ZnO. 
 

 
Table 1. 

 
Material 

 
Temperature 

T , K 
Carrier mobility 

µ , cm2 / V ⋅ s 
Carrier concentration 

n , cm−3 
Resistivity 
ρ , Ω ⋅ cm 

p-type ZnO 77 22 − 25 (5 − 6) ⋅ 1018 (5.0 − 4.2) ⋅ 10−2 
p-type ZnO 300 230 − 250 (7 − 8) ⋅ 1018 (3.9 − 3.1) ⋅ 10−3 

 

The structural characterization of the ZnO new layers was checked with a Siemens D5000 
XRD (X-ray diffraction) spectrometer (CuKα line, step size 0.02 o) (Fig. 5). The van der Pauw 
method was used to measure the Hall Effect. The measurement was performed at 300 and 70 K 
(Table. 1). 

 

 

4. DISCUSSION 
 
In order to identify the defects responsible for the bands observed in the PL spectra we 

considered the specific mechanism of defect creation in ZnO under RBQE. 
The maximum 401 nm band in the PL spectrum at 70 K must be connected to the VZn

− level. 
The low intensity of this line may be explained by the low electron capture cross-section [11]. The 
392.5 nm band could be connected to the VO

++ level, while the 383.5 nm band is connected to the 
associated (VZn

− − VO
++) level [12,13], which for p-type conductivity is in good agreement with 

theoretical estimations for acceptor centers [9]. The high intensity 374.5 nm band observed 
corresponds to acceptor bound excitation (Fig. 3a). The peak at 369.1 nm in the PL spectrum of 
initial n-type ZnO samples is more intensive than that at 374.5 nm (Fig. 3a). The peak positions at 
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369.1 and 374.5 nm correspond to donor bound excitons [14,15] and acceptor bound excitons 
[16,17], respectively. Results for the acceptor bound exciton in p-type ZnO layers obtained by 
RBQE demonstrate the high purity and perfect structure and a significantly reduced number of 
residual defects. 

According to the X-ray diffraction, the new layers of ZnO are characterized by a hexagonal 
structure. X-ray diffraction shows agreement with the a  and c  parameters with known parameters 
of ZnO ( 24982.3=a  and 20661.5=c Å), while analysis indicates that the prepared ZnO thin films 
had the preferred c -axis orientation of the crystal. The peak positioned at 34.4 ° was observed for 
the films grown using RBQE, and correspond to the (0002) plane diffraction of ZnO with hexagonal 
structure (Fig. 5). The intensity of the (0002) peak decreased with increasing distance between the 
oxygen plasma and crystal surface. This fact suggests that the crystalline quality of the ZnO thin 
films had degraded from the single-oriented crystal to polycrystalline one with an increase of the Zn 
content. Increasing the distance between oxygen plasma and the crystal surface causes the O2 
molecules created by association of oxygen radicals, and the concentration of oxygen in the surface 
layers, to decrease and results in the degradation of the ZnO crystalline quality. Experiments have 
shown that the optimal distance between the plasma and the crystal surface is from 2 to 2.5 cm. The 
PL spectrum recorded at 300 K by samples grown using RBQE with greater distance (> 3 cm) 
between plasma and crystal surface show a weak maximum at 379.5 nm (Fig. 2c). 

The Hall-effect and thermo-EMF measurements were made and show the holes conductivity 
of the ZnO layers. Hall measurements are summarized in Table 1. 

Increasing in temperature from 77 to 300 K results in carrier mobility increasing by an order 
of magnitude. It is known that carrier scattering occurs on the lattice defects and by phonons. At 
300 K, the scattering by the phonons dominates and is directly proportional to the temperature. At 
lower temperatures, the carrier scattering mostly occurs on the defects from charged points at low 
temperatures. A similar effect of temperature vs. mobility dependence (from 50 to 350 K) has been 
observed in p-type ZnO:P samples [18]. From 250 to 350 K, the scattering by the phonons 
dominates, while below 120 K, the scattering by ionized impurities take place. Between 120 and 
250 K both mechanisms coexist [19]. Schmidt investigated the electrical properties of ZnO:Cu 
where the mobility of the samples treated in a vacuum changed unexpectedly. In particular, the 
mobility increased by an order of magnitude from 10 to 350 K, and the author supposed that this 
was due to impurity diffusion in the bulk crystal at low temperatures. Hence similarly, in ZnO, with 
a low concentration of impurities in the temperature range from 10 to 350 K, a proportional 
relationship between mobility and temperature takes place. For the RBQE produced samples, the 
mobility can be explained by the fact that there is a low concentration of residual impurities due to 
the manufacturing technique. Thus, the RBQE method enables control of the component 
concentration ratio and consequently the electrical and optical properties. 

 

 
 

Fig. 6. ZnO layers growing. 
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The photograph (Fig. 6) shows the construction of layers during the RBQE process and shows 
that new layers avoid formation above the surface of a defective area.  

 

 
 

Fig. 7. VI −  characteristic of ZnO structures obtained by the RBQE method 
(measured by Cermet Inc.). 

 
The VI − characteristic measured by Cermet Inc. is show in Fig. 7. 
 

 

5. CONCLUSION 

 
The acceptor bound exciton in the p-type ZnO layers obtained by RBQE exhibit high purity 

and perfect structure, which is one of the most important issues in the production of wide band gap 
type II−VI materials. 

The concept implemented in RBQE has the potential for future applications where compounds 
with two components like ZnS [9], ZnSe, GaN, Al2O3 etc (one metal, another non-metal) are 
required. By the RBQE method were obtained the blue light emitting diode on the basis of 
Au − ZnO − ZnSe − In system [20]. 
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1. INTRODUCTION 

 

One of the topical problems of optical electronics is to obtain and investigate wide-band-gap 

II−VI semiconductors, namely ZnSe, ZnO and ZnS. These semiconductors have absorption and 

emission ability in the visible and ultraviolet part of PL spectrum. However, their use in modern 

optical electronic industry is quite restricted because of the difficulties of controlling their optical 

and electrical properties. In equilibrium conditions the inversion of conductivity type is connected 

to the great difficulties [1]. The thermodynamic analysis of concentration relationship of intrinsic 

defects in II−VI wide gap semiconductors shows, that for the closed system A
II
B

IV
 − B

IV
2 (vapor) 

deviation of stoichiometry towards the B component (or obtaining the samples with intrinsic-defect 

holes conductivity) is theoretically possible in the certain pressure and temperature ranges. In [2] 

using theoretical calculations we defined the critical point of temperature 
cr

T , below of which 

inversion of the conductivity type is possible after thermal treatment of a non-metal vapor 

(deviation of stoichiometry towards the B component), but in this case so high level of pressure is 

required, which is impossible to obtain in real conditions. Thermal treatment below the critical 

temperature does not cause variation of stoichiometry, because any diffusion processes slow down 

at such a low temperature. ZnO and ZnSe are direct-band-gap semiconductors with 3.4 and 2.8 eV 

band-gap energies. The self-compensation [3,4] and residual impurity [5−7] effects prevent from 

obtaining of the good p-type conducting materials. To solve the problem we worked out 

modernized technology for obtaining binary semiconducting compounds. 

 

 

2. RADICAL BEAM QUASI-EPITAXY 
 

Original method, which enable us to create new quasiepitaxial semiconducting layers on the 

surface of binary compound like that on the basic crystal have been elaborated. One component of 

grown layer (metal) comes from the basic crystal; another component (non-metal) comes from the 

gas phase. The metal component, coming from the basic crystal, freely diffuses in the layer, while 

the non-metal component almost does not enter the layer. Consequently, surface layers become 

poor with A component, so it becomes possible to control the relationship between A and B 

components, which means to control their properties in basic crystal as well as in new layers. This 

method resembles gas-phase epitaxy with the difference that in this method both components are 

adsorbing from gas phase. The second significant difference is that basic crystal is placed in the 

area of maximal temperature of the reactor. Temperature in other areas of the reactor is much less. 

This profile of temperature distribution promotes movement of uncontrollable impurities towards 

colder areas of reactor. It should be mentioned that formation of new layers takes place in the wide 

temperature range (from 300 to 1100 K). This method was called radical beam quasi-epitaxy 

(RBQE) [8,9]. 
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In our case RBQE method enables us to obtain single crystalline layers of ZnO on the basic 

crystal of ZnSe but generally it might be use for other binary compounds. Fig. 1 shows the scheme 

of RBQE technology. Technological process took into consideration the following characteristics of 

oxygen molecule. Oxygen atom is in the triplet ground state and, consequently, it is chemically non-

active. Furthermore, it does not participate in the reaction, where it should act as electron pair 

acceptor. To cope with this problem, oxygen has to be transformed into singlet state. This process is 

connected with the energy absorption. 

 
Fig. 1. Scheme of RBQE technology. 

 

During RBQE, the basic crystal undergoes treatment in the atmosphere of singlet oxygen 

radicals obtained by RF discharge. The RF oscillator converts the molecular oxygen stream into 

plasma containing ions, electrons etc in addition to oxygen radicals. The applied electric 

(5000 V / m) and magnetic (0.3 T) fields cause “filtration”, after which only oxygen radicals reach 

the basic crystal. Due to their activity such oxygen radicals interact with the basic crystal and the 

growth of new layers is carried out by nonmetals adsorbed from the gas phase and metals extracted 

from the basic crystal. Oxygen singlet radicals are highly active when they reach surface of basic 

crystal and they react with the basic crystal. During the process oxygen radicals stimulate extraction 

of Zn atom from the bulk and creation of new ZnO quasiepitaxial layer on the surface. Meanwhile, 

a number of Zn vacancies are created in the surface area of the basic crystal. The narrow profile of 

temperature distribution is maintained with water-cooling system in upper and lower parts of the 

reactor. 

The magnetic and electric fields control the distance between the plasma and basic crystal. 

The experiment shows that the effective distance is d  from ≈ 10 to 25 mm. At 10<d mm the 
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crystal evaporation (ion etching) takes place; at 25>d mm, radicals can unify as molecules 

reducing the efficiency of layer growth. 

Concentration of oxygen radicals was measured using several different techniques, which all 

provided almost similar results. Here we focus on the most convenient one – Elias method of 

catalytic sample heating [10]. Our measurements show that concentration of oxygen radicals is 

about )10510( 1514

0 ⋅−≈n cm
−3

. It is practically impossible to obtain such a concentration in the 

equilibrium condition. 

 

 

3. EXPERIMENT 

 

By means of RBQE method the single crystal layers of ZnO were grown on the basic of ZnSe. 

The n-type ZnSe samples (1 × 2 × 3 mm) with 210≈ρ Ω ⋅ cm grown by gas phase epitaxy were 

used as initial basic crystals (Fig. 2a). To obtain new single crystal layers of ZnO the treatment was 

carried out in the atmosphere of activated oxygen obtained by RF-discharge of (40 − 80) W. The 

temperature of treatment was (300 − 800) ºC and duration was from 45 min to 6 h. Quasiepitaxial 

layers are formed by metal component that because of diffusion comes out of the volume of basic 

crystal onto the surface and oxygen singlet radicals from gas phase. 

 

 
 

Fig. 2. a – PL spectra of initial ZnSe crystal; PL spectra of basic ZnSe crystals 

after removing a new ZnO layers: b – nonimplanted, c – implanted by O
+
 ions. 

 

The treatment in activated atmosphere of oxygen always causes discussion about oxygen 

introduction into a basic crystal [11,12]. That is why it is very important to consider what is the 

degree of incorporation of this active acceptor in the investigated object (crystal) that is, how much 

is the possibility of inversion of conductivity type by means of this acceptor. On the one hand, 

radical beam quasiepitaxy is the method for obtaining of single crystal layers with high purity and 

perfection. On the other hand, it can be considered as an effective mechanism for controlling defect 

concentrations in crystal. Therefore the method of RBQE gives the possibility to understand 

profoundly the mechanisms of defect creation in basic crystal as well as in new epitaxial layers. In 

its turn this makes easy interpretation of bands observed in PL spectra. Such consideration of the 

problem requires strict defining whether non-metal component adsorbed from vapor phase 

penetrates into basic crystal or it only takes part in formation of new crystalline layers. If B 
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component (oxygen) penetrates into basic crystal (ZnSe) it creates impurity centers and leads to 

more difficulty in identification of defects responsible for the bands observed in PL spectra. 

To understand the sense of the problem we carried out the following experiment. We also 

investigated nonimplanted and preliminary oxygen implanted ZnSe single crystals treated by 

RBQE. ZnSe samples were implanted by O
+
 ions ( 120=E keV); the density of ion current was 

)23.0( −=I µA / cm
2
; doses were )1010( 1514 −=D cm

−2
. Following treatment was carried out in 

atmosphere of oxygen singlet radicals at (300 − 800) 
o
C temperature ranges; duration of treatment 

was from 45 min up to 6 h. 

We have studied spectrums of photoluminescence (PL) and photoconductivity (PC) of the 

basic crystals and new quasiepitaxial layers. PL measurements were made at 80 K. N2 laser 

( 1.337
exc

λ nm) was used as an excitation source. The emitted light was dispersed by a grating 

monochromator with 1200 Groove / mm and detected with a photomultiplier. 600 W Globar 

(quartz–tungsten) was used for photoconductivity measurements. The type of conductivity was 

determined by measuring of thermo-EMF. 

 

 
 

Fig. 3. Photoluminescence spectra of ZnO quasiepitaxial layers grown at different 

temperatures. 

 

 PL spectra of obtained ZnO layers were investigated. We measured PL of ZnO / ZnSe 

quasiepitaxial layers grown at various temperatures: 300, 450 and 600 ºC (Fig.3). The experiments 

showed that there exists some experimental critical temperature exp

cr
T . When the temperature of 

treatment is below exp

cr
T  the obtained samples are of p-type conductivity, while above exp

cr
T  the 

semiconducting layers with sharply expressed n-type conductivity were obtained. Layers of ZnO 

grown near exp

cr
T  reveal insulator properties. The value of exp

cr
T  defined experimentally for carriers 

concentration in ZnO layers grown on nonimplanted ZnSe at 600 ºC. 
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 At 600exp =
cr

T ºC insulator layers of ZnO ( 1110≥ρ Ω ⋅ cm) were obtained. In the PL 

spectrum exciton part was observed (367 – A-exciton; 371 – bound exciton; 374, 383.4, 392 and 

401 nm – phonon replicas of A-exciton) with visible part completely vanished (Fig. 3a). During the 

treatment at 450 ºC weak holes conductivity ( )1010( 65 −=ρ Ω ⋅ cm) was observed. In the PL 

spectrum the exciton emission is partially covered by the emission band with maximum at 390 nm 

(Fig. 3b). At 300 ºC ZnO layers with resistivity 10
2
 Ω ⋅ cm were obtained. In the PL spectrum of 

this crystal 390 nm band completely covers the exciton part (Fig. 3c). The quasiepitaxial layers of 

ZnO grown on the basis of implanted by O
+ 

ions and nonimplanted ZnSe in the same condition are 

qualitatively identical, which speaks about the same growth mechanism. There is only one 

difference: in the case of implanted substrate 650exp =
cr

T ºC for ZnO layers. 

After removing quasiepitaxial layers of ZnO we studied electrical and luminescence properties 

of ZnSe basic crystals. According to thermo-EMF measurement in all cases near-surface layers of 

ZnSe basis revealed p-type conductivity ( )1010( 65 −=ρ Ω ⋅ cm). In the PL spectra of implanted 

and nonimplanted ZnSe basic crystals treated in identical conditions by the method RBQE, the 

bands with maxima at 480, 540 and 720 nm were observed (Fig. 2b). In the PL spectrum of 

implanted ZnSe new band with maximum at 628 nm was additionally observed (Fig. 2c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Photoconductivity spectrum of basic ZnSe crystals. 

 

We also studied photoconductivity (PC) spectra of ZnSe basic crystals. In the PC spectrum a 

low intensity peak at 4.1059=λ nm ( 17.1=ε eV) and two high intensity peaks at 541 nm (2.3 eV) 

and 480.5 nm (2.58 eV) are observed (Fig.4). 

 

 

4. RESULTS AND DISCUSSION 

 

In order to identify defects responsible for the bands observed in the PL spectra we consider 

the mechanisms of defects creation in ZnSe. As it was mentioned n-type ZnSe was taken as an 

initial basic crystal. It is obvious that quality of donor type defects such as VSe, VSe
+
 and Zni should 

be high in it. As the temperature of thermal processing is rather high selenium vacancies mainly 
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must be ionized and, consequently, the concentration of VSe is low and it can be neglected. In our 

opinion according to the mechanism of RBQE method at the initial stage of growth interstitial zinc 

atoms mainly take part in the formation of new layers; at the next stage the zinc atoms set in the 

lattice point. The probability of creation of zinc vacancy is high in the area where defect already 

exists, in particular near to VSe
+
. According to mechanism of RBQE method, with increasing the 

temperature increases the rate of zinc atoms extraction from the basic crystal, which causes the 

increase of the concentration of VZn; the concentration of VSe remains constant and to maintain local 

electro-neutrality it must occur recharging of single-charged selenium vacancies into double-

charged ones. As a result VZn
−
 and VSe

++
 are obtained. With the following increase of temperature 

the concentrations of VZn
−
 and VSe

++
 increase and when they find themselves close to each other 

they associate at the expense of coulomb interaction creating VZn
−
 − VSe

++
. The presenting model is 

in a good agreement with experimental data. 

As experimental data show in the PL spectra of implanted samples opposite to nonimplanted 

ones 628 nm band was observed. In our opinion this peak is connected to the incorporation of 

oxygen into the basic crystal. As in initial n-type ZnSe samples the concentration of VSe is high and 

oxygen is isoelectronic impurity for ZnSe [13−15], it is obvious that the implanted oxygen atoms 

substitute VSe. As a result OSe is obtained. 

As for difference between the experimental values of critical temperature of new layers 

obtained on the implanted ( 650exp =
cr

T
o
C) and nonimplanted ( 600exp =

cr
T

o
C) ZnSe basic crystals, it 

is conditioned by the chemical properties of oxygen. Because of high electro-negativity of oxygen 

with respect to selenium during processing, the adsorption of zinc from the basic crystal is reduced. 

Proceeding from this, in the case of implantation by oxygen atoms temperature that is needed for 

extracting the same quality of zinc is higher than in the case of nonimplanted samples. Thus, during 

processing of implanted samples in RBQE exp

cr
T

 
turned out to be higher than that for nonimplanted 

samples. 

In our opinion from the technological peculiarities the maximum at 541 nm in the PC 

spectrum and 540 nm bands in PL spectrum must be connected to the single ionized zinc vacancy 

VZn
−
. The 540 nm band in PL spectrum and maximum at 541 nm in the PC spectrum are connected 

with electron transition from the conductivity band to this level (VZn
−
) and from this level to 

conductivity band accordingly. At high VZn
−
 concentration a donor defect VSe

+
 converts into an 

acceptor center VSe
++

. The maximum at 1059.4 nm in the PC spectrum and 720 nm bands in PL 

spectrum must be connected with the VSe
++

. The 720 nm band in PL spectrum and maximum at 

1059.4 nm in the PC spectrum are connected with electron transition from the conductivity band to 

the virtual level of VSe
++

 and from valence band to this level accordingly. The growth of VZn
−
 and 

VSe
++

 must stimulate formation of their complex VZn
−
 − VSe

++
. The 480 nm band in the PL spectrum 

and 480.5 nm maximum in the PC spectrum is connected to associate VZn
−
 − VSe

++
. The 480 nm 

band in the PL spectrum and 480.5 nm maximum in the PC spectrum are connected with electron 

transition from the conductivity band to the level of associate VZn
−
 − VSe

++
, and from this level to 

conductivity band accordingly. 

 

 

5. CONCLUSION 

 

On the basis of obtained results we concluded that during treatment of samples in atmosphere 

of oxygen singlet radicals by the method of RBQE the incorporation of oxygen atoms into basic 

ZnSe crystals does not take place. 
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1. INTRODUCTION 

 

The fabrication of optoelectronic devices operating in the visible or ultraviolet regions is one 

of the major tasks of optical electronics. The semiconductors having direct gaps, high efficiency of 

radiative recombination and wide gaps are essential for using in optoelectronic devices [1]. 

Obtaining such semiconductors and investigation of their electrical and optical properties is very 

important and urgent problem. The control of electrical and optical properties of wide gap 

semiconductors is very problematic because of strong compensation and self-compensation caused 

by residual impurities and point defects. For this reason the inversion of conductivity type is 

problematic too [2]. 

ZnO is very interesting material among the wide gap semiconductors. The obtaining of 

intrinsic defect hole conductivity in ZnO is especially problematic [3] but necessary for clarifying 

the native properties of ZnO. At the same time in optoelectronic devices the structures with intrinsic 

point defects are advantageous because these defects are more stable against different influences as 

compared to impurity defects. It is well known that ZnO is naturally characterized by n-type 

conductivity. Regardless of this fact the general viewpoint about donor defect interpretation is not 

formed [4]. Besides, the information about the control of ZnO’s electrical properties with intrinsic 

defects is not available in literature. 

In some compounds the ion implantation with intrinsic component results at n- or p-type 

semiconductor. In II−VI wide gap semiconductors n-type doping by this method is not complicated 

problem, while p-type doping is very difficult [5]. Explaining reasons of these difficulties, 

particularly, are low ionization energies of native donor defects existing in wide gap 

semiconductors, presence of compensating vacancy defects, low degree of dissolution of doping 

impurities. It is also possible that some doped atom stimulate formation of low energy self-

compensating defects, which significantly decreases the doping effect. 

The thermodynamic analysis of concentration relationship of intrinsic defects in A
II
B

VI
 wide 

gap semiconductors shows, that for the closed system A
II
B

VI
 − B

VI
2 (vapor) inclination of 

stoichiometry towards the B component (or obtaining the samples with intrinsic-defect holes 

conductivity) is theoretically possible in the certain pressure and temperature range. In [6] using 

theoretical calculations we defined the critical point of temperature crT , below of which inversion 

of conductivity type is possible after thermal treatment of a non-metal vapor (inclination of 

stoichiometry towards the B component), but in this case so high level of pressure is required, 

which is impossible to be obtained in real conditions. Thermal treatment below the critical 

temperature does not cause variation of stoichiometry, because any diffusion processes slow down 

at such a low temperature. 

Doping of II-VI wide gap semiconductors with an intrinsic non-metal component is not 

effective, because thermal treatment of the crystal to heal of radiation defects formed during the 

implantation takes place above the critical temperature. For the above-mentioned reasons low 
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resistivity p-type conductivity in ZnS and ZnSe is not observed, and as it is known from the 

literature inversion of conductivity type in ZnO was not achieved. 

The analysis of defect formation in compounds of II−VI group shows that for formation of the 

same concentration of vacancy defects in metal and non-metal sub-lattices, partial pressure of non-

metal atomic component must be equal or comparable with total pressure of non-metal. Obtaining 

of an atomic non-metal is impossible by equilibrium thermal dissociation. Indeed, if we manage to 

increase the level of dissociation in the non-metal vapor surrounding the crystal, so that partial 

pressure of atomic component to be equal or comparable with the total pressure of the non-metal, 

then enthalpies of formation of vacancy defects in both sub-lattices will become almost equal to 

each other. For example, obtaining of atomic oxygen with partial pressure 610)( =Οp atm at 

1000 K is possible only if the pressure of molecular oxygen is 6

2 10)( =Οp atm. In order to obtain 

atomic non-metal usage of some nonequilibrium method such as discharge at ultrahigh frequency, 

ultraviolet light etc should be used. In these circumstances the hyper-stoichiometric composition of 

the non-metal is formed in the crystal, which results in intrinsic defect holes conductivity. 

To solve this problem new original method – radical beam quasi-epitaxy (RBQE) was 

elaborated. It enables us to create new quasiepitaxial layers on the surface of a binary compound 

like that on the basic crystal. Section 2 demonstrates implication and possibilities of RBQE method 

in detail. Section 3 examines electrical and luminescence properties of p-type ZnO obtained by 

RBQE method. 

 

 

2. RADICAL BEAM QUASI-EPITAXY 

 

We have elaborated new original method, which enable us to create new quasiepitaxial 

semiconducting layers on the surface of binary compound like that on the basic crystal. One 

component of this layer (metal) comes from the basic crystal; another component (non-metal) 

comes from the gas phase. The metal component, coming from the basic crystal, freely diffuses in 

the layer, while the non-metal component almost does not enter the layer. Consequently, surface 

layers become poor with A component, so it becomes possible to control the relationship of A and 

B components, which means to control their properties in basic crystal as well as in new layers. 

This method resembles gas-phase epitaxy, with the difference that in this method both components 

are adsorbing from gas phase. The second significant difference is that basic crystal is placed in the 

area of maximal temperature of the reactor. Temperature in other areas of the reactor is much less. 

This profile of temperature distribution promotes movement of uncontrollable impurities towards 

colder areas of reactor. 

It should be mentioned that formation of new layers takes place in the wide temperature range 

(300 to 1500 K). This method was called radical beam quasi-epitaxy (RBQE). 

In our case RBQE method enables us to obtain monocrystalline layers of ZnO on the basic 

crystal of ZnO, but generally it might be used for other binary compounds. Fig. 1 shows the scheme 

of RBQE technology. The oxygen molecule has the following characteristics, which were 

considered during the technological process: the oxygen molecule is chemically non-active. To 

avoid this problem turning of electron spin is necessary, which is connected with absorption of 

energy. In RBQE method the crystal is treated in the atmosphere of singlet oxygen radicals, which 

are formed with RF discharge. The RF oscillator converts the molecular oxygen stream into plasma 

containing ions, electrons etc in addition to oxygen radicals. The applied electric and magnetic 

fields cause “filtration”, after which only oxygen radicals reach the basic crystal. Due to their 

activity such oxygen radicals interact with the basic crystal and the growth of new layers is carried 

out by nonmetals adsorbed from the gas phase and metals extracted from the basic crystal. The 

magnetic and electric fields control the distance between the plasma and basic crystal. 
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Fig. 1. Scheme of RBQE technology: (1) and (2) cooling systems, (3) substrate, 

(4) heater, (5) vacuum pump, (6) RF devise, (7) filter which separates only 

oxygen radicals from oxygen plasma, (8) thermocouple, (9) platinum coil, 

(10) potentiometer, (11) temperature distribution in the reactor. 

 

Concentration of oxygen radicals was determined with heating of catalytic samples (platinum 

coil) [7] and it was from 10
14

 to 5 ⋅ 10
15

 cm
−3

. The experiment shows that the effective distance is 

from 10 to 25 mm. In the atmosphere of oxygen singlet radicals the treatment of II−VI basic 

crystals is possible at temperatures in the range of (300 − 1400) K. 

Under RBQE new ZnO layers were formed on basic crystals. The thickness of epitaxial layer 

was from several atomic layers to 25 µm. As we mentioned above, under RBQE the concentration 

of singlet radicals of oxygen is 10
14

 − 10
15

 cm
−3

. Under equilibrium conditions at temperature 

1000 K, a pressure 7

2 105.1)( ⋅=Οp atm is needed to obtain the same concentration of oxygen 

singlet radicals. Under the RBQE crT  is the temperature at which equality of concentrations Zn and 

O components takes place in new epitaxial layers. In this way we will obtain the isolated new quasi-

epitaxial ZnO layers on the basic II−VI compounds. At temperatures crTT <  the concentration of 

Zn is lower than the concentration of O in new epitaxial layers. As a result, obtained ZnO layers 

have p-type conductivity. At temperatures crTT >  new quasi-epitaxial ZnO layers have n-type 

conductivity. Our research shows that crT  equals 600 
o
C. For obtaining of p-type ZnO epitaxial 

layers was carried out no equilibrium treatment at 400 
o
C by RBQE method. 

 

 

3. RESULTS 
 

The initial basic crystal was n-type ZnO ( 310=ρ Ω ⋅ cm) grown by the vapor-phase epitaxy 

method, 1 × 1 × 0.2 cm in size. PL measurements were made at 77 K. N2 laser ( 1.337=excλ nm) 
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was used as an excitation source. The emitted light was dispersed by a grating monochromator with 

1200 Groove / mm and detected with a photomultiplier. 

The photoluminescence spectrum of n-type initial ZnO contains exciton area (367 – 

A-exciton; 369 – bound exciton; 374, 383.4, 392 and 401 nm – phonon replicas of A-exciton) and a 

non-structural line with maximum on 505 − 510 nm (Fig. 2). 

 

 
 

Fig. 2. Photoluminescence spectrum of initial basic crystal ZnO. 

 

During the RBQE method basic crystal (ZnO) undergoes treatment at 400 
o
C (time of 

treatment was 4 h) in the atmosphere of active oxygen radicals with concentration 10
14

 − 10
15

 cm
−3

. 

The basic crystal after RBQE treatment always demonstrated p-type conductivity and its 

resistivity was depended from treatment temperatures. 

We had investigated the photoluminescence spectra of the basic crystal after removing new 

grown layers of ZnO. 

 
Fig. 3. Photoluminescence spectrum of basic p-type ZnO after treatment at 400 

o
C under 

RBQE. 
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The relationship of luminescence in exciton area and in long line area for initial n-type ZnO 

(Fig. 2) and p-type ZnO (Fig. 3) obtained by the RBQE are different. In PL spectra of p-type ZnO 

(Fig. 3) the exciton luminescence is intensive and long line luminescence is reduced. 

Van der Pauw method was used for investigation of electrical properties of basic p-type ZnO 

layers after removing new grown layers of ZnO. The basic p-type ZnO had holes concentration of 

10
12

 cm
−3

, mobility 3.4 cm
2
 / V ⋅ s and resistivity 1.8 ⋅ 10

6
 Ω ⋅ cm , respectively. 

We also were investigated the spectra of photoluminescence of new grown layers of ZnO. In 

the PL spectra of new grown layers the peak at 395 nm completely overlaps exciton part, intensity 

of 510 nm line is significantly reduced and a new line with maximum at 460 nm is formed (Fig. 4). 

 

 

Fig. 4. Photoluminescence spectrum of obtained p-type new layers of ZnO 

after treatment at 400 
o
C under RBQE. 

 

Van der Pauw method was used for investigation of electrical properties of new p-type ZnO 

layers too. The new p-type ZnO layers had holes concentration 10
15

 cm
−3

, mobility 14 cm
2
 / V ⋅ s 

and resistivity 4.5 ⋅ 10
2
 Ω ⋅ cm, respectively. 

 

 

4. DISCUSSION 

 

The advantage of RBQE method is that it allows not only obtaining ZnO with p-type 

conductivity, but also identifying point defects responsible for peaks in PL spectra. The high 

chemical potential of oxygen radicals in the gas phase stimulates extraction of zinc atoms from the 

basic crystal and a new epitaxial layer was formed on the surface. 

According to the mechanism of RBQE method Zn diffused from the basic crystal takes part in 

the formation of new layers. With the growth of new layers the concentration of Zn atoms extracted 

from basic crystal increases and consequently the concentration of VZn in the basic crystal increases 

too. Under treatment by RBQE oxygen vacancies mainly must be ionized, consequently the 

concentration of VO is low. The concentration of VO
+
 remains constant and transfer of the electrons 
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from VO
+
 to VZn takes place (the probability of creation VZn near VO

+
 defect is high). As a result 

VZn
−
 and VO

++
 are obtained. Following construction of new layers of ZnO the concentrations of 

VZn
−
 and VO

++
 increase as well and was created their associate (VZn

−
 − VO

++
). Taking into account 

the mechanism of quasi-epitaxial layer growth, VO
++

 and (VZn
−
 − VO

++
) are the predominant defects 

in basic p-type ZnO crystal. The presented model is in a good agreement with available 

experimental data. 

Considering RBQE method specifications the peaks 385 and 395 nm might be connected with 

defect creation mechanisms under RBQE. Consequently, the peaks 385 and 395 nm observed in PL 

spectrum of basic p-type ZnO might be connected with (VZn
−
 − VO

++
) and VO

++
, respectively.  

In PL spectrum of new grown layers were observed the peaks at 395, 460 and 510 nm (Fig. 4). 

The 395 nm line is characterized with wide half-width and it changes the shape according to the 

excitation conditions. It indicates that the line does not have the elementary structure. We disintegrated 

the line and received two elementary peaks with maxima at 385 and 400 nm wavelengths. 

 

 
 

Fig. 5. Photo of new grown layers of ZnO. 

 

Due to the peculiarities of the processes taking place under RBQE growth of layers develops 

under non-embryo growth mechanism (in contrast from gas-phase epitaxy) and each formed layer 

becomes the base for new layers’ growth (Fig. 5). 

In the photoluminescence spectrum the peak at 460 nm might be connected with VZn
−
 defect. 

The low intensity of this line may be explained with the low electron capture cross-section. 

Energetic state of VZn
−
 obtained from these results perfectly coincides with the results given in [8]. 

The VO
++

 center has a wide capture cross-section, and consequent peak growth must be 

observed in the PL spectrum. Indeed, the growth of 400 nm lines and the reduction of 510 nm lines 

define this process. Radiation of 400 nm line is connected with electron transition from the 

conductivity band to the VO
++

 center. Radiation of 510 nm line is connected with transition of 

electron from conductivity band to VO
+
 level. This result perfectly agrees with VO energetic states 

theoretically calculated in [9]. 

The growth of VZn
−
 and VO

++
 must stimulate formation of their complex (VZn

−
 − VO

++
), which 

plays the role of a shallow acceptor in low resistivity crystals. The 385 nm line in PL spectrum is 

connected with transition to this center from the conductivity band [10]. Nonexistence of peak 

connected with electron transition from the valence band to this level is explained by the fact that at 

the room temperatures, at which these spectra are taken, (VZn
−
 − VO

++
) levels are completely 

occupied. 

 

 

5. CONCLUSIONS 
 

The analysis of literature data shows that ZnO is a very promising material for optoelectronic 

devices, but obtaining of ZnO with p-type conductivity is very problematic. This paper reports on a 
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new original method of RBQE, which enables us to obtain purest monocrystalline ZnO with p-type 

conductivity. We investigated electrical and optical properties of the p-type ZnO crystals obtained 

with the RBQE method. We determined that VZn
−
, VO

++
, (VZn

−
 − VO

++
) are the dominated defects in 

p-type ZnO and we observed corresponding peaks 460, 395 and 385 nm in the PL spectrum. 
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1. INTRODUCTION 
 

The wide band gap semiconductor A
III

B
VI

 compounds are characterized by n-type 

conductivity [1]. The obtaining of stoichiometric compounds as well as the samples in which the 

stoichiometry is shifted to nonmetallic component is a serious problem. The study of the formation 

of intrinsic defects allows one to investigate in more detail both the structure of acceptor centers and 

the physical-chemical mechanisms of intrinsic defects formation. Besides, the properties related to 

intrinsic defects and the structures based on them are more radiation-resistant than the impurity 

structures [2]. Owing to this, intrinsic-defect structures are promising materials for optoelectronics. 

It is known that the electrical and optical characteristics of semiconductors, dissolution and 

degree of doping of a particular impurity are determined by the properties of crystal lattice 

components [3,4]. Accordingly, obtaining the inversion of conductivity type in wide-band 

semiconductors poses a problem from the technological point of view [5,6]. In the case of impurity 

doping, complex defects connected with the impurity are formed inhibiting further dissolution of 

impurity of the basic crystal. 

The theoretical estimations of the process of phosphor implantation in A
III

B
VI

 have shown that 

ZnS is characterized by the lowest energy of AX
+
 center formation (the reaction is endothermic, 

95.0=E eV) and hence the probability of AX
+
 center formation is at a maximum [7]. In the case of 

high electronegativity of the impurity (as compared to the electronegativity of a substituted atom in 

the matrix) the formation of acceptor center (acceptor-bound exciton) takes place [8,9]. The more is 

the difference between the electronegativites of the impurity and intrinsic substituted component 

(0.4 eV) the more is the probability of the formation of impurity-bound excitons [10,11]. 

The existence of AX
+
 complex defects in matrix inhibits the dissolution crystal lattice of 

acceptor impurity that, in its turn, excludes the possibility of the obtaining of conductivity-type 

inversion in A
III

B
VI

 wide band samples [7]. In our opinion, less dissolution of S in ZnO − S system, 

as compared to the dissolution of oxygen in ZnS − O system is probably caused by the formation of 

complex defects in ZnO lattice. 
 

 

2. THERMODYNAMICS OF POINT DEFECT 
 

The investigation of equilibrium heat treatment of A
II
B

VI
 − B

VI
2 system showed that in wide-band 

compounds the shift of stoichiometry to nonmetallic component is connected with the suppression of 

self-compensation mechanism. In case of formation of intrinsic or impurity acceptor defect in wide-

band crystal, a self-compensation takes place by creation of intrinsic donor defect [12]. For creation of 

more acceptor defects as compared to donor centers, it is necessary to suppress the mechanism of self-

compensation, i.e. the mechanism of compensating defect formation. 

The thermodynamic analysis of intrinsic defects in A
II
B

VI
 (crystal) − B

VI
2 (gas) system showed 

that the formation of intrinsic defect p-type conductivity in the crystal is possible at definite values of 
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pressure and temperature. The inversion of conductivity type cannot be expected above the so-called 

critical temperature 
ct

T . It is the temperature at which the existence of donor and acceptor defects of 

equal concentrations corresponds to the minimum of the free energy of crystal. At temperature below 

ct
T  it is energetically favorable for the crystal to shift the stoichiometry to nonmetal component. The 

value of 
ct

T  estimated theoretically for ZnS and ZnO crystals is so small (from 200 to 500 K) that at 

ct
TT <  the diffusion processes are inhibited, and for this reason any appreciable changes of defect 

concentration can not be expected under the technological treatment of samples [12]. 

Thus, when the heat treatment of A
II
B

VI
 crystal is carried out under equilibrium conditions the 

shift of stoichiometry to nonmetallic component in A
II
B

VI
 compounds is theoretically possible; this can 

be achieved by controlling the intrinsic defect in case of stimulation of the diffusion at low 

temperatures. 

 

 

3. EXPERIMENT 

 

As it is known, the method of ion implantation is effectively used for stimulation of diffusion 

[13]. In order to obtain ZnS samples with intrinsic defect p-type conductivity we carried out the 

following experiment: Both Ar
+ 

inert gas and S
+
 ions were implanted in ZnS n-type samples 

( )1010( 32 −=ρ Ω ⋅ cm) at energy 150 keV and dose of implantation (10
14

 − 10
16

) cm
−2

. The range 

of current density was from 0.3 to 5 µA / cm
2
. The subsequent heat treatment of doped samples was 

carried out over the temperature range from 300 to 500 ºC in vacuum and saturated S2 vapor. The 

duration of heat treatment was from 4 to 8 h. The ZnS n-type samples ( )10105( 32 −⋅=ρ Ω ⋅ cm) 

were obtained under the heat treatment in vacuum over the temperature interval from 300 to 500 °C 

after the implantation of Ar
+
 and S

+
 ions. 

The ZnS p-type samples were obtained by implantation of Ar
+
 and S

+
 ions, (0.3 − 5) µA / cm

2
, 

under subsequent heat treatment at (420 − 460) °C in saturated S2 vapor ( )1010( 75 −=ρ  and 10
4
 − 10

6 

 Ω ⋅ cm at implantation of Ar
+
 and S

+
 ions, respectively). The n-type samples were obtained under heat 

treatment at 460>T °C in S2 saturated vapor (with resistivity (10
8
 − 10

9
) and (10

6
 − 10

7
) Ω ⋅ cm at 

implantation of Ar
+
 and S

+
 ions, respectively). The inversion of the conductivity type at the implantation 

of S
+
 and Ar

+
 ions did not take place for the ion current density 2≥J µA / cm

2
. By investigation of the 

thermally stimulated conductivity the acceptor levels with ionization energies (0.14 ± 0.04) and 

(0.57 ± 0.03) eV were observed in ZnS p-type samples [14]. The type of conductivity of the samples 

and the relative degree of conductivity were determined by measuring the thermal electromotive force. 

 

 

 

 

 

 

 

 

 

Fig. 1. Photoluminescence spectrum of ZnS implanted by S
+
 and treated in S2 at (420 − 460) 

o
C. 
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Fig. 2. Photoconductivity spectrum of p-type ZnS implanted by S
+
 and treated at (420 − 460) 

o
C. 

 

In photoluminescence spectra of n-type ZnS sample the peaks at 340, 405, 430, 520 and 

630 nm were observed (Fig. 1). In photoconductivity spectrum of the same sample the maxima 

3.30, 3.05, 2.88, 1.25, 0.95 and 0.85 eV were registered (Fig. 2). 

Ar
+
 and S

+
 ions were implanted in ZnO samples ( )1010( 32 −=ρ Ω ⋅ cm) at energy 300 keV 

and doses from 10
14

 to 10
16

 cm
−2

. The range of current density was from 0.3 to 5 µA / cm
2
. The 

subsequent heat treatment of doped samples was carried out within the temperature interval from 

300 to 500 °C in vacuum and oxygen atmosphere. After implantation of Ar
+
 and S

+ 
ions n-type 

samples ( )10210( 33 ⋅−=ρ Ω ⋅ cm) were obtained by heat treatment in vacuum over the 

temperature range from 300 to 500 °C. After dealing successfully with the problem of ZnS 

conductivity type inversion the following experiment was made for obtaining p-type conductivity in 

ZnO sample by means of ion implantation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Photoluminescence spectrum of ZnO implanted by S
+  

and treated under RBQE at (300 − 350) 
o
C 
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Fig. 4. Photoconductivity spectrum of ZnO implanted by S
+
 

and treated under RBQE at (300 − 350) 
o
C. 

 

When ZnO was implanted with Ar
+
 and S

+ 
ions ( )53.0( −=J µA / cm

2
) n-type samples were 

obtained with )1010( 109 −=ρ  and 10
10

 − 10
11

Ω ⋅ cm, respectively (by heat treatment in O2 at 

temperatures from 300 to 350 °C). Low resistive n-type samples ( )10510( 33 ⋅−=ρ Ω ⋅ cm were 

obtained by heat treatment at 350>T °C in the atmosphere of O2. When Ar
+
 and S

+ 
ions were 

implanted in ZnO at the density of ion current 2≥J µA / cm
2
, n-type samples were obtained having 

the resistivity )10210( 33 ⋅−=ρ Ω ⋅ cm. 

 The study of the temperature dependence of thermally stimulated conductivity in ZnO 

( )1010( 1110 −=ρ Ω ⋅ cm) samples after annealing at temperatures from 300 to 350 °C showed the 

existence of (0.2 ± 0.03) and (0.3 ± 0.03) eV acceptor levels and (0.4 ± 0.03) eV donor level. 

 In photoluminescence spectra of ZnO samples obtained by implantation of S
+
 

( )1010( 1110 −=ρ Ω ⋅ cm; )350300( −=T °C in O2) 369, 390 (385 and 400), 440, 460 and 505 nm 

peaks were observed (Fig. 3). In our opinion these peaks correspond to SO − SO defect-bound 

exciton, (VZn
−
 − VO

++
), VO

++
, AX

+
, VZn

−
 and VO

+
, respectively. By using the Alentsev–Fock 

method, the broad 390 nm peak was separated in to 385 nm and 400 nm peaks [14]. To investigate 

the nature of 440 nm peak observed in PL spectrum of ZnO we carried of the implantation of O
+
 

atoms in ZnS monocrystal ( 150=E keV, )1010( 1714 −=D cm
−2

, )53.0( −=J µA / cm
2
). The heat 

treatment of doped ZnS monocrystal was carried out in saturated S2 vapor. The analysis of PL 

spectrum has shown that in addition to the peaks characteristic of ZnS, the peak 440 nm was also 

observed. When a hot (400 °C) target is used the radiation corresponding to 440 nm peak is 

predominant. 

 In photoconductivity spectrum of ZnO 3.21, 2.72, 2.45, 0.97 and 0.70 eV, maxima were 

registered (Fig. 4). We observed the same peaks in ZnS and ZnO samples obtained by heat 

treatment of ZnS − Au and ZnO − Au systems in nonmetallic vapor [15]. 
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4. RESULTS AND DISCUSSION 

 

According to our theoretical analysis in case of establishing the thermodynamic equilibrium in 

A
II
B

VI
 − B

VI
2 system at low temperature, the samples with intrinsic defect p-type conductivity 

should be obtained [12]. The investigation has shown that when ZnS doped with Ar
+
 and S

+ 
ions 

undergoes heat treatment under similar conditions we obtain ZnS samples with almost identical 

properties. We think that the inversion of conductivity type in original n-type ZnS samples is 

responsible by establishing low-temperature, (410 − 460) °C, thermodynamic equilibrium in 

ZnS − S2 system. 

In the process of heat treatment below 410 °C the diffusion in inhibited and as a result the 

thermodynamic equilibrium is not established between the crystal and gaseous phase. 

As for the 460 °C we think that it is the value of critical temperature obtained experimentally 

[12]. Therefore, ZnS sample obtained by heat treatment at 460>T °C has the properties of original 

ZnS. Thus, the critical temperature for ZnS − S2 system is 460 °C. 

The inversion of conductivity type did not take place in ZnS samples at the density of ion 

current above 2 µA / cm
2
. In our opinion this is responsible by heating the sample in the process of 

implantation and by self-annealing of radiation defects. 

In fact, the evaporation of the crystal takes place at the moment of implantation, i.e. the 

thermodynamic equilibrium is established between the crystal and vacuum. Thus, the heat treatment 

after implantation is not enough for stimulation of diffusion. We can explain similarly the negative 

result obtained under heat treatment in vacuum after implantation of Ar
+
 and S

+ 
ions 

( )53.0( −=J µA / cm
2
, )1010( 1614 −=D cm

−2
, )500300( −=T °C). 

As for the temperature of heat treatment )460410( −=T °C it proved to be enough for 

stimulation of diffusion in ion-implanted crystal. The formation of radiation defect after irradiation 

causes the stimulation of low-temperature diffusion. The establishment of thermodynamic 

equilibrium between the crystal and nonmetallic saturated vapor at this temperature determines in 

our opining the following: the stimulation of Zn extraction takes place from the basic crystal; Zn 

extracted on the crystal surface enters into reaction with sulfur adsorbed from the gaseous-phase. 

Thus, we can say that VZn is responsible for p-type conductivity in ZnS crystals. With due 

account of the fact that the concentration of VS
+
 in original samples is from 10

17
 to 10

18
 cm

−3
, and 

besides the concentration of VZn increases, it is obvious that there is a great probability of forming 

VZn in the region of close range interaction with VS
+
. Hence, the mechanism of self-compensation 

will be developed to maintain the local electrical neutrality of the crystal by transition of electron 

from VS
+
 to VZn level resulting in VZn

−
 and Vs

++
. It is obvious that the probability of forming the 

associative defects (VZn
−
 − VS

++
) in ZnS crystal is also great. The activation energy of this associate 

will be small as compared that of VZn. Hence, we think that the predominant defects are VZn
−
, VS

++ 

and (VZn
−
 − VS

++
) [15]. 

We suppose that the peak 340 nm observed in PL spectrum of ZnS is related to the existence 

of associate (VZn
−
 − VS

++
), 405 nm is related to VS

+
 center [16], 430 nm is related to the irradiation 

initiated by VZn
−
 defect [17−19], 520 nm is related to the existence of VS

++
. As for the peak 630 nm 

it is probably connected with the existence of uncontrollable impurity defects. 

In PC spectrum of ZnS the following maximums were registered: 3.30, 3.05, 2.88, 1.25, 0.95 

and 0.85 eV (Fig. 2). The maximum 3.30 eV is likely to be connected to the transition of electron 

from (VZn
−
 − VS

++
)
 
level to the conduction band. The maxima 3.05 and 0.85 eV are connected with 

VS
+
 defect – at the transition of electron from the valence band to VS

+
 level and from VS

+
 to the 

conduction band, respectively. The maximum 2.88 eV is related to the transition of electron from 

VZn
−
 level to the conduction band. The peak in PC spectrum corresponding to 0.95 eV and the value 

0.57 eV are connected with the transition of electron from valence band to VZn
−

 level (with 

corresponding values of optical and thermal activation energies). The maximum 1.25 eV is 

connected with the transition of electron from valence band to VS
++

 level. 
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The low intensity of 430 nm peak in PL spectrum of ZnS (Fig. 1) is caused by small electron 

cross-section of VZn
−
. The half-width of 520 nm peak observed in PL spectrum at 77 K is 0.24 eV. 

The shift of the peak takes place towards short-wavelength region (from 526 nm at 300 K to 520 nm 

at 77 K). We think that these data prove the elementary nature of this spectral band. 

The investigation of ZnO samples showed that the samples obtained at Ar
+
 and S

+
 

implantation have identical properties, with the difference that when S
+
 ions are implanted the 

peaks 369 and 440 nm were observed in PL spectrum (Fig. 3). 

We think that the extreme difficulty in obtaining the inversion of conductivity type in original 

n-type ( )1010( 32 −=ρ Ω ⋅ cm) ZnO samples is caused by the fact that the establishment of 

thermodynamic equilibrium in ZnO − S2 system is limited (as the critical temperature of ZnO is 

from 200 to 400 K). 

When ZnO crystal was doped at the density of ion current more than 2 µA / cm
2
 n-type 

samples of )10510( 32 ⋅−=ρ Ω ⋅ cm resistivity were obtained. As it was mentioned above, this is 

caused by self-annealing of radiation defects in the process of implantation. 

The temperature of heat treatment )350300( −=T °C was found to be enough for stimulation 

of diffusion in the crystal after ion implantation. And the obtaining of high-resistivity ZnO samples 

( )1010( 1110 −=ρ Ω ⋅ cm) corresponds to the establishment of equilibrium between the crystal and 

oxygen atmosphere at this temperature. 

The formation of defects in ZnO crystal follows the above-described mechanism. Hence, we 

can say that VZn
−
, VO

++
 and the associate (VZn

−
 − VS

++
) are the predominant acceptor defects in ZnO 

samples obtained at )350300( −=T °C. The 385 nm limes in PL spectrum and 3.21 eV maximum 

in PC spectrum and the value thermal ionization energy (0.2 ± 0.03) eV are related to (VZn
−
 − VS

++
). 

400 nm in PL spectrum and the value thermal ionization energy (0.3 ± 0.03) eV are connected with 

VO
++

 level. The peak 460 nm registered in ZnO PL spectrum and the maxima 2.72 and 0.70 eV in 

PC spectrum can be related to VZn
−
 level of acceptor defect. As for the peak of radiation 505 nm and 

maxima 0.97 and 2.45 eV in PC spectrum, they probably are connected with the existence VO
+
 of 

donor defect. 

Besides, we think that the implantation of sulfur in ZnO samples causes the formation of 

relaxed SO − SO defect bound exciton and of AX
+ 

centers. This is proved by the existence of 369 

and 440 nm peaks in PL spectrum. The peak 369 nm registered in PL spectrum of ZnO is probably 

connected with the radiation of relaxed SO − SO defect-bound exciton [20]. The peak 440 nm 

registered in PL spectrum and the value of thermal ionization energy (0.4 ± 0.03) eV are connected 

with the formation of AX
+
 complex defect center initiated by interstitial sulfur. Our suggestion is 

based on the fact that at hot and cold implantation of oxygen atoms in ZnS 440 nm peak was 

registered in PL spectrum. 

The mechanism of formation of complex defect initiated by impurity center at implantation of 

sulfur in ZnO can be presented as follows. When sulfur occupies the interstitial site AX
+
 center 

should be formed in case of Si relaxation [7]. First Si captures the valence electron (from valence 

band) causing the formation of anion–cation O − Zn pairs, and as a result Si releases two electrons 

into conduction band and charges sulfur positively. 

Thus, sulfur implanted in ZnO acts as a donor. We think that the obtained AX
+ 

complex defect 

[7] first captures a free hole and then a free electron from the valence band resulting in the 

formation of center bound exciton. 

The extreme difficulty in inversion of conductivity type in ZnO is connected with the large 

value of oxygen electronegativity. The minimum of ZnO free energy corresponds to high 

concentration of Zn and low concentration of oxygen. The heat treatment of ZnO under equilibrium 

conditions is not enough for extraction of Zn, especially as there is no possibility to make heat 

treatment at temperature below 
cr

T . 
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5. CONCLUSION 

 

 So, our investigation has shown that under low-temperature heat treatment after the ion 

implantation it is really possible to obtain the inversion of conductivity type in ZnS and ZnO 

compounds. The role of ion implantation in the solution of the mentioned problem is the stimulation 

of low-temperature diffusion. The properties of the obtained samples mainly depend on the 

conditions of heat treatment following the implantation, on the temperature of nonmetal, on the 

pressure and only slightly on the conditions of ion implantation. 
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1. INTRODUCTION 

 
Due to their interesting, less studied and sometimes controversial properties rare earth (RE) 

antimonides represent a class of electronic materials perspective for applications [1−5]. Within the 
framework of present study, for the first time, there has been developed the technology for 
preparation of thin films Ho5Sb3 followed by the study of temperature dependences of their electro-
physical properties, like the resistivity, Hall constant, thermo-EMF in temperature interval 
(95 − 700) K. 

 
 

2. EXPERIMENTAL DETAILS 

 
Single-phase Ho5Sb3 thin films were prepared by thermal vacuum evaporation from two 

independent sources Ho and Sb in the vacuum 1.3 · 10−5 Pa on fused sapphire, polycrystalline 
pyroceramic and monocrystalline silicon substrates. The components used in the compounds 
contained basic materials 99.9 % Ho and 99.999 % Sb, respectively. The films were prepared at the 
substrate temperature (1110 − 1120) K. The angles between the substrate normal and evaporator 
were similar and made up 25 º. The distances of Nd and Sb evaporators from the substrate were 45 
and 50 mm for Nd5Sb3. The temperature of Ho and Sb evaporators was 1175 and 870 K, 
respectively. The thickness of the films was from 0.9 to 1.8 µm. The rate of evaporation was 
~ 55 Å / s for Ho5Sb3. 

The X-ray microanalysis revealed that the films contained 62.6 at % Ho and 37.4 at % Sb. 
Films’ phase compositions were defined by X-ray method. Roentgenograms were taken using 
CuKα irradiation and nickel filter, in conditions of the constant regime at the rate 
(0.5 − 1) degree / min. Identification of the roentgenograms was performed by comparing the 
obtained X-ray diffractogram with the relevant diagram for the bulk Ho5Sb3 crystal plotted up 
according to the reference data. The substrate material does not have any significant effect on the 
phase composition and crystallinity of the films. Keeping the samples in the open air for 
(3 − 4) days results changes in their color, while roentgenogram shows additional maxima, which 
are not related to Ho5Sb3. All points to instability of the Ho5Sb3 thin films in the air. 

It is known that, the Ho5Sb3 bulk crystal has hexagonal lattice with parameters 851.8=a  and 
234.6=a Å [1]. The lattice parameter calculated from experimental roentgenogram for Ho5Sb3 thin 

films made up 85.8=a  and 24.6=a Å, which correspond to the values for bulk crystals. 
In thin Ho5Sb3 films the temperature dependence of the resistivity, Hall constant and thermo-

EMF were studied. The study interval was from 100 to 700 K. In order to measure resistivity by 
means of the compensation method, Hall effect-using constant current and constant magnetic field 
(17.5 kOe), and Seebek effect by the absolute method with correction for thermo-EMF of cupper 
[3], two layered islands were deposited on the samples. For the lower layer Cr (to improve 
adhesion) and for upper layer Cu was used. 
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3. RESULTS AND DISCUSSION 

 
The temperature dependences of the electro-physical parameters for Ho5Sb3 are shown in 

Fig. 1.The resistivity in the temperature interval (100 – 700) K is linear with a positive temperature 
coefficient. The dependence is weak. 

 

 
Fig. 1. Temperature dependence of resistivity (1), 

Hall constant (2) and thermo-EMF (3) of Ho5Sb3 thin films 
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The magnitude of the resistivity and character of the temperature dependence is similar to the 
data for the SmS thin films “golden” phase [6], the same is observed in TmSb, YbSb2, SmSb, PrSb 
films [7,8]. 

As shown in Fig.1.2 and Fig. 1.3, in the whole temperature interval, the Hall constant and the 
thermo-EMF coefficient are negative. The absolute value of the Hall constant decreases non-
linearly, while the absolute value of the thermo-EMF increases with increasing temperature. 

Results of the measurements were used for evolution basic parameters – carriers’ mobility and 
concentration – in the one-band approximation (Fig. 2). When the temperature rises, the mobility 
decreases (Fig. 22), while concentration increases (Fig. 21). 

 
Fig. 2. Temperature dependence of the electron concentration (1) 

and mobility (2) in Ho5Sb3 thin films. 
 
The character of the temperature dependence of the electro-physical parameters and their 

absolute values enable us to assume that Ho5Sb3 is a metal. 
 
 

4. CONCLUSION 

 
The technology for preparation of the Ho5Sb3 thin films by vacuum thermal evaporation from 

two independent sources of Ho and Sb on glass-ceramics, silicon monocrystal and leucosapphire 
substrates was developed. The X-ray microanalysis revealed that Ho5Sb3 films contain 62.6 at % Ho 
and 37.4 at % Sb. 
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It was measured the temperature dependence of resistivity, Hall constant and thermo-EMF 
coefficient in the temperature interval from 100 to 700 K. On the basis of this measurements, in on-
band approximation, there were assessed the basic parameters as are carriers’ mobility and 
concentration. It was assumed that Nd5Sb3 is a metal. 

 
 

REFERENCES 

 
1. M.N. Abdusalyamova. J. Mendeleev Chem. Soc., 26, 673 (1981). 
2. G. Vaitheeswaran, L. Petit, A. Svane, V. Kanchana, M. Rajagoplan. J. Phys.: Condens. Mat., 

16, 4429 (2004). 
3. L.N. Glurjidze, T.O. Dadiani, Z.U. Jabua, E.V. Dokadze, M.S. Taktakishvili, V.V. Sanadze. 

Phys. Solid. State, 28, 2860 (1986). 
4. L.N. Glurjidze, M.I. Stamateli, T.S. Lochoshvili, E.V. Dokadze, Z.U. Jabua, T.O. Dadiani. Bull. 

Georg. Acad. Sci., 138, 533 (1990). 
5. L.N. Glurjidze, T.O. Dadiani, Z.U. Jabua, E.V. Dokadze, M.S. Taktakishvili, V.V. Sanadze. 

Phys. Solid State, 28, 2860 (1986). 
6. E.V. Goncharova, V.S. Oskotskij, T.L. Bzhalava, M.V. Romanova, I.A. Smirnov. Phys. Solid 

State, 18, 2065 (1976). 
7. L.N. Glurjidze, M.I. Stamateli, T.S. Lochoshvili, E.V. Dokadze, Z.U. Jabua, T.O. Dadiani. Bull. 

Georg. Acad. Sci., 138, 533 (1990). 
8. Z.U. Jabua, T.O. Dadiani, A.V. Gigineishvili, M.I. Stamateli, T.S. Lochoshvili. Georg. Eng. 

News, 3, 36 (2004). 



A. Gerasimov.  Nano Studies,  1, 47-96, 2010 
 
 

 47 

nanonawilakebis maxasiaTebeli Tvisebebisnanonawilakebis maxasiaTebeli Tvisebebisnanonawilakebis maxasiaTebeli Tvisebebisnanonawilakebis maxasiaTebeli Tvisebebis    

maT zomebze damokidebulebis fizikuri buneba maT zomebze damokidebulebis fizikuri buneba maT zomebze damokidebulebis fizikuri buneba maT zomebze damokidebulebis fizikuri buneba     

 

a.a.a.a.    gerasimovigerasimovigerasimovigerasimovi    
 

“gerasimov reserC laboratoriz” 
tsu_ngmk@yahoo.com 

 
miRebulia miRebulia miRebulia miRebulia 2009 wlis  wlis  wlis  wlis 21 dekembers dekembers dekembers dekembers    

 

 

 

 

1. nanonawilakebis gansakuTrebuli Tviseba1. nanonawilakebis gansakuTrebuli Tviseba1. nanonawilakebis gansakuTrebuli Tviseba1. nanonawilakebis gansakuTrebuli Tviseba    

 

cnobilia, rom myari sxeulis maxasiaTebeli parametrebis mniSvnelobebi mocemuli 

wnevisa da velebis pirobebSi mudmivia, xolo maTi mcire nawilebis – nanonawilakebis 

parametrebis mniSvnelobebi damokidebulia maT zomebze (nax. 1). es nanonawilakebis 
yvelaze gansacvifrebeli Tvisebaa, romelsac ver xsnis myari sxeulebis Sesaxeb 

arsebuli fizikuri warmodgenebi. 

aqve unda aRvniSnoT, rom es fizikuri warmodgenebi, miuxedavad mravali 

Teoriuli gamoTvlisa, myar sxeulebSic ki ver aRwers atomur doneze bevr 

eqsperimentul faqts, romlebic dakavSirebulia atomis gadaadgilebasTan. magaliTad, 

pirveli gvaris fazur gadasvlebs, dabaltemperaturul stimulirebul procesebs da 

sxva. 

amasTan dakavSirebiT gvinda gavixsenoT hakslis Zalze saintereso gamoTqma 

“maTematika dolabis qvasaviTaa, rasac moaTavseb mis qveS, imasve fqvavs; da Tu 

moaTavseb nacarqaTamas (sarevela mcenares), ver miiReb xorblis fqvils; aseve Tu 
Seavseb formulebiT bevr gverds, ver miiReb WeSmaritebas yalbi warmodgenebidan”. 

Cvens mier SemoTavazebulia, damtkicebulia Teoriulad da eqsperimentulad 

kondensirebul garemoSi atomis gadaadgilebis axali warmodgenebi, romlis Tanaxmad 

atomis gadaadgileba umTavresad ganisazRvreba misi qimiuri bmebis mdgomareobiT. am 

ukanasknelis cvlileba ki SesaZlebelia sxvadasxva saSualebiT, xolo temperatura 

warmoadgens erT-erT maTgans. 

nanonawilakebis fizikuri parametrebis mniSvnelobebis maT zomebze 

damokidebulebis asaxsnelad Cven gamoviyenebT zemoT xsenebul axal warmodgenebs. 

imisaTvis, rom es ufro advili gasagebi iyos, Cven jer ganvixilavT axali 

warmodgenebis saSualebiT myari sxeulis mocemuli parametrebis bunebas, romelTa 
umravlesoba atomur doneze Zveli warmodgenebiT ver aRiwereba, Semdeg ki, aqedan 

gamomdinare, avxsniT nanonawilakebSi maxasiaTebeli parametrebis cvlilebas. 

amisaTvis jer ganvixiloT myari sxeulis da nanonawilakebis eleqtronuli 

struqtura, Semdeg ki atomTa gadaadgilebis axali meqanizmi myar sxeulebSi da 

nanonawilakebSi. 

 

 



A. Gerasimov.  Nano Studies,  1, 47-96, 2010 
 
 

 48 

 

 

 
 

 

 

 

 

 

 

 

 

 

     

 

 

 
 

     

    

 

 

 

 

 

 

 
 

 
                                     
nax.nax.nax.nax.    1.... fundamenturi parametrebis mniSvnelobebis damokidebuleba nanonawilakebis 

zomebze. a – mesris parametri a  da elementaruli ujredis moculoba V ; b – Au-is 
dnobis temperatura mT ; g – Se-is Termuli moculobiTi gafarToebis koeficienti; d 

– V-is ionizaciis potenciali I . 

 

L,,,, nm 

aaaa 
bbbb 

gggg dddd 



A. Gerasimov.  Nano Studies,  1, 47-96, 2010 
 
 

 49 

2. m2. m2. m2. myariyariyariyari s s s sxeulebixeulebixeulebixeulebis  els  els  els  eleqtronulieqtronulieqtronulieqtronuli str str str struqturauqturauqturauqtura 

 
myari sxeulis eleqtronuli struqturis dasadgenad igi SeiZleba ganvixiloT 

rogorc uamravi atomisgan Sedgenili didi molekula da mis mimarT gamoviyenoT 

midgoma atomebs Soris qimiuri bmis warmoqmnis Sesaxeb. aseT midgomas iyeneben kvantur 

qimiaSi da cdiloben myari sxeulebis Tvisebebis aRweras misi Semadgeneli atomebis 

Tvisebebis safuZvelze. atomebis daaxloebis SemTxvevaSi, maTi energetikuli doneebi 

gaixliCebian e.w. zonebad, romlebic analogiuri arian oratomiani molekulebis 

mdgomareobebisa (nax. 2). gansxvaveba mxolod isaa, rom doneebis erT damakavSirebel da 
erT antidamakavSirebel mdgomareobebad gaxleCis nacvlad, atomebis doneebi 

gaixliCebian zonebad, romlebic mdebareoben damakavSirebeli da antidamakavSirebeli 

mdgomareobebis zRvrul eqstremalur mniSvnelobebs Soris. naxevargamtarebSi da 

dieleqtrikebSi damakavSirebeli da antidamakavSirebeli zonebi erTmaneTisgan 

gamoyofilia akrZaluli zoniT, xolo metalebSi isini gadafarulni arian (nax. 3). myar 
sxeulebSi eleqtronuli struqturis aRwerisaTvis mocemuli midgomis safuZvelze 

miRebuli Sedegebidan gamodis, rom metalebSi, naxevargamtarebSi da dieleqtrikebSi 

arseboben damakavSirebeli da antidamakavSirebeli zonebi, romlebic, gansxvavdebian ra 

Tavisi struqturiT (qvezonebiT), energetikulad sxvadasxvanairad arian ganlagebuli 

erTmaneTis mimarT da amitom eleqtronebiTac sxvadasxvanairad Sevsebuli 0=T K 
temperaturaze. amrigad, nivTierebis energetikuli zonebis struqtura, maTi erTmaneTis 

mimarT energetikul skalaze ganlageba da maTi Sevseba eleqtronebiT mocemul 

temperaturaze gansazRvravs mocemuli nivTierebis yvela Tvisebas. am maxasiaTeblebis 

cvlileba raime zemoqmedebis Sedegad iwvevs nivTierebis sxvadasxva Tvisebis cvlilebas    
(agregatuli mdgomareoba, gamtarebloba, meqanikuri da optikuri Tvisebebi da sxva; 

magaliTad, Sn dabal temperaturaze naxevargamtaria, xolo ukve oTaxis temperaturaze 

_ metali). 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

    

    

nax.nax.nax.nax.    2.... atomebis daaxloebisas hibridizebuli orbitalebis warmoqmna, 

maTi damkavSirebel da antidamakavSirebel orbitalebad gaxleCa da 

maTgan damakavSirebeli da antidamakavSirebeli zonebis warmoqmna. 



A. Gerasimov.  Nano Studies,  1, 47-96, 2010 
 
 

 50 

 

 

 

 
 

 

 

 

 

  

 

 

 

 
 

    aaaa      bbbb 

 

nax.nax.nax.nax.    3. damakavSirebeli (1) da antidamakavSirebeli (2) energetikuli zonebi: 

Aa) naxevargamtari an dieleqtriki; b) metali ( FE  – fermis done, 

gE  – akrZaluli zona naxevargamtarebSi, 

pgE  – fsevdoakrZaluli zona metalebSi). 

 

eleqtronis gadayvana raime saSualebiT (sinaTle, siTbo da sxva) damakavSirebeli 

zonidan antidamakavSirebel zonaSi, garda imisa, rom zrdis gamtareblobas, aseve iwvevs 

qimiuri bmis cvlilebas, radgan gadasuli eleqtroni xdeba antidamakavSirebeli, xolo 

damakavSirebel zonaSi eleqtronebis ricxvi mcirdeba – Cndeba xvreli. amitom, es 

warmoqmnili kvazinawilakebi warmoadgenen antidamakavSirebel kvazinawilakebs, 

romlebic amcireben yvela im atomis qimiur bmas, romlebTanac isini moxvdebian 

TavianTi qaosuri moZraobis dros. albaT upriania, rom aseTi grZeli dasaxeleba 

“antidamakavSirebeli kvazinawilaki~, romelsac Cven Semdeg xSirad gamoviyenebT, 

SevcvaloT raime mokle    dasaxelebiT, kerZod, “akvaziT”. akvazebis arseboba mocemul 
atomTan aadvilebs mis gadaadgilebas kondensirebul areebSi. 

 

    

3. 3. 3. 3. nanonawilakebinanonawilakebinanonawilakebinanonawilakebis els els els eleqtronulieqtronulieqtronulieqtronuli str str str struqturauqturauqturauqtura    

    

nanonawilakebis eleqtronuli struqturis aRsawerad Seqmnilia uamravi 
Teoriuli kvantur-meqanikuri meTodi, magram samwuxarod, maTi saSualebiT gamoTvlili 

maxasiaTebeli parametrebi ar emTxveva eqsperimentul Sedegebs. Amiuxedavad amisa unda 

aRiniSnos, rom yvela isini nanonawilakis energetikuli agebulebisaTvis iZleva 

energetikuli doneebis diskretul speqtrs (nax. 4). 
energetikuli speqtris diskretuloba iwvevs imas, rom albaToba, rom 

energetikuli done dakavebulia eleqtroniT aris diskretuli, rac Zalze gansxvavdeba 

fermis ganawilebis uwyveti funqciisagan, romelic miRebulia kompaqturi myari 

sxeulis SemTxvevaSi. energetikuli RreCo eleqtronebiT dakavebul umaRles 

molekulur orbitalsa (Higher Occupied Molecular Orbital – HOMO) da eleqtronebiT 

daukavebel umdables molekuluri orbitals (Lower Unoccupied Molecular Orbital – 
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LUMO) Soris, romelsac akrZaluli zonis azri aqvs, nanonawilakSi atomebis 

raodenobis zrdasTan erTad mcirdeba da 100-ze meti metaluri atomisagan Sedgenili 

klasterebisaTvis xdeba misi gaqroba. magram Ag55 klasterisaTvis akrZaluli zonis 

sigane jer kidev 0.2 eV-ia, Ag79-sTvis ki – 0.1 eV, rac maT naxevargamtarul Tvisebebze 
miuTiTebs. aqve gvinda aRvniSnoT, rom HOMO-is energetikul mdgomareobas aigiveben 

fermis donesTan, energetikuli manZili ki vakuumSi HOMO-dan eleqtronis 

energetikul donemde gansazRvravs ionizaciis potencials, xolo vakuumis donidan 

LUMO-is donemde – eleqtronisadmi swrafvis energias (nax. 4).  
 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

    

    

nax.nax.nax.nax.    4.... nanonawilakis energetikuli struqtura. 

HOMO – eleqtronebiT dakavebuli umaRles done; 

LUMO – eleqtronebiT daukavebeli umdablesi done. 
I  – ionizaciis potenciali; Q  – eleqtronisadmi swrafva. 

 

ganxiluli literaturuli masalis analizi saSualebas gvaZlevs nanonawilakebis 

eleqtronuli struqturis Sesaxeb gavakeToT Semdegi daskvna: jerjerobiT ar arsebobs 

Teoria, romelic damakmayofileblad aRwers eqsperimentul Sedegebs. arsebuli didi 
raodenobis Teoriuli Sromebi iZleva gansxvavebul Sedegebs. Cveni azriT es 

gamowveulia imiT, rom jerjerobiT napovni ar aris is swori fizikur-qimiuri 

warmodgenebi, romlebic adekvaturad Seesabameba nanonawilakebis bunebas. 
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4. at4. at4. at4. atomTaomTaomTaomTa    gadaadgilebigadaadgilebigadaadgilebigadaadgilebis s s s potenciuripotenciuripotenciuripotenciuri    meqanizmimeqanizmimeqanizmimeqanizmi    

myar smyar smyar smyar sxeulebSixeulebSixeulebSixeulebSi da  da  da  da nanonawilakebSinanonawilakebSinanonawilakebSinanonawilakebSi    
 

zemoT naCvenebi iyo, rom atomis bmis siZliere mezobel atomebTan kondensirebul 

garemoSi damokidebulia mis damakavSirebel da antidamakavSirebel doneebze myofi 

eleqtronebis Tanafardobaze. maSin SegviZlia vTqvaT, rom akvazebi cvlian 

damakavSirebel da antidamakavSirebel doneebze myofi eleqtronebis Tanafardobas, e.i. 

potenciur energias, da asusteben im atomTa qimiur bmebs, romlebTanac aRmoCndebian 

Tavis siTburi moZraobis dros, riTac uadvileben maT gadaadgilebas, e.i. xels uwyoben 

migraciul process kondensirebul garemoSi (damateba 1, nax. 5). 
atomis gadaadgilebis axali meqanizmis Tanaxmad, regularuli atomis migraciuli 

aqtis albaTobas eqneb Semdegi saxe: 

phaiChanceMigration WNnnW
652 )/(8α= , 

sadac in  aris akvazebis koncentracia, aN  – nivTierebis atomebis koncentracia, 

α  – defeqtis mier darRveuli moculobis fardoba kristalSi erT regularul 

atomze mosul moculobasTan, Chancen  – im atomebis ricxvi, romlebTanac atomis rxevis 

erTi periodis ganmavlobaSi miva akvazi, xolo phW  – gansazRvruli raodenobisa da 

energiis mqone fononebis misvlis albaToba. motanili formulidan Cans, rom 

regularuli atomis migracia Zlierad aris damokidebuli akvazebis koncentraciaze, 

romelTa Secvla SeiZleba sxvadasxva gziT da ara aqvs mniSvneloba, Tu ra saSualebiT 

aris miRebuli akvazebi: temperaturiT, sinaTliT, inJeqciiT da a.S. 

 

 

 

 
 

 

 

 

 

 

 

 

 

 
 

 

 

 

nax.nax.nax.nax.    6.... akvazebis erTidaigive realuri koncentraciis dros efeqturi 

koncentraciis zrda nanonawilakis zomebis SemcirebasTan erTad: a) kompaqtur myar 

sxeulSi nanonawilakis zomis tol areSi sami akvazis traeqtoria: ori maTgani aridan 

gadis; b) nanonawilakSi samive akvazis traeqtoria masSia moTavsebuli da isini ufro 

met atomebTan gaivlian, vidre kompaqturi myari sxeulis SemTxvevaSi; 

g) da d) nanonawilakis zomebis SemcirebasTan erTad igive sami akvazi ufro met 
atomTan aRmoCndeba; b), g) da d) nanonawilakis akvazebi zedapiridan arekvlis gamo 

zedapirul fenaSi myof atomebTan ufro xSirad aRmoCndebian. 
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nax.nax.nax.nax.    7.7.7.7. nanonawilakebSi energetikuli doneebis ganlageba zedapirTan da siRrmeSi. 

zedapiridan akvazebis arekvlis Sedegad zedapirul atomebTan akvazebis yofnis 

albaToba metia, rac a) naxevargamtarSi metad amcirebs manZils damakavSirebel da 

antidamakavSirebel doneebs (zonebs) Soris, vidre siRrmeSi; b) metalebSi aRniSnuli 

doneebi gadafarulia da fsevdoakrZaluli zona zedapirTan naklebia, vidre siRrmeSi 

da, Sesabamisad, koncentraciac gacilebiT metia. 
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atomis gadaadgilebis axali meqanizmi samarTliania nanonawilakebisTvisac, maTi 

eleqtronili struqturis specifikis gaTvaliswinebiT. nanonawilakebis  SemTxvevaSi 

antidamakavSirebel doneze raime gziT gadayvanili eleqtroni – akvazi imoZravebs 

antidamakavSirebel doneebze Tavisuflad, Tu am doneebs Soris energetikuli manZili 
kT -is rigisaa, rac xorcieldeba oTaxis temperaturaze (gavixsenoT, rom Ag79-is 
energetikuli RreCo aris 0.1 eV, xolo Semdegi aRgznebuli done pirveli aRgznebuli 

donidan dacilebuli iqneba 2
n -jer naklebi energiiT). akvazebi moZraobis dros 

miaRweven ra nanonawilakis zedapirs, aireklebian misgan, ris gamoc isini ver gadian 

nanonawilakidan, gansxvavebiT kompaqtur sxeulSi moTavsebuli igive moculobis 

arisagan (nax. 6), amitom akvazebi nanonawilakSi moTavsebul atomebTan ufro xSirad 
aRmoCndebian, vidre kompaqtur myar sxeulSi, rac zrdis maT bmebis Semasustebel 

zemoqmedebas. es SeiZleba gamoixatos efeqturi koncentraciiT, romelic realurze 

metia imdenad, ramdenad metjerac aRmoCndeba mocemul atomTan nanonawilakSi akvazi, 

vidre kompaqtur myar sxeulSi, atomis erTi rxevis  periodis toli drois 

ganmavlobaSi. Sedegad, zedapirul fenaSi myofi atomebi ganicdian akvazis Semasustebel 

zemoqmedebas metjer (nax. 6). 
akvazebis erTnairi koncentraciis dros nanonawilakebSi maTi zomebis simciris 

gamo akvazebi ufro xSirad miaRweven da aireklebian zedapiridan, vidre kompaqtur myar 

sxeulebSi, Sedegad maTi qimiuri bmebi ufro Sesustebuli iqneba, vidre Sida nawilSi 

myofi atomebisa. bmebis Sesusteba iwvevs akrZaluli energetikuli RreCos Semcirebas 
(nax. 7) da mocemul temperaturaze eleqtronebis gadasvlis intensivobis gazrdas, rac 

ganapirobebs akvazebis Warb koncentracias nanonawilakis zedapirul fenaSi da 

akrZaluli energetikuli RreCos mniSvnelobis Semdgom Semcirebas. miiReba erTi 

nivTierebis saintereso energetikuli struqtura, romelsac aqvs akrZaluli 

energetikuli RreCos sxvadasxva mniSvneloba, zedapirTan ufro mcire, vidre SuagulSi 

(nax. 7). nanonawilakis aseTi eleqtronuli struqtura ganapirobebs zedapirul fenaSi 

akvazebis siWarbes da am fenis met sirbiles Sida aresTan SedarebiT. aqedan 

gamomdinare, zedapirul fenaSi atomebis gadaadgileba ufro advilia, vidre 

nanonawilakis Sida areSi. aSkaraa, rom nanonawilakebis zomebis SemcirebasTan erTad 

efeqturi koncentracia matulobs da atomis gadaadgilebis aRmwer formulaSi 
realuri koncentraciis nacvlad aRebuli unda iyos efeqturi koncentracia, romelic 

yoveli konkretuli nanonawilakis zomis da mocemuli procesis SemTxvevaSi unda iqnas 

gamoTvlili. 

 

 

5. m5. m5. m5. mesriesriesriesris s s s parametriparametriparametriparametris da s da s da s da debaisdebaisdebaisdebais t t t temperaturiemperaturiemperaturiemperaturissss    

cvcvcvcvlilebalilebalilebalileba    nanonawilakebinanonawilakebinanonawilakebinanonawilakebis s s s zomebizomebizomebizomebis s s s mixedvimixedvimixedvimixedviTTTT    

 

5....1. m. m. m. mesriesriesriesris s s s parametriparametriparametriparametris cvs cvs cvs cvlilebalilebalilebalileba    sinaTlisinaTlisinaTlisinaTlisssszegavlenizegavlenizegavlenizegavleniT myar sT myar sT myar sT myar sxeulebSixeulebSixeulebSixeulebSi    

cnobilia, rom myari sxeulis temperaturis momatebiT xdeba misi gafarToeba, rac 

gamowveulia mesris parametris gazrdiT. tradiciuli warmodgenebis Tanaxmad, mesris 

parametri izrdeba atomebis rxevis anharmoniuli Semadgenlis xarjze, romlis mixedviT 

rxevis dros wonasworobis mdgomareobidan gadaxra atomebis daSorebisas metia, vidre 

maTi daaxloebisas (nax. 8). 
axali warmodgenebis Tanaxmad, mesris parametris gazrda ganpirobebulia atomebis 

gadaadgilebiT maTi pirvandeli wonasworuli mdgomareobidan qimiuri bmebis Sesustebis 
gamo. atomebis gadaadgileba ki gamowveulia temperaturiT warmoqmnili akvazebis mier 
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qimiuri bmebis SesustebiT, radgan cnobilia, rom qimiuri bmis Sesusteba avtomaturad 

niSnavs atomTaSorisi manZilis zrdas. gamoTqmuli debulebis Tanaxmad, igive unda 

moxdes dabal temperaturazec aTermuli zemoqmedebis Sedegad akvazebis saTanado 

koncentraciis warmoqmniT. Cven SeviswavleT sinaTlis moqmedeba mesris parametrze 
Si-is kristalSi (ix. damateba 2).    

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 
 

 

 

    

nax.nax.nax.nax.    8.... or atoms Soris urTierTqmedebis energiis damokidebuleba maT Soris 

manZilze. rxevis dros atomis normaluri mdebareobidan gadaxris manZili 1aa < . 

 

mesris parametris fardobiTi cvlilebisaTvis miRebuli iyo gamosaxuleba 

aaaquasi MmNndd //~/ *∆ , 

sadac d  aris mesris parametris mniSvneloba sibneleSi, d∆  – mesris parametris 
cvlileba ganaTebis Sedegad, aquasin  – sinaTliT warmoqmnili akvazebis koncentracia, 

*
m  – eleqtronis da xvrelis gasaSualoebuli efeqturi masa, aM  _ Si-is atomis 

masa. Teoriuli gamoTvlis Sedegebi damakmayofileblad daemTxva eqsperimentuls. 

moyvanili formulidan Cans, rom erTaderTi cvladi aris aquasin , xolo danarCeni 

parametrebi mudmivi sidideebia da, amdenad, sxeulis gafarToeba damokidebulia 

mxolod akvazebis koncentraciaze, miuxedavad imisa, Tu ra gziT arian isini 

warmoqmnili. 

 amrigad, SeiZleba davaskvnaT, rom anharmoniuli miaxloebis gamoyenebis gareSec 

SeiZleba aixsnas sxeulis gafarToeba sxvadasxva zemoqmedebis Sedegad. sinaTliT 

zemoqmedebis SemTxvevaSi mis mier warmoqmnili akvazebi asusteben qimiur bmebs, ris 

gamoc manZili atomebs Soris izrdeba. Termiuli zemoqmedebis dros igive xdeba 

temperaturiT warmoqmnili akvazebiT. 
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5.2. 5.2. 5.2. 5.2. nanonawilakebSinanonawilakebSinanonawilakebSinanonawilakebSi m m m mesriesriesriesris s s s parametriparametriparametriparametris cvs cvs cvs cvlilebililebililebililebis s s s fizikurifizikurifizikurifizikuri    bunebabunebabunebabuneba    
dadgenilia, rom mocemul temperaturaze nawilakebis zomebis SemcirebasTan erTad 

izrdeba mesris parametri da es zrda superwrfivad aris damokidebuli nanonawilakis 

zomis Semcirebaze (nax. 1a). am damokidebulebis axsna advilia, Tu gamoviyenebT zemoT 
moyvanil mosazrebebs akvazebis efeqturi koncentraciis Sesaxeb. 

mocemul temperaturaze nanonawilakebSi efeqturi koncentracia ufro metad 

asustebs qimiur bmebs, vidre realuri koncentracia igive moculobis kompaqtur myar 

sxeulSi. akvazebis koncentraciis mateba, rogorc zemoT iyo naCvenebi, sinaTliT 

zemoqmedebis SemTxvevaSi iwvevs atomebs Soris manZilis zrdas, e.i. mesris parametris 

zrdas, rac daimzireba eqsperimentze nanonawilakebis SemTxvevaSi. mesris parametris 

zrdis superwrfivi damokidebuleba nanonawilakebis zomebis SemcirebasTan erTad 

aixsneba imiT, rom akvazebis efeqturi koncentracia iwvevs akrZaluli energiebis 

RreCos sididis Semcirebas, es ki eqsponencialurad zrdis realur wonasworul 

koncentracias, romelic gansazRvruli efeqturobiT amcirebs qimiuri bmebis Zalas. 
Sedegad izrdeba mesris parametri da, Sesabamisad, elementaruli ujredis moculoba. 

aqve gvinda aRvniSnoT, rom zogierTi nivTierebis nanonawilakebSi mesris 

parametris mniSvneloba sxvadasxva kristalografiuli mimarTulebiT gansxvavebuli 

sididebiT matulobs. es gamowveulia saTanado kristalografiuli mimarTulebiT 

antidamakavSirebeli doneebis gansxvavebuli ganlagebiT energetikul skalaze. im 

mimarTulebebiT, romelTa gaswvrivac antidamakavSirebeli doneebi ufro axlos arian 

damakavSirebel doneebTan, Tavs iyrian akvazebi da maTi moqmedebac metia, rac iwvevs 

atomTa Soris manZilis cvlilebis anizotropias. 

 

5....3. . . . nanonawilakebSinanonawilakebSinanonawilakebSinanonawilakebSi    debaisdebaisdebaisdebais t t t temperaturiemperaturiemperaturiemperaturis cvs cvs cvs cvlilebalilebalilebalileba    
nanonawilakebSi maTi zomebis SemcirebasTan erTad mcirdeba debais temperatura 

(ix. cxrilebi 1 da 2). 
amis axsna advilia nanonawilakebSi akvazebis efeqturi koncentraciis 

gaTvaliswinebiT. marTlac, rogorc zemoT iyo naCvenebi, efeqturi koncentracia 

amcirebs atomebs Soris qimiuri bmebis Zalas, e.i. kvazidrekadi Zalis β  koeficientis 

mniSvnelobas. cnobilia Termuli gafarToebis α  koeficientis damokidebuleba 

kvazidrekadi Zalis koeficientze. 2/1~ aβα , sadac a  aris mesris parametri, romlis 

cvlilebac ganaTebiT eqsperimentze izomeba. amave dros, cnobilia debais Θ  

temperaturis damokidebuleba β  koeficientze, 2~ βΘ . aqedan gamomdinare, mesris 

parametris fardobiTi cvlileba SeiZleba miaxloebiT gamoisaxos debais fardobiTi 

temperaturis cvlilebiT 00 /2/ Θ∆Θ≈∆ aa , 0aaa −=∆  da 0Θ−Θ=Θ∆ , sadac 0a  da 

0Θ , Sesabamisad, warmoadgenen mesris parametris da debais temperaturis sawyis 

mniSvnelobebs, xolo a  da Θ  maTi mniSvnelobebia raime zemoqmedebis (temperatura, 

sinaTle, wneva da sxva) Semdeg. Tu raime gziT, magaliTad, sinaTlis saSualebiT, 

gavzrdiT akvazebis koncentracias, Sedegad gaizrdeba atomebs Soris manZili, anu 

mesris parametris mniSvneloba, iseve, rogorc Termulad warmoqmnili akvazebis 

gavlenis Sedegad. amrigad, zogad SemTxvevaSi Termuli gafarToebis koeficientis 

nacvlad unda vigulisxmoT akvazebis zemoqmedebis Sedegad miRebuli gafarToebis 

koeficienti. akvazebis warmoqmnis saSualebad sinaTlis gamoyenebis SemTxvevaSi 0a  da 

0Θ  arian am sidideebic mniSvnelobebi sibneleSi, xolo a  da Θ  – ganaTebis 

SemTxvevaSi. sinaTlis zemoqmedebiT mesris parametris cvlilebis dasadgeni cdiT 

debais temperaturis Semcireba daaxloebiT 50 K aRmoCnda. 
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cxcxcxcxrilirilirilirili    1....    

 

metali nawilakis zoma, nm 0/ DpD ΘΘ  

   
Ag 20 0.75 
Ag 20 0.75 − 0.83 
Al 15 − 20 0.50 − 0.67 
In 2.2 0.80 
Pb 2.2 0.87 
Pb 3.7 0.90 
Pb 6.0 0.92 
V 3.8 0.83 
V 6.5 0.86 
Pd 3.0 0.64 − 0.83 
Pd 6.6 0.67 − 0.89 

   
 

cxcxcxcxrilirilirilirili    2....    

 

amrigad, analogiurad sinaTliT warmoqmnili akvazebisa, nanonawilakebSi arsebuli 

akvazebis efeqturi koncentraciis zrda (rac maTi zomebis Semcirebis dros xdeba) 
amcirebs debais temperaturas. 

 

    

6. 6. 6. 6. nanonawilananonawilananonawilananonawilakebikebikebikebis s s s fazurifazurifazurifazuri md md md mdgomareobisagomareobisagomareobisagomareobisa da d da d da d da dnobinobinobinobissss    

ttttemperaturiemperaturiemperaturiemperaturis s s s damokidebulebadamokidebulebadamokidebulebadamokidebuleba maT  maT  maT  maT zomebzezomebzezomebzezomebze    

 

6....1. d. d. d. dnobinobinobinobis s s s fizikurifizikurifizikurifizikuri    meqanizmimeqanizmimeqanizmimeqanizmi myar s myar s myar s myar sxeulebSixeulebSixeulebSixeulebSi    

rogorc cnobilia, nivTierebis agregatuli mdgomareobis cvlilebas siTbos 

gadacemis an warTmevis Sedegad ewodeba I gvaris fazuri gadasvla (dnoba, gamyareba, 
duRili, kondensacia, sublimacia, ionebis emisia). miuxedavad imisa, rom es movlenebi 

kargad aris Seswavlili, ar arsebobs maTi meqanizmi atomur doneze, amis 

dasamtkiceblad moviyvanT cnobili mecnieris d. gudstainis azrs: “dnoba da duRili − 

erTi SexedviT advilad gasagebi movlenebi, CixSi aqceven mecnierebs, radgan dRemde ar 

arsebobs maTi damakmayofilebeli axsna mikroskopul doneze”. 

atomis gadaadgilebis axali meqanizmis mixedviT, myari sxeulis dnobis dasawyebad 

saWiroa raime gziT (siTbo, sinaTle, wneva da a.S.) miRebul iyos akvazebis kritikuli 

koncentracia: aacr MmNn /*= , sadac *
m  eleqtronebisa da xvrelebis 

Ag-is nawilakis zoma, nm debais temperatura, K 

13 ± 2 
19 ± 1 
21 ± 2 
24 ± 2 
46 ± 4 

kompaqturi kristali 

118.8 
122.1 
130.0 
133.1 
134.0 
135.9 



A. Gerasimov.  Nano Studies,  1, 47-96, 2010 
 
 

 58 

gasaSualoebuli gamtareblobis efeqturi masaa, M  – mesris atomTa masa, xolo aN  – 

atomebis koncentracia (ix. damateba 3, nax. 9). 
 

6....2. . . . nanonawilakinanonawilakinanonawilakinanonawilakis s s s fazurifazurifazurifazuri md md md mdgomareobagomareobagomareobagomareoba    

nanonawilakis zedapiridan akvazebis arekvlis gamo zedapirul fenaSi myofi 
atomebi ganicdian atomis erTi rxevis periodis ganmavlobaSi akvazis Semasustebel 

zemoqmedebas gacilebiT metjer, vidre Sida aris atomebi (nax. 6). 
akvazebis erTnairi koncentraciis dros nanonawilakebSi, maTi zomebis simciris 

gamo, akvazebi ufro xSirad miaRweven da aireklebian zedapiridan, vidre kompaqtur 

myar sxeulebSi (nax. 6g, d), Sedegad maTi qimiuri bmebi ufro Sesustebuli iqneba, 

vidre Sida nawilSi myofi atomebisa. bmebis Sesusteba iwvevs akrZaluli energetikuli 

RreCos mniSvnelobis Semcirebas (nax. 7) da mocemul temperaturaze eleqtronebis 

gadasvlis intensivobis gazrdas, rac ganapirobebs akvazebis Warb koncentracias 

nanonawilakis zedapirul fenaSi da akrZaluli energetikuli RreCos Semdgom 

Semcirebas. miiReba, rogorc ukve iyo aRniSnuli, erTi nivTierebis saintereso 
energetikuli struqtura akrZaluli energetikuli RreCos sxvadasxva mniSvnelobiT, 

zedapirTan ufro mcire, vidre SuagulSi (nax. 7). nanonawilakis aseTi eleqtronuli 

struqtura ganapirobebs zedapirul fenaSi akvazebis siWarbes da am fenis met 

sirbiles Sida aresTan SedarebiT. aqedan gamomdinare, zedapirul fenaSi atomebis 

gadaadgileba ufro advilia, vidre nanonawilakis Sida areSi. temperaturis momatebiT 

gansazRvrul sididemde, sxvadasxva nivTierebebisaTvis SeiZleba miRweul iyos 

nanonawilakis iseTi fazuri mdgomareoba, rodesac misi zedapiruli fena gamdnaria, 

Sida nawili ki – myari. 

 

6....3. d. d. d. dnobinobinobinobis s s s memememeqanizmiqanizmiqanizmiqanizmi    nanonawilakebSinanonawilakebSinanonawilakebSinanonawilakebSi    
nax. 1b-ze moyvanilia nanonawilakebis dnobis temperaturis damokidebuleba maT 

zomebze. am saintereso fenomenis asaxsnelad gavixsenoT zemoT Catarebuli msjeloba 

imis Sesaxeb, rom nanonawilakebSi akvazebis mier qimiuri bmebis Sesusteba xdeba ufro 

metad, vidre kompaqtur myar sxeulebSi, rac raodenobrivad efeqturi koncentraciis 

cnebis SemoyvaniT aris gaTvaliswinebuli. iqve aRniSnuli iyo, rom nanonawilakis zomis 

SemcirebasTan erTad izrdeba efeqturi koncentracia da rom zedapiruli fenis 

atomebTan akvazebis yofnis albaToba zedapiridan arekvlis gamo metia, vidre 

nanonawilakis Sua areSi mdebare atomebTan, rac iwvevs zedapiruli fenis metad 

darbilebas. damateba 3-Si moyvanili masalidan cnobilia, rom myari sxeulis dnoba 

iwyeba akvazebis kritikuli koncentraciis miRwevis Semdeg, xolo koncentracia 

kritikulia maSin, roca atomis erTi rxevis drois ganmavlobaSi yvela atomTan 
aswrebs misvlas akvazi. efeqturi koncentracia kritikulis mniSvnelobas aRwevs miT 

ufro dabali realuri koncentraciis dros, rac naklebia nanonawilakis zoma. dabali 

realuri koncentracia ki dnobis temperaturaze ufro  dabal temperaturebze 

miiRweva. aqedan gamomdinare, rac ufro mcire zomisaa nanonawilaki, miT ufro dabal 

temperaturaze iwyeba misi dnoba, xolo, rogorc zemoT iyo aRniSnuli, nanonawilakis 

zedapiruli fenidan akvazebis arekvlis gamo am fenis dnoba iwyeba ufro adre. 

amitomac gansazRvrul temperaturaze miiReba nanonawilakis iseTi mdgomareoba, roca 

misi zedapiri gamdnaria, xolo Sida nawili – myari. 

zemoT moyvanili mosazrebebis safuZvelze movaxdinoT nanonawilakebis dnobis 

temperaturis maT zomebze damokidebulebis raodenobrivi Sefaseba. dnobis dawyebis 
aucilebel pirobas warmoadgens akvazebis iseTi kritikuli koncentraciis arseboba, 
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rom atomis erTi rxevis ganmavlobaSi yvela atomTan mivides eleqtroni da waiRos 

atomisagan rxevis is damatebiTi energia, romelic man miiRo garedan siTbos saxiT. Tu 

nanonawilakis zoma (umartives SemTxvevaSi diametri) im manZilze naklebia, romelsac 

rxevis periodis ganmavlobaSi gaivlis akvazi, maSin nanonawilakis zedapiridan arekvlis 
gamo igi ufro xSirad miva (ara marto zedapirul) atomebTan, vidre kompaqtur myar 

sxeulSi (nax. 6), rac zrdis, rogorc zemoT iyo aRniSnuli, mis mier qimiuri bmebis 

Sesustebis efeqturobas da ufro advilad miiRweva kritikuli koncentracia 

(damateba 4, nax. 10). 
 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 
 

 

 

 

nax.nax.nax.nax.    11.... nanonawilakis dnobis temperaturis damokidebuleba mis zomebze. 

1 – Si-is mTliani nanonawilaki; 2 – Si-is nanonawilakis zedapiruli fena; 

3 – Au-isTvis eqsperimentuli Sedegebi; 4 – Au-isTvis Teoriuli Sedegebi. 

 

nax. 11-ze moyvanilia akvazebis efeqturi koncentraciis gamoyenebiT gamoTvlili 

dnobis temperaturis nanonawilakis zomebze damokidebulebis mrudi, romelic sakmaod 

kargad emTxveva eqsperimentze damzeril Sedegs. 
amrigad, calsaxad naCvenebia, rom qimiuri bmebis Sesustebaze akvazebis efeqturi 

koncentraciis gavlenis gaTvaliswineba nanonivTierebis Semadgeneli nawilakebis 

zomebis Semcirebisas kargad aRwers dnobis temperaturis raodenobriv damokidebulebas 

nanonawilakis zomebze. 
 
 

7. 7. 7. 7. nanomasalebinanomasalebinanomasalebinanomasalebis s s s meqanikurimeqanikurimeqanikurimeqanikuri T T T Tvisebebivisebebivisebebivisebebissss        

damokidebdamokidebdamokidebdamokidebulebaulebaulebauleba    nanonawilakebinanonawilakebinanonawilakebinanonawilakebis s s s zomebzezomebzezomebzezomebze    

 

7....1. m. m. m. myariyariyariyari s s s sxeulixeulixeulixeulis ms ms ms mikrosisaliikrosisaliikrosisaliikrosisalis s s s daxasiaTebadaxasiaTebadaxasiaTebadaxasiaTeba    

myari sxeulebis meqanikuri Tvisebebis SefasebisaTvis erTerTi yvelaze 

gavrcelebuli da sakmaod mgrZnobiare meTodia sisalis gazomva. sisalis gazomvas 

mcire sididis datvirTvebis gamoyenebiT uwodeben mikrosisalis meTods. aRniSnul 
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                            a) a) a) a)                 b)b)b)b)    

meTodSi indentori, romelic, Cveulebriv, garkveuli formis almasisagan aris 

damzadebuli (nax. 12a), gansazRvruli datvirTvis zemoqmedebis Sedegad inergeba 

gamosakvlev kristalSi. Canergvis procesi mimdinareobs manam, sanam gare Zala ar 

gawonaswordeba Sinagani ZalebiT, romlebic am dros kristalSi warmoiqmneba. 
warmoqmnili deformaciis Sedegad, indentoris awevis Semdeg nimuSze rCeba anabeWdi 

(nax. 12b). rac metia anabeWdis zoma mocemul datvirTvaze, miT naklebia mikrosisale. 

mocemul datvirTvaze anabeWdis zomebis mixedviT, standartuli formuliT 2/ dpH =  

gansazRvraven sisalis sidides, romelsac aqvs ganzomileba kgF / mm2, sadac p  aris 

datvirTva gamosaxuli kgF erTeulebiT, xolo d  – didi diagonalis sigrZe mm-ebSi. 

mikrosisalis zusti mniSvnelobebis misaRebad saWiroa gamoyenebul iqnas Sedegebis 

damuSavebis statistikuri meTodi, amitom saSualos gamosaTvlelad saWiro anabeWdebis 
ricxvi Seadgens ramdenime aTeuls.  

 

 

 

 

 

 

 
 

 

 

nax.nax.nax.nax.    12.... a) knupis piramida; b) knupis piramidis anabeWdis forma 

(d  – anabeWdis didi diagonali). 
 

aRsaniSnavia, rom mocemuli nivTierebisaTvis mikrosisale ar warmoadgens fizikur 

mudmivas, radgan misi mniSvneloba damokidebulia gazomvis meTodze. zogadad, igi 

warmoadgens integralur maxasiaTebel sidides, romelic ganisazRvreba sakvlevi 

nivTierebis meqanikuri maxasiaTeblebiT, rogoricaa plastikuroba, drekadoba, simtkice 
da a.S. 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

nax.nax.nax.nax.    13.... Si-is, Ge-is, GaSb-is da InSb-is mikrosisalis mniSvnelobebis damokidebuleba 

indentorze modebul datvirTvaze. gazrdil datvirTvebze indentoris Canergva kristalSi 

ufro Rrmaa, saidanac Cans, rom siRrmeSi sisale naklebia, vidre zedapirul areSi. 
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nax.nax.nax.nax.    14.... Si-is mikrosisalis damokidebuleba indentorze modebuli 

datvirTvis sidideze: 1 – sibneleSi; 2 – lazeriT ganaTebisas 

( gEh ≥ν ) akvazebis koncentracia mxolod zedapirul fenaSia; 

3 – didi intensivobis lazeriT ganaTebisas, e.i. akvazebis didi 

koncentraciis dros zedapirze sisalis mniSvneloba naklebia, 
vidre moculobaSi; 4 – Si-is filtrSi gasuli TeTri sinaTliT 

ganaTebisas ( gEh <ν ) akvazebi warmoiqmneba mTel moculobaSi. 

 

mikrosisales maqsimaluri mniSvneloba gaaCnia (nax. 13) indentirebis (Canergvis) 
sawyis etapze (e.i. Canergvis mcire siRrmeebis SemTxvevaSi). Canergvis siRrmis zrdasTan 

erTad (anu anabeWdis zomebis zrdasTan erTad) sisale TandaTanobiT mcirdeba. 

aRmoCnda, rom mikrosisale mcirdeba sxeulis gaTbobiT an ganaTebiT, rasac 

ewodeba Sesabamisad Termomeqanikuri da fotomeqanikuri efeqtebi. 

akvazebis arsebobis da maT mier qimiuri bmis Sesustebis pirdapir eqsperimentul 

dasabuTebas iZleva fotomeqanikuri efeqti (nax. 14). 
aqve winaswar aRvniSnavT, rom sinaTlis zemoqmedebis an temperaturis gavlenis 

Sedegad sisalis cvlilebas safuZvlad udevs erTi da igive movlena, kerZod, maT mier 

akvazebis warmoqmna. naCvenebia, rom mocemul naxevargamtarul an metalur nivTierebaSi 

mikrosisale mcirdeba akvazebis koncentraciis zrdiT (damateba 5, nax. 15−18). 
 

7....2. . . . nanomasalebinanomasalebinanomasalebinanomasalebis s s s sisalisisalisisalisisalis s s s damokidebulebadamokidebulebadamokidebulebadamokidebuleba    nanonawilakebinanonawilakebinanonawilakebinanonawilakebis s s s zomebzezomebzezomebzezomebze    

sxvadasxva meTodebiT miRebuli nanomasalebis mikrosisalis gamokvlevam aCvena 

saerTo tendencia, rom nanonawilakis zomebis SemcirebiT nanomasalis sisale jer 

izrdeba da Semdeg mcirdeba (nax. 19). nanomasalis mikrosisalis mniSvnelobis zrdis 

ubani aRiwereba e.w. hol–petCis empiriuli TanafardobiT LKHH += 0 , sadac H  

aris nanomasalis sisale, 0H  – nivTierebis sisale, K  – proporciulobis 

koeficienti, L  – nanonawilakebis saSualo zoma. mikrosisalis zrda nanonawilakis 

zomebis SemcirebasTan erTad aixsneba nawilakSi dislokaciebis raodenobis klebiT, rac 
damtkicebulia rentgenuli da eleqtronul-mikroskopuli gamokvlevebiT. mikrosisalis 

Semcirebis ubani, arsebul warmodgenebSi anomaliad iTvleba da jerjerobiT axsna ar 

aqvs. atomis gadaadgilebis axali meqanizmis safuZvelze es fenomeni advilad aixsneba. 

  H kgZ/mm2 
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zemoT naCvenebi iyo, rom mikrosisalis mniSvnelobas gansazRvravs atomis 

gadaadgilebis SesaZlebloba: rac ufro advilia atomis gadaadgileba, miT naklebia 

mikrosisale. atomis gadaadgileba ki ganisazRvreba mocemul atomTan akvazebis 

arsebobiT da ar aqvs mniSvneloba imas, Tu ra gziT arian isini warmoqmnilni. rac 
metia maTi koncentracia, miT metia atomis gadaadgilebis SesaZlebloba da naklebia 

mikrosisale. 

nanonawilakis gansazRvruli zomebidan dawyebuli (ix. zemoT) masSi warmoiqmneba 

efeqturi koncentracia, romelic zrdis atomis gadaadgilebis SesaZleblobas da 

arbilebs nanonawilaks. nanonawilakis zomebis SemcirebasTan erTad, rogorc naCvenebi 

iyo, izrdeba akvazebis efeqturi koncentracia da, Sesabamisad, mcirdeba mikrosisale. 

igive msjelobiT aixsneba nanomasalebSi eqsperimentulad dadgenili denadobis 

zRvris nanonawilakis zomebze damokidebulebis anomaluri svla. nanonawilakis zomebis 

SemcirebasTan erTad denadobis zRvari jer izrdeba (nax. 20, texilis marcxena 

nawili), hol–petCis Tanafardobis mixedviT: LKT += 0δδ  ( Tδ  denadobis zRvaria, 

xolo 0δ  – Sinagani daZabuloba, romelic ewinaaRmdegeba plastikur Zvras sxeulSi), 

Semdeg ki mcirdeba (nax. 20, texilis marjvena nawili). 

 

 

 

 

 

 

 
 

 

 

 

 

 

nax.nax.nax.nax.    19.... sxvadasxva dnobis temperaturis mqone nanomasalis sisalis 

damokidebuleba maTi Semadgeneli nanonawilakebis zomebze, 21 mm TT < . 

 

 

 

 

 

 

 
 

 

 

 

 

    

nax.nax.nax.nax.    20.... nanomasalis denadobis zRvris damokidebuleba misi Semadgeneli 

nanonawilakebis zomebze. marcxniv – are, romelic emorCileba hol–petCis 

Tanafardobas; marjvniv – anomaluri are. 
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aRniSnuli iyo, rom metalebSi fsevdoakrZaluli zonis sigane korelirebs dnobis 

temperaturasTan. aqedan – rac metia fsevdoakrZaluli RreCo, miT naklebia mocemul 

temperaturaze akvazebis koncentracia. nanonawilakebSi ki rac naklebia realuri 

koncentracia, miT naklebia efeqturi koncentraciac. amitom dnobis maRali 
temperaturis mqone nivTierebebis nanonawilakebis zomebi unda iyos ufro naklebi, rom 

mravali arekvlis saSualebiT efeqturma koncentraciam miaRwios saTanado 

daniSnulebisTvis saWiro sidides. nax. 19-dan Cans, rom NiZr2-Si anomalia iwyeba ufro 

mcire zomis nanonawilakebisTvis, vidre Fe − Si − B-Si, romlis dnobis temperaturac 

naklebia, vidre NiZr2-isa. 

nanonawilakebSi sisalis temperaturaze damokidebulebis (Semcirebis) mruds aqvs 

ufro cicabo saxe, vidre kompaqturi myari sxeulebis SemTxvevaSi. temperaturis 

zrdasTan akvazebis siCqaris momateba nanonawilakebSi zrdis zedapiridan maTi arekvlis 

sixSires da Sedegad, efeqtur koncentracias. am ukanasknelis momateba ki amcirebs 

energetikul RreCos (damakavSirebel da antidamakavSirebel doneebs Soris 
energetikul manZils), rac zrdis akvazebis realur koncentracias ise, rom mocemul 

temperaturaze realuri koncentracia nanonawilakSi metia, vidre kompaqtur myar 

sxeulSi, rac, efeqturi koncentraciis arsebobasTan erTad, nanonawilakSi ganapirobebs 

mikrosisalis mniSvnelobis ufro mkveTr Semcirebas temperaturis zrdasTan erTad, 

vidre kompaqtur myar sxeulSi. 

aqve gvinda aRvniSnoT, rom nanonawilakebis meqanikuri Tvisebis yvela cvlileba 

aixsneba nanonawilakebSi akvazebis efeqturi koncentraciis cvlilebiT. nanonawilakis 

zomebis SemcirebasTan erTad mcirdeba iungis moduli, Zvris moduli da moculobiTi 

drekadoba, es yvelaferi ganpirobebulia nanonawilakis darbilebiT, rac gamowveulia 

akvazebis efeqturi koncentraciis zrdiT nanonawilakebis zomebis SemcirebasTan erTad. 
myar sxeulebs axasiaTebT e.w. zeplastikuroba, romlis arsi aris is, rom 

mocemuli nivTierebis myari sxeuli gansazRvrul temperaturaze modebuli saTanado 

datvirTvis dros ki ar irRveva, aramed plastikurad deformirdeba. nanomasalebSi, 

romlebic Sedgeba raime nivTierebisa da masSi CarTuli nanonawilakebisagan 

zeplastikurobas adgili aqvs (300 − 400) °C-ze ufro dabal temperaturebze, oRond 

ufro maRali datvirTvebis dros, vidre kompaqtur myar sxeulSi. zeplastikurobis 

temperaturis Semcireba ganpirobebulia nanonawilakebSi akvazebis efeqturi 

koncentraciis warmoqmniT, rac iwvevs maT darbilebas, xolo modebuli datvirTvis 

mniSvnelobis momateba gamowveulia imiT, rom nanonawilakTa Soris myof nivTierebaSi 

mocemul dabal temperaturaze akvazebis realuri koncentracia ar aris sakmarisi 

plastikurobisaTvis. modebuli didi datvirTva warmoSobs sakmaris wnevas, romelic 
amcirebs energetikul manZils damakavSirebel da antidamakavSirebel zonebs Soris, rac 

realur koncentracias zrdis sakmaris sididemde nanonawilakTaSoris nawilSi da mTel 

nanomasalaSi xorcieldeba zeplastikuroba. 

myari sxeulis saTanado datvirTvis dros SeiZleba adgili hqondes misi erTi 

nawilis plastikur Zvras meoris mimarT – “gasrialebas” romelime sibrtyis gaswvriv. 

nanomasalebSi plastikuri Zvra xdeba datvirTvebis gacilebiT ufro dabali 

mniSvnelobebisas, rac, gasagebia, gamowveulia nanonawilakebSi akvazebis efeqturi 

koncentraciis arsebobiT. magram sainteresoa ganvixiloT mizezi imisa, Tu ratom xdeba 

aseTi sriali, da ara mTeli masalis deformacia. nanonawilakebSi, rogorc zemoT iyo 

aRniSnuli, plastikuri deformacia ver aixsneba dislokaciebis moZraobiT, am 
ukanasknelTa nanonawilakSi ar arsebobis gamo. maS rogor xorcieldeba plastikuri 

Zvra nanonawilakebSi atomur doneze? nanomasalaze datvirTvis modebis dros 
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warmoiqmneba wneva nanonawilakebze, romelTa kristalografiuli orientacia 

qaosuradaa ganawilebuli (e.i. erTi nebismieri mimarTulebis gaswvriv ganlagebul 

nanonawilakebs eqnebaT sxvadasxva kristalografiuli orientacia). im sibrtyeSi, 

romelSic aRmoCndeba ufro meti iseTi orientaciis nanonawilaki, rom masze moqmedi 
wneva (aq SevniSnavT, rom sxvadasxva mimarTulebis wneva sxvadasxvanairad moqmedebs 

damakavSirebel da antidamakavSirebel doneebs Soris energetikul manZilze – zogierTi 

mimarTulebis wneva amcirebs mas, sxva mimarTulebis ki zrdis) gamoiwvevs 

damakavSirebel da antidamakavSirebel doneebs Soris energetikuli manZilis Semcirebas, 

maSin am sibrtyeSi realuri da efeqturi koncentracia iqneba meti, vidre sxva, 

mocemulis araparalelur sibrtyeebSi da plastikuri Zvra ganxorcieldeba aseTi 

Tvisebebis mqone sibrtyeebSi. unda aRvniSnoT isic, rom radgan nanomasalebSi 

nanonawilakebi ar arian izolirebuli, arsebobs sasruli albaToba imisa, rom 

nanonawilakis sazRvarTan misuli akvazi gaJonavs am sazRvarSi da gadava 

nawilakTaSoris sivrceSi. e.i. nanonawilakebi warmoadgenen am sivrcis akvazebiT 
momaragebis wyaros. akvazebis damatebiTi, inJeqtirebuli koncentracia aadvilebs 

atomebis erTmaneTis mimarT gadaadgilebas. 

 

    

8. 8. 8. 8. nanonawilakebSinanonawilakebSinanonawilakebSinanonawilakebSi    difuziisdifuziisdifuziisdifuziis    koeficientikoeficientikoeficientikoeficientis s s s sididisididisididisididissss    

da rda rda rda rekristalizaciisekristalizaciisekristalizaciisekristalizaciis s s s siCqariiCqariiCqariiCqaris s s s damokidebulebadamokidebulebadamokidebulebadamokidebuleba    

nanonawilakebinanonawilakebinanonawilakebinanonawilakebis s s s zomebzezomebzezomebzezomebze    

 

8....1. . . . difuziisdifuziisdifuziisdifuziis a a a axalixalixalixali    meqanizmimeqanizmimeqanizmimeqanizmi myar s myar s myar s myar sxeulebSixeulebSixeulebSixeulebSi    

difuziis koeficientis gamosaxulebis misaRebad atomis gadaadgilebis axali 

warmodgenebis mixedviT, zemoT gamoTvlilili atomis migraciuli aqtis albaToba unda 

gavamravloT e.w. “aRrevis siCqareze”: dva , sadac d  aris atomTa Soris manZili, 

ard 2=  da 3/1)4/3( πaa Vr = , aV  atomis moculobaa,  aa MkTv /=  – atomis saSualo 

siTburi siCqare, xolo aM  – atomis masa. maSin difuziis koeficientisaTvis gveqneba:    

FaaquasiChanceaa WNnnvrD
652 )/(16α= . 

am formulaSi Semaval yvela sidides aqvs fizikuri azri da maTi mniSvnelobebi 

SesaZlebelia aviRoT sacnobaro literaturidan an gamovTvaloT im Sesabamisi 

pirobebisaTvis, romlis drosac tardeba difuzia. rogorc am formulidan 

gamomdinareobs, difuziis koeficientis  cvlilebaSi ZiriTadi wvlili Seaqvs akvazebis 

koncentracias aquasin , romelic SeiZleba vcvaloT sxvadasxva gziT: temperaturiT, 

radiaciiT, inJeqciiT, wneviT da a.S. amitom is aRwers rogorc Termul, ise yvela 

sxvagvarad stimulirebul difuziur process. 

Termuli difuziis SemTxvevaSi akvazebis koncentraciis damokidebuleba difuziis 

temperaturaze T  gamoisaxeba formuliT )/exp( kTENNn gVCi −= . Tu mas zemoT 

moyvanil formulaSi SevitanT, miviRebT 









−=








−= −

kT

E
D

kT

E

N

NN
nAD

gg

A

AV

semi 2
exp

2
exp

)(
05

2/5
12

ββ
α β , 

e.i. frenkelis tradiciul formulas Termuli difuziis koeficientisaTvis, 

romelSic aqtivaciis energias warmoadgens gEU β= , saidanac Cans, rom difuziis 

koeficientis sidide da temperaturuli damokidebuleba ZiriTadad ganisazRvreba 

akvazebis warmoqmnis eqsponenciuri damokidebulebiT temperaturaze. aqedan cxadia, rom 
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difuziis frenkelis Teoria Cven mier SemoTavazebuli difuziis meqanizmis kerZo 

SemTxvevaa. fotostimulirebuli difuziis Seswavlam dabal temperaturaze calsaxad 

aCvena, rom misi sidide damokidebulia sinaTliT Seqmnili akvazebis koncentraciaze. 

erTsa da imave temperaturaze gazomili fotostimulirebuli difuziis koeficienti 
Termuli difuziis koeficientTan SedarebiT mravali rigiT metia. damateba 6-Si 
moyvanili eqsperimentuli faqtebi (nax. 21; cxrilebi 5, 6 da 7) erTmniSvnelovnad 

amtkicebs, rom    difuzuri naxtomis elementaruli aqti ganpirobebulia ara mocemuli 

atomis kinetikuri energiis fluqtuaciiT, aramed mocemuli atomis mezobel atomebTan 

bmis potenciuri energiis fluqtuaciiT, rac miiRweva mocemul atomTan aucilebeli 

raodenobis akvazebis mosvliT. 

 

8....2. . . . difuziisdifuziisdifuziisdifuziis da r da r da r da rekristalizaciisekristalizaciisekristalizaciisekristalizaciis    fizikurifizikurifizikurifizikuri    bunebabunebabunebabuneba    nanomasalebSinanomasalebSinanomasalebSinanomasalebSi    

nanomasalebSi difuziis Seswavlam aCvena, rom difuziis koeficientis mniSvneloba 

maTSi gacilebiT metia, vidre kompaqtur myar sxeulebSi da vidre TviT marcvlovan 
masalebSic ki (esaa masala, romelic Sedgeba nanonawilakebze ufro didi, magram mainc 

patara marcvlebisagan). 

 

cxcxcxcxrilirilirilirili    3. spilenZis da nikelis TviTdifuziis koeficientebi. 

 

masala difuziis koeficienti (393 K), m2 / s 

 
nano-Cu 

kompaqturi Cu 
marcvlovani Cu 
zedapiri Cu-is 

 
nano-Ni 

kompaqturi Ni 
marcvlovani Ni 

 

 

1.8 ⋅ 10−17 
1.3 ⋅ 10−31 
1.7 ⋅ 10−19 
1.4 ⋅ 10−16 

 

1.0 ⋅ 10−10 
1.2 ⋅ 10−25 

3.0 ⋅ 10−12 
 

 

cxril 3-Si moyvanilia sxvadasxva meTodiT miRebuli, Cu-Si da Ni-Si erTnair 
pirobebSi gazomili TviTdifuziis koeficientebi nanomasalebSi, marcvlovan masalebSi 

da kompaqtur myar sxeulebSi, saidanac Cans, rom nanomasalebSi TviTdifuziis 

koeficientis mniSvneloba mravali rigiT metia. igive iTqmis minarevebis difuziis 

SemTxvevaze. magaliTad, oqros difuziis koeficienti nikelis nanomasalaSi mT)3.02.0( −     

temperaturaze ( mT  dnobis temperaturaa) 14 − 16 rigiT (!) metia, vidre Cveulebriv 

kompaqtur polikristalur Ni-Si. igives aqvs adgili zemoT moyvanil kompaqtur myar 

sxeulebSi fotostimulirebuli difuziis dros. fotostimulirebis Sedegad difuziis 
koeficientis mniSvnelobis zrda ganpirobebulia sinaTliT warmoqmnili damatebiTi 

akvazebiT. am ori movlenis aseTi msgavseba calsaxad migviTiTebs imaze, rom 

nanomasalebSi difuziis koeficientis didi mniSvneloba ganpirobebuli unda iyos 

nanonawilakebSi akvazebis efeqturi koncentraciis arsebobiT. aqedan gamomdinare, 

difuziis koeficientis zemoT moyvanil gamosaxulebaSi akvazebis koncentraciisaTvis 

unda aviRoT efeqturi koncentracia, romelic realur koncentraciaze mocemuli 

temperaturisa da nanonawilakis gansazRvruli zomisaTvis γ -jer metia, 0nneff γ= . 



A. Gerasimov.  Nano Studies,  1, 47-96, 2010 
 
 

 66 

difuziis koeficientis gamomsaxvel formulaSi am koncentraciis SetaniT difuziis 

koeficientis mniSvneloba gazrdeba Y βγ ----jer. 

amrigad, zedapirul fenaSi, magaliTad, siliciumSi efeqturi koncentraciis 

momateba 10-jer gamoiwvevs TviTdifuziis koeficientis milionjer gazrdas, radganac 

siliciumSi TviTdifuziisaTvis 6=β . efeqturi koncentraciis zrda superwrfivad 

aris damokidebuli nanonawilakebis zomebis Semcirebaze da temperaturis zrdaze, 

amitom erTidaigive nivTierebaSi difuziis koeficientis mniSvnelobebi mocemul 

temperaturaze minarevuli an sakuTari atomebisaTvis nanonawilakebis SemTxvevaSi 

mravali rigiT meti iqneba, vidre Cveulebrivi zomis nimuSebSi. 

 

 
 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

nax.nax.nax.nax.    22.... nanonawilakis zomis cvlileba 
drois mixedviT rekristalizaciis dros. 

 

cnobilia, rom rekristalizacia ganpirobebulia difuziuri procesebiT, amitom 

misi fizikuri buneba igivea, rogoric zemoT aRwerili difuziuri procesebisa. 

nanomasalebSi rekristalizaciis procesi, e.i. nanonawilakebis zomebis momateba 

temperaturis momatebasTan erTad, mimdinareobs bevrad ufro Cqara, vidre marcvlovan 

masalebSi. siCqareTa sxvaoba miT metia, rac metad gansxvavdeba nanonawilakebisa da 

marcvlebis zomebi erTmaneTisagan. nanomasalis rekristalizaciis siCqare drois 

mixedviT TandaTan mcirdeba, nanonawilakebis rekristalizaciis gamo maTi zomebis 

gazrdis Sedegad, da xdeba iseTive, rac marcvlovan nanomasalebSi (nax. 22). es 
gamowveulia akvazebis Semasustebeli efeqtis SemcirebiT anu efeqturi koncentraciis 

dacemiT akvazebis nanonawilakis kedlebisgan arekvlis Semcirebis gamo.  
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9.9.9.9.    nanomasalebSinanomasalebSinanomasalebSinanomasalebSi s s s siTburiiTburiiTburiiTburi m m m movlenebiovlenebiovlenebiovlenebissss    

damokidebulebadamokidebulebadamokidebulebadamokidebuleba    nanonawilakebinanonawilakebinanonawilakebinanonawilakebis s s s zomebzezomebzezomebzezomebze    

 

nanomasalebis iseTi mniSvnelovani siTburi Tvisebebi, rogoric aris 

siTbotevadoba da siTbogamtarebloba damokidebulia maTi Semadgeneli nanonawilakebis 

zomebze. es dakavSirebuli unda iyos, rogorc samarTlianad fiqroben mecnierebi, 

nanonawilakebis struqturuli da eleqtronuli aRnagobis specifikasTan. am kavSiris 

damyareba Zneldeba imis gamo, rom siTbogamtarobis da siTbotevadobis arsebuli 

meqanizmebi ar aris srulyofili, radgan isini ara marto raodenobrivad ver aRweren 

am movlenebs, aramed Tvisobrivadac ki ver xsnian bevr eqsperimentul faqts. 
diulongis da ptis, Semdgom ainStainis da debais mier SemoTavazebuli Teoriebi 

nawilobriv aRweren eqsperimentze damzeril tendenciebs, magram myari sxeulebis 

Sesaxeb im droisaTvis arsebuli mwiri informaciis gamo maT ver SeZles ufro Rrmad, 

atomur doneze, ganeviTarebinaT TavianTi warmodgenebi am movlenebis fizikuri bunebis 

Taobaze. magaliTad, maT araferi icodnen qimiuri bmebis Sesaxeb, rasac rogorc zemoT 

iyo naCvenebi, udidesi mniSvneloba aqvs myari sxeulis fizikur-qimiuri bunebis 

gasagebad. amitom maT mier eqsperimentze im droisaTvis damzerili tendenciebis aRwera 

did miRwevad unda CaiTvalos. qvemoT moyvanili iqneba axali warmodgenebi 

siTbotevadobis da siTbogamtareblobis bunebaze myar sxeulebSi qimiuri bmebis 

Tvisebebis gaTvaliswinebiT, romlebic saSualebas iZleva Seiqmnas xsenebuli movlenebis 
axali Teoria da romelic dResdReobiT ar aris dasrulebuli, magram mainc 

gamosadegia nanomasalebSi am movlenebis fizikuri bunebis Tvisobrivi gagebisTvis. 

 

9....1. s. s. s. siTbotevadobiiTbotevadobiiTbotevadobiiTbotevadobis s s s fizikurifizikurifizikurifizikuri    bunebabunebabunebabuneba myar s myar s myar s myar sxeulebSixeulebSixeulebSixeulebSi    

dReisaTvis dagrovilia amomwuravi monacemebi yvela martivi myari sxeulis 

(martivi ewodeba myar sxeuls, romelic Sedgeba mxolod erTi qimiuri elementis 

atomebisagan) siTbotevadobis temperaturuli damokidebulebis Sesaxeb, saidanac 

aSkaraa, rom maTi didi umravlesobisaTvis diulongis da ptis kanoni ar sruldeba, 

xolo ainStainis da debais Teoriebi raodenobrivad ver aRweren am damokidebulebas. 

es imis gamo xdeba, rom orive Teoria eyrdnoba harmoniul miaxloebas, rasac realur 

kristalebSi adgili ar aqvs, radgan atomebi erTmaneTTan dakavSirebulia qimiuri 
bmebiT da maTi ganxilva, rogorc damoukidebeli oscilatorebisa swori ar aris. 

anharmoniulobis ganxilvamac Sedegi ar moitana, miuxedavad uamravi Teoriuli 

gamoTvlisa. amasTan dakavSirebiT aq upriania gavixsenoT am statiis dasawyisSi 

moyvanili hakslis Zalze xatovani gamoTqma imis Sesaxeb, rom Tu sabaziso warmodgenebi 

ar aris swori, veraviTari urTulesi gamoTvlebiT ver miaRwev WeSmaritebas. Cveni 

azriT, siTbotevadobis bunebis dasadgenad aucilebelia mxedvelobaSi iyos miRebuli 

myari sxeulis atomebs Soris qimiuri bmebis Tvisebebi. amaze migviTiTebs is faqti, rom 

martivi myari sxeulebis siTbotevadobebis mniSvnelobebs axasiaTebT iseTive 

periodulobis kanoni, romelsac emorCileba is qimiuri elementebi, romelTagan Sedgeba 

es myari sxeulebi. es kanoni aris mendeleevis qimiuri elementebis Tvisebebis 
periodulobis cnobili kanoni. Cveni azriT, am or periodulobas Soris korelacia 

gamowveulia imiT, rom atomebs maTTvis damaxasiaTebeli Tvisebebi gadaaqvT myar 

sxeulebSi, romlebsac isini erTmaneTTan qimiuri bmebiT SeerTebisas warmoqmnian. es 

qimiuri bmebi gansxvavebulia ara marto sxvadasxva myar sxeulebSi, aramed isini 

TiToeul maTganSi sxvadasxvanairad icvleba konkretuli zemoqmedebis (temperatura, 

wneva, sinaTle) Sedegad. am faqtorebis gaTvaliswineba aucilebelia myari sxeulebis 

siTbotevadobis fizikuri bunebis dasadgenad. 
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siTbo, romelic myar sxeuls gadaecema, mTlianad rom ixarjebodes misi atomebis 

kinetikuri energiis gazrdaze, maSin yvela myar sxeuls eqneboda siTbotevadobis 

erTnairi mniSvneloba da igi temperaturis momatebiT ar Seicvleboda. sinamdvileSi ki 

yvela qimiur elements myar mdgomareobaSi aqvs siTbotevadobis sxvadasxva mniSvneloba, 
romlebic temperaturis momatebiT gansxvavebuli siswrafiT izrdeba. maSasadame, myar 

sxeulze gadacemuli siTbos nawili gadadis potenciur energiaSi. amaze metyvelebs is 

faqti, rom myari sxeulebis siTbotevadoba im temperaturaze, ra temperaturazec xdeba 

atomuri struqturis cvlileba, yovelTvis aRemateba siTbotevadobas im 

temperaturaze, romelzec am cvlilebas adgili ara aqvs. potenciuri energiis mateba 

ki ganpirobebulia atomTa adgilmdebareobis cvlilebiT maTi normaluri mdebareobidan, 

romelic maT aqvT absolutur nulze. atomebis mdebareobis Secvla SeuZlebelia 

qimiuri bmis deformaciis gareSe. qimiuri bmis deformaciaSi Cven vgulisxmobT misi 

sigrZis da sivrculi ganawilebis cvlilebas raime zegavlenis Sedegad 0 K-ze arsebul 

mdgomareobasTan SedarebiT. siTbos gadacemis dros am deformaciaze daxarjuli energia 
akumulirdeba da Semdeg misi gacivebis dros deformaciis relaqsirebis Sedegad 

gamoiyofa siTbos saxiT. dabal temperaturebze qimiuri bma Zlieria, amitom misi 

deformireba gaZnelebulia da TiTqmis mTeli gadacemuli siTbos raodenoba gadadis 

atomebis rxevebis kinetikur energiaSi. amis gamo sxeulis erTi gradusiT gasaTbobad 

saWiroa naklebi siTbo (siTbotevadoba naklebia), vidre ufro maRal temperaturebze, 

sadac qimiuri bmebi Sesustebulia, maTi deformacia ufro advilia da sxeulze 

miwodebuli energia ufro advilad gadadis potenciur energiaSi, vidre atomebis 

rxevis kinetikur energiaSi (siTbotvadoba didia). 

cnobilia, rom myari sxeulebis qimiuri bmebis Tvisebebi ganpirobebulia maTi 

Semadgeneli atomebis eleqtronuli struqturebiT. martivi myari sxeulebis 
siTbotevadobebis mniSvnelobebis periodulobis korelacia maTi Semadgeneli atomebis 

Tvisebebis cvlilebasTan migviTiTebs imaze, rom am atomebis valenturi eleqtronebis 

Sreebis Tvisebebi, romlebic warmoqmnian qimiur bmebs, mniSvnelovan rols TamaSobs 

siTbotevadobis bunebaSi. bunebrivia vivaraudoT, rom rac ufro Zlierad, xistad, arian 

dakavSirebulni valenturi eleqtronebi TavianT ionur gulebTan, miT naklebia myar 

sxeulSi qimiuri bmis deformaciis albaToba da gadacemuli siTbos miT meti wili 

midis atomebis kinetikuri energiis gazrdaze, e.i. erTi gradusiT gasaTbobad miT 

naklebi siTboa saWiro da siTbotevadobac miT naklebia. valenturi eleqtronebis 

ionur gulTan kavSiris siZlieris gamosaxatad SeiZleba gamoyenebuli iyos myar 

sxeulSi erTi atomis moculobaze mosuli valenturi eleqtronebis bmis saSualo 

energiis simkvrive E , romelic gamoiTvleba, rogorc valenturi eleqtronebis 

ionizaciis saSualo energiis I  fardoba myari sxeulis atomis moculobasTan aV : 

aVIE /= , sadac nII
ni

i i∑
=

=
=

1
, iI     aris i -uri ionizaciis potenciali, xolo n  – 

valenturi eleqtronebis raodenoba. es sidide axasiaTebs izolirebul atoms. atomis 

qimiur bmaSi monawileobis gasaTvaliswineblad am sididis gamoTvlis dros 

aucilebelia mxedvelobaSi iyos miRebuli valenturi eleqtronebis ganawileba qimiuri 

bmis damakavSirebel da antidamakavSirebel doneebs Soris, rac gansazRvravs qimiuri 

bmis energias. myari sxeulis eleqtronuli struqturis aRweris dros (es Cvens mier 
iyo naCvenebi) igi ganixileba rogorc didi molekula, amitom magaliTisaTvis 

ganvixiloT umartivesi SemTxveva – s- da p-eleqtronebis mqone elementebis 

hipoTeturi oratomiani molekulis warmoqmna. maT Soris qimiuri bma xorcieldeba sp
3 

hibridizaciis saSualebiT. nax. 23-dan Cans, rom samvalentiani da oTxvalentiani 
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elementebisaTvis orive atomis yvela savalento eleqtroni Tavsdeba mxolod 

damakavSirebel orbitalebze, xuTvalentiani elementebis SemTxvevaSi ki 

antidamakavSirebel orbitalze ukve ori eleqtronia, e.i. erT atomze modis erTi 

antidamakavSirebeli eleqtroni, eqvs da Svid valentiani elementebisaTvis 
antidamakavSirebel doneebze iqneba, Sesabamisad, oTxi da eqvsi eleqtroni. e.i. erT 

atomze mosulia Sesabamisad, ori da sami eleqtroni. TiToeuli antidamakavSirebeli 

eleqtroni abaTilebs erT damakavSirebel eleqtrons da asustebs eleqtronebsa da 

ionur guls Soris bmis sixistes izolirebul atomTan SedarebiT. amitom myari 

sxeulisaTvis ionizaciis saSualo potencialis I  gamoTvlis dros es garemoeba 

Semdegnairad unda iyos gaTvaliswinebuli: ionizaciis potencialebis jams unda 

gamoakldes ionizaciis saSualo potenciali I  imdenjer (α-jer), ramdeni 

antidamakavSirebeli eleqtronic modis erT atomze da isev gaiyos valenturi 

eleqtronebis raodenobaze n . 

 

 
 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

    

nax.nax.nax.nax.    23.... Ga2-is, Si2-is da As2-is hipoTeturi molekulebis Seqmnis 

sqematuri gamosaxuleba da eleqtronebis ganawileba maT 
damakavSirebel da antidamakavSirebel doneebze. 

 

mendeleevis perioduli sistemis I, II, III da IV jgufis elementebisaTvis 0=α , 

xolo V, VI da VII jgufis elementebisaTvis udris, Sesabamisad, 1, 2 da 3. nax. 24-ze 
moyvanilia siTbotevadobis pC  mniSvnelobebis temperaturuli damokidebulebebi mesame, 

meoTxe da mexuTe jgufis elementebisaTvis da maTi Sesabamisi damakavSirebeli 

eleqtronebis energiebis simkvriveebis saSualo mniSvnelobebi E . maTi Sedarebidan Cans, 

rom rac metia E -is mniSvnelobebi, miT naklebia siTbotevadoba, e.i. rac ufro 
xistadaa bmuli valenturi eleqtronebi Tavis ionur gulTan, miT naklebia qimiuri 

bmebis deformaciis albaToba da miT naklebi siTbo ixarjeba sxeulis erTi gradusiT 

gaTbobisaTvis, e.i. naklebia siTbotevadoba. am msjelobidan gamomdinare, myari sxeulis 

siTbotevadobis damokidebuleba temperaturaze SeiZleba gamovsaxoT Semdegi formuliT: 
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)/exp(0 kTUCC pp −= , sadac kNC p 30 =  aris myari sxeulis siTbotevadobis 

mniSvneloba im SemTxvevaSi, roca adgili ara aqvs qimiuri bmis deformacias da mTeli 

gadacemuli siTbo gadadis rxevebis energiaSi, xolo – )/exp( kTU−  aris qimiuri bmis 

deformaciis albaToba. aq k  bolcmanis mudmivaa, T  – absoluturi temperatura, 

xolo U  – deformaciis aqtivaciis energia, romelic unda korelirebdes E -sTan. 

 

 

 

 

 

 

 

 

 

 
 

 

 

    

    

nax.nax.nax.nax.    24.... siTbotvadobebis  mniSvnelobebis pC  temperaturuli damokidebulebis  

korelacia bmis energiis saSualo mniSvnelobasTan E . perioduli sistemis 

TiToeul jgufSi rac naklebia E -is mniSvneloba, 

miT ufro swrafad matulobs pC -is mniSvneloba temperaturis zrdisas. 

 
maTi urTierTdamokidebulebis cxadi saxe, samwuxarod, jer-jerobiT napovni ar 

aris, magram maTi urTierTkavSiris Sesaxeb metyvelebs Semdegi faqti: aRmoCnda, rom 

nax. 24-ze moyvanili siTbotevadobis temperaturaze damokidebulebis eqsperimentuli 

mrudebi aRiwereba sam temperaturul intervalSi U -is sami sxvadasxva mniSvnelobis 

mqone eqsponencialuri funqciebiT, magram am samive ubnisaTvis adgili aqvs U -sa da 

E -s Soris Semdeg Tanafardobas: Tu zemoT moyvanili )(TfC p =  formuliT 

perioduli sistemis romelime elementisaTvis mocemuli jgufidan, eqsperimentuli 

mrudidan ganvsazRvravT 1U -is mniSvnelobas da amave jgufis sxva elementisaTvis 

aviRebT 2U -is mniSvnelobas imdenjer mets an naklebs, ramdenjerac E -is Sesabamisi 

sidideebi metia an naklebia erTmaneTze da 2U -is am mniSvnelobas CavsvamT formulaSi 

)(TfC p = , maSin gamoTvlili mrudi saTanado temperaturul intervalSi daemTxveva 

eqsperimentuls. aRvniSnoT, rom moyvanili msjeloba samarTliania perioduli sistemis 

yvela elementisaTvis, maTi valentobis specifikis gaTvaliswinebiT. 

 

    

 



A. Gerasimov.  Nano Studies,  1, 47-96, 2010 
 
 

 71 

9.2. 9.2. 9.2. 9.2. nanomasalebSinanomasalebSinanomasalebSinanomasalebSi s s s siTbotevadobiiTbotevadobiiTbotevadobiiTbotevadobis s s s damokidebulebadamokidebulebadamokidebulebadamokidebuleba    nanonawilakebinanonawilakebinanonawilakebinanonawilakebis s s s zomebzezomebzezomebzezomebze    

nanomasalebis siTbotevadoba izrdeba misi Semadgeneli nanonawilakebis zomebis 

SemcirebasTan erTad (ix. cxrili 4). 
 

cxcxcxcxrilirilirilirili    4.... nanomasalebisa da msxvilmarcvlovani 

masalebis siTbotevadobebis mniSvnelobebis Sedareba. 

 

nivTiereba 

 

nanonawilakis 

zoma L , nm 

siTbotevadoba 

pC , J / mole 
msxvilmarcvlovani, 

> 100 nm 

 
Pd 
Cu 
Se 
Ru 
 

 
  6 
  8 
10 
15 
 

 
37 
26 

   24.5 
28 
 

 
25 
24 

   24.1 
23 
 

 

nax. 25-ze moyvanilia nanonawilakebisgan da marcvlebisgan Sedgenili masalebis 

siTbotevadobis damokidebuleba temperaturaze, saidanac Cans, rom 400 K-mde 
nanomasalis siTbotevadoba metia, Semdeg ki utoldeba marcvlovani masalis 

siTbotevadobas. am eqsperimentuli faqtebis asaxsnelad Cven gamoviyenebT zemoT 

Camoyalibebul axal warmodgenebs myari sxeulebis siTbotevadobis fizikuri bunebis 

Sesaxeb. kerZod, im faqts, rom rac naklebia valenturi eleqtronebis bmis sixiste maT 

ionur gulTan, miT metia siTbotevadobis mniSvneloba da rom myar sxeulebSi qimiuri 

bmis sixiste mcirdeba antidamakavSirebeli eleqtronebis gaCeniT.  
 

 

 

 
 

 

 

 

 

 

 

 

 

 
    

nax.nax.nax.nax.    25.... siTbotevadobis temperaturuli damokidebuleba: 

○ – nanonawilakebisagan Sedgenil masalaSi, 

● – msxvilmarcvlovan masalaSi. 

 

Cvens mier ukve araerTxel iqna aRniSnuli, rom nanomasalebSi nanonawilakebis 

gansazRvruli zomebidan dawyebuli warmoiqmneba akvazebis efeqturi koncentracia, 

romelic asustebs qimiur bmebs, rac aseve niSnavs qimiuri bmis sixistis Semcirebas, da 

rom nanonawilakebis zomebis SemcirebasTan erTad es koncentracia izrdeba. 
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nanonawilakebSi efeqturi koncentraciis gamo qimiuri bmis sixistis Semcireba iwvevs 

qimiuri bmebis deformaciis albaTobis zrdas da, rogorc Sedegs, siTbotevadobis 

mniSvnelobis matebas. nanomasalis da marcvlovani masalis siTbotevadobebis erTnairi 

mniSvnelobebi 400 K-is Semdeg aixsneba imiT, rom am temperaturis miRwevisas 
nanonawilakebis zomebi rekristalizaciis gamo xdeba iseTi, da aseve efeqturi 

koncentracia imdenad mcirdeba, rom isini ukve gavlenas veRar axdenen qimiur bmebze. 

 

9....3. s. s. s. siTbogamtarobiiTbogamtarobiiTbogamtarobiiTbogamtarobis s s s fizikurifizikurifizikurifizikuri    bunebabunebabunebabuneba myar s myar s myar s myar sxeulebSixeulebSixeulebSixeulebSi 

iTvleba, rom siTbogamtaroba myar sxeulebSi xorcieldeba atomuri da 

eleqtronuli qvesistemebiT da misi koeficienti gamoisaxeba formuliT 3/vlC p=κ , 

sadac l  aris fononis an eleqtronis Tavisufali ganarbenis sigrZe, xolo v  – bgeris 

siCqare myar sxeulSi mesruli siTbogamtarobis SemTxvevaSi an eleqtronis siCqare 

eleqtronuli siTbogamtarobis dros. aqedan gamomdinare miRebulia, rom mocemuli 

nivTierebisaTvis κ -is cvlileba ganpirobebulia Tavisufali ganarbenis cvlilebiT, 

rac xorcieldeba fononebis an eleqtronebis gabnevis sxvadasxva meqanizmiT. amitom 

avtorebi, romlebic cdiloben daadginon siTbogamtarobis fizikuri buneba, ikvleven 

gabnevis meqanizmebs. miuxedavad mravali Teoriuli Sromisa, romlebSic gamoyenebulia 

urTulesi maTematikuri gamoTvlebi, ramdenad sakvirvelic ar unda iyos, 

siTbogamtarobis fizikuri buneba myar sxeulebSi jer-jerobiT dadgenili ar aris. 
siTbogamtarobis temperaturaze damokidebulebas aqvs rTuli saxe: dabal 

temperaturebze is temperaturis momatebiT Zalze swrafad izrdeba da Semdeg 

cvalebadi siCqariT mcirdeba (nax. 26). . . . sxvadasxva martiv myar sxeulebSi, rom 

aRaraferi vTqvaT rTul nivTierebebze, am cvlilebis temperaturuli are da siCqare 

sxvadasxvaa da arsebuli warmodgenebiT ara Tu raodenobrivad ver aRiwereba, 

Tvisobrivadac ki ver aixsneba. es imaze metyvelebs, rom napovni unda iyos axali 

warmodgenebi, romlebze dayrdnobiTac SesaZlebeli iqneba am rTuli movlenis aRwera.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

    
    

    

nax.nax.nax.nax.    26.... myari sxeulis siTbogamtarobis damokidebuleba temperaturaze. 

 

siTbogamtaroba myar sxeulebSi xorcieldeba erTi atomidan meoreze energiis 

gadacemis saSualebiT. atomebi ki erTmaneTTan dakavSirebulni arian qimiuri bmebiT, 

  



A. Gerasimov.  Nano Studies,  1, 47-96, 2010 
 
 

 73 

amitom maTi roli siTbogamtarobis procesSi, Cveni azriT, gadamwyveti unda iyos. 

SevecadoT gamovaaSkaraoT es roli siTbogamtarobis rTul procesSi. wina paragrafSi 
naCvenebi iyo qimiuri bmis deformaciis roli siTbotevadobis fizikur bunebaSi. 

qimiuri bmis deformaciis dasaxasiaTeblad Cven SemoviReT valenturi eleqtronebis 

bmis saSualo energiis simkvrive E , romelsac vuwodeT qimiuri bmis sixiste. igi karg 

korelaciaSia siTbotevadobebis mniSvnelobebTan. 

 

 

 

 
 

 

 

 

 

 

 

 

 

 
 

 

nax.nax.nax.nax.    27. perioduli sistemis IV jgufis elementebis 

siTbotevadobis damokidebuleba temperaturaze. 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 
 

 

 

nax.nax.nax.nax.    28. perioduli sistemis IV jgufis elementebis 

temperaturagamtarobis damokidebuleba temperaturaze. 
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nax.nax.nax.nax.    29.... perioduli sistemis IV jgufis elementebis 

siTbogamtarobis damokidebuleba temperaturaze. 

 

kerZod, rac naklebia sixiste, miT swrafad izrdeba pC -is mniSvneloba, magram 

siTbogamtarobis E -sTan Sedareba gaZnelebulia, radgan sxvadasxva elementebis 

siTbotevadobis mniSvnelobebis Tanafardoba gansxvavebul temperaturul areebSi 

xandaxan diametralurad sawinaaRmdegoa. erT temperaturul areSi erTi elementis 
siTbotevadobis mniSvneloba SeiZleba iyos meti meorisaze, sxva temperaturul areSi 

ki – piriqiT. magaliTad, gavrclebulia stereotipi, rom vercxli ufro kargi 

siTbogamtaria, vidre sxva metalebi. (1 − 130) K intervalSi spilenZis siTbogamtaroba 

metia, vidre vercxlis da mxolod ufro maRal temperaturebze icvleba Tanafardoba 

sapirispiroTi. siTbogamtarobis koeficienti ganisazRvreba ori garemoebiT: 

siTbotevadobiT pC  da siTbos erTeulovani sididis difuziiT, romelic aRiwereba 

difuziis koeficientiT 3/vlD = . am sidides sxvagvarad temperaturagamtarobas 

uwodeben. orive am movlenis temperaturuli damokidebuleba erTmaneTis sapirispiro 

xasiaTisaa. absoluturi nulidan temperaturis momatebiT pC -is mniSvneloba izrdeba 

(nax. 27), D  ki klebulobs Tavisi maqsimaluri mniSvnelobidan, romelic gazomilia 

yvelaze dabal temperaturaze (nax. 28); xolo siTbogamtarobis koeficienti, romelic 

maT namravls warmoadgens da DC p=κ  jer izrdeba da mere mcirdeba (nax. 29). 

sxvadasxva nivTierebebisaTvis pC -is, D -is da κ -is cvlilebis siCqareebi sruliad 

gansxvavebulia (nax. 27, 28, 29).  magram, rogorc qvemoT iqneba naCvenebi, isini 

korelireben qimiuri bmebis sixistesTan. 

zemoT naCvenebi iyo, rom pC -is mniSvnelobis zrda temperaturasTan erTad 

ganpirobebulia qimiuri bmebis deformaciiT da rxevebis intensivobis matebiT, da rom 

temperaturis cvlilebis mTel areSi pC -is mniSvneloba izrdeba da gadis najerobaze 

(nax. 27). D -is Semcireba ki gamowveulia mxolod qimiuri bmebis deformaciiT, anu 

sixistis SemcirebiT (D -is Semcireba temperaturis momatebisas, rom qimiuri bmebis 

deformaciis albaTobis  zrdiT aris gamowveuli iqedanac Cans, rom temperaturis 
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momatebiT izrdeba temperaturuli gafarToebis koeficienti, rac calsaxad qimiuri 

bmebis dagrZelebiT anu deformaciiT aris gamowveuli), e.i. pC -is mniSvnelobis zrda 

dasawyisSi ufro didia, vidre D -is Semcireba, amitom κ  Zalze dabal temperaturebze 

jer izrdeba da Semdeg mcirdeba (nax. 29). ase rom, κ -is mniSvnelobis kleba 

ganpirobebulia D -is SemcirebiT. aRmoCnda, rom perioduli sistemis mocemuli jgufis 

elementisTvis rac naklebia E -is mniSvneloba, miT ufro dabal temperaturaze iwyeba 
D -is Semcireba, mimdinareobs ufro swrafad da miiRweva κ -is maqsimumi (nax. 29). es 
korelacia samarTliania elementebis perioduli sistemis yvela jgufisaTvis. zemoT 

moyvanili msjelobidan aSkaraa, rom E -s aqvs gadamwyveti roli siTbogamtarobis 

procesSi. magram E  mocemuli elementisaTvis mudmivi sididea, xolo pC , D  da κ  

temperaturis mixedviT icvlebian. E  calkeuli atomis maxasiaTebeli sididea, 

romelic icvleba, roca atomi qimiur bmas warmoqmnis. qimiuri bmebi ki, rogorc 
cnobilia, sustdeba temperaturis momatebis Sedegad. aqedan gamomdinare, SeiZleba 

davaskvnaT, rom D -isa da κ -is mniSvnelobebis Semcireba temperaturis zrdasTan erTad 

ganpirobebulia qimiuri bmebis sixistis SesustebiT. 

 

 

 

 

 

 

 
 

 

 

 

 

nax.nax.nax.nax.    30.... myari sxeulis warmodgena atomebis erTganzomilebiani 

wyobis saSualebiT. a) absoluturi sixistis mqone qimiuri bmis 

SemTxveva; b) Zalze dabali sixistis mqone qimiuri bmis SemTxveva. 

 

aucilebelia davadginoT sixistis temperaturaze damokidebulebis meqanizmi. 
sailustraciod ganvixiloT siTbos gadacemis umartivesi modeli. warmovidginoT ori 

myari sxeuli, Sedgenili erTnairi atomebis jaWvis saxiT, anu erTi xazovani 

wyobisagan. davuSvaT, rom erTSi isini dakavSirebulni arian absoluturi sixistis 

mqone qimiuri bmebiT (nax. 30a), xolo meoreSi – Zalian mcire sixistis bmebiT 

(nax. 30b). gadasacemi siTbo warmovidginoT atomis saxiT, romelic ejaxeba wyobis 

ganapira atoms. pirvel SemTxvevaSi impulsi gadaecema jaWvis (wyobis) bolo atoms 

dajaxebis drois ganmavlobaSi, e.i. Zalze swrafad. meore SemTxvevaSi an sul ar 

gadaecema, an Zalian nela, radgan mTeli energia daixarjeba da wava pirveli da meore 

atomis qimiuri bmebis deformaciaze da a.S. pirvel SemTxvevaSi adgili eqneba 

usasrulod did siTbogamtarobas, meore SemTxvevaSi mas TiTqmis ar eqneba adgili. es 

ori zRvruli magaliTi gviCvenebs, rom siTbogamtarobis procesSi qimiuri bmis 
deformacias unda hqondes gadamwyveti mniSvneloba. 

iTvleba, rom atomebs Soris qimiuri bmebis Sesustebis mizezi aris atomebis 

rxevebis kinetikuri energiis mateba temperaturis gazrdis Sedegad, magram, Cveni 
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azriT, qimiuri bmebis Sesusteba xorcieldeba akvazebis gaCeniT, romlebic SeiZleba 

warmoqmnili iyos nebismieri gziT: temperaturiT (rxevebiT), sinaTliT, wneviT da a.S. 

qvemoT moyvanili iqneba siTbos gadatanis dros warmoqmnili akvazebis D -is da κ -is 

temperaturul cvlilebaze moqmedebis modeli. 
 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 
 

nax.nax.nax.nax.    31.... siTbos gadacemis aqtis modelis sqematuri gamosaxuleba. a) siTbos wyaros 
atomebi – horizontaluri xazebis sigrZe simbolurad gamoxatavs maTi kinetikuri 

energiis sidides; b) siTbogamtari masalis kristaluri meseri da masSi warmoqmnili 

akvazis moZraobis SesaZlo traeqtoria. 
 
siTbos gadacemis procesis dros siTbos wyaros atomebi maTi kinetikuri energiis 

fluqtuaciis gamo siTbos gadamcem nivTierebas (sakvlev nimuSs) ejaxebian sxvadasxva 

energiiT (nax. 31). maT Soris gansazRvruli albaTobiT aRmoCndeba atomi iseTi 

energiiT, romelic sakmarisia siTbos gadamcem masalaSi gadaiyvanos eleqtroni 

damakavSirebeli zonidan antidamakavSirebel zonaSi, e.i. warmoqmnas akvazi, romelic 

asustebs im atomis qimiur bmas, romelTanac is aRmoCndeba. metalebis SemTxvevaSi 

eleqtronebis gadasvla ara marto antidamakavSirebel zonaSi, aramed ukve fermis 
donidan mis maRla myof damakavSirebel doneebze asustebs qimiur bmas. amiT aris 

gamowveuli, rom metalebSi D -is mniSvnelobis vardna ufro swrafad mimdinareobs, 

vidre naxevargamtarebsa da dieleqtrikebSi. magaliTisaTvis Sn da Pb SevadaroT Ge-s, 
Si-sa da C-s (nax. 28). dabal temperaturebze dieleqtrikebSi akvazis warmoSobis 

albaToba Zalze mcire, magram mainc sasrulo sididea. miuxedavad imisa, rom am 

temperaturebze akvazebis koncentraciis mniSvneloba nulTan axloa, isini mainc 

TamaSoben mniSvnelovan rols, radgan maTi moqmedebis are Zalze mcirea da am aris 

moculobidan gamoTvlili efeqturi koncentracia sakmarisi iqneba imisaTvis, rom 

Secvalos am areSi arsebuli qimiuri bmebis sixiste (nax. 31). kinetikuri energiis 
fluqtuaciiT warmoqmnili erTi akvazi ukve cvlis ama Tu im atoms (romelsac daejaxa 
siTbos wyaros atomi) da mis mezobels Soris qimiuri bmis sixistes. sinamdvileSi 
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akvazi Tavis arsebobis drois ganmavlobaSi rekombinaciamde aRmoCndeba gacilebiT met 

atomebTan zedapirul areSi da Seamcirebs maT Soris bmis sixistes. 

SevafasoT qimiuri bmis energiis sixistis Semcireba temperaturis matebiT. zemoT 

naTqvami iyo, rom atomebs Soris qimiuri bmis energia sustdeba maT Soris akvazis 
gaCenis Sedegad. erTi akvazis gaCenis albaToba, rogorc iyo aRniSnuli, 

)/exp( kTEAW g−= , sadac gE  aris siTbos gamtari sakvlevi masalis akrZaluli an 

fsevdoakrZaluli zona, xolo T  – siTbos wyaros temperatura, k  – bolcmanis 

mudmiva (ori akvazis gaCenis albaToba gacilebiT mcirea da TiTqmis nulis tolia). Tu 

erTi akvazi  qimiuri bmis energias amcirebs 2/gE  sididiT, maSin atomis moculobaze 

mosuli Semasustebeli energiis simkvrive iqneba ag VE 2/ , romliTac Semcirdeba 0E .  am 

SemTxvevaSi  )/exp()2/(0 kTEAVEEE gag −−= . 

axla gavarkvioT, Tu rogor aris E  dakavSirebuli D -is ganmsazRvrel 

parametrebTan. miviRoT, rom lvD = , sadac, Cveni warmodgeniT, v  aris atomis rxevis 

saSualo siCqare, xolo l  – atomTa Soris manZili siTbos gavrcelebis mimarTulebiT. 

absoluturi sixistis pirobebSi 0l  ar icvleba (nax. 30), xolo qimiuri bmis 

deformaciis dros igi mcirdeba. deformaciis albaToba SeiZleba gamovxatoT, rogorc 

))/()(exp( 0 ′−− kTEE , sadac )( ′kT  aris erTi atomis moculobaze mosuli kinetikuri 

energiis simkvrive aVkTkT /)( =′ , maSin )/)(exp( 00 kTEEvlD −−= . aqedan Cans, rom D  

Zlier aris damokidebuli E -is cvlilebaze. 
zemoT Tqmulidan aSkaraa, rom akvazebis warmoqmniT mcirdeba 

temperaturagamtaroba da, Sesabamisad, siTbogamtarobac. 

 

9....4. s. s. s. siTbogamtarobaiTbogamtarobaiTbogamtarobaiTbogamtaroba    nanomasalebSinanomasalebSinanomasalebSinanomasalebSi    

nanomasalebSi siTbotevadobis Sesaxeb monacemebi erTmaneTisagan gansxvavdeba imis 
mixedviT, Tu rogor aris damzadebuli nanomasala, ra zomebisaa maTi Semadgeneli 

nanonawilakebi da mTeli nanomasalis ra nawils warmoadgenen isini. magram yvela am 

eqsperimentul monacems saerTo aqvs is, rom siTbogamtarobis mniSvnelobebi 

nanomasalebSi naklebia, vidre igive nivTierebis kompaqtur nimuSebSi. igive iTqmis 

temperaturagamtarobaze, magaliTad, Ag-is nanomasalis Semadgeneli nanonawilakebis, 

zomebiT (20 − 47) nm, temperaturagamtarobis mniSvneloba gacilebiT naklebia, vidre 

kompaqturi vercxlis. am faqtebis axsna advilia nanonawilakebSi arsebuli akvazebis 

efeqturi koncentraciis gamoyenebiT. efeqturi koncentracia asustebs qimiur bmebs, 

anu maT sixistes ufro metad, vidre nanonawilakis zomis mqone kompaqturi masalis 

moculobaSi realuri koncentracia. qimiuri bmis sixistis SemcirebiT, rogorc zemoT 
iyo naCvenebi, mcirdeba temperaturagamtaroba da siTbogamtaroba. 

 

 

10. d10. d10. d10. daskvniTiaskvniTiaskvniTiaskvniTi    SeniSvnebiSeniSvnebiSeniSvnebiSeniSvnebi    

 

winamdebare statiis arsi SeiZleba Semdegi daskvnebis saxiT CamovayaliboT 

(ZiriTadad gamoyenebuli  iqna Sromebi [1−7]). 
nanonawilakebi zomebis mixedviT moTavsebulia mcire molekulebsa da kompaqtur 

myar sxeulebs Soris da Tavisi TvisebebiT gansxvavdeba orive mezoblisagan. myari 

sxeulebis fizikuri Tvisebebi emorCileba saTanado kanonzomierebebs, molekulebi ki 

sxva kanonzomierebebiT xasiaTdeba. nanonawilakebi, iseve rogorc myari sxeulebi, 
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molekulebisagan gansxvavebiT, xasiaTdeba koleqtiuri TvisebebiT (fazuri mdgomareoba, 

siTbo da eleqtrogamtarebloba da a.S.). magram es Tvisebebi damokidebuli aRmoCnda 

maT zomebze (nax. 1). nanonawilakebis Seqmnam da maTi Tvisebebis Seswavlis pirvelma 

Sedegebma aCvena, rom kacobriobas saqme aqvs materiis aqamde ucnob formasTan. 
dReisaTvis myari sxeulebis da molekulebis Tvisebebi da kanonzomierebebi kargad 

aris Seswavlili da arsebobs maT Sesaxeb fizikuri warmodgenebi, romlebic umravles 

SemTxvevaSi xsnian am kanonzomierebebs, magram samwuxarod aris bevri eqsperimentuli 

faqti, romlebic am warmodgenebiT ver aixsneba. nanonawilakebis Tvisebebis maT zomebze 

damokidebulebis axsna tradiciuli molekulur-kinetikuri Teoriis safuZvelze 

SeuZlebeli aRmoCnda. Cvens mier SemoTavazebulia kondensirebul garemoSi atomis 

gadaadgilebis axali warmodgenebi,  damtkicebuli Teoriulad da eqsperimentulad, 

romlebic xsnian myar sxeulebSi yvela eqsperimentul faqts. 

am warmodgenebis Tanaxmad, nivTierebis yvela Tviseba ganisazRvreba mis Semadgenel 

atomebs Soris qimiuri bmebis mdgomareomiT mocemul pirobebSi. cnobilia, rom, myar 
sxeulebSi, ise rogorc molekulebSi, qimiur bmaSi monawile eleqtronebi SeiZleba 

imyofebodnen or kvantur mdgomareobaSi, rodesac isini an aZliereben an asusteben 

atomebs Soris qimiur bmebs. pirvel SemTxvevaSi isini imyofebian damakavSirebel 

orbitalebze, meoreSi ki – antidamakavSirebelze. myar sxeulebSi da maT nadnobebSi 

orbitalebi gaerTianebuli arian zonebSi (nax. 2). dieleqtrikebSi da naxevargamtarebSi 

damakavSirebeli (valenturi) da antidamakavSirebeli (gamtareblobis) zonebi 

erTmaneTisagan gamoyofili arian mocemuli nivTierebisaTvis damaxasiaTebeli 

gansazRvruli sididis akrZaluli zoniT (nax. 3a). metalebSi ki isini gadafaruli 

arian da erTi mdgomareobidan meoreSi gadasvlisaTvis saWiro energia ganisazRvreba 

energetikuli manZiliT fermis donidan antidamakavSirebeli zonis qveda kidemde, 
romelsac fsevdoakrZaluli zona ewodeba (nax. 3b). 

eleqtronis gadasvliT damakavSirebeli zonidan antidamakavSirebel zonaSi an 

inJeqciis Sedegad warmoqmnili Tavisufali eleqtroni antidamakavSirebel zonaSi da 

Tavisufali adgili (xvreli) damakavSirebel zonaSi warmoadgenen antidamakavSirebel 

kvazinawilakebs (adkn), romelTa aRsaniSnavad gamoiyeneba termini “akvazi”. imis 

miuxedavad, Tu ra saSualebiT xorcieldeba maTi ricxvis cvlileba (temperaturiT, 

sinaTliT da a.S.), akvazebi asusteben im atomebis qimiur bmebs, romelTanac isini 

moxvdebian. 

am warmodgenebis Tanaxmad, nivTierebis energetikuli zonebis struqtura, maTi 

erTmaneTis mimarT energetikul skalaze ganlageba da maTi Sevseba eleqtronebiT 

mocemul temperaturaze gansazRvravs mocemuli nivTierebis yvela Tvisebas. am 
maxasiaTeblebis umTavresad ki, damakavSirebel da antidamakavSirebel doneebze 

eleqtronebis raodenobis cvlileba, raime zemoqmedebis Sedegad, iwvevs nivTierebis 

yvela Tvisebis cvlilebas (agregatuli mdgomareoba, gamtarebloba, meqanikuri da 

optikuri Tvisebebi da sxva). 

kondensirebul garemoSi romelime atomTan SeiZleba moxvdes ramodenime adkn, maTi 

qaosuri moZraobis Sedegad, garkveuli albaTobiT (akvazebis mocemuli 

koncentraciisaTvis) da imdenad Seasustos am atomis qimiuri bmebi, rom gauadvilos 

mas gadaadgileba kristalur meserSi. atomis gadaadgilebis albaTobisaTvis miiReba 

Semdegi gamosaxuleba 

phaaquasiA WNnAW
β)/(= ,  (1) 
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sadac aquasin  aris akvazebis koncentracia, aN  – nivTierebis atomebis 

koncentracia, phW  – saTanado sididis fononis mocemul atomTan mosvlis albaToba, 

A  – temperaturaze sustad damokidebuli koeficienti, β  – atomis 

gadaadgilebisaTvis saWiro masTan mosuli akvazebis ricxvi. am gamosaxulebidan Cans, 

rom es albaToba umTavresad ganisazRvreba akvazebis koncentraciiT da ara 

temperaturiT, gansxvavebiT miRebuli warmodgenebisagan, romlis mixedviT igi 

eqsponencialurad aris damokidebuli temperaturaze: 

)/exp( kTUBWA −=                 (2) 
(U  aris atomis gadaadgilebisaTvis saWiro aqtivaciis energia, T  – absoluturi 

temperatura, k  – bolcmanis mudmiva, B  – temperaturaze sustad damokidebuli 

koefivienti). 

atomis gadaadgilebis axali meqanizmi samarTliania nanonawilakebisTvisac, maTi 

eleqtronuli struqturis specifikis gaTvaliswinebiT, romelic warmoadgens 

damakavSirebeli da antidamakavSirebeli doneebis erTmaneTTan sakmaod axlod 

ganlagebul diskretul speqtrs. nanonawilakebis  SemTxvevaSi antidamakavSirebel 

doneze raime gziT gadayvanili eleqtronebi imoZraveben antidamakavSirebel, xolo 
xvrelebi damakavSirebel doneebze Tavisuflad, Tu am doneebs Soris energetikuli 

manZili kT  rigisaa, rac xorcieldeba oTaxis temperaturaze. 

adkn moZraobis dros miaRwevs ra nanonawilakis zedapirs, airekleba misgan. 

zedapiridan akvazebis arekvlis gamo isini ver gadian nanonawilakidan, gansxvavebiT 

kompaqtur sxeulSi moTavsebuli igive moculobis arisagan (nax. 6), amitom akvazebi 
nanonawilakSi moTavsebul atomebTan ufro xSirad aRmoCndebian, vidre kompaqtur myar 

sxeulSi, rac zrdis maT bmebis Semasustebel zemoqmedebas. es SeiZleba gamoixatos 

efeqturi koncentraciiT, romelic realurze metia imdenad, ramdenad metjerac 

aRmoCndeba mocemul atomTan nanonawilakSi akvazi, vidre kompaqtur myar  sxeulSi,  

atomis erTi  rxevis  periodis toli drois  ganmavlobaSi. 
akvazebis erTnairi koncentraciis dros nanonawilakebSi maTi zomebis simciris 

gamo akvazebi ufro xSirad miaRweven da aireklebian nanonawilakis zedapiridan. 

Sedegad zedapirTan myofi atomebis qimiuri bmebi ufro Sesustebuli iqneba, vidre 

nanonawilakis Sida nawilSi myofi atomebisa. bmebis Sesusteba iwvevs akrZaluli 

energetikuli RreCos Semcirebas (nax. 7) da mocemul temperaturaze eleqtronebis 

gadasvlis intensivobis gazrdas, rac ganapirobebs akvazebis Warb koncentracias 

nanonawilakis zedapirul fenaSi da akrZaluli energetikuli RreCos mniSvnelobis 

Semdgom Semcirebas. miiReba erTidaigive nivTierebis saintereso energetikuli 

struqtura, romelsac aqvs akrZaluli energetikuli RreCos sxvadasxva mniSvneloba: 

zedapirTan ufro mcire, vidre SuagulSi (nax. 7). nanonawilakis aseTi eleqtronuli 

struqtura ganapirobebs zedapirul fenaSi akvazebis siWarbes da am fenis met 
sirbiles Sida aresTan SedarebiT. aqedan gamomdinare, zedapirul fenaSi atomebis 

gadaadgileba ufro advilia, vidre nanonawilakis Sida areSi. aSkaraa, rom 

nanonawilakebis zomebis SemcirebasTan erTad efeqturi koncentracia matulobs. aqedan 

gamomdinare, atomis gadaadgilebis aRmwer formulaSi realuri koncentraciis nacvlad 

aRebuli unda iyos efeqturi koncentracia, romelic yoveli konkretuli 

nanonawilakis zomis da mocemuli procesis SemTxvevaSi unda iqnas gamoTvlili. 

zemoT moyvanili warmodgenebis saSualebiT mocemul naSromSi axsnilia 

nanonawilakebSi maT zomebze damokidebuli mesris parametris, debais da dnobis 

temperaturis, meqanikuri Tvisebebis, difuziis koeficientis, siTbotevadobisa da 

siTbogamtarobis cvlilebis meqanizmi. 
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damatebadamatebadamatebadamateba    1 

ganvixiloT migraciis axali meqanizmi yvelaze kargad Seswavlil 

naxevargamtarebSi, rogoricaa Ge da Si. Semdeg naCvenebi iqneba am meqanizmis gamoyeneba 
sxva naxevargamtarebis, metalebisa da maTi nadnobebis SemTxvevaSi. 

migraciuli naxtomi aRiwereba modeliT, romelic gulisxmobs Semdeg 

elementarul aqtebs (nax. 5): daniSnuli atomis gamosvla kvanZidan, rac romelime 

mezobel atomTan hantelis Seqmnis tolfasia (hantelurs uwodeben iseT kvanZTaSoris 

mdgomareobas, roca ori atomi imyofeba garkveul manZilebze Tavisufal kvanZTan; 

rogorc gamoTvlebma aCvenes, mas yvelaze naklebi potenciuri energia Seesabameba sxva 

kvanZTaSoris mdgomareobebTan SedarebiT; TviTdifuziis SemTxvevaSi elementarul 

nivTierebebSi hanteli Sedgeba erTnairi atomebisagan, romlebic erTnairi manZiliT 

arian dacilebuli Tavisufali kvanZidan); erT-erTi mezobeli atomis gadasvla 

ganTavisuflebul kvanZSi (es ori Tanmimdevruli aqti frenkelis tipis defeqtis, e.i. 

vakansiis da mis areSi gadasuli atomis erTobliobis, Seqmnis ekvivalenturia); 
hantelis daSlis Sedegad daniSnuli atomis moxvedra kvanZSi, xolo meore atomis mier 

axali hantelis Seqmna. yvela es aqti ganixileba rogorc Tanmimdevruli, amitom 

migraciuli naxtomis albaToba warmoadgens maTi albaTobebis namravls. 

vTqvaT, naxevargamtarSi raime gziT gaCenilia akvazebi, maSin mocemul atomTan, 

ganszaRvruli albaTobebiT, SeiZleba imyofebodes akvazebis sxvadasxva raodenoba, 

amasTan, miT naklebi albaTobiT, rac metia akvazebis es raodenoba. almasis mesris mqone 

naxevargamtarebSi TiToeul atomze modis oTxi damakavSirebeli eleqtroni. mocemuli 

atomis mezobel atomebTan bmis maqsimaluri Zala damokidebuli iqneba akvazebis 

raodenobaze mis maxloblad. davuSvaT, rom Ge-is an Si-is kristalSi mocemul 

atomTan, romlis gadaadgilebasac Cven vakvirdebiT (daniSnuli atomi), romelime erTi 
mxridan movida ori akvazi (nax. 5a) da ori bma Sesustda. maSin, rogorc qimiidan 
viciT, atomebs Soris manZilebi (1) − (2) da (1) − (3) gaizrdeba, xolo danarCeni ori 

bma, sadac uaryofiTi muxtis simkvrive metia, Tavisken gadaqaCavs daniSnul atoms da 

igi am jamuri moqmedebis Sedegad aRmoCndeba kvanZTaSoris mdgomareobaSi, sadac maSinve 

qmnis hantelur kvanZTaSoriso mdgomareobas (5) atomTan. warmoiqmneba wyvili – 

kvanZTaSorisi atomi da vakansia. 

magram wertilovani defeqtebis es wyvili ver iqneba stabiluri, vinaidan vakansiasTan 

uaxloes manZilze myofi kvanZTaSorisi atomi, damakavSirebeli eleqtronis CaWeris 

SemTxvevaSi, aRadgens damakavSirebeli eleqtronebis simkvrives da miizideba kvanZisaken. 

aqedan gamomdinare, warmoqmnili wyvilis stabilizaciisaTvis aucilebelia atomis rxevis 

τ  periodis ganmavlobaSi mezobeli atomis gadasvla vakantur kvanZSi; amisaTvis ki 
saWiroa, rom am atomis bma Semdegi koordinaciuli sferos atomebTan Semcirdes minimum 

normaluri bmis mniSvnelobamde (radganac damakavSirebeli muxtis gadanawilebis gamo am 

bmis sidide gazrdili iyo), raTa es gadasvla (nax. 5b) ganxorcieldes fononebis 

daxmarebiT. amasTan, aucilebelia mocemul atomTan maqsimaluri energiis mqone fononebis 

arseboba im raodenobiT, romelic dnobis temperaturaze maTi saSualo ricxvis tolia, 

radganac struqturis yvelaze meti cvlileba mimdinareobs swored dnobis temperaturaze. 

atomis gamosvla kvanZTaSorisSi da mezobeli atomis gadasvla vakansiaSi 

Tanmimdevruli movlenebia da frenkelis tipis defeqtis warmoqmnis albaToba toli 

iqneba maTi albaTobebis namravlsa: 

TransitionalInterstitiFormation WWW = .... 
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nax.nax.nax.nax.    5.... migraciuli aqtis sqema: a) daniSnuli (1) atomis gamosvla kvanZidan; b) mezobel 

(5) atomTan hantelis Seqmna da (2) atomis gadasvla Tavisufal kvanZSi; g) hantelis 
daSla (1) atomis kvanZSi moxvedriT da axali hantelis Seqmna (5) da (7) atomebiT. 

 

aq alInterstitiW  kvanZis atomis kvanZTaSorisSi gamosvlis albaTobaa, xolo TransitionW  – 

mezobeli atomis vakansiaSi gadasvlis albaToba. alInterstitiW  ganisazRvreba mocemul 

atomTan erTdroulad ori akvazis arsebobiT erT atomze mosul aa NV /1=  

moculobaSi, sadac aN  atomebis koncentraciaa. 
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erTi akvazis moxvedris albaToba aV  moculobaSi iqneba ai Nn /2 , amasTan 

ihe nnn ≡= , sadac en  da hn , Sesabamisad, eleqtronebisa da xvrelebis koncentraciebia 

sakuTari gamtareblobis pirobebSi; xolo τ  drois ganmavlobaSi aV  moculobaSi 

akvazis moxvedris albaToba miiReba ai Nn /2  albaTobis gamravlebiT im atomebis 

ricxvze, romelTanac τ  drois ganmavlobaSi miva es kvazinawilaki, anu sidideze 

tnChance /τ= . aq 2/)( he ttt +=  aris aV  moculobaSi kvazinawilakis yofnis saSualo dro; 

eae vrt /2=  da hah vrt /2=  ( ar  saSualo atomTaSorisi manZilia, xolo ev  da hv , 

Sesabamisad, eleqtronebis da xvrelebis saSualo siTburi siCqareebi). ori 

kvazinawilakis erTdrouli moxvedris albaToba aV  moculobaSi τ  drois 

ganmavlobaSi, im pirobiT, rom erTi kvazinawilaki am moculobaSi ucdis meores t  

drois ganmavlobaSi iqneba: 
22 )/(2 aiChancealInterstiti NnnW = . 

albaToba alInterstitiW  ganisazRvreba, rogorc zemoT aRvniSneT, aV  moculobaSi τ  

drois ganmavlobaSi antidamakavSirebeli kvazinawilakis mosvliT da atomTan 

maqsimaluri energiis mqone fononebis im raodenobis arsebobiT, romelic tolia maTi 

saSualo ricxvisa mTT =  dnobis temperaturaze. Tu ukanaskneli pirobis 

ganxorcielebis albaTobas aRvniSnavT, rogorc phW , miviRebT, rom 

phaiChanceTransition WNnnW
22 )/(2= . 

phW -is gamosaTvlelad unda gaviTvaliswinoT, rom maRali temperaturis 

pirobebSi DTT >> , sadac DT  debais temperaturaa, phn  raodenobis fononebis arsebobis 

albaToba TiToeul atomTan SeiZleba gamoiTvalos puasonis ganawilebiT. 

imisaTvis, raTa atomis adgilmdebareobis Secvlis erTi difuzuri aqti 

ganxorcieldes, kvanZSi myofi daniSnuli atomi (1), unda moxvdes sxva kvanZSi. 

hantelis daSlisa da atomis (1) kvanZSi moxvedris albaToba SeiZleba gamovTvaloT im 

mosazrebis safuZvelze, rom hantelis mdgomareobaSi myof atoms aqvs oTxi bma. amitom 

vvaraudobT, rom mis dasaSlelad aucilebelia ori bmis gawyveta; am SemTxvevaSi am 

procesis albaToba gamoisaxeba iseve, rogorc atomis kvanZidan gamosvlis SemTxvevaSi, 

mxolod im gansxvavebiT, rom, vinaidan hanteli warmoadgens defeqts, mis maxloblad 
kvazinawilakis aRmoCenis albaTobis Sefasebisas aucilebelia gaviTvaliswinoT α  

mamravli, romelic pirvel miaxloebaSi SegviZlia warmovidginoT, rogorc defeqtis 

mier darRveuli moculobis fardoba erT regularul atomze mosul moculobasTan. 

maSin 
22 )/(2 aiChanceDumbbells NnnW α= . 

zemoT CamoTvlili procesebi Tanmimdevrulia, amitom regularuli atomis 

migraciuli aqtis albaTobas eqneba Semdegi saxe: 

phaiChanceDumbbellsTransitionalInterstitiMigration WNnnWWWW
652 )/(8α== . 

saidanac Cans, rom regularuli atomis migracia Zlierad aris damokidebuli 

akvazebis koncentraciaze, romelTa Secvla SeiZleba sxvadasxva gziT da ara aqvs 

mniSvneloba, Tu ra saSualebiT aris miRebuli akvazebi: temperaturiT, sinaTliT, 

inJeqciiT da a.S. 
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Cven SeviswavleT sinaTlis moqmedeba mesris parametrze Si-is kristalSi. gazomil 

iqna Si-is mesris parametris cvlileba sinaTlis zemoqmedebis dros. kristalis 

temperaturis mateba ar aRemateboda 150 °C-s. gamokvleuli iyo Si-is nimuSebi, 

legirebuli Sb-iT 2.3 ⋅ 1013 cm−3-is tol koncentraciamde da zedapiris orientaciiT 

(100). gasazomad gamoyenebuli iyo preceziuli gazomvis rentgenuli difraqciuli 

meTodi mesris parametris etalonis saSualebiT danadgarze ДРН − 3М. nimuSis 

temperaturis kontrolisaTvis gamoiyeneboda qromel-kopelis Termowyvili, romelic 

siTbogamtari weboTi iyo damagrebuli nimuSze. ganaTeba xdeboda sindiyiani naTuriT 

ДРШ − 1000. Catarebuli iyo sakontrolo gazomvebi sibneleSi, roca nimuSis 

temperatura specialuri Rumelis gamoyenebiT iseTive iyo, rogorc ganaTebis dros. 

aRmoCnda, rom sinaTliT ganaTebisas mesris parametri 43089.5=Lightd Å, xolo igive 

temperaturaze sibneleSi – 43067.5=d Å, e.i. cvlileba Seadgenda 2.2 ⋅ 10−4 Å-s, maSin 
roca gazomvis cdomileba iyo 5 ⋅ 10−5 Å-s. 

Catarebuli iyo mesris parametris fardobiTi cvlilebis Teoriuli gamoTvlebi 
harmoniul miaxloebaSi, akvazebis mocemuli koncentraciisaTvis. mesris parametris 

fardobiTi cvlilebisaTvis miRebuli iyo gamosaxuleba 

aaaquasi MmNndd //~/ *∆ , 

sadac d  aris mesris parametris mniSvneloba sibneleSi, d∆  – mesris parametris 
cvlileba ganaTebis Sedegad, aquasin  – sinaTliT warmoqmnili akvazebis koncentracia, 

*
m  – eleqtronis da xvrelis gasaSualoebuli efeqturi masa, aM  _ Si-is atomis 

masa. Teoriuli gamoTvlis Sedegebi damakmayofileblad daemTxva eqsperimentuls. 

moyvanili formulidan Cans, rom erTaderTi cvladi aris aquasin , xolo danarCeni 

wevrebi mudmivi sidideebia da sxeulis gafarToeba damokidebulia mxolod akvazebis 

koncentraciaze, miuxedavad imisa, Tu ra gziT aris isini warmoqmnili. amrigad, 
SeiZleba davaskvnaT, rom anharmoniuli miaxloebis gamoyenebis gareSe SeiZleba aixsnas 

sxeulis gafarToeba sxvadasxva zemoqmedebis Sedegad. sinaTliT zemoqmedebis 

SemTxvevaSi mis mier warmoqmnili akvazebi asusteben qimiur bmebs, ris gamoc manZili 

atomebs Soris izrdeba. Termiuli zemoqmedebis dros igive xdeba temperaturiT 

warmoqmnili akvazebiT. 

 

    

    

damatebadamatebadamatebadamateba    3    

nivTierebis temperaturis masze gadacemuli siTbos raodenobaze damokidebulebis 
grafikidan (nax. 9a) Cans, rom nivTierebis temperatura matulobs gadacemuli siTbos 

raodenobis zrdasTan erTad (OA ubani) garkveul temperaturamde ( mT ), ris Semdeg misi 

temperatura aRar icvleba, miuxedavad imisa, rom grZeldeba siTbos (kinetikuri energiis) 

gadacema (AB ubani), Tanac nivTiereba A wertilSi aris myari, xolo B wertilSi ukve 
Txevadia, temperatura ki orive wertilSi erTnairia. iTvleba, rom AB monakveTze, sadac 
ara aqvs adgili temperaturis momatebas, siTbos saxiT miwodebuli kinetikuri energia 

ixarjeba qimiuri bmebis rRvevaze. eqsperimentulad dadgenilia, rom A da B wertilebSi 

bmis energiebi mxolod (5 −10) %-iT gansxvavdeba erTmaneTisagan, xolo Tanamedrove 

rentgenostruqturuli analiziT naCvenebia, rom BBwertilSi axlo wesrigi (anu mocemul 

atomTan mezobeli atomebis gansazRvruli mdebareobebi) araa darRveuli, magram ukve Tavs 
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iCens nivTierebis meqanikuri arastabiluroba (Zvris mimarT winaaRmdegobis mkveTri 

Semcireba, denadobis zrda). amitom Zalze mniSvnelovania ganvixiloT, Tu ra procesebi 

mimdinareobs myar sxeulSi, rodesac mas siTbos gadavcemT. 
siTbos gadacemasTan erTad izrdeba nivTierebis atomebis kinetikuri energia, e.i. 

temperatura. amasTan erTad xdeba eleqtronebis gadasvla damakavSirebeli zonidan 

antidamakavSirebelSi. TiToeul gadasvlas Seesabameba eleqtronis gaCena 

antidamakavSirebel zonaSi da xvrelisa – damakavSirebel zonaSi. am dros icvleba 

eleqtronis potenciuri energia da misi sivrculi ganawileba. 
siTbo, romelic gadaecema sxeuls, masSi vrceldeba mZime (atomuri) da msubuqi 

(eleqtronuli) qvesistemebis saSualebiT da eleqtronebis gadasvla valenturidan 

gamtareblobis zonaSi SeiZleba moxdes ori xerxiT: (1) atomur-atomuri dajaxebebis 

Sedegad atomis mier miRebuli kinetikuri energiis fluqtuaciis xarjze da 

(2) eleqtron-eleqtronuli dajaxebebis Sedegad eleqtronis mier miRebuli kinetikuri 

energiis fluqtuaciis xarjze (dartymiTi meqanizmi). eleqtronebis qaosuri moZraobis 

gamo, raRac albaTobiT, romelime eleqtrons uCndeba akrZaluli zonis gE  siganeze meti 

kinetikuri energia da roca es eleqtroni daejaxeba bmul eleqtrons, gadascems gE  

energias, gaaTavisuflebs mas da amave dros TviTonac Tavisufali darCeba. amrigad, misi 

kinetikuri energiis gE -is toli nawili gadaeca bmul eleqtrons, romelic gadavida 

damakavSirebeli orbitalidan antidamakavSirebelze, TviTon ki dakarga gE  toli 

kinetikuri energia, e.i. “gacivda” (nax. 9b). 

amrigad, moxda kinetikuri energiis gardaqmna potenciur energiad ise, rom 

atomebis kinetikuri energia ar Seicvala. sawyis etapze, miuxedavad imisa, rom 
Tavisufali matareblebi bevrad msubuqni arian, vidre atomebi, da maTi siCqare 

mocemul temperaturaze gacilebiT metia, vidre atomebisa, pirveli procesis albaToba 

sWarbobs meorisas imis gamo, rom atomebis koncentracia aris ∼ 1022 cm−3, xolo 

Tavisufali eleqtronebis koncentracia mravali rigiT naklebia. magram eleqtronebis 

koncentraciis zrdasTan erTad matulobs meore procesis albaToba da eleqtronebi 

siTbos saxiT miRebuli kinetikuri energiis sul ufro met nawils xarjaven axali 

Tavisufali matareblebis warmoqmnaze. 
dnobis temperaturis miRwevis Semdeg sxeulisaTvis gadacemuli siTbo aRar iwvevs 

temperaturis zrdas imis gamo, rom drois erTeulSi gadacemuli kinetikuri energia 

(siTbos gadacemis siCqare) utoldeba amave droSi dartymiTi meqanizmiT Tavisufali 

matareblebis warmoqmnaze daxarjul kinetikur energias. Tu siTbos  gadacemis  

siCqare  metia,  vidre misi xarjvis siCqare, moxdeba myari sxeulis gadaxureba. 

siCqareTa ukuTanafardobis dros ki – gadaciveba. imis gamo, rom fluqtuaciebi 

warmoiqmneba sivrculad araTanabrad, myari sxeulis zogierT ubnebSi dnoba ufro adre 

daiwyeba. 

drois erTeulSi atomuri sistemis mier gadatanili siTbos raodenoba aris 

aavkTN , xolo Tavisufali matareblebis mier gadatanili – eevkTn , sadac kT  aris 

erT nawilakze mosuli saSualo kinetikuri energia, en  da aN , Sesabamisad, 

Tavisufali matareblebisa da atomebis koncentraciebia, xolo ev  da av  – maTi 

saSualo siTburi siCqareebi. radgan ae vv > , erTi da igive raodenobis siTbos 

gadasatanad Tavisufali matareblebis naklebi koncentraciaa saWiro, vidre atomebisa. 
am koncentraciis gansazRvra SesaZlebelia tolobidan: 

aaecr vkTNvkTn = . 
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nax.nax.nax.nax.    9.... a) nivTierebis temperaturis damokidebuleba masze gadacemuli siTbos 

raodenobaze; b) eleqtronis gadayvanis sqematuri gamosaxuleba damakavSirebeli zonidan 

antidamakavSirebel zonaSi eleqtron–eleqtronuli dajaxebiT (dartymiTi meqanizmi): 1 – 
eleqtroni, romelic ejaxeba bmul eleqtrons da gadadis antidamakavSirebel 

zonaSi; 2 – dartymiTi meqanizmiT gaTavisuflebuli eleqtroni. 

 

aRmoCnda, rom am tolobas adgili aqvs dnobis temperaturis maxloblad da crn  

aris kritikuli koncentracia. am temperaturebze ufro dabla aaee vkTNvkTn < , xolo 
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dnobis temperaturaze, roca cre nn > , piriqiT – aaee vkTNvkTn > . am SemTxvevaSi gE -ze 

meti energiis mqone fluqtuaciis warmoqmna akvazebSi ufro albaTuria, vidre atomebis 

qvesistemaSi. 

gamovTvaloT Si-is magaliTze akvazebis ra raodenobaa saWiro mTeli gadacemuli 

siTbos akvazebs Soris gasanawileblad ise, rom atomebs aRaraferi darCeT. Tu atomis 

erTi rxevis drois ganmavlobaSi atomTan, romelmac miiRo damatebiTi energia, 

aucileblad miva Tavisufali akvazi, maSin mas gadaecema atomis Sesabamisi saSualo 

energiis mniSvnelobaze meti kinetikuri energia, romelic swrafad gadanawildeba 

akvazebs Soris da daixarjeba axali Tavisufali matareblebis warmoqmnaze. 
amrigad, “Tavisufali” eleqtronis kinetikuri energiis xarjze moxda bmuli 

eleqtronebis gadayvana gamtareblobis zonaSi da amave dros atomebis bmis energiis, 

e.i. misi potenciuri energiis Secvla ise, rom atomis kinetikuri energia ar Secvlila. 

gamovTvaloT Tu eleqtronebis ra koncentraciaa saWiro, rom mTeli gadacemuli siTbo 

gadanawildes eleqtronebze. atomis erTi rxevis periodis, 13105 −⋅≈τ s-is, ganmavlobaSi 
Tavisufali akvazi, romlis saSualo siCqare dnobis temperaturis maxloblad aris 

7105 ⋅≈v cm / s, gaivlis manZils 5105.2 −⋅≈= τvs cm. Tu am sidides gavyofT atomebs 

Soris manZilze, miviRebT atomebis raodenobas, romelsac Semourbens Tavisufali 

akvazi τ  droSi: ≈ 1000. e.i. yvela 5 ⋅ 1022 cm−3 atomTan τ  drois ganmavlobaSi 
Tavisufali akvazis misasvlelad saWiroa  ~ 1019 cm−3 akvazi. igive sidides miviRebT 

zemoT moyvanili formulidan, Tu masSi CavsvamT siTburi moZraobis saSualo siCqaris 

Semdeg mniSvnelobebs: Tavisufali matareblebisaTvis – 2/32/2*
kTvm e = , atomebisaTvis 

– 2/2/2
kTvM a = . aqedan miviRebT: 

aacr MmNn /*= , 

sadac *
m  eleqtronebisa da xvrelebis gasaSualoebuli gamtareblobis efeqturi 

masaa, M  – mesris atomTa masa, aN  – atomebis koncentracia. koncentracias, romlis 

miRwevisas mTeli gadacemuli siTbo xmardeba eleqtron–eleqtronuli dajaxebebis 

(dartymiTi meqanizmi) saSualebiT axali Tavisufali matareblebis warmoqmnas, rogorc 

aRvniSneT, kritikuli koncentracia ewodeba. yvela naxevargamtars gaaCnia sakuTari 

kritikuli koncentracia (magaliTad, Ge-isTvis – 2 ⋅ 1019, Si-isTvis – 6 ⋅ 1019, 

GaAs-isTvis – 4 ⋅ 1018 cm−3), romlis mniSvnelobebi, orive meTodiT gamoTvlili, 

emTxveva Tavisufali matareblebis (akvazebis) eqsperimentulad gazomil koncentracias 

im temperaturaze, romelic Zalze axloa maTi dnobis temperaturasTan. es metyvelebs 

imaze, rom dnobis procesis dawyebisaTvis mniSvnelovania ara temperatura, aramed crn , 

romlis miRweva SeiZleba sxvadasxva saSualebiT. e.i. Tu raime zemoqmedebiT miviRebT 

crn -s, dnoba SeiZleba daiwyos temperaturaze mTT < , rac dasturdeba eqsperimentulad. 

amrigad, vaCveneT, rom sxeulis gasadnobad saWiroa Tavisufali matareblebis 
gansazRvruli (kritikuli) koncentracia da Tu raime sxva gziT SevZlebT am 

koncentraciis miRwevas, dnoba SeiZleba daiwyos dnobis temperaturaze ufro dabal 

temperaturaze. 

B wertilSi yovel ~ (5 − 9) araionizebul atomze modis erTi ionizirebuli 

atomi. SeiZleba es Tanafardoba ufro mcirec iyos, maSin gE -is toli ( gE  aris 

akrZaluli zona naxevargamtarebSi, xolo fsevdoakrZaluli zona – metalebSi) 

energiis fluqtuacia ar aris sakmarisi imisaTvis, rom moaxdinos ukve erTxel 

ionizebuli atomis meoradi ionizacia (meorad ionizacias sWirdeba gacilebiT meti 

energia) da igi gadaecema mocemuli atomis rxevas, romelic gadaunawilebs am energias 
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mezobel atomebs, isini ki, Tavis mxriv, mTel sxeuls, rac niSnavs temperaturis 

TandaTanobiT momatebas. B wertilis Semdgom temperaturis zrdasTan erTad grZeldeba 

antidamakavSirebeli da damakavSirebeli zonebis moZraoba erTmaneTis mimarT maTi 

gadafarvis Semdgomac. amitom meoradi ionizaciis energia mcirdeba, maSin rodesac 
fluqtuaciis (kinetikuri energiis, romelic tolia atomebis meoradi ionizaciis 

energiisa), sixSire gaxdeba iseTi, rom kinetikuri energiis potenciurSi gadasvlis 

(axali akvazebis warmoqmna) siCqare, e.i. “gacivebis” siCqare gautoldeba siTbos 

“Semodinebis” siCqares, iseve, rogorc dnobis dros, temperatura aRar gaizrdeba (C 
wertili). im atomebs, romelTa maxlobladac moxda fluqtuacia, ori eleqtroni 

eqnebaT damakavSirebel orbitalze da oric – antidamakavSirebelze. es ki niSnavs, rom 

qimiuri bma maT Soris ar arsebobs da atomebi erTmaneTisgan ganizideba. am adgilas 

gaCndeba gazis Canasaxi (opalescencia). Canasaxebis zrdasTan erTad iwyeba duRili, e.i. 

Txevadi fazidan airovanSi gadasvla – aorTqleba. 

 
damatebadamatebadamatebadamateba 4 4 4 4    

efeqturi koncentraciis dasadgenad saWiroa gamovTvaloT akvazis ganarbenis 

wrfivi proeqciis saSualo mniSvneloba da SevadaroT igi nanonawilakis diametrs, raTa 

ganvsazRvroT akvazis zedapiridan arekvlebis raodenoba. saSualos miaxloebiT 

gamosaTvlelad saWiroa ganisazRvros akvazis ganarbenis minimaluri da maqsimaluri 

mniSvnelobebi da gaiyos orze. minimaluri sigrZe iqneba im sferos diametris toli, 

romelSic akvazi Semouvlis yvela atoms, maqsimaluri ki is, romelic Seesabameba mis 

sworxazovan moZraobas nanowilakSi (nax. 10). miviRebT nanonawilakis zedapiridan 

arekvlebis saSualo raodenobas: DLK /= , sadac L  – akvazis traeqtoriis sigrZis 
saSualo mniSvnelobaa, D  – nanonawilakis diametri.  

 
 

    
 

 

 

nax.nax.nax.nax.    10.... nanonawilakebSi atomis erTi rxevis periodis ganmavlobaSi 

xazovani gadaadgilebis mniSvnelobis ori zRvruli SemTxveva. 
 

Tu kompaqtur myar sxeulSi akvazis Semasustebel moqmedebas CavTvliT erTis 

tolad, maSin efeqturi koncentraciis SemTxvevaSi akvazis Semasustebeli moqmedeba 

iqneba K+1 -jer meti. garda amisa, radgan efeqturi koncentracia metad asustebs 

qimiur bmebs, saWiroa gaviTvaliswinoT is faqti, rom akvazebi, asusteben ra qimiur 
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bmebs, aseve amcireben akrZalul zonas (ufro zogadad rom vTqvaT, manZils 

damakavSirebel da antidamakavSirebel doneebs Soris) sididiT: 
83 10)0.25.1( −− ⋅−−=∆ nE eV, sadac n  akvazebis koncentraciaa. es saTanadod gamoiwvevs 

realuri koncentraciis zrdas da igi toli iqneba ( )kTEEAn gn 2/)(exp ∆−−= . 

amrigad, nanonawilakSi realuri koncentracia mocemul temperaturaze ufro metia, 

vidre kompaqtur naxevargamtarSi. am koncentraciebs Soris sxvaobaa 0nnn n −=∆ , sadac 

nn  – aris akvazebis koncentracia nanonawilakSi, xolo 0n  – kompaqtur myar sxeulSi. 

amrigad, nanonawilakSi efeqturi koncentracia gamoisaxeba nnKneff ∆++= 0)1(  

formuliT. dnoba nanonawilakSi daiwyeba maSin, roca effn  gautoldeba crn -s Sesabamisi 

)1/()(0 Knnn eff +∆−= -is dros. mocemul nivTierebaSi koncentraciis temperaturaze 

damokidebulebis mrudebidan SeiZleba ganvsazRvroT crn -is toli effn -is Sesabamisi 0n -

is temperatura, romelic nanonawilakis dnobis temperatura iqneba. nax. 11-ze moyvanilia 

am proceduriT gamoTvlili dnobis temperaturis nanonawilakis zomebze damokidebulebis 

mrudi, romelic sakmaod kargad emTxveva eqsperimentze damzeril Sedegs. 

zedapiruli fenis dnobis temperaturis mniSvnelobis gamosaTvlelad unda 

gaviTvaliswinoT is faqti, rom akvazebi arekvlis gamo zedapirul atomebTan 2-jer 
ufro meti drois ganmavlobaSi imyofebian, amitom DLK surf /21+=  da zedapirze n∆ -c 

metia, vidre nanonawilakis Sua nawilSi. am ukanasknelis Zalze uxeSi SefasebiT 

SeiZleba CavTvaloT, rom surfacen∆  orjer metia, vidre nanonawilakis Sida fenaSi, maSin 

zedapirul fenaSi efeqturi koncentraciisaTvis gveqneba: nnKn effsurf ∆++= 2)21( 0 . 

saidanac Cans, rom rom dnoba nanonawilakis zedapirul fenaSi daiwyeba ufro dabal 

temperaturaze, vidre danarCen areSi (nax. 11), radgan dnobis dawyebisaTvis saWiro 
realuri koncentracia zedapirul fenaSi 

)1/()()21/()2( 00 KnnnKnnn crcrsurf +∆−=<+∆−= . 

amrigad, calsaxad naCvenebia, rom qimiuri bmebis Sesustebaze akvazebis efeqturi 

koncentraciis gavlenis gaTvaliswineba nanonivTierebis Semadgeneli nawilakebis zomebis 
Semcirebisas kargad aRwers dnobis temperaturis raodenobriv damokidebulebas 

nanonawilakis zomebze. 

 

damatebadamatebadamatebadamateba    5555    

mikrosisalis fizikuri arsi SemdegSi mdgomareobs: es aris saSualo kontaqturi 

wneva anabeWdis zedapirze, an drekadi plastikuri deformaciis saSualo kuTri muSaoba 

mosuli gamodevnili moculobis erTeulze. aRsaniSnavia, rom mocemuli nivTierebisaTvis 

mikrosisale ar warmoadgens fizikur mudmivas, radgan misi mniSvneloba damokidebulia 

gazomvis meTodze. zogadad, igi warmoadgens integralur maxasiaTebel sidides, romelic 

ganisazRvreba sakvlevi nivTierebis meqanikuri maxasiaTeblebiT, rogoricaa plastikuroba, 
drekadoba, simtkice da a.S. 

mikrosisales maqsimaluri mniSvneloba gaaCnia indentirebis (Canergvis) sawyis etapze 

(e.i. Canergvis mcire siRrmeebis SemTxvevaSi). Canergvis siRrmis zrdasTan erTad (anu 

anabeWdis zomebis zrdasTan erTad) sisale TandaTanobiT mcirdeba. gazomvis Sedegebi, 

romlebic moyvanilia nax. 13-ze (Si-is, Ge-is, GaSb-is da InSb-is sufTa 

kristalebisaTvis) da nax. 13-ze miuTiTeben, rom mikrosisalis mniSvneloba zedapirul 

fenaSi metia, vidre siRrmeSi. nax. 15-ze warmodgenilia mikrosisalis perioduli 

cvlilebis atomur nomerze damokidebulebis mrudi (gazomvebi Catarebulia vikersis 
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meTodiT oTaxis temperaturaze). am damokidebulebidan Cans, rom sisalis mTavari 

maqsimumebi Seesabameba kovalentur kristalebs: C-s, Si-s da Ge-s; mexuTe periodSi – Sb-s; 
meeqvse periodSi – Bi-s, romelTac axasiaTebT kovalenturi kavSirebi da ara Sn-s da Pb-s, 
romlebic amJRavneben liTonur xasiaTs. 

mikrosisalis damokidebuleba valenturi kavSiris sigrZeze almasis tipis 

naxevargamtarebisaTvis, moyvanilia nax. 16-ze, saidanac Cans, rom atomTaSorisi manZilis 
zrdasTan erTad mikrosisalis mniSvnelobebi wrfivad mcirdeba. mikrosisale axasiaTebs 

kristalebis meqanikur simtkices anu mesris winaaRmdegobas plastikuri deformaciebisa da 

rRvevis mimarT, rac atomebs Soris qimiuri bmebiT aris ganpirobebuli. 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 
 

    

    

nax.nax.nax.nax.    15.... elementTa sisalisa (1) da mikrosisalis 

(2) perioduli cvlileba atomuri nomris mixedviT. 
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nax.nax.nax.nax. 16.... kovalenturi kristalebis mikrosisalis damokidebuleba 

valenturi kavSiris sigrZeze: 1 – almasi; 2 – sfaleriti; 3 – viurciti. 
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akvazebis arsebobis da maT mier qimiuri bmis Sesustebis pirdapir eqsperimentul 

dasabuTebas iZleva myari sxeulis sisalis sinaTlis gavleniT gamowveuli cvlilebis 

Seswavla. aqve winaswar aRvniSnavT, rom am zemoqmedebis an temperaturis gavlenis 

Sedegad sisalis cvlilebas safuZvlad udevs erTi da igive movlena, kerZos maT mier 
akvazebis warmoqmna. 

 

fotomeqanikurifotomeqanikurifotomeqanikurifotomeqanikuri ef ef ef efeqtieqtieqtieqtis s s s fizikurifizikurifizikurifizikuri    bunebabunebabunebabuneba    

fotomeqanikuri efeqti aris zedapiruli sisalis cvlileba ganaTebis Sedegad. am 

movlenas ukavSireben dislokaciebis gaTavisuflebas da maTi moZraobis gaadvilebas 

moqmedi meqanikuri Zabvis velSi. magram fotomeqanikuri efeqtis dislokaciuri 

midgomis axsnis yvelaze didi winaaRmdegobaa is, rom fotomeqanikuri efeqtis sidide 

Zlier unda iyos damokidebuli sakvlev nimuSSi arsebul dislokaciaTa raodenobaze, 

magram eqsperimentze es gavlena ar daimzireba. 

aRmoCnda, rom mikrosisalis Semcireba damokidebulia muxtis matarebelTa 
koncentraciaze. 

aRsaniSnavia, rom fotomeqanikuri efeqtis buneba atomis gadaadgilebis 

tradiciuli meqanizmiT ver aixsneba. 

axali warmodgenebi myar sxeulebSi atomTa gadaadgilebis Sesaxeb saSualebas 

iZleva aRiweros fotomeqanikuri efeqtis fizikuri meqanizmi atomur doneze da aixsnas 

masTan dakavSirebuli yvela eqsperimentuli Sedegi. 

mikrosisalis gazomvisas indentoris zewolis gavleniT xdeba masalis rRveva da, 

rogorc Sedegi, gamosakvlevi nivTierebis garkveuli masis gadaadgileba. Tu sinaTlis 

zemoqmedebiT xdeba naxevargamtarTa darbileba da, Sesabamisad, mikrosisalis sididis 

Semcireba, es niSnavs nivTierebis am masis gadaadgilebis gaiolebas, rac saboloo jamSi 
gamowveulia atomTa erTmaneTis mimarT gadaadgilebis unaris gazrdiT, e.i. 

atomTaSorisi urTierTqmedebis cvlilebiT. 

eleqtronis yovel gadasvlas damakavSirebeli zonidan antidamakavSirebel zonaSi 

Tan axlavs akvazebis warmoqmna. rac ufro meti iqneba kristalSi aRgznebiT 

warmoqmnili akvazebi, romlebic maTi siTburi moZraobisas aRmoCndebian mesris atomis 

maxloblad, miT metad Semcirdeba bmis energia da atomebs mieniWebaT erTmaneTis mimarT 

mobrunebis da gadaadgilebis damatebiTi Tavisufleba, rac bunebrivia gamoiwvevs 

nivTierebis darbilebas. 

amrigad, qimiuri bmis sididis Secvla xdeba akvazebis zemoqmedebis Sedegad, rac 

calsaxad mtkicdeba am cvlilebaTa sididis korelaciiT akvazebis koncentraciasTan. 

magaliTisaTvis nax. 14-ze moyvanilia mikrosisalis Semcireba sxvadasxva energiis 

kvantebis mqone sinaTliT ganaTebis SemTxvevaSi. naxazidan Cans, rom gEh ≥ν  energiis 

kvantebiT ganaTebis SemTxvevaSi mikrosisale mcirdeba indentoris Canergvis mxolod im 

areSi (datvirTvis zrdasTan erTad izrdeba indentoris Canergvis siRrme), sadamdec 

mocemuli sinaTle aRwevs misi STnTqmis koeficientis Sesabamisad (mrudi 2). didi 

intensivobis, anu akvazebis didi koncentraciis dros zedapirze mikrosisalis 

mniSvneloba naklebia, vidre did siRrmeebze moculobaSi (mrudi 3). gEh <ν  energiis 

kvantebi STainTqmebian mxolod indentoris mier Seqmnil defeqtur areSi da amitom 

isini moqmedeben cdaSi gamoyenebuli yvela datvirTvis Sesabamis Canergvis siRrmeze 

(mrudi 4). 
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fotomeqanikuri efeqtis axali meqanizmis Tanaxmad, mikrosisalis cvlileba 

korelirebs akvazebis koncentraciis cvlilebasTan. aqedan gamomdinare, SeiZleba 

davaskvnaT, rom nimuSis gaxurebisas mikrosisalis Semcireba xdeba, ZiriTadad, 

temperaturulad Seqmnili akvazebiT. amitom Catarebul iqna mikrosisalis 

temperaturuli damokidebulebebis eqsperimentuli kvlevebi Si-is kristalSi, rogorc 

sibneleSi, ise sxvadasxva intensivobis TeTri sinaTliT zemoqmedebisas. 
fotomeqanikuri efeqtis temperaturuli damokidebulebis kvlevis Sedegebi 

mocemulia nax. 17-ze. mrudi 1 Seesabameba mikrosisalis temperaturul 

damokidebulebas sibneleSi, xolo mrudebi 2 da 3 – 1I  da 2I  intensivobebis sinaTliT 

ganaTebis SemTxvevebs. sinaTlisa da temperaturuli mrudebis Serwymis wertilis 

mdebareoba damokidebulia ganaTebis intensivobaze. gansazRvrul temperaturul areSi 

temperatura ver axdens gavlenas ganaTebuli nimuSis mikrosisaleze. es 

temperaturuli intervali gacilebiT metia maRali intensivobisaTvis. Semdgom orive 

SemTxvevaSi daimzireba garkveuli temperaturuli damokidebuleba da temperaturis 

Semdgomi momatebisas fotomeqanikuri efeqti qreba. amrigad, ganaTebis intensivobis 

zrdisas xdeba gaunaTebeli da ganaTebuli (fotomeqanikuri efeqtis) temperaturuli 

mrudebis Serwymis wertilis gadaadgileba ufro maRal temperaturul areSi. 
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nax.nax.nax.nax.    17.... Si-is mikrosisalis temperaturuli damokidebuleba sibneleSi (1) 
da sinaTleSi sinaTlis intensivobebisas 1I  (2) da 2I  (3), 21 II < . 

 

akvazebis koncentraciebis gazomvebma da gamoTvlebma aCvenes, rom ganaTebuli 

nimuSis mikrosisalis temperaturuli damokidebulebis horizontalur ubanze nimuSis 

zedapirze sinaTliT warmoqmnili akvazebis stacionaruli koncentracia Ln  yovelTvis 

aRemateba temperaturiT warmoqmnili akvazebis koncentracias Tn  ( TL nn > ), ris gamoc 

temperatura ar moqmedebs mikrosisalis mniSvnelobaze. im ubanze, sadac ganaTebuli 

nimuSis mikrosisalis temperaturuli damokidebuleba daimzireba, es koncentraciebi 
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Tanazomadia ( TL nn ≈ ), xolo temperaturuli da sinaTlis mrudebis Serwymis 

wertilis Semdeg ufro maRal temperaturebze temperaturiT warmoqmnili akvazebis 

koncentracia Tn  aRemateba sinaTliT warmoqmnilTa koncentracias Ln -s ( LT nn > ) da 

amitom temperatura moqmedebs mikrosisalis cvlilebaze. amrigad, calsaxad aris 

naCvenebi, rom    mocemul temperaturaze, e.i. roca fononebis wvlili erTnairia, 

nivTierebis darbilebis sidide damokidebulia mxolod akvazebis koncentraciaze, 

miuxedavad imisa, Tu ra saSualebiT arian warmoqmnili isini – sinaTliT Tu 

temperaturiT. 

 

sinaTlisinaTlisinaTlisinaTlis gs gs gs gavlenaavlenaavlenaavlena    metalebimetalebimetalebimetalebis ms ms ms mikrosisaliikrosisaliikrosisaliikrosisalis mns mns mns mniSvnelobazeiSvnelobazeiSvnelobazeiSvnelobaze    
naCvenebi iyo, rom metalebSi agreTve arseboben damakavSirebeli da 

antidamakavSirebeli zonebi, romelTa Soris SesaZloa ganxorcieldes eleqtronTa 

kvanturi gadasvlebi. es zonebi SeiZleba gadafaruli iyos, amitom energetikuli 

Sualedi (manZili) damakavSirebel da antidamakavSirebel doneebs Soris SeiZleba 

daxasiaTdes 0=T  temperaturaze fermis donesa da antidamakavSirebeli zonis fskers 

Soris energetikuli manZiliT (nax. 3), romelsac ewodeba fsevdoakrZaluli zona an 

fsevdoRreCo pgE . amitom sinaTlis zegavleniT eleqtronebis gadasvla damakavSirebeli 

zonis doneebidan antidamakavSirebeli zonis doneebze SeiZleba moxdes sinaTlis 

STanTqmis SemTxvevaSi, ramac Sesabamis siRrmeze unda uzrunvelyos metalebSi 

fotomeqanikuri efeqtis arseboba. eleqtronis gadasvla damakavSirebeli zonidan 

antidamakavSirebelSi asustebs qimiur bmas, rogorc amas adgili aqvs naxevargamtarebSi. 

metalebis SemTxvevaSi eleqtronebis gadasvla damakavSirebel zonaSi SedarebiT 

Rrma doneebidan Tavisufal maRal doneebze agreTve Seamcirebs bmis energias, magram bma 

sustdeba gacilebiT naklebad, vidre damakavSirebeli donidan antidamakavSirebelze 
aseTive energetikuli gadasvlisas. iseve rogorc naxevargamtarebSi, mniSvneloba ara 

aqvs imas, Tu ra saxis zemoqmedebiT ganxorcieldeba es gadasvlebi. sinaTlis 

saSualebiT eleqtronebis gadasvlis SemTxvevaSi, imave zonis SedarebiT maRal doneebze 

maTi Termalizacia, anu ukan dabruneba xdeba ∼ 10−14 s-is ganmavlobaSi, xolo sxva zonis 

fskerze moxvedris SemTxvevaSi isini yovndebian ∼ 10−11 s-is ganmavlobaSi, rac 

mniSvnelovnad metia, vidre atomebis rxevis periodi ∼ 10−13 s. amitom Tu eleqtronTa 

am gadasvlebs ganvaxorcielebT sinaTlis saSualebiT mudmiv temperaturaze, qimiuri 

bmis energia unda Semcirdes da, rogorc Sedegi, moimatos atomebis erTmaneTis mimarT 

gadaadgilebis albaTobam, ramac unda gamoiwvios mikrosisalis mniSvnelobis Semcireba. 

e.i. adgili eqneba fotomeqanikur efeqts. magram sinaTlis zegavlena metalebisaTvis 

SesamCnevi iqneba mxolod im SemTxvevaSi (iseve rogorc naxevargamtarebisTvis), rodesac 

antidamakavSirebel doneebze sinaTlis zemoqmedebiT gadayvanili eleqtronebis 
koncentracia iqneba Tanazomadi an meti, vidre mocemul temperaturaze siTbos 

saSualebiT gadayvanili eleqtronebis koncentracia. aqedan gamomdinare, im metalebSi, 

romelTac aqvT didi fsevdoRreCo, sinaTlis gavlena oTaxis temperaturaze iqneba 

SesamCnevi: rac metia fsevdoRreCo, miT naklebi iqneba antidamakavSirebel zonaSi 

temperaturis zemoqmedebiT warmoqmnili eleqtronebis koncentracia da meti iqneba 

sinaTliT gamowveuli maTi fardobiTi cvlileba. 
am mosazrebebis dasamtkiceblad Cvens mier gamokvleul iqna sinaTlis gavlena 

Semdegi metalebis mikrosisalis mniSvnelobebze: Fe, Ti, V, Cr, Mo, W. am metalebis 

monokristaluri nimuSebi iWreboda (111) zedapiruli orientaciiT, romelic 

ganisazRvreboda rentgenodifraqciuli meTodiT. 
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nax. 18-ze moyvanilia gamokvleuli metalebis mikrosisalis mniSvnelobebi 

sibneleSi da erTnairi intensivobis TeTri sinaTliT ganaTebis Semdeg. Cans, rom rac 

ufro maRalia metalis dnobis temperatura, e.i. mE  da didia FE  ( mE  korelirebs FE  

mniSvnelobasTan), miT metia ganaTebis fardobiTi wvlili, e.i. metia fotomeqanikuri 

efeqti. 

  

t,C

100

150

200

250

300

350

400

450

500

1000 1500 2000 2500 3000 3500

W

Mo

Cr
V

Ti

Fe

Cu

Hkg/mm
2

1

2

 
 

nax.nax.nax.nax.    18.... metalebis mikrosisalis mniSvnelobis damokidebuleba dnobis temperaturaze. 1 
– gazomili sibneleSi; 2 – sinaTliT moqmedebisas. 

 

fotomeqanikuri efeqti metalebSi daimzireba im SemTxvevaSi, roca damakavSirebeli 

zonis Rrma doneebidan sinaTliT gadayvanili eleqtronebis koncentracia zemoT 

mdebare doneebze an antidamakavSirebel zonaSi Tanazomadia, an metia im eleqtronebis 

koncentraciaze, romlebic gadayvanilni arian temperaturiT imave doneebze, e.i. roca 

adgili aqvs metalis darbilebas. 

 
damdamdamdamatebaatebaatebaateba    6666    

difuziis koeficientis gamosaxulebis misaRebad atomis gadaadgilebis axali 

warmodgenebis mixedviT zemoT gamoTvlilili atomis migraciuli aqtis albaToba unda 

gavamravloT, e.w “aRrevis siCqareze” dva , sadac d  aris atomTa Soris manZili, 

ard 2=  da 3/1)4/3( πaa Vr = , aV  atomis moculobaa,  aa MkTv /=  – atomis saSualo 

siTburi siCqare, xolo aM  – atomis masa. maSin gveqneba: 

FaaquasiChanceaa WNnnvrD
652 )/(16α= . 

am gamosaxulebaSi kombinatorikis saSualebiT gaTvaliswinebulia, rom swored 

daniSnuli atomis kvanZSi moxvedra warmoadgens sasurvel SemTxvevas difuziis 

procesisaTvis. formulaSi Semaval yvela sidides aqvs fizikuri azri da SesaZlebelia 

aviRoT sacnobaro literaturidan  an gamovTvaloT im Sesabamisi pirobebisaTvis, 

romlis drosac tardeba difuzia. rogorc am formulidan gamomdinareobs, difuziis 

koeficientis  cvlilebaSi ZiriTadi wvlili Seaqvs akvazebis koncentracias aquasin , 

romelic SeiZleba vcvaloT sxvadasxva gziT: temperaturiT, radiaciiT, inJeqciiT, 

wneviT da a.S. amitom is aRwers rogorc Termul, ise yvela sxvagvarad stimulirebul 
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difuziur process. Termuli difuziis SemTxvevaSi akvazebis koncentraciis 

damokidebuleba difuziis temperaturaze T  gamoisaxeba formuliT 

)/exp( kTENNn gVCi −= . Tu mas zemoT moyvanil formulaSi SevitanT, miviRebT 









−=








−= −

kT

E
D

kT

E

N

NN
nAD

gg

A

AV

semi 2
exp

2
exp

)(
05

2/5
12

ββ
α β , 

e.i. frenkelis tradiciul formulas Termuli difuziis koeficientisaTvis, 

romelSic aqtivaciis energias warmoadgens gEU β= , saidanac Cans, rom difuziis 

koeficientis sidide da temperaturuli damokidebuleba ZiriTadad ganisazRvreba 

temperaturaze akvazebis warmoqmnis eqsponenciuri damokidebulebiT. aqedan cxadia, rom 

difuziis frenkelis Teoria Cven mier SemoTavazebuli difuziis meqanizmis kerZo 

SemTxvevaa.  
 

  

10

10

10

-12

-13

-14

0,55 0,60 0,65 0,70 0,75

0,83 0,87 0,91 0,95 0,99

Ge

Si

D

T
-1103 OK

-1

Ge

Si

 
    

nax.nax.nax.nax.    21.... Ge-is da Si-is TviTdifuziis koeficientebis temperaturuli 

damokidebuleba: ______ eqsperimentuli  monacemebi; - - - - - - Teoriulad 

gamoTvlili. 
 
nax. 21-ze mocemulia TviTdifuziis koeficientis temperaturuli 

damokidebulebebi Ge-isa da Si-isaTvis, romlebic miRebulia cdebis Sedegad da 

gamoTvlilia mocemuli formuliT. rogorc naxazidan Cans, damTxveva sakmarisad kargia, 

rac miuTiTebs SemoTavazebuli meqanizmis samarTlianobaze. 
unda aRiniSnos, rom minarevuli difuziis SemTxvevaSi SeiZleba gamoviyenoT zemoT 

moyvanili TviTdifuziis zogadi formulis msgavsi gamosaxuleba, oRond TiToeuli 

minarevisaTvis unda ganisazRvros parametri α  da minarevis damakavSirebeli 

eleqtronebis efeqturi ricxvi β  cdis pirobebisaTvis. aRsaniSnavia, rom minarevuli 

atomebis difuziis SemTxvevaSi unda gaviTvaliswinoT ara marto valenturi 

eleqtronebis raodenoba, aramed minarevuli atomis ZiriTadi nivTierebis atomebTan 
realurad arsebuli qimiuri bmebic cdis pirobebSi. am bmebis uxeSi SefasebisaTvis 

SeiZleba gamoviyenoT (magaliTad, aqceptorebis SemTxvevaSi) atomebis lokaluri 
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doneebis energetikuli manZilebis (doneebidan antidamakavSirebel zonamde) jami. rac 

naklebi iqneba is sakuTari atomis bmis energiaze gE4 , miT mcire unda iyos minarevuli 

atomis bmis energia. β  gansazRvravs aaquasi Nn /  Sefardebis xarisxis maCvenebels da, 

Sesabamisad, Zlier moqmedebs D -is sidideze da mis temperaturul damokidebulebaze: 
ββα )/(12

aiChance NnnAD
−= . 

TviTdifuziis SemTxvevaSi 1=α  da 6=β . α -is da β -is mniSvnelobebi yoveli 

tipis minarevuli atomis da difuziis konkretuli pirobebisaTvis unda ganisazRvros. 
 

fotostimulirebulifotostimulirebulifotostimulirebulifotostimulirebuli    difuziisdifuziisdifuziisdifuziis    meqanizmimeqanizmimeqanizmimeqanizmi myar s myar s myar s myar sxeulebSixeulebSixeulebSixeulebSi    

Cven SeviswavleT minarevebis fotostimulirebuli difuzia: Au-is Si-is zedapirze, 
Al-is Si-Si, Ag-isa da Cd-is GaAs-Si. eqsperimentebi tardeboda impulsuri fotonuri 

damuSavebis danadgarze, romelic saSualebas iZleva vmarToT Semdegi parametrebi: 

nimuSis dasxivebis dro, intensivoba, dasxivebis speqtri, nimuSis temperatura. 
oqros zedapiruli fotostimulirebuli difuzia Seswavlili iyo n-tipis 

kristalur siliciumze. vakuumuri dafenis meTodiT civ safenze datanili iyo 10−7 m 

sisqis oqros fena. fotonuri dasxiveba xdeboda 77 K temperaturaze. dasxivebis dros 
nimuSebi imyofebodnen  Txevadi azotis garemoSi. sinaTliT dasxivebis ganmavlobaSi 

nimuSebis sawyisi temperatura izrdeboda 40 K-iT. 
gaxurebis an impulsuri fotonuri zemoqmedebis Sedegad xdeboda oqros fenis 

mkveTri sawyisi sazRvris wanacvleba siliciumis zedapirze. am wanacvlebis sididis 

gazomvebi xorcieldeboda maskanirebel eleqtronul mikroskopze. oqros zedapiruli 

fotostimulirebuli difuziis koeficientis mniSvneloba 100 K temperaturaze 

aRmoCnda 5 rigiT meti, vidre Termuli difuziis koeficientisa 900 K-ze (cxrili 5). 
 

cxcxcxcxrilirilirilirili    5.... siliciumze oqros zedapiruli fotostimulirebuli 

difuziis koeficientis mniSvnelobebi. 

 

difuziis koeficienti (cm2 / s) sibrtye mimarTuleba 

Termuli difuzia 

33=annt s, 900=T K 
fotostimulirebuli 

difuzia 2=irrt s, 100=T K 

(110) 
 

 

〈110〉 
〈100〉 

1.2 ⋅ 10−12 
4.3 ⋅ 10−13 

4.2 ⋅ 10−7 

1.7 ⋅ 10−7 

 

aluminis fotostimulirebuli difuziis Sesaswavlad Si-is nimuSebi sxivdeboda 
Al-iT daufaravi zedapiris mxridan. dasxivebis Semdeg miRebuli minarevis difuziis 

koeficientis mniSvneloba moyvanilia cxrilSi 6, saidanac Cans, rom daaxloebiT 
oTaxis temperaturaze fotostimulirebuli difuziis koeficients ufro maRali 

mniSvneloba aqvs, vidre Termuli difuziis koeficients 1200 °C-ze. 
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cxcxcxcxrilirilirilirili    6....    

 
cxcxcxcxrilirilirilirili    7....    

 

GaAs-is epitaqsiur struqturebSi moculobiTi difuziis Sesaswavlad nimuSebis 

zedapiris erT mxareze Termuli ( 100=T °C-ze) dafrqvevis meTodiT dafenili iyo 

vercxli an kadmiumi. TeTri sinaTliT dasxiveba xdeboda im mxridan, romelic ar iyo 

dafaruli Ag-iT an Cd-iT. dasxivebis dros nimuSebis maqsimaluri temperatura ar 

aRemateboda 300 K-s. Sedegebi moyvanilia cxrilSi 7, saidanac Cans, rom Termuli 

difuziis koeficientTan SedarebiT fotostimulirebuli difuziis koeficienti 

mravali rigiT metia. zemoT moyvanili eqsperimentuli faqtebi erTmniSvnelovnad 
amtkicebs, rom    difuzuri naxtomis elementaruli aqti ganpirobebulia ara mocemuli 

atomis kinetikuri energiis fluqtuaciiT, aramed mocemuli atomis mezobel atomebTan 

bmis potenciuri energiis fluqtuaciiT, rac miiRweva mocemul atomTan aucilebeli 

raodenobis akvazebis mosvliT. 

 
    

damowmebanidamowmebanidamowmebanidamowmebani    
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1. INTRODUCTION 

 

Irradiation with various particles or photons in a wide range of energies is used in radiation 

technology of solid-state electronics. In particular, irradiation of single-crystal or amorphous silicon 

with high-energy protons makes it possible to intentionally affect the electrical properties of these 

materials [1−4]. 

In the case of irradiation with high-energy particles, complex structural imperfections appear 

in the semiconductor bulk; these imperfections are referred to as disordered regions (DRs), which 

represent the cause of specific variations in the electrical and galvanomagnetic properties. In [5] 

Hall and photo-Hall measurements were used to study the effect or irradiation with 30 and 

660 MeV protons on the Hall mobility of majority charge carriers Ηµ  and efficiency of 

introduction η  of various RDs intro the n- and p-type silicon crystals. Measurements have shown 

that the mobility Ηµ  and electron concentration N  decrease as the integrated proton flux Φ  is 

increased. Infrared (IR) illumination or isochronous annealing of irradiated samples bring about an 

increase in Ηµ  and N , which is accounted for by ionization and annealing of secondary RDs in the 

peripheral parts of the regions of defect buildup (RDBs). 

In [6] it was studied the efficiency of introduction η  and nature of RDs formed in n-Si as a 

result of irradiation with 640 MeV protons at various temperatures, )70030( −=irrT °C. 

An increase in irrT  leads to an increase in Ηµ , which is accounted for by a decrease in η  for 

secondary RDs in the peripheral part of an RDB and, correspondingly, by a decrease in the size of 

these agglomerations. 

The results reported in [5] and [6] are complementary. An analysis of experimental data [5] 

and [6] made it possible to assume that RDBs consist of two parts: a central part (the core) and a 

peripheral part (the shell). The RDB cores consist of intrinsic structural defects (vacancy or 

interstitial associations), while the peripheral part of RDBs is formed of complexes of intrinsic 

defects with impurity atoms, i.e. the secondary RDs (E-centers, A-centers, the oxygen + divacancy 

center, and so on). 

If in [5,6] it had been used IR illumination, an increase in the temperature of isochronous 

annealing annT , or irradiation irrT  to completely release the RDB cores of the effect of the impurity–

defect shell, the temperature dependence of mobility )(TΗΗ = µµ  would shift to larger values of 

Ηµ . To this end, it is necessary that the RDB cores be in fact agglomerations of interstitial atoms or 

their associations and not be annealed before annealing of secondary RDS in the shell (the annealing 

temperature 600≥annT °C). 
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If a crystal contains nanoscale inclusions that are not penetrable for conduction electrons 

(“dielectric” inclusions), one may expect a decrease in the effective value of mobility of majority 

charge carriers Ηµ  due to a decrease in the real volume of the sample [7]. 

In the other limiting case where one can disregard the conductivity of the medium in 

comparison of the conductivity of inclusions (“metallic” inclusions), Ηµ  is an ascending function 

of volume fraction f  of these inclusions. 

“Dielectric” inclusions represent vacancy-type defects, while “metallic” inclusions belong to 

interstitial-type defects [7,8]. 

The radiation defects of the vacancy and interstitial types in silicon crystals interact with each 

other. Heat treatment at temperatures of (200 − 300) °C brings about the removal of all vacancy 

complexes. According to [9], this happens owing to decomposition of interstitial complexes and 

annihilation of them with vacancy defects. 

The efficiency of the introduction and the nature of RDs in silicon crystals are mainly 

determined by the impurity composition and the energy of irradiation [10]. 

The aim of study is to gain insight intro the effect of irradiation with 25 MeV protons on the 

RD nature in n-Si crystals. 

 

2. EXPERIMENTAL 

 

We studied the n-Si samples obtained by zone melting with phosphorus concentration 
13106 ⋅≈ΡN cm

−3
, oxygen concentration 16102 ⋅≈ΟN cm

−3
, and density of growth dislocations no 

higher than (10
3
 − 10

4
) cm

−2
. The samples under study had sizes of 1 × 3 × 10 mm and were 

irradiated with 25 MeV protons. The proton-flux density was 1110≈ϕ / cm
2
 ⋅ s. Irradiated samples 

were annealed at a temperature 90=annT °C; the annealing duration was 10 min. 

The electron concentration N , the Hall coefficient ΗR , and the electrical conductivity σ  

were measured in the temperature range )30077( −=T K. The Hall electron mobility was 

calculated using the formula ΗΗ = Rσµ . In highly compensated samples, the energies of the defect 

levels E∆  were determined from the slope of dependences )/1( TNN =  in logarithmic coordinates. 

The error in determining these quantities was no larger than 10 %. 

 

3. RESULTS 
 

In the initial samples, the dependence )/1( TNN =  in the range )30077( −=T K, corresponds to 

the complete ionization of shallow donors (phosphorus atoms): 13106 ⋅≈N cm
−3

 = const (Fig. 1, Curve 1). 

After irradiation with protons with the dose 12101.8 ⋅=Φ cm
−2

, the temperature dependence of the 

electron concentration corresponds to depletion of acceptor centers with a level at 38.0−CE eV (Fig. 1, 

Curve 2). 

A rectilinear section is observed in the dependence )/1( TNN =  for the same sample 

annealed at 90 °C and aged for 30 days at 300 K; this section corresponds to depletion of acceptor 

centers with the level at 13.0−CE eV (Fig. 1, Curve 3). In Fig. 2, we show the corresponding 

temperature dependences of the Hall mobility of electrons in the initial and proton-irradiated 

crystals (Curves 1, 2, and 3, respectively). 

In Fig. 2, Curve 1 corresponds to scattering of electrons by phonons in the initial crystal. Curves 2 

and 3 in Fig. 2 represent the dependences )(TΗΗ = µµ  in the samples irradiated with the dose 

12101.8 ⋅=Φ cm
−2

. Immediately after irradiation, the Hall mobility is noticeably higher than in the initial 

sample (compare Curves 1 and 2) and increases drastically as temperature is decreased. After low-
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temperature heat treatment at 90 °C and aging of the sample for 30 days at 300 K, the curve )(TΗΗ = µµ  

runs below the curve for the initial material and descends sharply as temperature is decreased (Curve 3). 

 
 

Fig. 1. Temperature dependences of the electron concentration in n-Si (1) before and (2,3) 

after irradiation with 25 MeV protons with the dose 12101.8 ⋅=Φ cm
−2

 (2) immediately after 

irradiation and (3) after annealing at 90 °C and aging of the sample for 30 days at 300 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Temperature dependences of the Hall electron mobility in n-Si (1) before and (2,3) 

after irradiation with 25 MeV protons with the dose 12101.8 ⋅=Φ cm
−2

 (2) immediately after 

 irradiation and (3) after annealing at 90 °C and aging of the sample for 30 days at 300 K. 
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4. DISCUSSION 

 

The temperature dependence of the electron Hall mobility in the initial sample indicates that 

the phonon mechanism of scattering of charge carriers is dominant within the temperature range 

(77 − 300) K. Therefore, a shift of the dependence )(TΗΗ = µµ  upward or downward as a result of 

irradiation cannot be accounted for by a variation in the concentration of some scattering centers in 

the crystal. Large values of mobility obtained in the Hall experiments are indicative of the 

formation of inclusions with relatively high conductivity in the sample; these inclusions feature 

nonrectifying junction at interfaces with the semiconductor matrix. If the high-conductivity 

inclusions are spherical, the effective mobility is given by 

f

feff

61

31

−

+
≈

Ηµ

µ
,                      (1) 

where Ηµ  is the Hall mobility in the matrix and f  is the total volume fraction of inclusions [8], 

e.g. agglomerations of interstitial atoms. If the Hall mobility in the initial material (equal 

approximately to 1.4 ⋅ 10
3
 cm

2
 / V ⋅ s) is used as the parameter Ηµ  and the postirradiation room-

temperature Hall mobility (nearly equal to 4.4 ⋅ 10
3
 cm

2
 / V ⋅ s) is used as the parameter effµ , we 

obtain 1.0≈f . 

The obtained value of f  is a reasonable estimate of the total volume fraction of 

agglomerations of interstitial atoms characteristic of a real silicon structure after irradiation with 

light ions [11]. 

Vacancy-type disordered regions, which are undoubtedly present in a small amount in the 

samples under study, consist of a core saturated with multivacancy complexes and a shell 

containing complexes of monovacancies with impurity atoms. The DR shells are formed as a result 

of diffusion of monovacancies from the core to the matrix and as a result of interaction of these 

monovacancies with impurity atoms. The depth of penetration of monovacancies into the matrix 

and, consequently, the sizes of the DR shells are determined by the impurity concentration in the 

matrix [12]. In our experiment, the irradiated samples were subjected to heat treatment in order to 

increase the depth of penetration of monovacancies into the matrix beyond the shell. The heat-

treatment temperature ( 90=annT °C) was limited by the onset of annealing of the E-centers and DRs 

(100 and 200 °C, respectively [13]). Apparently, in the course of heat treatment and aging of 

irradiated samples at 300 K, monovacancies emerge from the DR shell and move toward 

agglomerations of interstitial atoms, which give rise (like dislocations in the crystal lattice) to 

elastic stresses around them. Vacancies become involved in a quasi-chemical reaction with impurity 

atoms, which are located around agglomerations of interstitial atoms; as a result, screening 

impurity–defect shells consisting of the A-centers, E-centers, divacancies, and other acceptor-type 

RDs and also of the atoms of doping (phosphorus) and background (oxygen, carbon) impurities are 

formed around these agglomerations. Some fraction of vacancies undergoes annihilation with 

interstitial atoms of “metallic” inclusions. 

 At temperatures of 300 K and below, the majority of acceptor-type RDs in n-Si crystals is 

charged negatively. Consequently, agglomerations of interstitial atoms become impenetrable for 

conduction electrons and act as “dielectric” inclusions along with agglomerations of vacancies. As a 

result, we experimentally observe a decrease in the effective value of mobility of majority charge 

carriers after aging of irradiated samples (Fig. 2, Curve 3). 

A drastic decrease in the mobility with a minimum in the curve )(Teffeff µµ =  was also 

observed in plastically deformed n-Si crystals irradiated first with 25 MeV protons and then with 

2.3 MeV electrons [14]. Exposure to IR radiation reduces the depth of the minimum. The observed 
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effect is accounted for by a buildup of secondary point defects at dislocations and RDs in the course 

of isochronous annealing, irradiation with electrons, and natural aging of the samples under study. 

In order to assess the volume fraction of quasi-dielectric inclusions 1f , we can use the 

following expression in the crude approximation and in analogy with formula (1): 

1

1

1

1

f

feff

+

−
≈

Ηµ

µ
.           (2) 

Substituting experimental values of effµ  and Ηµ  (7 ⋅ 10
2
 and 1.4 ⋅ 10

3
 cm

2
 / V ⋅ s, 

respectively), we obtain 3.01 ≈f  at 300 K. 

The obtained value of 1f  are larger than that of f , since quasi-dielectric inclusions are 

formed on the basis of agglomerations of interstitial atoms. 

As the sample temperature is decreased, the concentration of charged RDs in the impurity–

defect shell of quasi-dielectric inclusions increases. This brings about an increase in the degree of 

screening of these inclusions and, consequently, an observed decrease in effµ  as temperature is 

decreased (Fig. 2, Curve 3). 

At a temperature of 240 K, 20≈Ηµ cm
2
 / V ⋅ s; consequently, we have .9.01 ≈f  As 

temperature is decreased further, the resistance of the sample drastically increases, so that it 

becomes impossible to carry out electrical measurements. 

Taking into account the above-said, we may assume that agglomerations of interstitial atoms 

(in addition to vacancy-type DRs) are also formed in silicon samples as a result of irradiation with 

high-energy particles. Agglomerations and DRs affect differently the effective value of the Hall 

mobility of majority charge carriers effµ . The vacancy-type DRs (“dielectric” inclusions) bring 

about a decrease in the value of effµ , while agglomerations of interstitial atoms (“metallic” 

inclusions) lead to an increase in effµ . The value and the form of the temperature dependence of 

effµ  depend on the quantitative relation between these inclusions. Agglomerations of interstitial 

atoms are predominantly formed in the n-Si crystals as a result of irradiation with 25 MeV protons, 

which brings about an increase in effµ . In the course of natural aging, negatively charged shells 

impenetrable for electrons form around “metallic” inclusions, which brings about a decrease in 

effµ . 

In Fig. 1, Curve 2 corresponds to depletion of the E-centers or divacancies ( 38.0−CE eV), 

while Curve 3 corresponds to depletion of the A-centers ( 13.0−CE eV), the deionization energy of 

which is changed owing to electrostatic interaction between negatively charged centers in the 

impurity–defect shell; these centers are formed around a DR in the course of natural aging of 

irradiated samples at 300 K [14]. 

Finally, let note that significant fractions of nanoscale inclusions in semiconductor materials 

really are known to be possible controlling their electro-physical properties [15]. 

 

 

5. CONCLUSIONS 
 

Thus, a drastic increase in the value of effµ  is observed in the n-Si crystals after irradiation 

with 25 MeV protons ( effµ  is the effective mobility of the majority charge carriers). This effect is 

direct proof that “metallic” inclusions are predominantly formed in the samples under study as a 

result of irradiation. It appears that “metallic” inclusions are agglomerations of interstitial atoms or 

associations thereof. 
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Presumable, in the course of annealing (at 90=annT °C) and natural aging of irradiated 

samples for 30 days at 300 K, negative charged impurity–defect shells, which are impenetrable for 

electrons, are formed around “metallic” inclusions; this result in a drastic decrease in the effective 

value of electron mobility effµ . 

Apparently preferential formation of “dielectric” or “metallic” inclusions depends on the 

energy and type of particles incident on the crystal. 
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1. INTRODUCTION 

 

Because the electron mass is negligible in comparison with masses of atomic nuclei, 

substances, i.e. atoms and polyatomic bound systems – molecules or condensed matters – can be 

considered as one-electron systems in almost stationary self-consistent electric field generated by 

nuclei fixed at their equilibrium positions and space-averaged electron charge density. For this 

reason, electronic structure, which includes both electron energy spectrum and electron density 

space distribution, determines practically all principal physical properties of a substance. From its 

part, theoretical prediction of the substance electronic structure should be primarily based on the 

inner electric field potential, so that appropriate choice of the initial potential for such kind 

calculations greatly increases their accuracy. 

 When isolated atoms associate forming molecular or condensed forms of substance only part 

of electrons (called as valence electrons) redistributes. And what is more, corresponding changes in 

the electron density distribution are so weak that usually a simple superposition of the free atom’s 

radial potentials centered at the corresponding sites of the atomic structure serves as a good initial 

approximation of the inner potential in any polyatomic system. At the worst, initial inner electric 

field potentials can be presented by superposition of the atomic-like radial potentials with different 

centers. Thus, in this line the key problem consists in construction of the effective atomic potentials 

in relevant functional form. 

 Relatively recently, with that end in view we have proposed piece-wise analytical and, in 

particular, step-like radial atomic potentials obtained within initial quasi-classical, i.e., semiclassical 

approximation. They have been successfully used in binding energy and electronic structure 

calculations carried out for some polyatomic systems like the sodium diatomic molecule and 

crystals [1], boron-containing diatomic molecules [2,3], and mainly for boron nitride molecular, 

crystalline, and nanostructures [3−16]. In addition, semiclassical interatomic boron–boron pair 

potentials explained some ground-state parameters of the boron nanotubes [17−19], as well as main 

features of the isotopic effects in boron-rich solids [20−23]. 

But, above cited studies exploited semiclassical potentials only of certain, namely, some light 

atoms, whereas full-scale calculations performed for any wide class of material need a quantity of 

appropriate effective atomic potentials. Present work aims to build up semiclassical atomic 

potentials for the stable chemical elements in most convenient form of radial step-like functions. 

The paper is organized as follows. At first, sense of the semiclassicality for the substance 

electron system is clarified. Then, a semiclassical parameterization scheme is introduced for charge 

distributions in atoms and atomic potentials as well. Next section presents results and brief 

discussion of the performed numerical calculations based on fitting of the semiclassical electron-

energy spectra with these obtained from first principles. And finally, accuracies of the constructed 

step-like radial atomic potentials are estimated for energy and expansion parameters of a material. 
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2. SUBSTANCE AS A SEMICLASSICAL ELECTRON SYSTEM 

 

Beginning from Bohr’s fundamental work [24] semiclassically describing electronic spectrum 

of the one-electron hydrogen-like atom with Coulomb potential up to nowadays, similar analysis is 

widely used for light atoms. Due to exact quantum-mechanical solvability of the Coulomb potential, 

exact wave functions of electron-states in a hydrogen-like atom can be obtained directly from the 

corresponding classical orbits [25]. And therefore, quantum dynamics of the electron in a hydrogen-

like atom is wholly expressed by its classical dynamics. 

Classically a two-electron helium-like atom can be represented as a pair of electrons placed at 

the opposite ends of the straight line with nucleus at the midpoint (see e.g. [26]). This classical 

model added with quantization condition for electron orbital moment leads to the almost hydrogen-

like electron energy spectra, where atomic number Z  for the reduced value 4/1−Z  (it means that 

another electron effectively screens nuclear electric charge). Ground state energies calculated from 

the obtained relation for some helium-like systems differ from the experimental ones only by 

3 − 6 % [27]. Even entirely classical model of helium atom can be successfully explored 

numerically to obtain its possible configurations [28]: most of the orbits are found to cause auto-

ionization via chaotic transients. As for the modern semiclassical approach based on the conception 

of periodic classical orbits, it allow visually interpret physical meaning of special quantum numbers 

inherent to this three-particle system between ground and fragmented states [29]. 

For many-electron atoms, a reasonable accuracy can be achieved in terms of the self-

consistent-field approximation, within which a minimum of the total energy is sought in the class of 

quasi-classical wave functions [30]. As is well known, many-electron systems such as atoms are 

characterized by some quantum properties like the electron-shell effects, fluctuations in parameters’ 

values, discrete electron energy spectrum etc, which are averaged and, therefore, invisible in 

semiclassical atomic models. However, it was demonstrated that semiclassical treatment of the 

atomic many-electron system, when it is combined with information-theory-method, reveals 

resources to describe such kind effects as well [31]. 

It was demonstrated how based on purely classical notions it is possible to reproduce general 

trends in inelastic scattering atomic form-factors dependences upon quantum numbers [32]. 

Besides, starting from classical relations together with energy conservation law and classical-

quantum correspondence principle, it was found expressions of intensity-distribution and line-width 

of the electron–ion recombination x-ray spectrum, which is in unexpectedly good agreement with 

these resulted from the accurate quantum-mechanical calculations [33]. 

Semiclassical quantization rule leading to the exact electron energies in a hydrogen-like atom 

with Coulomb potential at the same time provides good accuracy of the valence electron energy 

value in a many-electron atom with model potential in form of sum of the nucleus Coulomb 

potential and a screening term [34]. Substitutions of the electron quantum numbers for their 

analogues in Thomas–Fermi semiclassical statistical model of atom can be applied for investigation 

of the excited and ionized electron states [35]. Semiclassical electron energy spectrum of Thomas–

Fermi atom, which was described in terms of an effective kinetic energy, which was obtained from 

the corresponding quantization rule formulated in momentum space, was found to agree essentially 

with that in the standard formalism employing an effective potential energy [36]. 

Semiclassical evaluation of sums over quantum numbers of electron states in many-electron 

atoms is known to be an effective tool of obtaining of the integrated atomic characteristics (see e.g. 

[37]) like the shell and subshell electron densities [38] or averaged electron momentum density [39] 

in atoms etc. Introducing of the semiclassical self-consistent intra-atomic electric field yields the 

relative error of 22/1~ nπ  in determining of the electronic energies, where n  is the principal 

quantum number of the highest occupied electron state [40]. Then, accuracy of the semiclassical 

approximation should quite satisfactory even for light atoms. 
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Effectiveness of the Bohr-type analytical models to the description of the periodic motion of 

electrons in small-sized molecules also was demonstrated [41]. For a long time, semiclassical 

asymptotic form was known to provide a fundamental device for studying quantum systems in 

which non-perturbative effects play an essential role. But, the crucial step was advanced for the 

bound-state quantization of fermions few-body systems such as molecules. Semiclassical 

quantization rules were successfully applied to describe elastic interatomic scattering [42] in 

spectroscopy of diatomic molecules [43]. Using path integration as a relevant mathematical tool for 

semiclassical asymptotic form it was obtained semiclassical quantization rule for the periodic mean-

field solutions [44]. Therm energies of diatomic K2 molecule calculated by the semiclassical 

method showed absolute deviations of only ~ 0.05 cm
−1

 from the quantum-mechanical results [45]. 

Same approach was found to be a strong method for generating the interatomic potential energy 

curve for diatomic molecules. It was provided a semiclassical description of the shell-structure in 

fermions-system: level densities and shell-corrections were obtained from the periodic orbit theory 

[46]. The semiclassical quantification method has raised increasing interest in relation to 

approximated method in various physical systems such as not only atoms, but molecules etc. It 

would serve as a general device for evaluating the bound-state spectra, once the exact or 

approximate solutions for the mean-field equation are known. Usually, different methods all use 

only periodic and/or non-closed quasi-periodic classical orbitals as basis for the quantization. 

Contrary to them, in [47] it was introduced an adapted version of the semiclassical quantization 

method applied to molecular orbitals into path integrals formalism, and it also gives an alternative 

procedure for the calculation of the electronic correlation energy of a molecular system. 

Primitive semiclassical treatment even reveals existence of a classical contribution to the 

chemical bond in small molecules: ground state electron is found to be exchanged classically 

between two nuclei [48]. Proceeding classical limit for a one-electron orbital model of such many-

electron systems with electron periodic motion leads to visualization of its quantum description 

[49]. Quantum description also can be introduced starting from the formal correspondence between 

classical harmonics of an electron periodic motion and its quantum jumps, i.e. Fourier-analysis 

added by the simple quantization condition directly yields steady-state electron energies [50]. Even 

formation of the electron spin, which is considered as essentially quantum characteristic, can be 

explained within a classical model [51]. 

In case of multidimensional systems, the globally uniform semiclassical approximation for 

energy eigenstates can be derived explicitly [52]. This is a true semiclassical approximation 

producing almost accurate wave functions providing with considerable degree of overlap (more 

than 0.98) between semiclassical and exact quantum eigenstates. Semiclassical method of 

calculation was used to describe electronic super-shells in metallic clusters [53]. Later, it was 

supposed a general method of the quasi-classical spectral analysis useful for central potentials with 

Coulomb singularity or finite value at the center which are characteristic for isolated atoms and 

spherical clusters, respectively [54]. Atomic clusters and condensed phases can be calculated in 

framework of the density-functional theory (DFT) using a quasi-classical expansion of the energy 

functional [55]. 

However, as substance is considered as a non-relativistic electron system affected by the 

external field of nuclei fixed at the sites in structure, its inner potential do not satisfy the standard 

Wentzel–Kramers–Brillouin (WKB) quasi-classical condition on spatial smoothness due to 

singularities at nuclear sites and electron shell effects. The success of the above approaches can be 

explained on the basis of the quasi-classical expressions obtained by Maslov [56] for the energies of 

bound electronic states. It follows from these expressions that the exact and quasi-classical spectra 

are similar to each other irrespective of the potential smoothness at 12 2

00 >>Φ R , where 0Φ  and 0R  

are the characteristic values of the potential and its effective range, respectively (hereafter, all 

relationships will be given in the atomic system of units (au)). 
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3. SEMICLASSICAL PARAMETERIZATION OF THE ELECTRIC CHARGE  

DENSITY  AND ELECTRIC FIELD POTENTIAL DISTRIBUTIONS IN AN ATOM 

 

The semiclassical parameterization of the atomic electric charge density and electric field 

potential distributions (see e.g. [57]) can be performed in analytical form if the effective fields 

acting on any i th electron in a neutral atom (i.e. Zi ,...,3,2,1=  with Z  as the nucleus charge) are 

represented by Coulomb-like potentials 

r

Z
r i

i =Φ )( ,  (1) 

where 

||2 iii EnZ =   (2) 

is the effective charge of the nucleus screened by other electrons’ cloud dependent on the electron-

state principal quantum number in  and its energy 0<iE . 

Electron charge equals to 1− . Therefore, classical turning points radii ir′  and ir ′′  ( ii rr ′′<′ ) of 

the i th electron with orbital quantum number il  can be found as the roots of the equation 
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Let )(
~

riΦ  be the potential of the effective electric field induced by the i th electron. Then, 

potential )(
~

rΦ  of the electric field induced by the whole electron cloud can be written as the sum of 

the potentials )(
~

riΦ : 
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Potential of the electric field acting on an arbitrary i th electron of the atom is equal to the sum 

of the potentials of the nucleus Coulomb field and the field induced by all the electrons, except for 

the potential of the electron under consideration: 
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Now, we sum up such potentials over electrons. As a result, the terms independent of the 

electron number on the right-hand sides are multiplied by the total number Z  of electrons in the 

atom and the sum of the potentials )(
~

riΦ  gives )(
~

rΦ . The solution of the obtained equation with 

respect to )(
~

rΦ  has the form 
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i.e. in this case, effective field of the interaction between nucleus and electron cloud also turns out 

to be a Coulomb-like field. 

Nucleus charge equals to Z+  and in the ground state its relative (to the electron cloud) 

motion corresponds to a zero orbital quantum number. Therefore, the radius of one classical turning 

point for nucleus is equal to 0 and the radius r~  of another classical turning point is a root of the 
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equation 

)(
~~

rZE Φ= , (9) 

where E
~

 is the eigenvalue of the energy associated with the relative motion electron cloud and 

nucleus. Under the assumption that the nucleus has an infinite mass the reduced mass of the system 

nucleus – electron cloud with Z  electrons equals to the cloud total mass Z . Therefore, energy and, 

consequently, turning point radius for the nucleus motion with respect to the electron cloud are 

given by the formulas 
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The semiclassical, i.e., initial quasi-classical approximation implies that exponentially 

decaying partial electron densities are disregarded in the classically forbidden regions and that 

oscillations of these densities are ignored in classically allowed regions. As a result, the radial 

dependence of the direction-averaged partial charge density of the i th electron state in atom is 

represented by a piecewise constant function: 

0)( =riρ     irr ′<  

          
)(4
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33
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A similar averaging for the nucleus motion with respect to the electron cloud nucleus is 

equivalent to averaging the nuclear charge over a sphere of radius r~ : 

3~4

3
)(~

r

Z
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Summation of similar contributions gives the distribution of the total density of the electric 

charge in the atom in the form of a step radial function 

k
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=

=1
)()(~)(             kk RrR <≤−1   qk ,...,3,2,1= ,             (14) 

where kρ  are constants determined from the radii of the classical turning points and kR  coincide 

with these radii. Here, ∞≡<<⋅⋅⋅<<<≡ +12100 qq RRRRR  and Zq 2≤  is the number of layers 

with uniform charge densities. Parameter qR  plays the role of the quasi-classical atomic radius (the 

charge density is equal to zero at qRr > ). Mathematically, this representation is equivalent to the 

volume averaging in layers kk RrR <≤−1 . 

Next, we calculate the fields induced by the charged layers with densities kρ  on the basis of 

the Gauss theorem and sum these fields. Then, the atomic potential can be written in the form of the 

continuously differentiable piecewise analytical function 
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2
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However, since the energy of the electronic system is a single-valued functional of the 

electron density, it is expedient to approximate the above potential by a step function too. 

Averaging over the volume can adequately perform this: 
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4. TABLES 

 

The numerical values of parameters kR , kρ , and kϕ  can be found by fitting quasi-classical 

energetic levels iE  to the Hartree–Fock (HF) ab initio ones [58]. Results of calculation are 

presented in Table 1 below for each chemical element taken separately. Origin of a radial layer 

radius is identified in parenthesis after the layer number: is it classical turning point radius of 

nucleus or an electron-state? Note that inner turning points of nucleus and s-electron states coincide 

with effective atomic electric field center, i.e. their radii equal to 0. Radii of inner and outer 

classical turning point for rest electron-states are distinguished by single and double priming, 

respectively. 

 Values are shown with seven significant digits in accordance with the input data (HF 

energies) accuracy. Such high accuracy is useful in interim calculations. As for the final results, 

they should be expressed in round numbers to the three significant digits because the relative errors 

of the semiclassical calculations aiming to found structural and energy parameters for polyatomic 

systems make up a few percents. 

 

Table 1. Calculated semiclassical parameters of the atoms. 
 

k  1 (1 H) 1 (1s) 

kR    1.000000 E+00   2.000000 E+00 

kρ    2.088909 E+01 −2.984155 E–02 

kϕ    4.875000 E−01   5.892857 E−02 

 

k  1 (2 He) 2 (1s) 

kR    3.875716 E−01   1.476061 E+00 

kρ    8.052884 E+00 −1.484666 E−01 

kϕ    4.187991 E+00   3.082284 E−01 

 

k  1 (3 Li) 2 (1s) 3 (2s) 

kR    1.349014 E−01   8.984357 E−01   6.383510 E+00 

kρ    2.910724 E+02 −6.593034 E−01 −9.177675 E−04 

kϕ    2.312713 E+01   2.009273 E+00   4.311415 E−02 

 

k  1 (4 Be) 2 (1s) 3 (2s) 

kR    5.596220 E−02   6.500727 E−01   5.086001 E+00 

kρ    5.446885 E+03 −1.741653 E+00 −3.629210 E−03 

kϕ    8.057431 E+01   4.887950 E+00   1.097914 E−01 
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k  1 (5 B) 2 (1s) 3 (2p') 4 (2s) 5 (2p'') 

kR    2.758476 E−02   5.098016 E−01   7.441219 E−01   4.021346 E+00   4.337060 E+00 

kρ    5.686514 E+04 −3.610951 E+00 −7.342212 E−03 −1.028341 E−02 −2.941197 E−03 

kϕ    2.105468 E+02   8.882329 E+00   3.652920 E+00   2.060720 E−01   6.135348 E−04 

 

k  1 (6 C) 2 (1s) 3 (2p') 4 (2s) 5 (2p'') 

kR    1.542721 E−02   4.202289 E−01   6.292303 E−01   3.367110 E+00   3.667423 E+00 

kρ    3.901153 E+05 −6.446545 E+00 −1.250747 E−02 −2.223623 E−02 −9.728757 E−03 

kϕ    4.578818 E+02   1.399183 E+01   5.842260 E+00   3.410756 E−01   1.835877 E−03 

 

k  1 (7 N) 2 (1s) 3 (2p') 4 (2s) 5 (2p'') 

kR    9.446222 E−03   3.577244 E−01   5.498034 E−01   2.909074 E+00   3.204489 E+00 

kρ    1.982589 E+06 −1.044967 E+01 −1.939444 E−02 −4.126981 E−02 −2.187537 E−02 

kϕ    8.784581 E+02   2.022523 E+01   8.464698 E+00   5.096684 E−01   3.993358 E−03 

 

k  1 (8 O) 2 (1s) 3 (2p') 4 (2s) 5 (2p'') 

kR    6.103946 E−03   3.110705 E−01   5.210723 E−01   2.535595 E+00   3.037032 E+00 

kρ    8.397857 E+06 −1.589154 E+01 −2.928881 E−02 −6.355156 E−02 −3.426275 E−02 

kϕ    1.559999 E+03   2.773984 E+01   1.102222 E+01   7.898878 E−01   1.796550 E−02 

 

k  1 (9 F) 2 (1s) 3 (2p') 4 (2s) 5 (2p'') 

kR    4.176561 E−03   2.753309 E−01   4.847945 E−01   2.255511 E+00   2.825589 E+00 

kρ    2.949151 E+07 −2.291743 E+01 −4.161086 E−02 −9.479146 E−02 −5.318060 E−02 

kϕ    2.571045 E+03   3.638866 E+01   1.405815 E+01   1.114922 E+00   3.595575 E−02 

 

k  1 (10 Ne) 2 (1s) 3 (2p') 4 (2s) 5 (2p'') 

kR    2.985142 E−03   2.470362 E−01   4.491695 E−01   2.035740 E+00   2.617951 E+00 

kρ    8.974622 E+07 −3.172744 E+01 −5.659451 E−02 −1.368319 E−01 −8.023741 E−02 

kϕ    4.002938 E+03   4.617305 E+01   1.754276 E+01   1.481199 E+00   5.649046 E−02 

 

k  1 (11 Na) 2 (1s) 3 (2p') 

kR    2.333813 E−03   2.222812 E−01   3.361773 E−01 

kρ    2.065883 E+08 −4.357330 E+01 −9.895069 E−02 

kϕ    5.636078 E+03   5.702576 E+01   2.540262 E+01 

 

 4 (2s) 5 (2p'') 6 (3s) 

   1.691207 E+00   1.959385 E+00   9.942100 E+00 

 −2.903333 E−01 −1.916255 E−01 −2.429277 E−04 

   2.264005 E+00   4.264542 E−01   2.565704 E−02 
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k  1 (12 Mg) 2 (1s) 3 (2p') 

kR    1.833883 E−03   2.019651 E−01   2.741860 E−01 

kρ    4.644914 E+08 −5.811295 E+01 −1.551165 E−01 

kϕ    7.829429 E+03   6.933347 E+01   3.379468 E+01 

 

 4 (2s) 5 (2p'') 6 (3s) 

   1.457155 E+00   1.598073 E+00   8.433944 E+00 

 −5.078705 E−01 −3.535498 E−01 −7.958830 E−04 

   3.315594 E+00   9.711561 E−01   6.118891 E−02 

 

k  1 (13 Al) 2 (1s) 3 (2p') 4 (3p') 

kR    1.462229 E−03   1.848984 E−01   2.308930 E−01   5.466816 E−01 

kρ    9.926781 E+08 −7.576501 E+01 −2.311670 E−01 −8.218780 E−01 

kϕ    1.064293 E+04   8.299728 E+01   4.322824 E+01   1.753508 E+01 

 

 5 (2s) 6 (2p'') 7 (3s) 8 (3p'') 

   1.276364 E+00   1.345743 E+00   6.764067 E+00   8.712604 E+00 

 −8.222391 E−01 −5.926148 E−01 −1.903885 E−03 −3.610562 E−04 

   3.600567 E+00   1.684978 E+00   1.386415 E−01   2.846971 E−03 

  

k  1 (14 Si) 2 (1s) 3 (2p') 4 (3p') 

kR    1.177767 E−03   1.704832 E−01   2.007802 E−01   4.595484 E−01 

kρ    2.045794 E+09 −9.668486 E+01 −3.248175 E−01 −1.223166 E+00 

kϕ    1.423563 E+04   9.804605 E+01   5.346299 E+01   2.372269 E+01 

 

 5 (2s) 6 (2p'') 7 (3s) 8 (3p'') 

   1.139926 E+00   1.170233 E+00   5.774354 E+00   7.323940 E+00 

 −1.224381 E+00 −9.020437 E−01 −3.695549 E−03 −1.215666 E−03 

   5.013770 E+00   2.545996 E+00   2.317236 E−01   6.068273 E−03 

 

k  1 (15 P) 2 (1s) 3 (2p') 4 (3p') 

kR    9.593563 E−04   1.581438 E−01   1.782334 E−01   4.002321 E−01 

kρ    4.055672 E+09 −1.211595 E+02 −4.380049 E−01 −1.722228 E+00 

kϕ    1.873096 E+04   1.144569 E+02   6.457731 E+01   3.040964 E+01 

 

 5 (2s) 6 (2p'') 7 (3s) 8 (3p'') 

   1.032033 E+00   1.038820 E+00   5.083961 E+00   6.378601 E+00 

 −1.724988 E+00 −1.290617 E+00 −6.393927 E−03 −2.760347 E−03 

   6.608240 E+00   3.548359 E+00   3.396463 E−01   9.624267 E−03 
 

k  1 (16 S) 2 (1s) 3 (2p') 4 (3p') 

kR    7.873147 E−04   1.474384 E−01   1.602340 E−01   3.787647 E−01 

kρ    7.826836 E+09 −1.495490 E+02 −5.752957 E−01 −2.342732 E+00 

kϕ    2.435211 E+04   1.322761 E+02   7.674520 E+01   3.528555 E+01 
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 5 (2p'') 6 (2s) 7 (3s) 8 (3p'') 

   9.339120 E−01   9.425845 E−01   4.523887 E+00   6.036469 E+00 

 −2.347074 E+00 −5.796381 E−01 −9.499509 E−03 −4.342400 E−03 

   8.375741 E+00   4.756158 E+00   5.098488 E−01   2.058169 E−02 

 

k  1 (17 Cl) 2 (1s) 3 (2p') 4 (3p') 

kR    6.532226 E−04   1.380891 E−01   1.457901 E−01   3.520031 E−01 

kρ    1.456052 E+10 −1.820631 E+02 −7.359436 E−01 −3.082461 E+00 

kϕ    3.119221 E+04   1.514459 E+02   8.983302 E+01   4.146700 E+01 

 

 5 (2p'') 6 (2s) 7 (3s) 8 (3p'') 

   8.497267 E−01   8.684381 E−01   4.095949 E+00   5.609963 E+00 

 −3.089224 E+00 −7.427061 E−01 −1.371081 E−02 −6.762524 E−03 

   1.047479 E+01   6.101408 E+00   6.943084 E−01   3.204793 E−02 

 

k  1 (18 Ar) 2 (1s) 3 (2p') 4 (3p') 

kR    5.474781 E−04   1.298535 E−01   1.338860 E−01   3.258315 E−01 

kρ    2.618688 E+10 −2.189839 E+02 −9.217434 E−01 −3.951462 E+00 

kϕ    3.941303 E+04   1.719603 E+02   1.038562 E+02   4.862917 E+01 

 

 5 (2p'') 6 (2s) 7 (3s) 8 (3p'') 

   7.803446 E−01   8.057526 E−01   3.753883 E+00   5.192860 E+00 

 −3.961694 E+00 −9.319752 E−01 −1.925783 E−02 −1.023175 E−02 

   1.282209 E+01   7.582522 E+00  8.919572 E−01   4.376578 E−02 

 

k  1 (19 K) 2 (2p') 3 (1s) 4 (3p') 5 (2p'') 

kR    4.727958 E−04   1.220427 E−01   1.223829 E−01   2.564030 E−01   7.113169 E−01 

kρ    4.291847 E+10 −2.616615 E+02 −2.656616 E+02 −5.178522 E+00 −5.199519 E+00 

kϕ    4.817966 E+04   1.942944 E+02   1.195273 E+02   6.680192 E+01   1.623827 E+01 

 

 6 (2s) 7 (3s) 8 (3p'') 9 (4s) 

   7.430389 E−01   3.208255 E+00   4.086360 E+00   1.473043 E+01 

 −1.199407 E+00 −3.553070 E−02 −2.107182 E−02 −7.469050 E−05 

   9.178612 E+00   1.258072 E+00   2.068058 E−01   1.499003 E−02 

 

k  1 (20 Ca) 2 (2p') 3 (1s) 4 (3p') 5 (2p'') 

kR    4.088020 E−04   1.121988 E−01   1.157157 E−01   2.163349 E−01   6.539423 E−01 

kρ    6.988798 E+10 −3.096286 E+02 −3.147766 E+02 −6.625287 E+00 −6.660246 E+00 

kϕ    5.866054 E+04   2.246811 E+02   1.363192 E+02   8.373755 E+01   1.982931 E+01 

 

 6 (2s) 7 (3s) 8 (3p'') 9 (4s) 

   6.895990 E−01   2.831339 E+00   3.447784 E+00   1.279289 E+01 

 −1.512189 E+00 −5.622245 E−02 −3.518632 E−02 −2.280529 E−04 

   1.103673 E+01   1.726474 E+00   4.329498 E−01   3.507845 E−02 
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k  1 (21 Sc) 2 (2p') 3 (1s) 4 (3p') 

kR    3.495658 E−04   1.046439 E−01   1.097974 E−01   1.996252 E−01 

kρ    1.173664 E+11 −3.625008 E+02 −3.688463 E+02 −8.130180 E+00 

kϕ    7.203863 E+04   2.552117 E+02   1.537630 E+02   9.620138 E+01 

 

 5 (2p'') 6 (2s) 7 (3d') 8 (3s) 

   6.099095 E−01   6.475133 E−01   1.529288 E+00   2.647865 E+00 

 −8.174672 E+00 −1.829179 E+00 −7.046518 E−02 −7.177448 E−02 

   2.333772 E+01   1.310249 E+01   5.350410 E+00   1.412970 E+00 

 

 9 (3p'') 10 (4s) 11 (3d'') 

   3.181477 E+00   5.707379 E+00   1.234108 E+01 

 −4.605550 E−02 −1.563323 E−03 −2.540280 E−04 

   5.766749 E−01   2.237779 E−01   2.179856 E−02 

 

k  1 (22 Ti) 2 (2p') 3 (1s) 4 (3p') 

kR    3.013518 E−04   9.820236 E−02   1.044639 E−01   1.869609 E−01 

kρ    1.919167 E+11 −4.209588 E+02 −4.286367 E+02 −9.801412 E+00 

kϕ    8.755133 E+04   2.872142 E+02   1.721800 E+02   1.087104 E+02 

 

 5 (2p'') 6 (2s) 7 (3d') 8 (3s) 

   5.723653 E−01   6.110909 E−01   1.908091 E+00   2.502871 E+00 

 −9.855572 E+00 −2.177684 E+00 −8.538408 E−02 −8.673223 E−02 

   2.709414 E+01   1.537353 E+01   4.186494 E+00   1.335356 E+00 

 

 9 (3p'') 10 (3d'') 11 (4s) 

   2.979643 E+00   7.121092 E+00   8.521671 E+00 

 −5.627954 E−02 −2.119704 E−03 −7.715554 E−04 

   7.476607 E−01   1.196428 E−01   3.156347 E−03 

 

k  1 (23 V) 2 (2p') 3 (1s) 4 (3p') 

kR    2.601095 E−04   9.256893 E−02   9.962640 E−02   1.762791 E−01 

kρ    3.120117 E+11 −4.853546 E+02 −4.945213 E+02 −1.166471 E+01 

kϕ    1.060522 E+05   3.209083 E+02   1.916313 E+02   1.217554 E+02 

 

 5 (2p'') 6 (2s) 7 (3d') 8 (3s) 

   5.395313 E−01   5.788639 E−01   1.867140 E+00   2.377964 E+00 

 −1.172932 E+01 −2.562651 E+00 −1.010817 E−01 −1.032399 E−01 

   3.114340 E+01   1.785930 E+01   4.730460 E+00   1.618205 E+00 

 

 9 (3p'') 10 (3d'') 11 (4s) 

   2.809404 E+00   6.968261 E+00   7.924130 E+00 

 −6.773191 E−02 −3.117812 E−03 −9.595919 E−04 

   9.784493 E−01   1.402956 E−01   1.832263 E−03 
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k  1 (24 Cr) 2 (2p') 3 (1s) 4 (3p') 

kR    2.257520 E−04   8.758647 E−02   9.521818 E−02   1.670378 E−01 

kρ    4.979986 E+11 −5.559828 E+02 −5.668046 E+02 −1.373243 E+01 

kϕ    1.275136 E+05   3.562990E+02   2.121004E+02   1.353698E+02 

 

 5 (2p'') 6 (2s) 7 (3d') 8 (3s) 

   5.104914 E−01   5.500740 E−01   1.831115 E+00   2.268075 E+00 

 −1.380838 E+01 −2.986651 E+00 −1.179983 E−01 −1.210491 E−01 

   3.546478 E+01   2.053528 E+01   5.299796 E+00   1.929230 E+00 

 

 9 (3p'') 10 (3d'') 11 (4s) 

   2.662124 E+00   6.833814 E+00   7.498190 E+00 

 −8.012597 E−02 −4.183420 E−03 −1.132588 E−03 

   1.243684 E+00   1.661301 E−01   1.045829 E−03 

 

k  1 (25 Mn) 2 (2p') 3 (1s) 4 (3p') 

kR    1.970173 E−04   8.315498 E−02   9.118571 E−02   1.590773 E−01 

kρ    7.804374 E+11 −6.331017 E+02 −6.457474 E+02 −1.600771 E+01 

kϕ    1.522077 E+05   3.933287 E+02   2.335698 E+02   1.494468 E+02 

 

 5 (2p'') 6 (2s) 7 (3d') 8 (3s) 

   4.846627 E−01   5.242371 E−01   1.800835 E+00   2.171677 E+00 

 −1.609563 E+01 −3.449931 E+00 −1.358885 E−01 −1.398977 E−01 

   4.004232 E+01   2.339427 E+01   5.880152 E+00   2.258767 E+00 

 

 9 (3p'') 10 (3d'') 11 (4s) 

   2.535256 E+00   6.720807 E+00   7.077436 E+00 

 −9.327942 E−02 −5.355993 E−03 −1.346833 E−03 

   1.535328 E+00   1.929413 E−01   3.586332 E−04 

 

k  1 (26 Fe) 2 (2p') 3 (1s) 4 (3p') 

kR    1.728400 E−04   7.911165 E−02   8.747507 E−02   1.512669 E−01 

kρ    1.202131 E+12 −7.171896 E+02 −7.318750 E+02 −1.854820 E+01 

kϕ    1.804475 E+05   4.323994 E+02   2.561417 E+02   1.647530 E+02 

 

 5 (2p'') 6 (2s) 7 (3d') 8 (3s) 

   4.610965 E−01   5.005045 E−01   1.764513 E+00   2.077770 E+00 

 −1.865046 E+01 −3.965039 E+00 −1.568596 E−01 −1.619738 E−01 

   4.495410 E+01   2.645283 E+01   6.529329 E+00   2.639717 E+00 

 

 9 (3p'') 10 (3d'') 11 (4s) 

   2.410779 E+00   6.585254 E+00   7.033322 E+00 

 −1.087447 E−01 −6.486578 E−03 −1.372334 E−03 

   1.883139 E+00   2.331049 E−01   5.767085 E−04 
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k  1 (27 Co) 2 (2p') 3 (1s) 4 (3p') 

kR    1.524057 E−04   7.547369 E−02   8.405654 E−02   1.444711 E−01 

kρ    1.820837 E+12 −8.083521 E+02 −8.252652 E+02 −2.131927 E+01 

kϕ    2.125211 E+05   4.731134 E+02   2.797123 E+02   1.805247 E+02 

 

 5 (2p'') 6 (2s) 7 (3d') 8 (3s) 

   4.398929 E−01   4.789933 E−01   1.733761 E+00   1.994624 E+00 

 −2.143665 E+01 −4.523643 E+00 −1.790090 E−01 −1.852988 E−01 

   5.011827 E+01   2.969002 E+01   7.183303 E+00   3.034107 E+00 

 

 9 (3p'') 10 (3d'') 11 (4s) 

   2.302473 E+00   6.470483 E+00   6.883165 E+00 

 −1.251318 E−01 −7.753902 E−03 −1.464120 E−03 

   2.253930 E+00   2.716290 E−01   5.219691 E−04 

 

k  1 (28 Ni) 2 (2p') 3 (1s) 4 (3p') 

kR    1.350222 E−04   7.216906 E−02   8.089558 E−02   1.383599 E−01 

kρ    2.715524 E+12 −9.069139 E+02 −9.262582 E+02 −2.434036 E+01 

kϕ    2.487756 E+05   5.155529 E+02   3.043036 E+02   1.969151 E+02 

 

 5 (2p'') 6 (2s) 7 (3d') 8 (3s) 

   4.206321 E−01   4.593284 E−01   1.705828 E+00   1.919013 E+00 

 −2.447399 E+01 −5.129635 E+00 −2.027591 E−01 −2.103064 E−01 

   5.555121 E+01   3.311022 E+01   7.853485 E+00   3.448915 E+00 

 

 9 (3p'') 10 (3d'') 11 (4s) 

   2.205076 E+00   6.366238 E+00   6.728001 E+00 

 −1.427436 E−01 −9.115030 E−03 −1.567773 E−03 

   2.654621 E+00   3.114798 E−01   4.295498 E−04 

 

k  1 (29 Cu) 2 (2p') 3 (1s) 4 (3p') 

kR    1.220837 E−04   6.915185 E−02   7.796404 E−02   1.328183 E−01 

kρ    3.804836 E+12 −1.013164 E+03 −1.035152 E+03 −2.762119 E+01 

kϕ    2.849738 E+05   5.586503 E+02   3.288432 E+02   2.128615 E+02 

 

 5 (2p'') 6 (2s) 7 (3d') 8 (3s) 

   4.030465 E−01   4.412704 E−01   1.042111 E+00   1.849776 E+00 

 −2.777226 E+01 −5.783729 E+00 −2.269000 E−01 −2.641396 E−01 

   6.017921 E+01   3.563878 E+01   1.517850 E+01   4.534901 E+00 

 

 9 (3p'') 10 (3d'') 11 (4s) 

   2.116759 E+00   3.889212 E+00   1.060109 E+01 

 −1.887026 E−01 −3.764039 E−02 −4.007654 E−04 

   2.139620 E+00   6.068395 E−01   3.377457 E−02 
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k  1 (30 Zn) 2 (2p') 3 (1s) 4 (3p') 

kR    1.093014 E−04   6.639125 E−02   7.523854 E−02   1.278388 E−01 

kρ    5.484732 E+12 −1.127357 E+03 −1.152204 E+03 −3.116592 E+01 

kϕ    3.292847 E+05   6.042967 E+02   3.552648 E+02   2.302047 E+02 

 

 5 (2p'') 6 (2s) 7 (3d') 8 (3s) 

   3.869566 E−01   4.246594 E−01   1.013522 E+00   1.786819 E+00 

 −3.133533 E+01 −6.488273 E+00 −2.535231 E−01 −2.985017 E−01 

   6.593855 E+01   3.922154 E+01   1.655417 E+01   5.018828 E+00 

 

 9 (3p'') 10 (3d'') 11 (4s) 

   2.037400 E+00   3.782514 E+00   1.045940 E+01 

 −2.148067 E−01 −4.539589 E−02 −4.172736 E−04 

   2.411364 E+00   6.624929 E−01   3.470547 E−02 

 

k  1 (31 Ga) 2 (2p') 3 (1s) 4 (3p') 5 (2p'') 

kR    9.999056 E−05   6.354192 E−02   7.266068 E−02   1.183149 E−01   3.703495 E−01 

kρ    7.402800 E+12 −1.251794 E+03 −1.280136 E+03 −3.549781 E+01 −3.571151 E+01 

kϕ    3.719511 E+05   6.541462 E+02   3.827763 E+02   2.556463 E+02   7.203164 E+01 

 

 6 (4p') 7 (2s) 8 (3d') 9 (3s) 

   4.000629 E−01   4.075339 E−01   8.207280 E−01   1.677752 E+00 

 −7.369772 E+00 −7.369910 E+00 −3.156732 E−01 −4.003778 E−01 

   4.294966 E+01   4.044939 E+01   2.158163 E+01   5.860955 E+00 

 

 10 (3p'') 11 (3d'') 12 (4s) 13 (4p'') 

   1.885615 E+00   3.062999 E+00   8.681390 E+00   1.198854 E+01 

 −2.992761 E−01 −8.557296 E−02 −8.683064 E−04 −1.385572 E−04 

   2.525737 E+00   9.701396 E−01   8.953004 E−02   3.130941 E−03 

 

k  1 (32 Ge) 2 (2p') 3 (1s) 4 (3p') 5 (4p') 

kR    9.152975 E−05   6.091629 E−02   7.025164 E−02   1.102557 E−01   3.407788 E−01 

kρ    9.962644 E+12 −1.385189 E+03 −1.417356 E+03 −4.023520 E+01 −4.049928 E+01 

kϕ    4.194475 E+05   7.062215 E+02   4.114887 E+02   2.818673 E+02   8.232897 E+01 

 

 6 (2p'') 7 (2s) 8 (3d') 9 (3s) 

   3.550461 E−01   3.916665 E−01   7.011994 E−01   1.582128 E+00 

 −4.049972 E+01 −8.332968 E+00 −3.861721 E−01 −5.219974 E−01 

   5.031343 E+01   4.588502 E+01   2.635623 E+01   6.739995 E+00 

 

 10 (3p'') 11 (3d'') 12 (4s) 13 (4p'') 

   1.757173 E+00   2.616912 E+00   7.604480 E+00   1.021199 E+01 

 −4.014337 E−01 −1.373594 E−01 −1.534117 E−03 −4.483593 E−04 

   2.784645 E+00   1.339787 E+00   1.525060 E−01   6.312235 E−03 
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k  1 (33 As) 2 (2p') 3 (1s) 4 (3p') 5 (4p') 

kR    8.390709 E−05   5.848880 E−02   6.799527 E−02   1.032950 E−01   3.005274 E−01 

kρ    1.333612 E+13 −1.527877 E+03 −1.564217 E+03 −4.540040 E+01 −4.572154 E+01 

kϕ    4.718582 E+05   7.604931 E+02   4.413606 E+02   3.089537 E+02   9.868202 E+01 

 

 6 (2p'') 7 (2s) 8 (3d') 9 (3s) 

   3.408977 E−01   3.769232 E−01   6.168400 E−01   1.497231 E+00 

 −4.572252 E+01 −9.382132 E+00 −4.658747 E−01 −6.653952 E−01 

   5.747501 E+01   4.960630 E+01   3.109604 E+01   7.683508 E+00 

 

 10 (3p'') 11 (3d'') 12 (4s) 13 (4p'') 

   1.646238 E+00   2.302078 E+00   6.830392 E+00   9.005793 E+00 

 −5.231378 E−01 −2.019994 E−01 −2.478899 E−03 −9.805796 E−04 

   3.142610 E+00   1.769067 E+00   2.236234 E−01   9.621769 E−03 

  

k  1 (34 Se) 2 (2p') 3 (1s) 4 (3p') 5 (4p') 

kR    7.701127 E−05   5.622750 E−02   6.587597 E−02   9.705244 E−02   2.878107 E−01 

kρ    1.777164 E+13 −1.680309 E+03 −1.721213 E+03 −5.104387 E+01 −5.143105 E+01 

kϕ    5.296960 E+05   8.171156 E+02   4.724217 E+02   3.373356 E+02   1.075189 E+02 

 

 6 (2p'') 7 (2s) 8 (3d') 9 (3s) 

   3.277179 E−01   3.631299 E−01   5.508007 E−01   1.419578 E+00 

 −5.143254 E+01 −1.052897 E+01 −5.575898 E−01 −8.378243 E−01 

   6.232486 E+01   5.356944 E+01   3.603637 E+01   8.745636 E+00 

 

 10 (3p'') 11 (3d'') 12 (4s) 13 (4p'') 

   1.546749 E+00   2.055616 E+00   6.181776 E+00   8.624716 E+00 

 −6.709217 E−01 −2.837442 E−01 −3.509678 E−03 −1.488515 E−03 

   3.616572 E+00   2.303229 E+00   3.376347 E−01   1.833763 E−02 

  

k  1 (35 Br) 2 (2p') 3 (1s) 4 (3p') 5 (4p') 

kR    7.079964 E−05   5.413089 E−02   6.388372 E−02   9.159978 E−02   2.701979 E−01 

kρ    2.354433 E+13 −1.842653 E+03 −1.888496 E+03 −5.714848 E+01 −5.760900 E+01 

kϕ    5.931226 E+05   8.758716 E+02   5.046158 E+02   3.665159 E+02   1.196651 E+02 

 

 6 (2p'') 7 (2s) 8 (3d') 9 (3s) 

   3.154980 E−01   3.502848 E−01   4.996283 E−01   1.350318 E+00 

 −5.761125 E+01 −1.176836 E+01 −6.593011 E−01 −1.034761 E+00 

   6.833061 E+01   5.776175 E+01   4.103985 E+01   9.882824 E+00 

 

 10 (3p'') 11 (3d'') 12 (4s) 13 (4p'') 

   1.459849 E+00   1.864638 E+00   5.676813 E+00   8.096922 E+00 

 −8.408365 E−01 −3.803189 E−01 −4.858655 E−03 −2.248732 E−03 

   4.163553 E+00   2.892445 E+00   4.591730 E−01   2.713501 E−02 
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k  1 (36 Kr) 2 (2p') 3 (1s) 4 (3p') 5 (4p') 

kR    6.520398 E−05   5.218195 E−02   6.200750 E−02   8.678239 E−02   2.523121 E−01 

kρ    3.100213 E+13 −2.015226 E+03 −2.066399 E+03 −6.373287 E+01 −6.427441 E+01 

kϕ    6.624313 E+05   9.367502 E+02   5.379329 E+02   3.965350 E+02   1.337821 E+02 

 

 6 (2p'') 7 (2s) 8 (3d') 9 (3s) 

   3.041387 E−01   3.382960 E−01   4.584139 E−01   1.288048 E+00 

 −6.427773 E+01 −1.310405 E+01 −7.715564 E−01 −1.257663 E+00 

    7.503190 E+01   6.217318 E+01   4.615233 E+01   1.109493 E+01 

 

 10 (3p'') 11 (3d'') 12 (4s) 13 (4p'') 

   1.383073 E+00   1.710824 E+00   5.268325 E+00   7.560943 E+00 

 −1.034231 E+00 −4.926861 E-01 −6.579293 E−03 −3.313988 E−03 

   4.773982 E+00   3.534833 E+00   5.868131 E−01   3.586672 E−02 

 

k  1 (37 Rb) 2 (2p') 3 (1s) 4 (3p') 5 (4p') 

kR    6.070802 E−05   5.026544 E−02   6.022254 E−02   8.132292 E−02   2.029644 E−01 

kρ    3.947980 E+13 −2.200059 E+03 −2.257313 E+03 −7.124147 E+01 −7.189957 E+01 

kϕ    7.312598 E+05   1.001329 E+03   5.724190 E+02   4.312196 E+02   1.753015 E+02 

 

 6 (2p'') 7 (2s) 8 (3d') 9 (3s) 10 (3p'') 

   2.929685E−01   3.264912 E−01   4.121461 E−01   1.218004 E+00   1.296064 E+00 

 −7.190594E+01 −1.465283 E+01 −9.336976 E−01 −1.602583 E+00 −1.338345 E+00 

   8.859241E+01   6.646259 E+01   5.220725 E+01   1.238409 E+01   5.373080 E+00 

 

 11 (3d'') 12 (4s) 13 (4p'') 14 (5s) 

   1.538150 E+00   4.582967 E+00   6.082158 E+00   1.904387 E+01 

 −6.802465 E−01 −1.136136 E−02 −6.401139 E−03 −3.456575 E−05 

   4.252708 E+00   8.138172 E−01   1.393163 E−01   1.057707 E−02 

 

k  1 (38 Sr) 2 (2p') 3 (1s) 4 (3p') 5 (4p') 

kR    5.649045 E−05   4.848135 E−02   5.853622 E−02   7.657762 E−02   1.743202 E−01 

kρ    5.032339 E+13 −2.396022 E+03 −2.459831 E+03 −7.933502 E+01 −8.012319 E+01 

kϕ    8.071016 E+05   1.068257 E+03   6.081450 E+02   4.667447 E+02   2.124328 E+02 

 

 6 (2p'') 7 (2s) 8 (3d') 9 (3s) 10 (3p'') 

   2.825700 E−01   3.154582 E−01   3.757189 E−01   1.155770 E+00   1.220437 E+00 

 −8.013324 E+01 −1.632401 E+01 −1.114481 E+00 −1.997390 E+00 −1.688127 E+00 

   1.001483 E+02   7.106794 E+01   5.837499 E+01   1.384092 E+01   6.125594 E+00 

 

 11 (3d'') 12 (4s) 13 (4p'') 14 (5s) 

   1.402202 E+00   4.107361 E+00   5.223789 E+00   1.673859 E+01 

 −8.999501 E−01 −1.704132 E−02 −1.015079 E−02 −1.018086 E−04 

   5.104113 E+00   1.102047 E+00   2.781945 E−01   2.447504 E−02 
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k  1 (39 Y) 2 (2p') 3 (1s) 4 (3p') 

kR    5.236921 E−05   4.685108 E−02   5.694566 E−02   7.275406 E−02 

kρ    6.482580 E+13 −2.602725 E+03 −2.673430 E+03 −8.784124 E+01 

kϕ    8.935358 E+05   1.136812 E+03   6.450321 E+02   5.017009 E+02 

 

 5 (4p') 6 (2p'') 7 (2s) 8 (3d') 

   1.601441 E−01   2.730681 E−01   3.053329 E−01   3.490053 E−01 

 −8.876033 E+01 −8.877329 E+01 −1.806852 E+01 −1.295142 E+00 

   2.395223 E+02   1.095471 E+02   7.606533 E+01   6.442781 E+01 

 

 9 (3s) 10 (3p'') 11 (3d'') 12 (4d') 

   1.104356 E+00   1.159500 E+00   1.302505 E+00   1.337515 E+00 

 −2.396705 E+00 −2.042206 E+00 −1.123117 E+00 −2.155444 E−02 

   1.542110 E+01   7.004576 E+00   6.043694 E+00   5.413486 E+00 

 

 13 (4s) 14 (4p'') 15 (4d'') 16 (5s) 

   3.841116 E+00   4.798980 E+00   1.143536 E+01   1.414640 E+01 

 −2.171434 E−02 −1.328936 E−02 −3.285598 E−04 −1.686566 E−04 

   1.360085 E+00   3.863704 E−01   6.436441 E−02   2.580686 E−03 

 

k  1 (40 Zr) 2 (2p') 3 (1s) 4 (3p') 

kR    4.854586 E−05   4.533534 E−02   5.543996 E−02   6.942112 E−02 

kρ    8.346702 E+13 −2.820873 E+03 −2.898909 E+03 −9.688049 E+01 

kϕ    9.886325 E+05   1.207368 E+03   6.830739 E+02   5.371539 E+02 

 

 5 (4p') 6 (2p'') 7 (2s) 8 (3d') 

   1.497748 E−01   2.642337 E−01   2.958863 E−01   3.270379 E−01 

 −9.793841 E+01 −9.795425 E+01 −1.991792 E+01 −1.486163 E+00 

   2.648215 E+02   1.187383 E+02   8.135216 E+01   7.060441 E+01 

 

 9 (3s) 10 (3p'') 11 (3d'') 12 (4d') 

   1.058841 E+00   1.106382 E+00   1.220522 E+00   1.301045 E+00 

 −2.824948 E+00 −2.422741 E+00 −1.364817 E+00 −2.603216 E−02 

   1.711908 E+01   7.983580 E+00   7.073825 E+00   6.258831 E+00 

 

 13 (4s) 14 (4p'') 15 (4d'') 16 (5s) 

   3.636969 E+00   4.488245 E+00   1.112355 E+01   1.218499 E+01 

 −2.637962 E−02 −1.645480 E−02 −6.113773 E−04 −2.639161 E−04 

   1.634497 E+00   5.108769 E−01    6.803978 E−02   6.220605 E−04 

 

k  1 (41 Nb) 2 (2p') 3 (1s) 4 (3p') 

kR    4.501991 E−05   4.391736 E−02   5.401178 E−02   6.643865 E−02 

kρ    1.072707 E+14 −3.050890 E+03 −3.136732 E+03 −1.064995 E+02 

kϕ    1.092722 E+06   1.280030 E+03   7.222732 E+02   5.733900 E+02 
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 5 (4p') 6 (2p'') 7 (2s) 8 (3d') 

   1.412630 E−01   2.559691 E−01   2.870219 E−01   3.082248 E−01 

 −1.077064 E+02 −1.077253 E+02 −2.188346 E+01 −1.690672 E+00 

   2.899560 E+02   1.280690 E+02   8.690561 E+01   7.697269 E+01 
 

 9 (3s) 10 (3p'') 11 (3d'') 12 (4d') 

   1.017632 E+00   1.058850 E+00   1.150311 E+00   1.272790 E+00 

 −3.289871 E+00 −2.836797 E+00 −1.629909 E+00 −3.070995 E−02 

   1.893695 E+01   9.059018 E+00   8.198586 E+00   7.145154 E+00 
 

 13 (4s) 14 (4p'') 15 (4d'') 16 (5s) 

   3.464973 E+00   4.233175 E+00   1.088198 E+01   1.109917 E+01 

 −3.126663 E−02 −1.978928 E−02 −9.058751 E−04 −3.491964 E−04 

   1.940829 E+00   6.632702 E−01   7.957632 E−02   3.449854 E−05 
 

k  1 (42 Mo) 2 (2p') 3 (1s) 4 (3p') 

kR    4.178552 E−05   4.258720 E−02   5.265520 E−02   6.374337 E−02 

kρ    1.374305 E+14 −3.293107 E+03 −3.387246 E+03 −1.167202 E+02 

kϕ    1.206027 E+06   1.354802 E+03   7.626188 E+02   6.104650 E+02 

  

 5 (4p') 6 (2p'') 7 (2s) 8 (3d') 

   1.340394 E−01   2.482164 E−01   2.786829 E−01   2.918330 E−01 

 −1.180867 E+02 −1.181088 E+02 −2.396970 E+01 −1.909450 E+00 

   3.152121 E+02   1.376027 E+02   9.271058 E+01   8.354308 E+01 
  

 9 (3s) 10 (3p'') 11 (3d'') 12 (4d') 

   9.800179 E−01   1.015894 E+00   1.089135 E+00   1.249745 E+00 

 −3.793542 E+00 −3.286271 E+00 −1.919725 E+00 −3.563374 E−02 

   2.086513 E+01   1.021983 E+01   9.409282 E+00   8.064772 E+00 
 

 13 (4s) 14 (4p'') 15 (5s) 16 (4d'') 

   3.316004 E+00   4.016708 E+00   1.031409 E+01   1.068495 E+01 

 −3.641780 E−02 −2.332308 E−02 −1.219220 E−03 −7.840598 E−04 

   2.272332 E+00   8.374436 E−01   1.059247 E−01   2.258214 E−04 
 

k  1 (43 Tc) 2 (2p') 3 (1s) 4 (3p') 

kR    3.882324 E−05   4.133751 E−02   5.136509 E−02   6.129718 E−02 

kρ    1.754303 E+14 −3.547815 E+03 −3.650753 E+03 −1.275539 E+02 

kϕ    1.328965 E+06   1.431661 E+03   8.041074 E+02   6.483741 E+02 

 

 5 (4p') 6 (2p'') 7 (2s) 8 (3d') 

   1.278604 E−01   2.409326 E−01   2.708275 E−01   2.774215 E−01 

 −1.290906 E+02 −1.291161 E+02 −2.617834 E+01 −2.142288 E+00 

   3.405277 E+02   1.473462 E+02   9.876592 E+01   9.031936 E+01 
 

 9 (3s) 10 (3p'') 11 (3d'') 12 (4d') 

   9.455719 E−01   9.769087 E−01   1.035351 E+00   1.231746 E+00 

 −4.335521 E+00 −3.770769 E+00 −2.234002 E+00 −4.076921 E−02 

   2.289872 E+01   1.146057 E+01   1.070110 E+01   9.005113 E+00 
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 13 (4s) 14 (4p'') 15 (5s) 16 (4d'') 

   3.186168 E+00   3.831546 E+00   9.587477 E+00   1.053106 E+01 

 −4.179288 E−02 −2.703122 E−02 −1.565457 E−03 −1.023670 E−03 

   2.622872 E+00   1.028803 E+00   1.492681 E−01   2.032708 E−03 

 

k  1 (44 Ru) 2 (2p') 3 (1s) 4 (3p') 

kR    3.611369 E−05   4.015578 E−02   5.013584 E−02   5.902079 E−02 

kρ    2.230224 E+14 −3.815532 E+03 −3.927828 E+03 −1.390723 E+02 

kϕ    1.461909 E+06   1.510763 E+03   8.467422 E+02   6.874083 E+02 

 

 5 (4p') 6 (2p'') 7 (2s) 8 (3d') 

   1.220143 E−01   2.340450 E−01   2.633820 E−01   2.643215 E−01 

 −1.407939 E+02 −1.408232 E+02 −2.852738 E+01 −2.394761 E+00 

   3.673248 E+02   1.575063 E+02   1.050439 E+02   9.734860 E+01 

 

 9 (3s) 10 (3p'') 11 (3d'') 12 (4d') 

   9.133153 E−01   9.406294 E−01   9.864613 E−01   1.209399 E+00 

 −4.930517 E+00 −4.303789 E+00 −2.582260 E+00 −4.650346 E−02 

   2.504522 E+01   1.278456 E+01   1.208312 E+01   1.002162 E+01 

  

 13 (4s) 14 (4p'') 15 (5s) 16 (4d'') 

   3.062729 E+00   3.656358 E+00   9.373947 E+00   1.034000 E+01 

 −4.780123 E−02 −3.118181 E−02 −1.877428 E−03 −1.297767 E−03 

   3.014346 E+00   1.252608 E+00   1.818008 E−01   2.533380 E−03 

 

k  1 (45 Rh) 2 (2p') 3 (1s) 4 (3p') 

kR    3.363296 E−05   3.904164 E−02   4.896407 E−02   5.693585 E−02 

kρ    2.823766 E+14 −4.096380 E+03 −4.218567 E+03 −1.512420 E+02 

kϕ    1.605423 E+06   1.591948 E+03   8.905132 E+02   7.273057 E+02 

 

 5 (4p') 6 (2p'') 7 (3d') 8 (2s) 

   1.169241 E−01   2.275514 E−01   2.526218 E−01   2.563458 E−01 

 −1.531597 E+02 −1.531930 E+02 −3.100646 E+01 −3.391110 E+01 

   3.942567 E+02   1.678941 E+02   1.127274 E+02   1.045915 E+02 

 

 9 (3s) 10 (3p'') 11 (3d'') 12 (4d') 

   8.835513 E−01   9.074011 E−01   9.427974 E−01   1.191622 E+00 

 −5.567006 E+00 −4.874783 E+00 −2.957121 E+00 −5.247938 E−02 

   2.720889 E+01   1.418261 E+01   1.354179 E+01   1.105142 E+01 

 

 13 (4s) 14 (4p'') 15 (5s) 16 (4d'') 

   2.953454 E+00   3.503823 E+00   9.043605 E+00   1.018801 E+01 

 −5.406222 E−02 −3.552900 E−02 −2.228368 E−03 −1.582837 E−03 

   3.420811 E+00   1.490568 E+00   2.257527 E−01   4.333491 E−03 
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k  1 (46 Pd) 2 (2p') 3 (1s) 4 (3p') 

kR    3.135993 E−05   3.798848 E−02   4.784571 E−02   5.501025 E−02 

kρ    3.560771 E+14 −4.390715 E+03 −4.523348 E+03 −1.640911 E+02 

kϕ    1.760059 E+06   1.675240 E+03   9.354178 E+02   7.681297 E+02 

 

 5 (4p') 6 (2p'') 7 (3d') 8 (2s) 

   1.123683 E−01   2.214131 E−01   2.420456 E−01   2.496803 E−01 

 −1.662173 E+02 −1.662548 E+02 −3.362176 E+01 −3.692404 E+01 

   4.216182 E+02   1.785547 E+02   1.209265 E+02   1.120601 E+02 

 

 9 (3s) 10 (3p'') 11 (3d'') 12 (4d') 

   8.558870 E−01   8.767124 E−01   9.033265 E−01   1.176168 E+00 

 −6.248755 E+00 −5.487216 E+00 −3.361044 E+00 −5.876710 E−02 

   2.945320 E+01   1.565481 E+01   1.507872 E+01   1.210346 E+01 

 

 13 (4s) 14 (4p'') 15 (5s) 16 (4d'') 

   2.854421 E+00   3.367301 E+00   8.721407 E+00   1.005589 E+01 

 −6.064830 E−02 −4.011839 E−02 −2.600952 E−03 −1.881202 E−03 

   3.846500 E+00   1.746075 E+00   2.771911 E−01   6.997619 E−03 

 

k  1 (47 Ag) 2 (2p') 3 (1s) 4 (3p') 

kR    2.952782 E−05   3.699131 E−02   4.677718 E−02   5.322435 E−02 

kρ    4.358279 E+14 −4.698854 E+03 −4.842505 E+03 −1.776379 E+02 

kϕ    1.909909 E+06   1.759912 E+03   9.807244 E+02   8.091657 E+02 

 

 5 (4p') 6 (2p'') 7 (3d') 8 (2s) 

   1.082510 E−01   2.156012 E−01   2.324222 E−01   2.433561 E−01 

 −1.799854 E+02 −1.800274 E+02 −3.637649 E+01 −4.010617 E+01 

   4.487302 E+02   1.887680 E+02   1.286466 E+02   1.190270 E+02 

 

 9 (4d') 10 (3s) 11 (3p'') 12 (3d'') 

   7.049601 E−01   8.300820 E−01   8.482500 E−01   8.674116 E−01 

 −6.976692 E+00 −6.986521 E+00 −6.151728 E+00 −3.804267 E+00 

   3.908188 E+01   1.891337 E+01   1.646990 E+01   1.596332 E+01 

  

 13 (4s) 14 (4p'') 15 (4d'') 16 (5s) 

   2.763928 E+00   3.243917 E+00   6.027200 E+00   1.387693 E+01 

 −7.458398 E−02 −5.197082 E−02 −1.000752 E−02 −1.786739 E−04 

   4.016741 E+00   1.410594 E+00   3.639316 E−01   2.123996 E−02 

 

k  1 (48 Cd) 2 (2p') 3 (1s) 4 (3p') 

kR    2.764401 E−05   3.604624 E−02   4.575532 E−02   5.156591 E−02 

kρ    5.424374 E+14 −5.022756 E+03 −5.176336 E+03 −1.918938 E+02 

kϕ    2.083482 E+06   1.853729 E+03   1.034221 E+03   8.581836 E+02 

 

 



L. Chkhartishvili & T. Berberashvili. Nano Studies,  1, 103-144, 2010 

 

 

 122 

 5 (4p') 6 (2p'') 7 (3d') 8 (2s) 

   1.045398 E−01   2.100929 E−01   2.236414 E−01   2.373506 E−01 

 −1.944751 E+02 −1.945217 E+02 −3.927316 E+01 −4.345964 E+01 

   4.832583 E+02   2.063170 E+02   1.436819 E+02   1.332878 E+02 

 

 9 (4d') 10 (3s) 11 (3p'') 12 (3d'') 

   6.778536 E−01   8.059884 E−01   8.218190 E−01   8.346412 E−01 

 −5.182215 E+00 −7.763532 E+00 −6.851616 E+00 −4.270299 E+00 

   4.795679 E+01   2.494971 E+01   2.186001 E+01   2.135897 E+01 

  

 13 (4s) 14 (4p'') 15 (4d'') 16 (5s) 

   2.681445 E+00   3.132706 E+00   5.795447 E+00   1.373979 E+01 

 −8.382595 E−02 −5.906115 E−02 −1.246825 E−02 −1.840775 E−04 

   6.073621 E+00   2.658194 E+00   1.097410 E+00   3.335212 E−01 

  

k  1 (49 In) 2 (2p') 3 (1s) 4 (3p') 5 (4p') 

kR    2.611485 E−05   3.511143 E−02   4.477062 E−02   4.972748 E−02   9.754386 E−02 

kρ    6.568177 E+14 −5.360185 E+03 −5.528167 E+03 −2.075506 E+02 −2.104289 E+02 

kϕ    2.251429 E+06   1.938178 E+03   1.075775 E+03   8.976829 E+02   5.220315 E+02 

  

 6 (2p'') 7 (3d') 8 (2s) 9 (5p') 10 (4d') 

   2.046444 E−01   2.137762 E−01   2.314069 E−01   3.250338 E−01   5.745003 E−01 

 −2.104863 E+02 −4.250458 E+01 −4.729780 E+01 −8.766608 E+00 −8.766671 E+00 

   2.130830 E+02   1.462519 E+02   1.349310 E+02   9.904672 E+01   4.714387 E+01 

 

 11 (3s) 12 (3p'') 13 (3d'') 14 (4s) 

   7.794883 E−01   7.925194 E−01   7.978237 E−01   2.535737 E+00 

 −8.786849 E+00 −7.778728 E+00 −4.900401 E+00 −1.071865 E−01 

   2.418580 E+01   1.920578 E+01   1.889586 E+01   4.776507 E+00 

 

 15 (4p'') 16 (4d'') 17 (5s) 18 (5p'') 

   2.923061 E+00   4.911808 E+00   1.158315 E+01   1.559485 E+01 

 −7.790259 E−02 −2.054839 E−02 −3.701749 E−04 −6.294652 E−05 

   1.688160 E+00   5.692079 E−01   5.639479 E−02   2.097238 E−03 

 

k  1 (50 Sn) 2 (2p') 3 (1s) 4 (3p') 5 (4p') 

kR    2.467213 E−05   3.422326 E−02   4.382713 E−02   4.802160 E−02   9.169330 E−02 

kρ    7.948065 E+14 −5.714333 E+03 −5.895736 E+03 −2.240491 E+02 −2.272451 E+02 

kϕ    2.431725 E+06   2.031427 E+03   1.125036 E+03   9.447684 E+02   5.671729 E+02 

 

 6 (2p'') 7 (3d') 8 (2s) 9 (5p') 10 (4d') 

   1.994678 E−01   2.048100 E−01   2.257492 E−01   2.804256 E−01   5.062632 E−01 

 −2.273142 E+02 −4.591169 E+01 −5.136238 E+01 −9.860977 E+00 −9.861173 E+00 

   2.264465 E+02   1.556454 E+02   1.433694 E+02   1.153567 E+02   5.888310 E+01 
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 11 (3s) 12 (3d'') 13 (3p'') 14 (4s) 

   7.547442 E−01   7.643613 E−01   7.653325 E−01   2.409355 E+00 

 −9.890659 E+00 −8.780099 E+00 −3.329406 E+00 −1.333130 E−01 

   2.747505 E+01   2.064088 E+01   2.044099 E+01   5.225673 E+00 

 

 15 (4p'') 16 (4d'') 17 (5s) 18 (5p'') 

   2.747739 E+00   4.328401 E+00   1.024433 E+01   1.345458 E+01 

 −9.917492 E−02 −3.012673 E−02 −6.401462 E−04 −1.960355 E−04 

   1.880047 E+00   7.646722 E−01   9.464658 E−02   4.190133 E−03 

 

k  1 (51 Sb) 2 (2p') 3 (1s) 4 (3p') 5 (4p') 

kR    2.332088 E−05   3.337787 E−02   4.292223 E−02   4.643023 E−02   8.664807 E−02 

kρ    9.599455 E+14 −6.083905 E+03 −6.279443 E+03 −2.414227 E+02 −2.449588 E+02 

kϕ    2.624084 E+06   2.126981 E+03   1.175481 E+03   9.929617 E+02   6.127320 E+02 

 

 6 (2p'') 7 (3d') 8 (2s) 9 (5p') 10 (4d') 

   1.945405 E−01   1.965963 E−01   2.203544 E−01   2.495391 E−01   4.559489 E−01 

 −2.450406 E+02 −4.950237 E+01 −5.566519 E+01 −1.104041 E+01 −1.104083 E+01 

   2.399941 E+02   1.653418 E+02   1.520799 E+02   1.300246 E+02   7.044826 E+01 

 

 11 (3s) 12 (3d'') 13 (3p'') 14 (4s) 

   7.315308 E−01    7.337072 E−01    7.399704 E−01   2.297336 E+00 

 −1.108120 E+01 −9.861523 E+00 −3.698705 E+00 −1.625863 E−01 

   3.066017 E+01   2.227480 E+01   2.209584 E+01   5.720609 E+00 

 

 15 (4p'') 16 (4d'') 17 (5s) 18 (5p'') 

   2.596551 E+00   3.898228 E+00   9.270607 E+00   1.197267 E+01 

 −1.232070 E−01 −4.138160 E−02 −1.016576 E−03 −4.173142 E−04 

   2.112967 E+00   9.840578 E−01   1.370464 E−01   6.326601 E−03 

 

k  1 (52 Te) 2 (2p') 3 (1s) 4 (3p') 5 (4p') 

kR    2.205345 E−05   3.257040 E−02   4.205326 E−02   4.492876 E−02   8.208538 E−02 

kρ    1.157405 E+15 −6.469406 E+03 −6.679851 E+03 −2.597405 E+02 −2.636431 E+02 

kϕ    2.829311 E+06   2.224939 E+03   1.227111 E+03   1.042414 E+03   6.598953 E+02 

 

 6 (3d') 7 (2p'') 8 (2s) 9 (5p') 10 (4d') 

   1.889628 E−01   1.898342 E−01   2.151935 E−01   2.406710 E−01   4.149085 E−01 

 −2.637394 E+02 −2.776199 E+02 −6.023488 E+01 −1.232182 E+01 −1.232244 E+01 

   2.550619 E+02   1.753634 E+02   1.606489 E+02   1.377109 E+02   8.029383 E+01 

 

 11 (3d'') 12 (3s) 13 (3p'') 14 (4s) 

   7.052189 E−01   7.095263 E−01   7.160411 E−01   2.194126 E+00 

 −1.237601 E+01 −5.435748 E+00 −4.099042 E+00 −1.964236 E−01 

   3.412204 E+01   2.401900 E+01   2.376272 E+01   6.286788 E+00 
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 15 (4p'') 16 (4d'') 17 (5s) 18 (5p'') 

   2.459822 E+00   3.547345 E+00   8.448161 E+00   1.154719 E+01 

 −1.512217 E−01 −5.497902 E−02 −1.412092 E−03 −6.202203 E−04 

   2.405228 E+00   1.258944 E+00   2.074935 E−01   1.204640 E−02 

 

k  1 (53 I) 2 (2p') 3 (1s) 4 (3p') 5 (4p') 

kR    2.086803 E−05   3.180051 E−02   4.121852 E−02   4.352442 E−02   7.808259 E−02 

kρ    1.392332 E+15 −6.870988 E+03 −7.097090 E+03 −2.789775 E+02 −2.832702 E+02 

kϕ    3.047541 E+06   2.325207 E+03   1.279941 E+03   1.092975 E+03   7.075875 E+02 

 

 6 (3d') 7 (2p'') 8 (2s) 9 (5p') 10 (4d') 

    1.819331 E−01   1.853470 E−01   2.102648 E−01   2.273653 E−01   3.822704 E−01 

 −2.833820 E+02 −2.911583 E+02 −6.505592 E+01 −1.369398 E+01 −1.369489 E+01 

   2.731331 E+02   1.857106 E+02   1.685551 E+02   1.479557 E+02   9.094124 E+01 

 

 11 (3d'') 12 (3s) 13 (3p'') 14 (4s) 

   6.789834 E−01   6.888415 E−01   6.936597 E−01   2.101721 E+00 

 −1.376339 E+01 −5.987138 E+00 −4.526363 E+00 −2.336622 E−01 

   3.772690 E+01   2.586681 E+01   2.548103 E+01   6.899952 E+00 

  

 15 (4p'') 16 (4d'') 17 (5s) 18 (5p'') 

   2.339872 E+00   3.268298 E+00   7.803381 E+00   1.090880 E+01 

 −1.822322 E−01 −7.041664 E−02 −1.924337 E−03 −9.195065 E−04 

   2.730047 E+00   1.556790 E+00   2.824270 E−01   1.830144 E−02 

 

k  1 (54 Xe) 2 (2p') 3 (1s) 4 (3p') 5 (4p') 

kR    1.976032 E−05   3.106561 E−02   4.041604 E−02   4.220737 E−02   7.452533 E−02 

kρ    1.670796 E+15 −7.288990 E+03 −7.531521 E+03 −2.991585 E+02 −3.038657 E+02 

kϕ    3.279111 E+06   2.427739 E+03   1.333923 E+03   1.144606 E+03   7.559227 E+02 

 

 6 (3d') 7 (2p'') 8 (2s) 9 (5p') 10 (4d') 

   1.754323 E−01   1.810636 E−01   2.055529 E−01   2.134902 E−01   3.554090 E−01 

 −3.039943 E+02 −3.126674 E+02 −7.013605 E+01 −1.516040 E+01 −1.516174 E+01 

   2.916489 E+02   1.963378 E+02   1.766887 E+02   1.594076 E+02   1.021463 E+02 

 

 11 (3d'') 12 (3s) 13 (3p'') 14 (4s) 

   6.547224 E−01   6.693523 E−01   6.726696 E−01   2.018208 E+00 

 −1.524696 E+01 −6.573828 E+00 −4.981703 E+00 −2.744835 E−01 

   4.139147 E+01   2.780050 E+01   2.727882 E+01   7.550129 E+00 

  

 15 (4p'') 16 (4d'') 17 (5s) 18 (5p'') 

   2.233273 E+00   3.038641 E+00   7.276186 E+00   1.024308 E+01 

 −2.164013 E−01 −8.779759 E−02 −2.572283 E−03 −1.332830 E−03 

   3.079605 E+00   1.873818 E+00    3.598366 E−01   2.419956 E−02 
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k  1 (55 Cs) 2 (2p') 3 (1s) 4 (3p') 5 (4p') 

kR    1.882567 E−05   3.034583 E−02   3.964060 E−02   4.085289 E−02   7.021561 E−02 

kρ    1.967990 E+15 −7.725818 E+03 −7.986020 E+03 −3.208696 E+02 −3.260607 E+02 

kϕ    3.505658 E+06   2.533596 E+03   1.388984 E+03   1.198794 E+03   8.156654 E+02 

 

 6 (3d') 7 (5p') 8 (2p'') 9 (2s) 10 (4d') 

    1.687565 E−01   1.746273 E−01   1.768685 E−01   2.009346 E−01   3.222227 E−01 

 −3.262145 E+02 −3.359582 E+02 −3.359606 E+02 −7.575875 E+01 −1.690460 E+01 

   3.125647 E+02   2.091124 E+02   2.029666 E+02   1.847288 E+02   1.168266 E+02 

 

 11 (3d'') 12 (3s) 13 (3p'') 14 (4s) 15 (4p'') 

   6.298078 E−01   6.493185 E−01   6.510829 E−01   1.918350 E+00   2.104125 E+00 

 −1.701896 E+01 −7.275268 E+00 −5.531181 E+00 −3.400614 E−01 −2.724285 E−01 

   4.560922 E+01   2.963468 E+01   2.894976 E+01   8.178919 E+00   3.407417 E+00 

 

 16 (4d'') 17 (5s) 18 (5p'') 19 (6s) 

   2.754908 E+00   6.371605 E+00   8.378469 E+00   2.412889 E+01 

 −1.186612 E−01 −4.298250 E−03 −2.452407 E−03 −1.699414 E−05 

   2.230443 E+00   5.019411 E−01   9.493183 E−02   7.804349 E−03 

 

k  1 (56 Ba) 2 (2p') 3 (1s) 4 (3p') 5 (4p') 

kR    1.792580 E−05   2.965819 E−02   3.889412 E−02   3.958653 E−02   6.648555 E−02 

kρ    2.320937 E+15 −8.179920 E+03 −8.458643 E+03 −3.436230 E+02 −3.493284 E+02 

kϕ    3.748586 E+06   2.641857 E+03   1.445293 E+03   1.254123 E+03   8.757556 E+02 

 

 6 (5p') 7 (3d') 8 (2p'') 9 (2s) 10 (4d') 

   1.518527 E−01   1.626049 E−01   1.728606 E−01   1.965160 E−01   2.961243 E−01 

 −3.495095 E+02 −3.495132 E+02 −3.604051 E+02 −8.168176 E+01 −1.876769 E+01 

   3.578978 E+02   2.377281 E+02   2.187389 E+02   1.930848 E+02   1.294398 E+02 

  

 11 (3d'') 12 (3s) 13 (3p'') 14 (4s) 15 (4p'') 

   6.068497 E−01   6.304911 E−01   6.309005 E−01   1.829902 E+00   1.992348 E+00 

 −1.891503 E+01 −8.023115 E+00 −6.118073 E+00 −4.126575 E−01 −3.347359 E−01 

   4.988457 E+01   3.163095 E+01   3.077654 E+01   8.913591 E+00   3.824103 E+00 

 

 16 (4d'') 17 (5s) 18 (5p'') 19 (6s) 

   2.531775 E+00   5.749176 E+00   7.285766 E+00   2.137902 E+01 

 −1.536089 E−01 −6.265215 E−03 −3.752607 E−03 −4.886279 E−05 

   2.660332 E+00   6.818691 E−01   1.877558 E−01   1.790125 E−02 

 

k  1 (57 La) 2 (2p') 3 (1s) 4 (3p') 5 (4p') 

kR    1.692451 E−05   2.902829 E−02   3.818004 E−02   3.859718 E−02   6.475144 E−02 

kρ    2.806973 E+15 −8.648024 E+03 −8.945288 E+03 −3.663737 E+02 −3.725292 E+02 

kϕ    4.041273 E+06   2.750477 E+03   1.502852 E+03   1.307546 E+03   9.178818 E+02 
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 6 (5p') 7 (3d') 8 (2p'') 9 (2s) 

   1.492569 E−01   1.579506 E−01   1.691893 E−01   1.924604 E−01 

 −3.727252 E+02 −3.727291 E+02 −3.846125 E+02 −8.734805 E+01 

   3.729340 E+02   2.494777 E+02   2.300989 E+02   2.021814 E+02 

 

 10 (4d') 11 (3d'') 12 (3p'') 13 (3s) 

   2.863917 E−01   5.894798 E−01   6.151331 E−01   6.155785 E−01 

 −2.037232 E+01 −2.053520 E+01 −8.651790 E+00 −2.496299 E+00 

   1.372805 E+02   5.348854 E+01   3.393667 E+01   3.292557 E+01 
 

 14 (4s) 15 (4p'') 16 (4f') 17 (4d'') 

   1.785570 E+00   1.940382 E+00   2.298301 E+00   2.448564 E+00 

 −4.494250 E−01 −3.655542 E−01 −1.694816 E−01 −1.702380 E−01 

   9.680064 E+00   4.253781 E+00   3.240094 E+00   2.588716 E+00 
 

 18 (5s) 19 (4f'') 20 (5p'') 21 (6s) 

   5.648357 E+00   6.894903 E+00   7.161220 E+00   2.121609 E+01 

 −7.356273 E−03 −4.706705 E−03 −3.950365 E−03 −4.999715 E−05 

   7.526164 E−01   2.064493 E−01   1.488919 E−01   1.818341 E−02 
 

k  1 (58 Ce) 2 (2p') 3 (1s) 4 (3p') 5 (4p') 

kR    1.599118 E−05   2.842692 E−02   3.749201 E−02   3.767547 E−02   6.322577 E−02 

kρ    3.386083 E+15 −9.133412 E+03 −9.449945 E+03 −3.900092 E+02 −3.966276 E+02 

kϕ    4.352190 E+06   2.861066 E+03   1.561513 E+03   1.361690 E+03   9.593886 E+02 

 

 6 (5p') 7 (3d') 8 (2p'') 9 (2s) 

   1.472617 E−01   1.536583 E−01   1.656842 E−01   1.885836 E−01 

 −3.968383 E+02 −3.968423 E+02 −4.097497 E+02 −9.321721 E+01 

   3.867739 E+02   2.608374 E+02   2.416580 E+02   2.115025 E+02 
 

 10 (4d') 11 (3d'') 12 (3p'') 13 (3s) 

   2.781337 E−01   5.734605 E−01   6.004435 E−01   6.016325 E−01 

 −2.202548 E+01 −2.220331 E+01 −9.295950 E+00 −2.677542 E+00 

   1.449479 E+02   5.710741 E+01   3.630382 E+01   3.511709 E+01 
 

 14 (4s) 15 (4p'') 16 (4f') 17 (4d'') 

   1.746119 E+00   1.894663 E+00   2.055460 E+00   2.377961 E+00 

 −4.850018 E−01 −3.953169 E−01 −1.847051 E−01 −1.868198 E−01 

   1.043088 E+01   4.660491 E+00   3.931914 E+00   3.110304 E+00 
 

 18 (5s) 19 (4f'') 20 (5p'') 21 (6s) 

   5.566603 E+00   6.166379 E+00   7.065490 E+00   2.108081 E+01 

 −8.994719 E−03 −6.226691 E−03 −4.112028 E−03 −5.096590 E−05 

   7.995669 E−01   2.456582 E−01   1.710934 E−01   1.840633 E−02 
 

k  1 (59 Pr) 2 (2p') 3 (3p') 4 (1s) 5 (4p') 

kR    1.512190 E−05   2.785126 E−02   3.680808 E−02   3.682849 E−02   6.183397 E−02 

kρ    4.073279 E+15 −9.636514 E+03 −9.973082 E+03 −9.980179 E+03 −4.216776 E+02 

kϕ    4.681737 E+06   2.973704 E+03   1.621891 E+03   1.416684 E+03   1.000719 E+03 
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 6 (5p') 7 (3d') 8 (2p'') 9 (2s) 

   1.455508 E−01   1.496529 E−01   1.623291 E−01   1.848684 E−01 

 −4.219028 E+02 −4.219070 E+02 −4.358787 E+02 −9.931069 E+01 

   4.001429 E+02   2.720948 E+02   2.534467 E+02   2.210478 E+02 
 

 10 (4d') 11 (3p'') 12 (3d'') 13 (3s) 

   2.707756 E−01   5.585121 E−01   5.866197 E−01   5.884677 E−01 

 −2.373995 E+01 −2.393267 E+01 −9.960942 E+00 −2.863529 E+00 

    1.526084 E+02   6.078199 E+01   3.872898 E+01   3.736104 E+01 
 

 14 (4s) 15 (4p'') 16 (4f') 17 (4d'') 

   1.709870 E+00   1.852956 E+00   1.908274 E+00   2.315051 E+00 

 −5.205225 E−01 −4.250118 E−01 −1.998558 E−01 −2.038198 E−01 

   1.118484 E+01   5.061475 E+00   4.525381 E+00   3.569309 E+00 
 

 18 (5s) 19 (4f'') 20 (5p'') 21 (6s) 

   5.494347 E+00   5.724821 E+00 6.983402 E+00   2.095775 E+01 

 −1.110054 E−02 −8.221864 E−03 −4.257831 E−03 −5.186893 E−05 

   8.379122 E−01   2.752646 E−01 1.889244 E−01   1.860202 E−02 
 

k  1 (60 Nd) 2 (2p') 3 (3p') 4 (1s) 5 (4p') 

kR    1.429845 E−05   2.729903 E−02   3.598534 E−02   3.618805 E−02   6.052815 E−02 

kρ    4.899993 E+15 −1.015774 E+04 −1.051515 E+04 −1.052275 E+04 −4.477293 E+02 

kϕ    5.035292 E+06   3.088887 E+03   1.688947 E+03   1.473064 E+03   1.041376 E+03 

 

 6 (5p') 7 (3d') 8 (2p'') 9 (2s) 

   1.439487 E−01   1.458807 E−01   1.591104 E−01   1.813003 E−01 

 −4.479693 E+02 −4.479737 E+02 −4.630575 E+02 −1.056481 E+02 

   4.139305 E+02   2.838705 E+02   2.659183 E+02   2.312467 E+02 
 

 10 (4d') 11 (3d'') 12 (3p'') 13 (3s) 

   2.639634 E−01   5.444343 E−01   5.735075 E−01   5.759484 E−01 

 −2.552730 E+01 −2.573532 E+01 −1.065151 E+01 −3.056072 E+00 

   1.608111 E+02   6.497240 E+01   4.165075 E+01   4.009460 E+01 
 

 14 (4s) 15 (4p'') 16 (4d'') 17 (4f') 

   1.675726 E+00   1.813825 E+00   1.832209 E+00   2.256809 E+00 

 −5.569315 E−01 −3.168863 E−01 −2.154176 E−01 −2.213890 E−01 

   1.238404 E+01   5.893310 E+00   5.410196 E+00   4.318720 E+00 
 

 18 (5s) 19 (5p'') 20 (4f'') 21 (6s) 

   5.426173 E+00   5.496626 E+00   6.906539 E+00   2.083995 E+01 

 −1.336062 E−02 −1.037207 E−02 −4.400710 E−03 −5.275352 E−05 

   1.059656 E+00   4.268438 E−01   3.170839 E−01   6.749257 E−02 

 

k  1 (61 Pm) 2 (2p') 3 (3p') 4 (1s) 5 (4p') 

kR    1.355498 E−05  2.676874 E−02   3.520315 E−02   3.556952 E−02   5.929694 E−02 

kρ    5.847159 E+15 −1.069743 E+04 −1.107650 E+04 −1.108461 E+04 −4.748046 E+02 

kϕ    5.400008 E+06   3.205363 E+03   1.756347 E+03   1.529583 E+03   1.081710 E+03 
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 6 (3d') 7 (5p') 8 (2p'') 9 (2s) 

   1.423181 E−01   1.424408 E−01   1.560196 E−01   1.778704 E−01 

 −4.750599 E+02 −4.913051 E+02 −4.913096 E+02 −1.122356 E+02 

   4.272666 E+02   2.949123 E+02   2.776764 E+02   2.408401 E+02 
 

 10 (4d') 11 (3d'') 12 (3p'') 13 (3s) 

   2.576158 E−01   5.311385 E−01   5.610415 E−01   5.640176 E−01 

 −2.738987 E+01 −2.761365 E+01 −1.136849 E+01 −3.255421 E+00 

   1.683087 E+02   6.842279 E+01   4.381140 E+01   4.205992 E+01 
 

 14 (4s) 15 (4p'') 16 (4f') 17 (4d'') 

   1.643422 E+00   1.776930 E+00   1.784150 E+00   2.202538 E+00 

 −5.943078 E−01 −4.867371 E−01 −2.314269 E−01 −2.395107 E−01 

   1.277106 E+01   5.915201 E+00   5.450483 E+00   4.332152 E+00 
 

 18 (4f'') 19 (5s) 20 (5p'') 21 (6s) 

   5.352450 E+00   5.361529 E+00   6.834191 E+00   2.072706 E+01 

 −1.572286 E−02 −7.639086 E−03 −4.541128 E−03 −5.362020 E−05 

   9.264694 E−01   3.046666 E−01   2.061615 E−01   1.896759 E−02 
 

k  1 (62 Sm) 2 (2p') 3 (3p') 4 (1s) 5 (4p') 

kR    1.284936 E−05   2.625936 E−02   3.446021 E−02   3.497183 E−02   5.814608 E−02 

kρ    6.976837 E+15 −1.125583 E+04 −1.165740 E+04 −1.166605 E+04 −5.029050 E+02 

kϕ    5.789945 E+06   3.324344 E+03   1.825273 E+03   1.587449 E+03   1.122785 E+03 

 

 6 (3d') 7 (5p') 8 (2p'') 9 (2s) 

   1.389563 E−01   1.410812 E−01   1.530507 E−01   1.745725 E−01 

 −5.031758 E+02 −5.206288 E+02 −5.206335 E+02 −1.190690 E+02 

   4.468028 E+02   3.063691 E+02   2.878084 E+02   2.510747 E+02 
 

 10 (4d') 11 (3d'') 12 (3p'') 13 (3s) 

   2.517731 E−01   5.185918 E−01   5.492012 E−01   5.526584 E−01 

 −2.932322 E+01 −2.956295 E+01 −1.210992 E+01 −3.460731 E+00 

   1.762967 E+02   7.236629 E+01   4.645429 E+01   4.450105 E+01 
 

 14 (4s) 15 (4f') 16 (4p'') 17 (4d'') 

   1.613085 E+00   1.732378 E+00   1.742442 E+00   2.152586 E+00 

 −6.321350 E−01 −5.183802 E−01 −5.289767 E−01 −2.582047 E−01 

   1.358776 E+01   6.391937 E+00   5.920541 E+00   4.697597 E+00 
  

 18 (4f'') 19 (5s) 20 (5p'') 21 (6s) 

   5.197135 E+00   5.301955 E+00   6.768956 E+00   2.062113 E+01 

 −1.847299 E-02 −7.876521 E−03 −4.672957 E−03 −5.445075 E−05 

   1.005250 E+00   3.186345 E−01   2.091799 E−01   1.913206 E−02 
  

k  1 (63 Eu) 2 (2p') 3 (3p') 4 (1s) 5 (4p') 

kR    1.219082 E−05   2.576970 E−02   3.375364 E−02   3.439396 E−02   5.706899 E−02 

kρ    8.301428 E+15 −1.183327 E+04 −1.225816 E+04 −1.226736 E+04 −5.320452 E+02 

kϕ    6.201154 E+06    3.445400E+03   1.895290 E+03   1.646235 E+03   1.164159 E+03 
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 6 (3d') 7 (5p') 8 (2p'') 9 (2s) 

     1.357784 E−01   1.398620 E−01  1.501968 E−01   1.713991 E−01 

 −5.323316 E+02 −5.510390 E+02 −5.510438 E+02 −1.261507 E+02 

   4.666162 E+02   3.178006 E+02    2.979675 E+02   2.615256 E+02 
 

 10 (4d') 11 (3d'') 12 (3p'') 13 (3s) 

   2.463879 E−01   5.067318 E−01   5.379403 E−01   5.418307 E−01 

 −3.132728 E+01 −3.158308 E+01 −1.287570 E+01 −3.671886 E+00 

   1.843447 E+02   7.637629 E+01   4.915445 E+01   4.699317 E+01 
 

 14 (4s) 15 (4f') 16 (4p'') 17 (4d'') 

   1.584561 E+00   1.676329 E+00   1.710165 E+00   2.106543 E+00 

 −6.703014 E−01 −5.502921 E−01 −5.639366 E−01 −2.775422 E−01 

   1.440904 E+01   6.931056 E+00   6.421800 E+00   5.042089 E+00 
 

 18 (4f'') 19 (5s) 20 (5p'') 21 (6s) 

   5.028988 E+00   5.247153 E+00   6.710462 E+00   2.052170 E+01 

 −2.174508 E−02 −8.100574 E−03 −4.795583 E−03 −5.524607 E−05 

   1.093016 E+00   3.350770 E−01   2.119955 E−01   1.928248 E−02 
 

k  1 (64 Gd) 2 (2p') 3 (3p') 4 (1s) 5 (4p') 

kR    1.157214 E−05   2.529679 E−02   3.306830 E−02   3.383459 E−02   5.597565 E−02 

kρ    9.859391 E+15 −1.243045 E+04 −1.287962 E+04 −1.288941 E+04 −5.623746 E+02 

kϕ    6.636392 E+06   3.568843 E+03   1.966987 E+03   1.706333 E+03   1.207276 E+03 

  

 6 (3d') 7 (5p') 8 (2p'') 9 (2s) 

   1.327075 E−01   1.383863 E−01   1.474405 E−01   1.683315 E−01 

 −5.626781 E+02 −5.827144 E+02 −5.827193 E+02 −1.335489 E+02 

   4.871441 E+02   3.299331 E+02   3.087194 E+02   2.722655 E+02 
  

 10 (4d') 11 (3d'') 12 (3p'') 13 (3s) 

   2.408313 E−01   4.952712 E−01   5.270179 E−01   5.313159 E−01 

 −3.344636 E+01 −3.372027 E+01 −1.368393 E+01 −3.895931 E+00 

   1.929045 E+02   8.062657 E+01   5.201204 E+01   4.963145 E+01 
 

 14 (4s) 15 (4p'') 16 (4f') 17 (4d'') 

   1.555765 E+00   1.677401 E+00   1.696154 E+00   2.059036 E+00 

 −7.125924 E−01 −5.857953 E−01 −2.822890 E−01 −2.973424 E−01 

   1.534610 E+01   7.325831 E+00   6.736773 E+00   5.441206 E+00 
 

 18 (4f'') 19 (5s) 20 (5p'') 21 (6s) 

   5.088462 E+00   5.185206 E+00   6.639659 E+00   2.041409 E+01 

 −2.342792 E−02 −8.374598 E−03 −4.949733 E−03 −5.612436 E−05 

   1.110918 E+00   3.285374 E−01   2.153353 E−01   1.946442 E−02 
 

k  1 (65 Tb) 2 (2p') 3 (3p') 4 (1s) 5 (4p') 

kR    1.099388 E−05   2.484157 E−02   3.241524 E−02   3.329320 E−02   5.495105 E−02 

kρ    1.167810 E+16 −1.304731 E+04 −1.352163 E+04 −1.353202 E+04 −5.937848 E+02 

kϕ    7.094619 E+06   3.694361 E+03   2.039781 E+03   1.767355 E+03   1.250692 E+03 
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 6 (3d') 7 (5p') 8 (2p'') 9 (2s) 

   1.297977 E−01   1.370587 E−01   1.447873 E−01   1.653759 E−01 

 −5.941056 E+02 −6.155199 E+02 −6.155250 E+02 −1.412059 E+02 

   5.079517 E+02   3.420359 E+02   3.194925 E+02   2.832223 E+02 
  

 10 (4d') 11 (3d'') 12 (3p'') 13 (3s) 

   2.357027 E−01   4.844117 E−01   5.166100 E−01   5.212751 E−01 

 −3.563983 E+01 −3.593202 E+01 −1.451773 E+01 −4.126144 E+00 

   2.015240 E+02   8.494418 E+01   5.492782 E+01   5.232165 E+01 
 

 14 (4s) 15 (4p'') 16 (4f') 17 (4d'') 

   1.528655 E+00   1.646698 E+00   1.695881 E+00   2.015188 E+00 

 −7.552868 E−01 −6.216232 E−01 −3.008211 E−01 −3.177642 E−01 

   1.628864 E+01   7.862463 E+00   7.114606 E+00   5.792547 E+00 
 

 18 (4f'') 19 (5s) 20 (5p'') 21 (6s) 

   5.087643 E+00   5.128200 E+00   6.575961 E+00   2.031322 E+01 

 −2.557768 E−02 −8.634514 E−03 −5.094160 E−03 −5.696462 E−05 

   1.149220 E+00   3.282643 E−01   2.184604 E−01    1.963136 E−02 
  

k  1 (66 Dy) 2 (2p') 3 (3p') 4 (1s) 5 (4p') 

kR  1.045269 E−05   2.440289 E−02   3.179110 E−02   3.276889 E−02   5.398232 E−02 

kρ  1.379658 E+16 −1.368419 E+04 −1.418455 E+04 −1.419557 E+04 −6.263047 E+02 

kϕ  7.576753 E+06   3.821960 E+03   2.113703 E+03   1.829316 E+03   1.294514 E+03 

 

 6 (3d') 7 (5p') 8 (2p'') 9 (2s) 

   1.270311 E−01   1.358371 E−01   1.422305 E−01   1.625253 E−01 

 −6.266431 E+02 −6.494872 E+02 −6.494924 E+02 −1.491312 E+02 

   5.290553 E+02   3.541427 E+02   3.303080 E+02   2.943813 E+02 
 

 10 (4d') 11 (3d'') 12 (3p'') 13 (3s) 

 2.309114 E−01   4.740864 E−01   5.066629 E−01   5.116604 E−01 

 −3.791227 E+01 −3.822303 E+01 −1.537886 E+01 −4.363147 E+00 

 2.102216 E+02   8.932320 E+01   5.788990 E+01   5.505145 E+01 
 

 14 (4s) 15 (4p'') 16 (4f') 17 (4d'') 

 1.502929 E+00   1.617668 E+00   1.686402 E+00   1.974224 E+00 

 −7.986697 E−01 −6.580243 E−01 −3.196398 E−01 −3.387848 E−01 

 1.722567 E+01   8.385086 E+00   7.508497 E+00   6.148345 E+00 
 

 18 (4f'') 19 (5s) 20 (5p'') 21 (6s) 

 5.059205 E+00   5.074819 E+00   6.517351 E+00   2.021750 E+01 

 −2.803033 E−02 −8.885350 E−03 −5.232098 E−03 −5.777754 E−05 

 1.178608 E+00   3.118441 E−01   2.048830 E−01   1.315337 E−02 
 

k  1 (67 Ho) 2 (2p') 3 (3p') 4 (1s) 5 (4p') 

kR  9.945252 E−06   2.397961 E−02   3.119218 E−02   3.226082 E−02   5.305342 E−02 

kρ  1.626068 E+16 −1.434149 E+04 −1.486882 E+04 −1.488048 E+04 −6.599750 E+02 

kϕ  8.084010 E+06   3.951747 E+03   2.188906 E+03   1.892339 E+03   1.339029 E+03 
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 6 (3d') 7 (5p') 8 (2p'') 9 (2s) 

   1.243882 E−01   1.346577 E−01   1.397634 E−01   1.597724 E−01 

 −6.603314 E+02 −6.846629 E+02 −6.846682 E+02 −1.573397 E+02 

   5.505829 E+02   3.664274 E+02   3.413134 E+02   3.058120 E+02 
   

 10 (4d') 11 (3d'') 12 (3p'') 13 (3s) 

   2.263474 E−01   4.642232 E−01   4.971177 E−01   5.024187 E−01 

 −4.027217 E+01 −4.060211 E+01 −1.627070 E+01 −4.608181 E+00 

   2.191267 E+02   9.384923 E+01   6.097224 E+01   5.789403 E+01 
 

 14 (4s) 15 (4p'') 16 (4f') 17 (4d'') 

   1.478214 E+00   1.589832 E+00   1.680044 E+00   1.935203 E+00 

 −8.433617 E−01 −6.955431 E−01 −3.390715 E−01 −3.603710 E−01 

   1.823287 E+01   8.969195 E+00   7.941848 E+00   6.547806 E+00 
 

 18 (5s) 19 (4f'') 20 (5p'') 21 (6s) 

   5.023137 E+00   5.040132 E+00   6.460761 E+00   2.012445 E+01 

 −3.043672 E−02 −2.666954 E−02 −5.370063 E−03 −5.858267 E−05 

   1.254156 E+00   3.325995 E−01   2.233961 E−01   1.994078 E−02 
 

k  1 (68 Er) 2 (2p') 3 (3p') 4 (1s) 5 (4p') 

kR    9.469073 E−06   2.357091 E−02   3.061683 E−02   3.176825 E−02   5.216126 E−02 

kρ    1.912044 E+16 −1.501953 E+04 −1.557477 E+04 −1.558710 E+04 −6.948161 E+02 

kϕ    8.617273 E+06   4.083653 E+03   2.265324 E+03   1.956354 E+03   1.384176 E+03 

 

 6 (3d') 7 (5p') 8 (2p'') 9 (2s) 

   1.218603 E−01   1.335162 E−01   1.373813 E−01   1.571122 E−01 

 −6.951912 E+02 −7.210684 E+02 −7.210739 E+02 −1.658366 E+02 

   5.724670 E+02   3.788218 E+02   3.524393 E+02   3.174441 E+02 
 

 10 (4d') 11 (3d'') 12 (3p'') 13 (3s) 

   2.219906 E−01   4.547890 E−01   4.879482 E−01   4.935263 E−01 

 −4.272134 E+01 −4.307108 E+01 −1.719384 E+01 −4.861411 E+00 

   2.281714 E+02   9.845260 E+01   6.410479 E+01   6.077933 E+01 
  

 14 (4s) 15 (4p'') 16 (4f') 17 (4d'') 

   1.454434 E+00   1.563097 E+00   1.676339 E+00   1.897953 E+00 

 −8.894001 E−01 −7.342118 E−01 −3.591345 E−01 −3.825247 E−01 

   1.924028 E+01   9.544839 E+00   8.344504 E+00   6.920616 E+00 
 

 18 (5s) 19 (4f'') 20 (5p'') 21 (6s) 

   4.973004 E+00   5.029016 E+00   6.405994 E+00   2.003387 E+01 

 −3.278073 E−02 −3.272135 E−02 −5.508257 E−03 −5.938094 E−05 

   1.310607 E+00   3.202432 E−01   2.122952 E−01   1.541445 E−02 
 

k  1 (69 Tm) 2 (2p') 3 (3p') 4 (1s) 5 (4p') 

kR    9.022326 E−06   2.317622 E−02   3.006476 E−02   3.129052 E−02   5.131126 E−02 

kρ    2.242874 E+16 −1.571857 E+04 −1.630266 E+04 −1.631569 E+04 −7.308296 E+02 

kϕ    9.176975 E+06   4.217696 E+03   2.342943 E+03   2.021375 E+03   1.429839 E+03 
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 6 (3d') 7 (5p') 8 (2p'') 9 (2s) 

   1.194452 E−01   1.324514 E−01   1.350809 E−01   1.545411 E−01 

 −7.312236 E+02 −7.587025 E+02 −7.587081 E+02 −1.746181 E+02 

   5.947097 E+02   3.912844 E+02   3.636650 E+02   3.293243 E+02 
  

 10 (4d') 11 (3d'') 12 (3p'') 13 (3s) 

   2.178790 E−01   4.457756 E−01   4.791497 E−01   4.849797 E−01 

 −4.525532 E+01 −4.562524 E+01 −1.814636 E+01 −5.122005 E+00 

   2.373568 E+02   1.031677 E+02   6.733126 E+01   6.375168 E+01 
    

 14 (4s) 15 (4p'') 16 (4f') 17 (4d'') 

   1.431713 E+00   1.537626 E+00   1.667520 E+00   1.862801 E+00 

 −9.362794 E−01 −7.735846 E−01 −3.795567 E−01 −4.053003 E−01 

   2.029026 E+01   1.015463 E+01   8.798674 E+00   7.337621 E+00 
 

 18 (5s) 19 (4f'') 20 (5p'') 21 (6s) 

   4.925525 E+00   5.002560 E+00   6.354907 E+00   1.994718 E+01 

 −3.538065 E−02 −3.138504 E−02 −5.641505 E−03 −6.015851 E−05 

   1.391601 E+00   3.364342 E−01   2.255136 E−01   2.023324 E−02 
 

k  1 (70 Yb) 2 (2p') 3 (3p') 4 (1s) 5 (4p') 

kR    8.533454 E−06   2.279488 E−02   2.953483 E−02   3.082698 E−02   5.050267 E−02 

kρ    2.689273 E+16 −1.643892 E+04 −1.705282 E+04 −1.706656 E+04 −7.680314 E+02 

kϕ    9.843350 E+06   4.356263 E+03   2.424143 E+03   2.089788 E+03   1.478365 E+03 

 

 6 (3d') 7 (5p') 8 (2p'') 9 (2s) 

   1.171367 E−01   1.314809 E−01   1.328583 E−01   1.520552 E−01 

 −7.684410 E+02 −7.975768 E+02 −7.975825 E+02 −1.836854 E+02 

   6.196960 E+02   4.061612 E+02   3.773473 E+02   3.438525 E+02 
 

 10 (4d') 11 (3d'') 12 (3p'') 13 (3s) 

   2.140080 E−01   4.371600 E−01   4.707041 E−01   4.767629 E−01 

 −4.787355 E+01 −4.826391 E+01 −1.912814 E+01 −5.390067 E+00 

   2.490679 E+02   1.103905 E+02   7.305095 E+01   6.921061 E+01 
 

 14 (4s) 15 (4p'') 16 (4d'') 17 (4f') 

   1.410030 E+00   1.513395 E+00   1.652496 E+00   1.829705 E+00 

 −9.841722 E−01 −8.138557 E−01 −4.005970 E−01 −4.046665 E−01 

   2.378244 E+01   1.319903 E+01   1.171609 E+01   1.020663 E+01 
 

 18 (5s) 19 (5p'') 20 (6s) 21 (4f'') 

   4.880889 E+00   4.957488 E+00   6.308344 E+00   1.986459 E+01 

 −1.430803 E−02 −1.020179 E−02 −6.132236 E−03 −4.263839 E−04 

   3.435089 E+00   1.892657 E+00   1.467032 E+00   1.425577 E−01 

  

k  1 (71 Lu) 2 (2p') 3 (3p') 4 (1s) 5 (4p') 

kR    8.266763 E−06   2.241482 E−02   2.895126 E−02   3.037472 E−02   4.909457 E−02 

kρ    3.000290 E+16 −1.718498 E+04 −1.783064 E+04 −1.784522 E+04 −8.077731 E+02 

kϕ    1.030606 E+07   4.493213 E+03   2.505109 E+03   2.156018 E+03   1.536383 E+03 
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 6 (3d') 7 (5p') 8 (2p'') 9 (2s) 10 (4d') 

   1.145729 E−01   1.230806 E−01   1.306431 E−01   1.495764 E−01   2.060470 E−01 

 −8.082229 E+02 −8.393586 E+02 −8.393656 E+02 −1.937087 E+02 −5.103228 E+01 

   6.427891 E+02   4.323445 E+02   3.989907 E+02   3.527581 E+02   2.592397 E+02 
 

 11 (3d'') 12 (3p'') 13 (3s) 14 (5d') 15 (4f') 

   4.275920 E−01   4.614035 E−01   4.677554 E−01   9.189539 E−01   1.362795 E+00 

 −5.146966 E+01 −2.033393 E+01 −5.748237 E+00 −1.082878 E+00 −1.082977 E+00 

   1.129170 E+02   7.322243 E+01   6.907144 E+01   3.719560 E+01   1.636277 E+01 
 

 16 (4s) 17 (4p'') 18 (4d'') 19 (4f'') 

   1.374502 E+00   1.471199 E+00   1.761641 E+00   4.088386 E+00 

 −1.133767 E+00 −9.498991 E−01 −5.000522 E−01 −6.267649 E−02 

   1.166921 E+01   1.081014 E+01   8.408322 E+00   1.930121 E+00 
 

 20 (5s) 21 (5p'') 22 (5d'') 23 (6s) 

   4.645356 E+00   5.905303 E+00   1.341504 E+01   1.902817 E+01 

 −1.188695 E−02 −7.123908 E−03 −1.682207 E−04 −6.930276 E−05 

   5.542266 E−01   3.295314 E−01   6.708647 E−02   4.500897 E−03 
  

k  1 (72 Hf) 2 (2p') 3 (3p') 4 (1s) 5 (4p') 

kR    7.942153 E−06   2.204711 E−02   2.838944 E−02   2.993548 E−02   4.777245 E−02 

kρ    3.431067 E+16 −1.795337 E+04 −1.863188 E+04 −1.864735 E+04 −8.488828 E+02 

kϕ    1.087839 E+07   4.634963 E+03   2.590096 E+03   2.225943 E+03   1.597709 E+03 

  

 6 (3d') 7 (5p') 8 (2p'') 9 (2s) 10 (4d') 

   1.121167 E−01   1.166256 E−01   1.285000 E−01   1.471763 E−01   1.987707 E−01 

 −8.493792 E+02 −8.825983 E+02 −8.826065 E+02 −2.041024 E+02 −5.433133 E+01 

   6.689327 E+02   4.589846 E+02   4.212568 E+02   3.644445 E+02   2.720719 E+02 
 

 11 (3d'') 12 (3p'') 13 (3s) 14 (5d') 15 (4f') 

   4.184252 E−01   4.524498 E−01   4.590678 E−01   7.958842 E−01   1.182512 E+00 

 −5.481852 E+01 −2.159127 E+01 −6.122393 E+00 −1.187123 E+00 −1.187427 E+00 

   1.181039 E+02   7.603467 E+01   7.156347 E+01   4.406821 E+01   2.099441 E+01 
  

 16 (4s) 17 (4p'') 18 (4d'') 19 (4f'') 

   1.340888 E+00   1.431579 E+00   1.699431 E+00   3.547535 E+00 

 −1.265168 E+00 −1.067123 E+00 −5.788844 E−01 −9.169640 E−02 

   1.329924 E+01   1.101342 E+01   8.611454 E+00   2.453383 E+00 
 

 20 (5s) 21 (5p'') 22 (5d'') 23 (6s) 

   4.454872 E+00   5.595599 E+00   1.161845 E+01   1.856056 E+01 

 −1.395547 E−02 −8.554943 E−03 −3.792083 E−04 −7.467376 E−05 

   7.626280 E−01   4.153868 E−01   9.719603 E−02   7.325306 E−03 

 

k  1 (73 Ta) 2 (2p') 3 (3p') 4 (1s) 5 (4p') 

kR    7.631713 E−06   2.169085 E−02   2.784660 E−02   2.950866 E−02   4.651300 E−02 

kρ    3.920741 E+16 −1.874457 E+04 −1.945706 E+04 −1.947345 E+04 −8.914216 E+02 

kϕ    1.147814 E+07   4.779089 E+03   2.676727 E+03   2.297139 E+03   1.660270 E+03 
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 6 (3d') 7 (5p') 8 (2p'') 9 (2s) 10 (4d') 

   1.097535 E−01   1.111061 E−01   1.264236 E−01   1.448492 E−01   1.919797 E−01 

 −8.919505 E+02 −9.273707 E+02 −9.273802 E+02 −2.148920 E+02 −5.778574 E+01 

   6.957360 E+02   4.852762 E+02   4.430852 E+02   3.764243 E+02   2.852119 E+02 
 

 11 (3d'') 12 (3p'') 13 (3s) 14 (5d') 15 (4f') 

   4.096055 E−01   4.437983 E−01   4.506598 E−01   7.279785 E−01   1.052722 E+00 

 −5.832648 E+01 −2.280348 E+01 −6.515035 E+00 −1.298346 E+00 −1.298943 E+00 

   1.234953 E+02   7.900383 E+01   7.420106 E+01   4.903137 E+01   2.527371 E+01 
   

 16 (4s) 17 (4p'') 18 (4d'') 19 (4f'') 

   1.308684 E+00   1.393838 E+00   1.641369 E+00   3.158166 E+00 

 −1.409128 E+00 −1.196100 E+00 −6.671165 E−01 −1.263770 E−01 

   1.484975 E+01   1.131803 E+01   8.915607 E+00   3.000450 E+00 
  

 20 (5s) 21 (5p'') 22 (5d'') 23 (6s) 

   4.287157 E+00   5.330777 E+00   1.062715 E+01   1.819478 E+01 

 −1.619138 E−02 −1.013193 E−02 −6.761963 E−04 −7.926851 E−05 

   9.792991 E−01   5.038921 E−01   1.234208 E−01   9.712115 E−03 
 

k  1 (74 W) 2 (2p') 3 (3p') 4 (1s) 5 (4p') 

kR    7.335294 E−06   2.134557 E−02   2.732218 E−02   2.909372 E−02   4.531461 E−02 

kρ    4.476005 E+16 −1.955890 E+04 −2.030652 E+04 −2.032387 E+04 −9.354103 E+02 

kϕ    1.210557 E+07   4.925515 E+03   2.764911 E+03   2.369521 E+03   1.723925 E+03 

 

 6 (5p') 7 (3d') 8 (2p'') 9 (2s) 10 (4d') 

   1.062835 E−01   1.074799 E−01   1.244111 E−01   1.425921 E−01   1.856389 E−01 

 −9.359824 E+02 −9.359932 E+02 −9.737090 E+02 −2.260828 E+02 −6.139738 E+01 

   7.309494 E+02   5.113910 E+02   4.618265 E+02   3.886275 E+02   2.985765 E+02 
 

 11 (3d'') 12 (3p'') 13 (3s) 14 (5d') 15 (4f') 

   4.011205 E−01   4.354405 E−01   4.425243 E−01   6.785347 E−01   9.535360 E−01 

 −6.199545 E+01 −2.427965 E+01 −6.926302 E+00 −1.416575 E+00 −1.417558 E+00 

   1.290182 E+02   8.205992 E+01   7.691620 E+01   5.342073 E+01   2.945134 E+01 
 

 16 (4s) 17 (4p'') 18 (4d'') 19 (4f'') 

   1.277873 E+00   1.357926 E+00   1.587157 E+00   2.860608 E+00 

 −1.565828 E+00 −1.337016 E+00 −7.649445 E−01 −1.668816 E−01 

   1.633277 E+01   1.168801 E+01   9.286319 E+00   3.565638 E+00 
    

 20 (5s) 21 (5p'') 22 (5d'') 23 (6s) 

   4.137164 E+00   5.099395 E+00   9.905362 E+00   1.789615 E+01 

 −1.861103 E−02 −1.186834 E−02 −1.066182 E−03 −8.330332 E−05 

   1.197595 E+00   5.905312 E−01   1.466285 E−01   1.066271 E−02 
 

k  1 (75 Re) 2 (2p') 3 (3p') 4 (1s) 5 (4p') 

kR    7.052590 E−06   2.101090 E−02   2.681617 E−02   2.869023 E−02   4.417950 E−02 

kρ    5.104189 E+16 −2.039662 E+04 −2.118055 E+04 −2.119890 E+04 −9.808544 E+02 

kϕ    1.276098 E+07   5.074261 E+03   2.854636 E+03   2.443103 E+03   1.788532 E+03 
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   6 (5p') 7 (3d') 8 (2p'') 9 (2s) 10 (4d') 

   1.020708 E−01   1.052952 E−01   1.224605 E−01   1.404029 E−01   1.797421 E−01 

 −9.814717 E+02 −9.814839 E+02 −1.021596 E+03 −2.376730 E+02 −6.516340 E+01 

   7.738094 E+02   5.373127 E+02   4.779253 E+02   4.011031 E+02   3.121685 E+02 
 

 11 (3d'') 12 (3p'') 13 (3s) 14 (5d') 15 (4f') 

   3.929669 E−01   4.273761 E−01   4.346616 E−01   6.321120 E−01   8.751885 E−01 

 −6.582227 E+01 −2.570976 E+01 −7.355407 E+00 −1.541238 E+00 −1.542757 E+00 

   1.347099 E+02   8.524797 E+01   7.975271 E+01   5.819505 E+01   3.383441 E+01 
 

 16 (4s) 17 (4p'') 18 (4d'') 19 (4f'') 

   1.248527 E+00   1.323911 E+00   1.536742 E+00   2.625565 E+00 

 −1.734519 E+00 −1.489190 E+00 −8.718813 E−01 −2.130049 E−01 

   1.778149 E+01   1.212521 E+01   9.722206 E+00   4.151119 E+00 

 

 20 (5s) 21 (5p'') 22 (5d'') 23 (6s) 

   4.003368 E+00   4.897269 E+00   9.227675 E+00   1.766722 E+01 

 −2.124345 E−02 −1.380188 E−02 −1.606236 E−03 −8.658389 E−05 

   1.415530 E+00   6.732158 E−01   1.719958 E−01   1.225940 E−02 

 

k  1 (76 W) 2 (2p') 3 (3p') 4 (1s) 5 (4p') 

kR  6.782561 E−06   2.068583 E−02   2.632472 E−02   2.829760 E−02   4.307877 E−02 

kρ  5.814921 E+16 −2.125837 E+04 −2.207983 E+04 −2.209924 E+04 −1.027866 E+03 

kϕ  1.344595 E+07   5.225432 E+03   2.946108 E+03   2.517994 E+03   1.854817 E+03 

   

 6 (5p') 7 (3d') 8 (2p'') 9 (2s) 10 (4d') 

   9.799526 E−02   1.031804 E−01   1.205659 E−01   1.382751 E−01   1.740920 E−01 

 −1.028532 E+03 −1.028545 E+03 −1.071175 E+03 −2.497110 E+02 −6.911444 E+01 

   8.191251 E+02   5.643502 E+02   4.943785 E+02   4.138285 E+02   3.261744 E+02 
 

 11 (3d'') 12 (3p'') 13 (3s) 14 (5d') 15 (4f') 

   3.850746 E−01   4.195437 E−01   4.270153 E−01   6.193245 E−01   8.085513 E−01 

 −6.983957 E+01 −2.720979 E+01 −7.808158 E+00 −1.676031 E+00 −1.677970 E+00 

   1.405995 E+02   8.855556 E+01   8.269640 E+01   6.040299 E+01   3.733654 E+01 
 

 16 (4s) 17 (4p'') 18 (4d'') 19 (4f'') 

   1.219978 E+00   1.290925 E+00   1.488435 E+00   2.425654 E+00 

 −1.921159 E+00 −1.658201 E+00 −9.923529 E−01 −2.672200 E−01 

   1.927409 E+01   1.264124 E+01   1.024084 E+01   4.810809 E+00 
  

 20 (5s) 21 (5p'') 22 (5d'') 23 (6s) 

   3.872806 E+00   4.701730 E+00   9.041002 E+00   1.736408 E+01 

 −2.403135 E−02 −1.581149 E−02 −2.030086 E−03 −9.119816 E−05 

   1.678574 E+00   7.911883 E−01   1.919439 E−01   1.255294 E−02 
 

k  1 (77 Ir) 2 (2p') 3 (3p') 4 (1s) 5 (4p') 

kR    6.524992 E−06   2.037057 E−02   2.585066 E−02   2.791552 E−02   4.203832 E−02 

kρ    6.617015 E+16 −2.214417 E+04 −2.300436 E+04 −2.302485 E+04 −1.076373 E+03 

kϕ    1.416063 E+07   5.378885 E+03   3.039060 E+03   2.594036 E+03   1.921907 E+03 
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  6 (5p') 7 (3d') 8 (2p'') 9 (2s) 10 (4d') 

   9.440459 E−02   1.011485 E−01   1.187284 E−01   1.362102 E−01   1.688400 E−01 

 −1.077089 E+03 −1.077105 E+03 −1.122356 E+03 −2.621587 E+02 −7.322356 E+01 

   8.638821 E+02   5.912136 E+02   5.111503 E+02   4.268041 E+02   3.403589 E+02 
 

 11 (3d'') 12 (3p'') 13 (3s) 14 (5d') 15 (4f') 

   3.774915 E−01   4.119886 E−01   4.196280 E−01   5.983490 E−01   7.535920 E−01 

 −7.401849 E+01 −2.876770 E+01 −8.279000 E+00 −1.817282 E+00 −1.819790 E+00 

   1.466288 E+02   9.197084 E+01   8.573813 E+01   6.355893 E+01   4.117309 E+01 
 

 16 (4s) 17 (4p'') 18 (4d'') 19 (4f'') 

   1.192849 E+00   1.259747 E+00   1.443532 E+00   2.260776 E+00 

 −2.120161 E+00 −1.838851 E+00 −1.122330 E+00 −3.274016 E−01 

   2.075273 E+01   1.320819 E+01   1.080825 E+01   5.489014 E+00 
  

 20 (5s) 21 (5p'') 22 (5d'') 23 (6s) 

   3.755672 E+00   4.529453 E+00   8.734797 E+00   1.712980 E+01 

 −2.703104 E−02 −1.801785 E−02 −2.603355 E−03 −9.499142 E−05 

   1.938918 E+00   9.033696 E−01   2.149277 E−01   1.326012 E−02 
 

k  1 (78 Pt) 2 (2p') 3 (3p') 4 (1s) 5 (4p') 

kR    6.279256 E−06   2.006461 E−02   2.539271 E−02   2.754356 E−02   4.104965 E−02 

kρ    7.521102 E+16 −2.305439 E+04 −2.395454 E+04 −2.397616 E+04 −1.126414 E+03 

kϕ    1.490592 E+07   5.534636 E+03   3.133523 E+03   2.671247 E+03   1.989927 E+03 

    

 6 (5p') 7 (3d') 8 (2p'') 9 (2s) 10 (4d') 

   9.115679 E−02   9.919285 E−02   1.169451 E−01   1.342048 E−01   1.639215 E−01 

 −1.127184 E+03 −1.127201 E+03 −1.175181 E+03 −2.750300 E+02 −7.749827 E+01 

   9.087151 E+02   6.181979 E+02   5.282418 E+02   4.400267 E+02   3.547585 E+02 
 

 11 (3d'') 12 (3p'') 13 (3s) 14 (5d') 15 (4f') 

   3.701928 E−01   4.046900 E−01   4.124811 E−01   5.775879 E−01   7.069320 E−01 

 −7.836692 E+01 −3.038651 E+01 −8.769163 E+00 −1.965711 E+00 −1.968898 E+00 

   1.528042 E+02   9.549197 E+01   8.887572 E+01   6.694126 E+01   4.511803 E+01 
 

 16 (4s) 17 (4p'') 18 (4d'') 19 (4f'') 

   1.166953 E+00   1.230120 E+00   1.401480 E+00   2.120796 E+00 

 −2.332757 E+00 −2.032301 E+00 −1.262751 E+00 −3.940994 E−01 

   2.224029 E+01   1.382535 E+01   1.142476 E+01   6.196621 E+00 
 

 20 (5s) 21 (5p'') 22 (5d'') 23 (6s) 

   3.648215 E+00   4.373626 E+00   8.431724 E+00   1.692784 E+01 

 −3.024032 E−02 −2.040700 E−02 −3.285504 E−03 −9.843213 E−05 

   2.205280 E+00   1.017173 E+00   2.390923 E−01   1.402244 E−02 
  

k  1 (79 Au) 2 (2p') 3 (3p') 4 (1s) 5 (4p') 

kR    6.044821 E−06   1.976755 E−02   2.495013 E−02   2.718132 E−02   4.010913 E−02 

kρ    8.538629 E+16 −2.398938 E+04 −2.493072 E+04 −2.495351 E+04 −1.178013 E+03 

kϕ    1.568253 E+07   5.692682 E+03   3.229489 E+03   2.749620 E+03   2.058871 E+03 



L. Chkhartishvili & T. Berberashvili. Nano Studies,  1, 103-144, 2010 

 

 

 137 

 6 (5p') 7 (3d') 8 (2p'') 9 (2s) 10 (4d') 

   8.819474 E−02   9.730951 E−02   1.152137 E−01   1.322567 E−01   1.593048 E−01 

 −1.178838 E+03 −1.178857 E+03 −1.229677 E+03 −2.883314 E+02 −8.194135 E+01 

   9.537326 E+02   6.453641 E+02   5.456497 E+02   4.534934 E+02   3.693735 E+02 
 

 11 (3d'') 12 (3p'') 13 (3s) 14 (5d') 15 (4f') 

   3.631640 E−01   3.976366 E−01   4.055643 E−01   5.576508 E−01   6.666796 E−01 

 −8.288773 E+01 −3.206721 E+01 −9.278955 E+00 −2.121442 E+00 −2.125426 E+00 

   1.591232 E+02   9.911578 E+01   9.210602 E+01   7.048931 E+01   4.916488 E+01 
 

 16 (4s) 17 (4p'') 18 (4d'') 19 (4f'') 

   1.142212 E+00   1.201935 E+00   1.362009 E+00   2.000039 E+00 

 −2.559251 E+00 −2.238845 E+00 −1.413880 E+00 −4.674971 E−01 

   2.374419 E+01   1.448861 E+01   1.208641 E+01   6.934115 E+00 
 

 20 (5s) 21 (5p'') 22 (5d'') 23 (6s) 

   3.548987 E+00   4.231509 E+00   8.140679 E+00   1.675164 E+01 

 −3.367208 E−02 −2.299068 E−02 −4.085500 E−03 −1.015709 E−04 

   2.477770 E+00   1.132656 E+00   2.642118 E−01   1.480553 E−02 
 

k  1 (80 Hg) 2 (2p') 3 (3p') 4 (1s) 5 (4p') 

kR    5.821331 E−06   1.947908 E−02   2.452258 E−02   2.682846 E−02   3.921587 E−02 

kρ    9.681318 E+16 −2.494941 E+04 −2.593320 E+04 −2.595720 E+04 −1.231179 E+03 

kϕ    1.649075 E+07   5.852996 E+03   3.326914 E+03   2.829128 E+03   2.128635 E+03 

   

 6 (5p') 7 (3d') 8 (2p'') 9 (2s) 10 (4d') 

   8.550357 E−02   9.549643 E−02   1.135324 E−01   1.303637 E−01   1.549764 E−01 

 −1.232061 E+03 −1.232082 E+03 −1.285853 E+03 −3.020634 E+02 −8.655148 E+01 

   9.986890 E+02   6.726233 E+02   5.633633 E+02   4.671986 E+02   3.841763 E+02 
 

 11 (3d'') 12 (3p'') 13 (3s) 14 (5d') 15 (4f') 

   3.563975 E−01   3.908226 E−01   3.988730 E−01   5.364145 E−01   6.316740 E−01 

 −8.757939 E+01 −3.380894 E+01 −9.807862 E+00 −2.284060 E+00 −2.289033 E+00 

   1.655741 E+02   1.028348 E+02   9.542193 E+01   7.446016 E+01   5.345713 E+01 
 

 16 (4s) 17 (4p'') 18 (4d'') 19 (4f'') 

   1.118616 E+00   1.175167 E+00   1.325003 E+00   1.895022 E+00 

 −2.799053 E+00 −2.457940 E+00 −1.575308 E+00 −5.473941 E−01 

   2.525985 E+01   1.518807 E+01   1.278284 E+01   7.692339 E+00 

 

 20 (5s) 21 (5p'') 22 (5d'') 23 (6s) 

   3.457738 E+00   4.102389 E+00   7.830668 E+00   1.660763 E+01 

 −3.737423 E−02 −2.582468 E−02 −5.077650 E−03 −1.042362 E−04 

   2.748177 E+00   1.242705 E+00   2.904978 E−01   1.570841 E−02 
 

k  1 (81 Tl) 2 (2p') 3 (3p') 4 (1s) 5 (4p') 

kR    5.631103 E−06   1.919370 E−02   2.408164 E−02   2.648346 E−02   3.815887 E−02 

kρ    1.082969 E+17 −2.593836 E+04 −2.696669 E+04 −2.699203 E+04 −1.287055 E+03 

kϕ    1.726094 E+07   6.016522 E+03   3.427957 E+03   2.910757 E+03   2.206990 E+03 
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   6 (5p') 7 (3d') 8 (2p'') 9 (2s) 10 (4d') 

   8.031193 E−02 9.362289 E−02   1.118691 E−01   1.284905 E−01   1.497224 E−01 

 −1.288013 E+03 −1.288038 E+03 −1.345102 E+03 −3.167747 E+02 −9.168218 E+01 

   1.076702 E+03 7.126970 E+02   5.811842 E+02   4.805848 E+02   4.007574 E+02 
 

 11 (6p') 12 (3d'') 13 (3p'') 14 (3s) 15 (5d') 

   2.725184 E−01   3.494054 E−01   3.837952 E−01   3.919803 E−01   4.606925 E−01 

 −9.283934 E+01 −9.283937 E+01 −3.577581 E+01 −1.043203 E+01 −2.504302 E+00 

   2.239451 E+02   1.331430 E+02   1.062121 E+02   9.835883 E+01   8.594225 E+01 
 

 16 (4f') 17 (4s) 18 (4p'') 19 (4d'') 20 (4f'') 

   5.879686 E−01   1.091020 E+00   1.143493 E+00   1.280082 E+00   1.763906 E+00 

 −2.512153 E+00 −3.144570 E+00 −2.776912 E+00 −1.818884 E+00 −6.789137 E−01 

   6.298976 E+01   2.677704 E+01   1.566437 E+01   1.330955 E+01   8.455896 E+00 
 

 21 (5s) 22 (5p'') 23 (5d'') 24 (6s) 25 (6p'') 

   3.290193 E+00 3.853299 E+00   6.725264 E+00   1.412034 E+01   1.907240 E+01 

 −4.649650 E−02 −3.309118 E−02 −8.054966 E−03 −2.040033 E−04 −3.441097 E−05 

   3.011126 E+00 1.344876 E+00   4.063141 E−01   4.104365 E−02   1.751860 E−03 
  

k  1 (82 Pb) 2 (2p') 3 (3p') 4 (1s) 5 (4p') 

kR    5.446139 E−06   1.891640 E−02   2.365590 E−02   2.614717 E−02   3.716302 E−02 

kρ    1.211879 E+17 −2.695329 E+04 −2.802751 E+04 −2.805425 E+04 −1.344635 E+03 

kϕ    1.806752 E+07   6.182652 E+03   3.530814 E+03   2.993822 E+03   2.286416 E+03 

  

 6 (5p') 7 (3d') 8 (2p'') 9 (2s) 10 (4d') 

   7.597637 E−02   9.182064 E−02   1.102529 E−01   1.266693 E−01   1.448622 E−01 

 −1.345673 E+03 −1.345702 E+03 −1.406192 E+03 −3.319748 E+02 −9.705096 E+01 

   1.152549 E+03   7.516774 E+02   5.995861 E+02 4.944771 E+02   4.177411 E+02 
 

 11 (6p') 12 (3d'') 13 (3p'') 14 (3s) 15 (5d') 

   2.363917 E−01   3.426793 E−01  3.770100 E−01   3.853153 E−01   4.103508 E−01 

 −9.830956 E+01 −9.830967 E+01 −3.656100 E+01 −1.108269 E+01 −2.736410 E+00 

   2.626870 E+02   1.476785 E+02  1.099514 E+02   1.016395 E+02   9.572883 E+01 
 

 16 (4f') 17 (4s) 18 (4p'') 19 (4d'') 20 (4f'') 

   5.512161 E−01   1.064871 E+00   1.113650 E+00   1.238529 E+00   1.653648 E+00 

 −2.747520 E+00 −3.515059 E+00 −3.119646 E+00 −2.082518 E+00 −8.239171 E−01 

   7.198222 E+01   2.843751 E+01   1.631844 E+01   1.400474 E+01   9.341751 E+00 
 

 21 (5s) 22 (5p'') 23 (5d'') 24 (6s) 25 (6p'') 

   3.144858 E+00   3.645282 E+00   5.990369 E+00   1.256250 E+01   1.654404 E+01 

 −5.637821 E−02 −4.102715 E−02 −1.145567 E−02 −3.462747 E−04 −1.054431 E−04 

   3.352336 E+00   1.507360 E+00   5.508261 E−01   7.615331 E−02   8.271020 E−03 
 

k  1 (83 Bi) 2 (2p') 3 (3p') 4 (1s) 5 (4p') 

kR    5.267517 E−06   1.864675 E−02   2.324413 E−02   2.581923 E−02   3.621949 E−02 

kρ    1.355725 E+17 −2.799461 E+04 −2.911610 E+04 −2.914429 E+04 −1.403968 E+03 

kϕ    1.890800 E+07   6.350799 E+03   3.634919 E+03   3.077735 E+03   2.366467 E+03 
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 6 (5p') 7 (3d') 8 (2p'') 9 (2s) 10 (4d') 

   7.223220 E−02   9.008357 E−02   1.086812 E−01   1.248974 E−01   1.403309 E−01 

 −1.405088 E+03 −1.405122 E+03 −1.469179 E+03 −3.476971 E+02 −1.026175 E+02 

   1.227014 E+03   7.896532 E+02   6.179590 E+02   5.082587 E+02   4.345629 E+02 
   

 11 (6p') 12 (3d'') 13 (3p'') 14 (5d') 15 (3s) 

   2.112757 E−01   3.361965 E−01   3.704476 E−01   3.729908 E−01   3.788601 E−01 

 −1.040020 E+02 −1.040023 E+02 −3.994503 E+01 −1.176188 E+01 −1.177667 E+01 

   2.973142 E+02   1.598732 E+02   1.134465 E+02   1.058330 E+02   1.041921 E+02 
  

 16 (4f') 17 (4s) 18 (4p'') 19 (4d'') 20 (4f'') 

   5.195699 E−01   1.039970 E+00   1.085376 E+00   1.199788 E+00   1.558710 E+00 

 −2.996468 E+00 −3.912972 E+00 −3.488471 E+00 −2.368161 E+00 −9.836598 E−01 

   7.975377 E+01   2.998141 E+01   1.692876 E+01   1.466289 E+01   1.019026 E+01 
 

 21 (5s) 22 (5p'') 23 (5d'') 24 (6s) 25 (6p'') 

   3.015721 E+00   3.465640 E+00   5.444982 E+00   1.142401 E+01   1.478628 E+01 

 −6.715624 E−02 −4.974748 E−02 −1.533498 E−02 −5.417898 E−04 −2.215426 E−04 

  3.671547 E+00   1.654114 E+00   6.797461 E−01   9.922407 E−02   5.196575 E−03 
  

k  1 (84 Po) 2 (2p') 3 (3p') 4 (1s) 5 (4p') 

kR    5.095296 E−06   1.838415 E−02   2.284414 E−02   2.549928 E−02   3.531330 E−02 

kρ    1.515942 E+17 −2.906291 E+04 −3.023315 E+04 −3.026284 E+04 −1.465158 E+03 

kϕ    1.978261 E+07   6.521627 E+03   3.741011 E+03   3.163157 E+03   2.448223 E+03 

 

 6 (5p') 7 (3d') 8 (2p'') 9 (2s) 10 (4d') 

   6.882406 E−02   8.840121 E−02   1.071507 E−01   1.231708 E−01   1.360348 E−01 

 −1.466366 E+03 −1.466406 E+03 −1.534191 E+03 −3.639455 E+02 −1.084297 E+02 

   1.303240 E+03   8.282144 E+02   6.368902 E+02   5.224940 E+02   4.519226 E+02 
 

 11 (6p') 12 (3d'') 13 (5d') 14 (3p'') 15 (3s) 

   2.045601 E−01   3.299178 E−01   3.421651 E−01   3.640728 E−01   3.725819 E−01 

 −1.099496 E+02 −1.099499 E+02 −4.216539 E+01 −4.218455 E+01 −1.249489 E+01 

   3.129964 E+02   1.665250 E+02   1.227033 E+02   1.145045 E+02   1.080188 E+02 
  

 16 (4f') 17 (4s) 18 (4p'') 19 (4d'') 20 (4f'') 

   4.914529 E−01   1.015959 E+00   1.058221 E+00   1.163057 E+00   1.474359 E+00 

 −3.263310 E+00 −4.346290 E+00 −3.890974 E+00 −2.682186 E+00 −1.162327 E+00 

   8.517735 E+01   3.167914 E+01   1.768496 E+01   1.546277 E+01   1.116042 E+01 
 

 21 (5s) 22 (5p'') 23 (5d'') 24 (6s) 25 (6p'') 

   2.895913 E+00   3.302120 E+00   4.994982 E+00   1.045849 E+01   1.431629 E+01 

 −7.934737 E−02 −5.968732 E−02 −1.990520 E−02 −7.428305 E−04 −3.254479 E−04 

   4.069538 E+00   1.863615 E+00   8.616566 E−01   1.512522 E−01   1.001409 E−02 

 

k  1 (85 At) 2 (2p') 3 (3p') 4 (1s) 5 (4p') 

kR    4.929304 E−06   1.812867 E−02   2.245721 E−02   2.518711 E−02   3.445433 E−02 

kρ    1.694235 E+17 −3.015826 E+04 −3.137868 E+04 −3.140993 E+04 −1.528148 E+03 

kϕ    2.069223 E+07   6.694841 E+03   3.848706 E+03   3.249791 E+03   2.530919 E+03 
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  6 (5p') 7 (3d') 8 (2p'') 9 (2s) 10 (4d') 

   6.582751 E−02   8.677911 E−02   1.056616 E−01   1.214902 E−01   1.320200 E−01 

 −1.529450 E+03 −1.529495 E+03 −1.601152 E+03 −3.807308 E+02 −1.144638 E+02 

   1.378805 E+03   8.664323 E+02   6.561698 E+02   5.369996 E+02   4.694943 E+02 

 

 11 (6p') 12 (5d') 13 (3d'') 14 (3p'') 15 (3s) 

   1.939460 E−01   3.175547 E−01   3.238641 E−01   3.579063 E−01   3.665007 E−01 

 −1.161265 E+02 −1.161270 E+02 −1.161510 E+02 −4.449385 E+01 −1.324299 E+01 

   3.353806 E+02   1.784503 E+02   1.320728 E+02   1.212027 E+02   1.114760 E+02 

 

 16 (4f') 17 (4s) 18 (4p'') 19 (4d'') 20 (4f'') 

   4.667582 E−01   9.930914 E−01   1.032480 E+00   1.128732 E+00   1.400275 E+00 

 −3.544209 E+00 −4.808334 E+00 −4.320835 E+00 −3.019366 E+00 −1.356588 E+00 

   9.060509 E+01   3.343021 E+01   1.851219 E+01   1.633090 E+01   1.218294 E+01 

 

 21 (5s) 22 (5p'') 23 (5d'') 24 (6s) 25 (6p'') 

   2.788332 E+00   3.158349 E+00   4.635715 E+00   9.699037 E+00   1.357345 E+01 

 −9.246300 E−02 −7.043840 E−02 −2.497244 E−02 −1.000628 E−03 −4.773224 E−04 

   4.494278 E+00   2.090926 E+00   1.054350 E+00   2.052684 E−01   1.478681 E−02 

 

k  1 (86 Rn) 2 (2p') 3 (3p') 4 (1s) 5 (4p') 

kR    4.769549 E−06   1.788001 E−02   2.208269 E−02   2.488243 E−02   3.363837 E−02 

kρ    1.892247 E+17 −3.128103 E+04 −3.255308 E+04 −3.258594 E+04 −1.592970 E+03 

kϕ    2.163691 E+07   6.870439 E+03   3.958003 E+03   3.337632 E+03   2.614581 E+03 

 

 6 (5p') 7 (3d') 8 (2p'') 9 (2s) 10 (4d') 

   6.315705 E−02   8.521389 E−02   1.042124 E−01   1.198537 E−01   1.282556 E−01 

 −1.594368 E+03 −1.594420 E+03 −1.670099 E+03 −3.980492 E+02 −1.207251 E+02 

   1.454103 E+03   9.045132 E+02   6.757912 E+02   5.517678 E+02   4.872843 E+02 

 

 11 (6p') 12 (5d') 13 (3d'') 14 (3p'') 15 (3s) 

   1.827134 E−01   2.972194 E−01   3.180226 E−01   3.519374 E−01   3.606068 E−01 

 −1.225386 E+02 −1.225393 E+02 −1.225686 E+02 −4.688983 E+01 −1.402182 E+01 

   3.609342 E+02   1.970565 E+02   1.411953 E+02   1.252675 E+02   1.150441 E+02 

 

 16 (4f') 17 (4s) 18 (4p'') 19 (4d'') 20 (4f'') 

   4.448261 E−01   9.712752 E−01   1.008029 E+00   1.096547 E+00   1.334478 E+00 

 −3.839664 E+00 −5.300143 E+00 −4.779051 E+00 −3.380558 E+00 −1.567028 E+00 

   9.605300 E+01   3.523383 E+01   1.940236 E+01   1.725978 E+01   1.325438 E+01 

  

 21 (5s) 22 (5p'') 23 (5d'') 24 (6s) 25 (6p'') 

   2.690776 E+00   3.030222 E+00   4.338857 E+00   9.076378 E+00   1.278733 E+01 

 −1.065487 E−01 −8.204064 E−02 −3.056008 E−02 −1.323616 E−03 −6.850532 E−04 

   4.942307E+00   2.332955 E+00   1.257017 E+00   2.607116 E−01   1.945779 E−02 

 

 From the presented results one can drew following conclusions. In accordance with well-

known ionization potential – atomic number relationship, quasi-classical atomic radius qR  reveals a 
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quasi-periodic dependence upon the parameter Z  with maxima at hydrogen H and typical metals 

(including all alkali elements) Li, Na, Al, K, Ga, Rb, Ag, In, Cs, Tl corresponding to the atomic 

ionization potentials’ minima. 

r

ρ
(r

)

 
Fig. 1. Schematic-plot of the electric-charge-density step-like radial distribution in atoms. 

 

r

−
 ϕ

(r
)

 
Fig. 2. Schematic-plot of the electron-potential-energy step-like radial distribution in atoms. 

 

 Schematic-plots of the obtained )(rρ  and )(rϕ−  functions in the step-like form are shown 

in Figs. 1 and 2, respectively. Electric-charge-density reveals main sharp positive maximum in the 

vicinity of center, which corresponds to the nucleus vibrations’ region, broad negative minimum, 

which corresponds to the main electron-density maximum located at relatively short distance from 

the center, and a few extremes at relatively long distance, which are characteristic for the shell-

structure of atoms. As for the electron-potential-energy-function, anywhere it is negative and 

monotonously rises. Thus, it posses only minimum at the center (an additional minimum may be 
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revealed in effective-potential-function). Of course, behind the atomic radius both )(rρ  and )(rϕ−  

functions in the step-like presentation are null equations. 

 

5. ACCURACY OF BINDING-ENERGY AND ELECTRONIC-STRUCTURE 

CALCULATIONS BASED ON RADIAL STEP-LIKE ATOMIC POTENTIALS 
 

 In conclusion, it is not out of place to consider accuracy of the binding energy and 

electronic-structure calculations carried out within the semiclassical approximation, i.e. on the basis 

of above introduced radial step-like atomic potentials. 

 It is most convenient to estimate method accuracy for the Thomas–Fermi (TF) statistical 

semiclassical atomic model starting from only analytical solution 

F
r

r −=
4

2

8

81
)(

π
ϕ    (17) 

of the TF equation. Here F  is the Fermi-energy for intra-atomic electron gas, i.e. higher occupied 

electron level. Electron charge density corresponding to the potential )(rϕ  is expressed by the 

function 

68

243
)(

r
r

π
ρ −= .    (18) 

 As electron charge equals to 1−  its potential in atom energy −∞→−→−= 4/1)()( rrrU ϕ  

when  0→r . Then, inner turning point radius 0=′r  for any electron in bound in TF “atom”. As 

for the outer turning point radius r ′′  of the electron with energy FE ≤ , it can be found as only real 

positive root of the equation )(rUE eff= , where 22/)1()()( rllrUrU eff ++=  is the effective 

potential energy of the electron with orbital quantum number l , i.e. 

24

2

2

)1(

8

81

r

ll

r
FE

+
+−=

π
.   (19) 

Because differences between semiclassical electron energies are negligible if compared with 

their depth, one can suppose that approximately all of them coincide with Fermi-energy FE = . In 

that case, the product )1( +ll  also should be substituted for its standard semiclassical expression 
2)2/1( +l . As a result, we get 

12

9

+
=′′

l
r

π
.    (20) 

Consequently, averaged partial charge density of a l -electron-subshell equals to 

 

4

3

3 972

)12(

3

4

1
)(

ππ
ρ

+
−=

′′

−
=

l

r
rl

    (21) 

and 0 , respectively, inside and outside the r ′′ -sphere. 

 As is known, when summation over the principal and orbital quantum numbers n  and l  

characterizing electron motion in central-symmetric electric field is substituted for semiclassical 

integration the combinations 2/1−= nν  and 2/1+= lλ  serve as integration variables. As 

1−≤ nl  the limit of integration over λ  should be taken equal to ν=+− 2/11n . As for the 

degeneracy factor, it equals to λ4)12(2 =+l . Note that partial electron charge density takes on a 

nonzero value 43 243/2 πλ−  if λπ 2/9=′′≤ rr . Consequently, r2/9πλ ≤ . But, maxmax λν =  and, 

then, the ratio r2/9π  should serve as the limit of integration over ν  too. 

 Now we can found total electron charge density by means of semiclassical integration: 
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∫ ∫ −=−=
r

calSemiclassi
r

ddr
2

9

0 0

6

2

4

3
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2
4)(

π

ν
π

π

λ
λλνρ .      (22) 

It yields semiclassical atomic potential in following form 

F
r

rcalSemiclassi −=
4

3/122

80

)90(81
)(

ππ
ϕ .        (23) 

Variable parts of the obtained semiclassical expressions reveal same radial dependences 

( 6/1~ r−  and 6/1~ r , respectively, for electron charge density and potential) as corresponding 

exact analytical solutions, but differ from them by the multipliers 10/3π  and 3/2)10/3( π . 

Therefore, semiclassically determined structural and energy parameters are expected to be 

distinguished from their exact values by the multipliers of order of magnitude 

1~02.1)3/10(~ 3/1 ≈π  and 1~96.0)10/3(~ 3/2 ≈π , respectively. Thus the estimated errors of the 

semiclassical approach make up a few percent. This conclusion is actually proved by the above 

cited calculations performed for some one-, two-, and three-dimensional real polyatomic structures. 
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1. INTRODUCTION 

 

Quantum wells are considered as the most reliable low-dimensional systems for 

thermoelectrics [1]. However, improvements in thermoelectric properties over bulk materials are 

insufficient for most applications. In this work, we present ridged quantum wells (RQWs) having 

advanced thermoelectric properties. RQW layer has periodic ridges on the surface. Its operation is 

based on the effect of quantum state depression (QSD). Periodic ridges impose additional boundary 

conditions on the electron-wave function. Supplementary boundary conditions forbid some 

quantum states for free electron, and the quantum state density in the energy )(Eρ  reduces. 

According to Pauli’s Exclusion Principle, electrons rejected from the forbidden quantum states have 

to occupy the states with higher E . Thus, chemical potential µ  increases. In semiconductors, QSD 

reduces )(Eρ  in all energy bands including the conduction band (CB). Electrons rejected from the 

filled bands occupy the quantum states in the empty bands, and the electron concentration in the CB 

increases [2]. This corresponds to donor doping (we will refer to it as QSD doping). The QSD 

transfers electrons to higher energy levels. If initially the semiconductor is intrinsic, then the QSD 

doping will modify it to n-type. It is comparable with a conventional donor doping from the point of 

increase in µ . However, there are no donor atoms. QSD doping does not introduce scattering 

centres and consequently allow high electron mobility. There are distinctions and similarities 

between the QSD forbidden quantum state and a hole. State is forbidden by the boundary conditions 

and cannot be occupied. However, it is not forbidden in an irreversible way. If the boundary 

conditions change (e.g., owing to charge depletion), then it can recombine with the electron (like 

the hole recombines with the electron). As the QSD forbidden state is confined to the boundary 

conditions (macroscopic geometry), it is not localized in the lattice and cannot move like a hole. 

 

 
 

Fig. 1. Cross-section of a ridged quantum well. 

 

Density of states in RQW (Fig. 1) reduces G  times GEE /)()( 0ρρ = , where )(0 Eρ  is the 

density of states in a conventional quantum well layer of thickness L  ( 0=a ) and G  is the 

geometry factor. In the first approximation, for the case awL >>,  and within the 

range 105 << G , the following simple expression can be used 
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aLG /≈  .                       (1) 

where 0=a  is the ridge height and L  is the RQW layer thickness (Fig. 1). Density of QSD 

forbidden quantum states is 

)1()(/)()()(
1

000FOR

−−=−= GEGEEE ρρρρ .                   (2) 

To determine the number of rejected electrons n , (2) should be integrated over electron 

confinement energy range 

CON

1

CON
0

CON

1

FOR )1()()1()( nGEdEGEdEn
−− −=∫∫ −== ρρ  .                 (3) 

Here, ∫=
CON

0CON )(EdEn ρ is the number of quantum states (per unit volume) within electron 

confinement energy range (which depends on RQW and substrate band structures). RQW retains 

quantum properties at G  times more widths with respect to the conventional quantum well. 

Previously, QSD was studied experimentally [3] and theoretically [4] in ridged metal films. 

 

 
 

Fig. 2. RQW with series of periodic junctions grown at the top of the ridges. 

 

Thermoelectric materials are characterized in terms of dimensionless figure of merit ZT  [5]. 

Here, T  is the temperature and Z  is given by )/( le

2 κκσ += SZ , where S  is the Seebek 

coefficient, σ  is electrical conductivity, eκ  is electron gas thermal conductivity, and lκ  is lattice 

thermal conductivity. The difficulty in increasing ZT  is that materials having high S  usually have 

low σ . When σ  is increased, it leads to an increase in eκ , following Wiedemann–Franz law, and 

ZT  does not improve much. Another approach is to eliminate the lattice thermal conductivity by 

introducing vacuum nanogap between the hot and cold electrodes [6−8] and using electron 

tunnelling. Cooling in such designs was observed in [9] and theoretically studied in [10,11]. 

However, vacuum nanogap devices appear extremely difficult to fabricate. In this work, we present 

a solution that allows large enhancement of S  without changes in σ , eκ  and lκ . It is based on 

RQW having series of p
+
−n

+
 or metal−n

+
 junctions on the top of the ridges RQW (Fig. 2). 

Depletion region width )(Td  depends rather strongly on temperature. The ridge effective height 

)()(eff TdaTa −=  and consequently the geometry factor of RQW becomes temperature-

dependent, )(TGG = . All parameters of RQW including µ  become stronger functions of T  than 

it will be in an RQW without the junctions. Seebek coefficient and thermoelectric figure of merit 

increase. 

The objective of this work is to calculate ZT  of RQW with series of p
+
−n

+
 and metal−n

+
 

junctions and compare it with TZ 0  of reference RQW (RRQW), in which )(TGG ≠ , and bulk 

material. Analysis was made using the Boltzmann transport equations. First, we calculate µ∇  for 

the system of RQW and junctions and express it as 

J0 µµµ ∇+∇=∇ .            (4) 
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Here, 0µ∇  is the chemical potential gradient in an RRQW and Jµ∇  is introduced by the 

junctions. Next, we insert µ∇  in Boltzmann transport equations and calculate S  for the system of 

RQW and junctions, expressing it as J0 SSS += , where 0S  is Seebek coefficient of RRWQ and 

JS  is introduced by the junctions. Finally, the reduced figure of merit TZZT 0/  is calculated and 

µ  dependences are presented for such traditional thermoelectric materials as Si and Ge. Analysis 

was made within the parabolic bands approximation and the abrupt junction’s approximation. Since 

only heavy QSD doping was considered, we neglected the holes contribution in this transport. 

 

 

2. CHARGE AND HEAT TRANSPORT IN THE RWQ WITH JUNCTIONS 

 

Cross-section of the system of RQW and periodic junction is shown in Fig. 2. We assume that 

there is a temperature gradient T∇  in the Y -dimension. Consequently, depletion depth depends on 

the Y -coordinate, and geometry factor gradient G∇ appears in the Y -direction. Presence of G∇  

and T∇  modifies the electron distribution function and causes electron motion from the hot side to 

the cold side. This motion is compensated by thermoelectric voltage. Let us write Boltzmann 

transport equations [12] for the system of RQW and periodic series of junctions 

( ) TeJ ∇−∇+= 1211
/ LL µε  

and 

( ) TeJ
Q ∇−∇+= 2221

/ LL µε .    (5) 

Here, J  is the electric current density, 
Q

J  is the heat current density, 
ji

L  are coefficients, 

ε  is the electric field, and e  is the electron charge. Within the parabolic bands approximation, 
ji

L  are the functions of integrals of type 

( )∫ −∂∂−=
+∞

∞−

αα µτ )(y)()ρ()(Ω
2

0

)(
EvEEEfdEE ,      (6) 

where 0f  is the electron distribution function, )(Eτ  is the electron lifetime, yv  is the electron 

velocity in the Y -direction, and 2,1,0=α  [13]. Let us find how QSD affects )(Ω
)(

E
α

. The QSD 

does not change dispersion relation and consequently yv . It reduces density of states (3D density) 

G  times, i.e. GEE /)()( 0ρρ =  and increases the transport lifetime G  times [2], i.e., 

)()( 0 EGE ττ =  (the latter follows from Fermi’s golden rule). Here, )(0 Eρ and )(0 Eτ are the 

density of states and carrier lifetime, respectively, in the case 0=a . Consequently, product 
2

y)()( vEE τρ  in the RQW is the same as in the conventional quantum well of the same width (3D 

case) and in the bulk material. This product does not depend on G  and consequently it becomes 

independent of depletion depth. The QSD changes the distribution function 0f , since it increases 

µ . The QSD influences integrals )(Ω
)(

E
α

 by changing µ  alone. Therefore, integrals are the same 

as in the bulk material having the corresponding chemical potential 
jiji

0LL = .   (7) 

where 
ji

0L  are the coefficients of bulk material having the value of µ  obtained by the 

conventional doping (for instance). 

Further, we have to find µ  for the system of RQW and junctions and insert it in (5) together 

with (7). Chemical potential of degenerated semiconductor ( 2*2 <<− µ  where TkB/* µµ = ) can 
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be written as (note that frequently Fermi energy is used instead of chemical potential in 

semiconductor literature) 

( ) ( )[ ]C

2/3

CB /2/ln NnNnTk
−+=µ .      (8) 

where n  is the electron concentration and CN  is the effective conduction band density of states 

[14]. In the case of heavy QSD doping ( inn >> , where in  is intrinsic concentration), we can use 

(3) for n. Density of states reduces G  times in RQW, i.e. GNN /CBC = , where CBN  is the CB 

effective density of states for bulk semiconductor. Inserting this and (3) in (8), we get 

[ ] [ ]CBcon

2/3

CBconB )1(2)1(ln NGnNGnTk −+−= −µ .    (9) 

Fig. 3 shows the reduced chemical potential dependence on geometry factor in RQW, plotted 

according to (9), for Si and Ge materials for different CONn . The reason for choosing CONn  values 

will be discussed in Section 4. 
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Fig. 3. Chemical potential dependence on geometry factor in RQW 

for Si at CONn = 4.5 ⋅ 10
18

 cm
−3

 (upper line) and Ge at CONn = 1.4 ⋅ 10
18

 cm
–3 

(lower line). 

 

Further, we rewrite (9) as 

( )[ ] ( ) CBcon0

2/3

0B0 2)1/(1ln NnGGGGTk −+−−+= −µµ     (10) 

where 0G  is constant. Introduction of )( 00 Gµµ ≡ defines reference material as n
+
-type 

semiconductor with electron concentration of )1(COND −= GnN  or RRQW having constant 

geometry factor 0)/( =∂∂ TG  and 0GG = . Next, we calculate the gradient of (10) taking into 

account that 
2/3

CB TN ∝ . The result is 

T∇+∇=∇ θ0µµ ,    (11) 

where 

( ) 
















∂

∂
+

−
+−−

−

−
≡

T

G

G
TGG

G

G
kB ξξθ

1

1

2

1

1

1
ln 0

0

  (12) 
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and CBcon

2/3
/2 Nn

−≡ξ . Inserting (11) and (7) in Boltzmann equations, we find charge and heat 

currents in the system of RQW + J: 

( ) ( ) TeeJ ∇−−∇+= //
11

0

12

00

11

0 θµε LLL   (13a) 

and 

( ) ( ) TeeJ
Q ∇−−∇+= //

21

0

22

00

21

0 θµε LLL .  (13b) 

Further, Seebek coefficient, electrical conductivity, and electron gas heat conductivity can be 

found from (13a) and (13b) in a conventional way. 

( )eSeS // 0

11

0

11

0

12

0 θθ −=−= 







LLL  ,    (14) 

0

11

0

21

0

11

0

12

0

21

0

22

0 /)/( eeee κθθκ =−−−= 







LLLLLL ,    (15) 

0

11

0 σσ == L .    (16) 

Electrical and thermal conductivity in the system of RQW and junctions remain unaffected 

(with respect to RRQW or bulk material having the same µ  value) by a series of junctions, and S  

change according to (14). To calculate θ  and then S , we have to find TG ∂∂ /  first (12). 

 

 

3. GEOMETRY FACTOR TEMPERATURE DEPENDENCE 

IN RQW WITH p
+
−n

+
 AND METAL−n

+
 JUNCTIONS 

 

Depletion region reduces the effective height of the ridge from a  to 

)()(eff TdaTa −= .          (17) 

Here, )(Td  is the depletion region depth. Differentiating (17), inserting (1), and taking into 

account that )(TGG = , we find 

( ) ( )[ ]dTTddaGdTdGTG /)(/)/(/ eff==∂∂ .      (18) 

Let us find TG ∂∂ /  in RQW with series of p
+
−n

+
 junctions first (Fig. 4). Within the abrupt 

junction approximation, )(Td  has the following form [15]: 
2/1

B
bi

DAD

AS
np

2

)(

2
)( 
















−

+
=−

e

Tk

NNN

N

e
Td ϕ

ε
.  (19) 

Here, Sε  is the dielectric permissibility of the material, Bk  is the Boltzmann constant, 

bipbinbi ϕϕϕ +=  is the built-in potential, AN  is the acceptor concentration in p-type layer, and 

DN  is the QSD doping concentration. 

 
 

Fig. 4. Energy diagram of p
+
−n

+
 junction at the top of the ridge. 

Ridge (left) is QSD-n doped and additional layer (right) is acceptor doped. 
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The built-in potential is (Fig. 4) 

( ) eE γµϕϕϕ ++=+= gbipbinbi ,                   (20) 

where VCg EEE −=  and γ  is the chemical potential of p
+
-type layer. For the case shown in 

Fig. 4, both µ  and γ  are negative as µ  is measured from the RQW conduction band bottom and 

γ  is measured from the p
+
-type layer valence band top. Parameter γ  is determined using the 

formula similar to (8) for p
+
-type semiconductor. Inserting (20) in (19) and introducing 

Acon / Nn≡ν , we write 

2/1

11

Bg

co

2

S

np
)]1(1[)1(

)2(2
)(

−−−
−+−

−++
=

GG

TkE

ne
Td

n ν

γµε
.                 (21) 

Differentiating (21) and inserting dTd /µ  found from (9) and dTd /γ  found from formula 

analogical to (8), and further inserting result in (18) gives 

( ) ( ) ( ) ( )[ ]δξγµ BBB

1

npnp 23)1(2/35//)( kGkkTTETG −−−−+=∂∂
−

−− ,             (22) 

where )/(2 VA

2/3
NN

−=δ , VN  is the valence band effective density of states in p
+
-type 

layer, and np−E  is the characteristic energy of the system of RQW and p
+
−n

+
 junctions and equals 

to 

















+

−
−

−+
+

−
+−++=

−

−−

− ξ
ν

νβ
γµ

1)1()1(

2
)2( B1

11

Bgnp
G

G
Tk

GG

G

G

G

G
TkEE ,             (23) 

where da /eff=β . 

 

 
 

Fig. 5. Energy diagram of metal–n
+
 junction at the top of the ridge. 

Ridge (left) is QSD-n doped. 

 

In the case of metal−n
+
, Schottky junction will be formed at the top of the ridges (Fig. 5). 

Within abrupt junction approximation, the metal–n
+
 junction depletion layer depth is [15] 

2/1

B
bi

D

S

nm

12
)( 
















−=−

e

Tk

Ne
Td ϕ

ε
 .    (24) 

Here, e/mbi µχϕ +−Φ=  where mΦ  is the metal work function and χe is the 

semiconductor electron affinity measured from the bottom of conduction band. Repeating the 

above-described steps for metal–n
+
 junction, we found 

( ) ( ) ( )[ ])1(2/32/5/)( BB

1

nmnm
−−−=∂∂

−

−−
GkkTETG ξµ .    (25) 

Here, 
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















+

−
−

−
+−+−Φ=

−

− ξ
β

µχ
1)1(

2
)( B

1

Bmnm
G

G
Tk

G

G

G
TkeeE .  (26) 

Investigation of (22) and (25) shows that both np)/( −∂∂ TG  and nm)/( −∂∂ TG strongly depend 

on G , and this can be used to increase Seebek coefficient considerably. However, np)/( −∂∂ TG  

diverges and changes the sign for the value of G  for which np−E = 0 (the same happens in the case 

of metal–n
+
 junction). Care should be taken to keep G  far enough from the divergence point and 

avoid the change of np)/( −∂∂ TG  sign ( S  will also change its sign). At the same time, G  should 

be chosen so that np)/( −∂∂− TG  is positive and high enough to obtain large enhancement in S  

value. Additionally, γ  (acceptor doping of p-type layer) can be varied to attain the desired 

np)/( −∂∂ TG  value. In the case of metal−n
+
 junction, mΦ  can be varied instead of γ . 

Equations (22) and (25) are obtained on the basis of (1) describing dependence of G  on the 

dimensions. However, (1) is valid only for a range of geometry factors 105 << G and for wa << . 

Let us try to find G  for the arbitrary geometry. This requires solving of the time-independent 

Schrödinger equation in the ridged geometry [4]. Unfortunately, there is no analytical solution in 

the ridged well (solution contains infinite sums). However, there are fairly accurate numerical 

methods. Mathematically, there is no difference between QSD and the electromagnetic mode of 

depression, and Helmholtz equation and the same boundary conditions are used in both the cases. 

Helmholtz spectrum calculation can be found in the literature related to Casimir effect. Casimir 

energy exhibits strong dependence on the photon spectrum and consequently on the geometry of the 

vacuum gap [16]. A number of geometries, including double-side ridged geometry [17] and double-

side corrugated geometry [18], were investigated. New, optical approach for arbitrary geometry was 

also developed [19]. Unfortunately, none of the above-described methods allows simple analytical 

solution like (1). Consequently, we have to accept the limit 105 << G  for further analysis. 

However, the above-listed numerical methods allow one to go well beyond those limits. 

 

 

4. SEEBEK COEFFICIENT  

OF RQW WITH p
+
−n

+
 AND METAL−n

+
 JUNCTIONS 

 

It is reasonable to calculate Seebek coefficient of RQW with junctions relative to RRQW, in 

which geometry factor is constant 0)/( =∂∂ TG . This will allow comparison of dimensionless 

figure of merit ZT  with TZ0 , using similarity of electric (16) and heat conductivities (15). In 

(10−12) 0G  is arbitrary. To simplify the comparison, we choose 0G  so that RWQ with junctions 

and reference RRQW have the same µ  value. Equation of chemical potentials leads to GG =0  (9). 

Inserting this in (12) and further inserting the obtained result in (14), we obtain for Seebek 

coefficient of RQW with junctions 

nmn,p

B
0nmn,p

1

1

−−

−− 
















∂

∂
+

−
−=

T

G

Ge

Tk
SS ξ .    (27) 

Here, npS − and nmS − are the Seebek coefficients of RQW with p
+
–n

+
 and metal–n

+
 junctions, 

respectively. 3D Seebek coefficient of reference RRQW do not differ from Seebek coefficient of 

the bulk material, and within the parabolic bands approximation it is equal to [20] 









−

+

+
=

+

+ *
*)(

*)(

2/3

2/5

1/2r

3/2rB
0 µ

µ

µ

F

F

r

r

e

k
S  .    (28) 
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Here, r  refers to scattering parameter and it is assumed that electron lifetime
r

EE ∝)(τ , 

TkB/* µµ = is the reduced chemical potential, and *)(µF  are Fermi integrals. In the case of no 

impurities (QSD doping) and low energies, acoustic phonons are responsible for electron scattering 

and 0=r . It should be noted here that RQW has G  times more width [2] with respect to the 

conventional quantum well. As 3D )(Eρ  in wide quantum wells tends to )(Eρ  of the bulk 

material of the same width, using (28) for RRQW is a good approximation. However, in the case of 

thin layers oscillatory behaviour of transport coefficients should be considered [21]. 

To find the ratio 0/ ZZ , we use relations (15) and (16) and obvious relation between lattice 

thermal conductivities 0ll κκ = , all together leading to 

( ) 2

0nmn,p0nmn,p / SSZZ −−−− = .   (29) 

Fig. 6 shows the dependence )(0 µS  according to (28). The )(np µ−S  in the same figure is 

determined by first, calculating )(np GS −  by inserting (22) in (27), and then (9) was used to convert 

X -axis so that )(np µ−S  was obtained from )(np GS − . The ratio )(/)( 0np µµ ZZ −  in the same 

figure is calculated according to (29). We present µ  dependences as they allow the understanding 

of possible µ  ranges, within which real devices can operate without changing sign of np)/( −∂∂ TG  

(22) and (23) and consequently np−S  sign. 
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Fig. 6. )(np µ−S  – solid lines, )(0 µS  – dotted line and )(/)( 0np µµ ZZ −  – dashed lines (belong to 

right Y -axis). Dependences )(np µ−S and )(/)( 0np µµ ZZ −  are calculated for Si and Ge materials. 
 

Traditional thermoelectric materials Si and Ge are chosen as examples. Dependences are 

plotted for the following parameters: (1) material Si, CONn = 4.5 ⋅ 10
18

 cm
−3

, 20=a nm, 3.3=γ , 

1.0=β , 300=T K; (2) material Ge, CONn = 1.4 ⋅ 10
18

 cm
−3

, 35=a nm, 1−=γ , 25.0=β , 

300=T K. For both Si and Ge, we choose CONn  so that, for value 10=G , µ  was close to the 

optimum value 2/1/ BOPT += rTkµ  [19]. Figs. 3 and 5 allow finding of )(np GS −  and 

)(/)( 0np GZGZ −  dependences as well. For this, µ  should be determined from the desired point in 

Fig. 5 and next G  can be found using Fig. 3. Next, L  can be found by first determining d  from 

CONn  and G  values using (21) and next, determining effa  from (17) and inserting it in (1) instead of 

a . For the above parameter values and 10=G , we got 18=L nm for Si and 75=L nm for Ge. It 
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should be noted here that RQW exhibits quantum properties at G  times more widths with respect to 

the conventional quantum well [2]. 

Fig. 6 shows large enhancement of figure of merit in p
+
−n

+
 junction RQW both for Si and Ge 

materials. The dependences are quite identical for materials having rather different band gaps (1.12 

for Si and 0.66 eV for Ge [22]). This shows that despite gE  entering expressions for depletion 

depth (21) and np)/( −∂∂ TG  (22), almost similar )(np µ−S  and )(/)( 0np µµ ZZ −  dependences can 

be obtained by matching such parameters as β  and γ . 

Fig. 7 shows dependences in the case of metal−n
+
 junctions. The )(nm µ−S  was determined by 

first calculating )(nm GS −  by inserting (25) in (27) and then using (9) for X -axis to convert 

)(nm GS −  to )(nm µ−S . Both )(nm µ−S  and )(/)( 0nm µµ ZZ −  dependences are similar for Si and Ge. 

Two curves are not distinguishable on the given scale. 
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Fig. 7. )(nm µ−S  – solid lines, )(0 µS  – dotted line, and )(/)( 0nm µµ ZZ −  – dashed lines. 

 

Curves are plotted for the following parameters: (1) material Si, CONn = 4.5 ⋅ 10
18

 cm
−3

, 

15=a nm, 55.0=β , 3.11)( m =−Φ χ eTk /B , 300=T K; (2) material Ge, CONn = 1.4 ⋅ 10
18

 cm
−3

, 

28=a nm, 4.0=β , 15)( m =−Φ χ eTk /B , 300=T K. RQW width L  determined in the above-

described  way are 60=L  for Si and 85 nm for Ge. 

As the analysis shows, high thermoelectric figure of merit can be obtained in both p
+
−n

+
 

junction and metal−n
+
 junction cases. Metal−n

+
 junction RQW seems to be simple in fabrication 

when compared with p
+
−n

+
 junction RQW, since metal film deposition is more straightforward than 

epitaxial growth of the semiconductor layer. However, p
+
−n

+
 junction allows more precise 

regulation of )/( TG ∂∂ , as it can be done by matching the acceptor concentration (γ  value), which 

is less complex than finding metal with required work function ( mΦ  value in the case of metal−n
+
 

junction). 
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5. CONCLUSIONS 

 

Thermoelectric transport coefficients were investigated in the system of ridged quantum wells 

and periodic series of p
+
−n

+
 and metal−n

+
 junctions at the top of the ridges. Analysis was made on 

the basis of Boltzmann transport equations. It was shown that the Seebek coefficient increases 

considerably. At the same time, electrical and thermal conductivities remain unaffected by the 

series of junctions. This allows large enhancement of thermoelectric figure of merit. Dependence of 

Seebek coefficient on geometry factor G  and junction parameters was investigated and the 

analytical expression was obtained. Seebek coefficient changes sign for some value of G . 

Dependences of S  and ZT  on chemical potential were presented for both p
+
−n

+
 and metal−n

+
 

junction RQW (separately for Si and Ge materials). Calculations show one order of magnitude 

increase in thermoelectric figure of merit with respect to the bulk material. 
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1. INTRODUCTION 
 
The wave properties of electrons inside a solid are well known and understood. There are 

some nanoelectronic devices, such as resonant tunneling diodes and transistors, super lattices, 
quantum wells and others that are based on the wave properties of the electron [1]. Under certain 
conditions an electron in a solid can be regarded as a planar wave. The main requirement that 
should be satisfied is that at least one dimension of the solid should be equal to or less than the 
mean free path of the electron inside the solid. In this case, the electron can move without scattering 
and could be regarded as de Broglie wave. It is difficult to satisfy this requirement because the 
electron mean free path in most solids is in the range of (1 − 10) nm at room temperature. Transport 
properties of solids (current and heat transport) are defined by electrons, having energies close to 
the Fermi level, and the mean free path is given for those electrons. Other free electrons inside 
solids, for example electrons having energies below Fermi level in metals, do not participate in 
current and heat transport, because it is quantum mechanically forbidden for them to exchange 
energy with the environment (all quantum energy levels nearby are occupied), and hence the mean 
free path of such electrons is formally infinite. Such electrons will remain ballistic inside relatively 
large structures [2]. In this work we use wave properties of such electrons to change electronic 
structure of solid in the way, that work function of solid could be reduced and regulated precisely. 
Such materials will find many applications in devices based on electron emission, electron 
tunneling [3] and in semiconductor industry. 

Assume a solid with the surface geometry, as shown in Fig. 1a, in which periodic indents are 
introduced in the flat surface of the solid. Let us consider an electron traveling towards the border of 
the solid as planar wave 1. Wave 1 will reflect back from the border of the solid because the 
electron does not have enough energy to leave the solid. Because of the geometry of the surface 
there will be two reflected waves. One will reflect from the top of the indent (wave 3) and other will 
reflect from the bottom of the indent (wave 2). If the indent depth is one quarter of the de Broglie 
wavelength of the electron, waves 2 and 3 will interfere destructively and there will be no reflected 
wave. As a result, an electron of certain energy cannot reflect back from the surface because of its 
wave nature. On the other hand, the electron cannot leave the solid and enter the vacuum because it 
does not have enough energy to overcome the potential barrier. For obvious reasons, the electron 
cannot simply stop near the surface either [3]. From the quantum mechanical point of view, we can 
say that all possible final quantum states for that particular electron are forbidden. As all the final 
quantum states are forbidden, then the initial quantum state is also forbidden. As a result, the 
density of the quantum states inside the solid will be reduced. A 3D drawing of the solid is shown 
on Fig. 1b. If we regard the solid as potential energy box, there will be standing de Broglie waves 
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inside the solid. Each standing wave corresponds to the quantum state which could be occupied by 
the free electron. The number of standing waves inside such a 3D structure is lower than in the case 
in which there were no indents and all the walls of the solid were plain. 

 

 
 

Fig. 1. a) de Broglie wave interference diagram; 
b) Geometry of modified potential energy box. 

 
 

 
 

Fig. 2. Energy diagram of a) metal having plain walls; 
b) metal having periodic indents on one of the walls. 

 
A theoretical analysis that starts with the Schrödinger equation and then calculates the density 

of the quantum states and diameter of the Fermi sphere in k

r
-space shows that the density of the 

quantum states is dramatically reduced when indents are introduced [4,5]. The calculation was 
made within the limit of the theory of free electron gas in the metal (later a similar method was used 
in [6]), and the result is shown on Fig. 2. The indents in the wall cause the density of quantum states 
to be reduced in whole energy region below the Fermi level (Fig. 2b). Once the number of quantum 
states is reduced, given that there is no reduction in the number of free electrons, electrons are 
forced to occupy higher energy levels. As a result we have an increase of the Fermi level and a 
corresponding reduction of the work function. 

Some authors have named the effect as the Avto effect (note made by Avto Tavkhelidze). 
In practice there are two limiting factors in achieving the Avto effect. First, the surface 

roughness should be less than the de Broglie wavelength of the electron, in order to avoid the 
scattering of de Broglie waves on the surface and reducing the effect. Secondly, it is ideal for the 
solid to be amorphous or single crystalline in order to allow electrons to remain ballistic while 
moving between the indented wall and the opposite wall. Polycrystalline structure of the material 
will destroy the effect because of scattering of the electrons on the grain boundaries. 
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It was the objective of this work to reduce the work function and correspondingly increase the 
emission from various solids, in the way of modifying geometry of the surface of the solid. 
Materials with reduced work function will find broad applications in devices working on the basis 
of electron emission and electron tunneling. Besides, such materials will be useful in semiconductor 
industry, particularly for the structures in which contact potential difference between two layers 
play important role. 

 

 
 
Fig. 3. Schematic cross-section of test samples made at TSU (a) and Nanostructures, Inc. (b). 

Adhesion layers between SiO2 and Au film are omitted for simplicity. 
 
 

2. SAMPLE PREPARATION AND EXPERIMENTAL RESULTS 

 
At Tbilisi State University (TSU) thin gold films, having indents on both sides, were prepared 

to observe the Effect (Fig 3a). Gold was the material of choice because it does not form natural 
oxide on the surface and allows exposure of the films to the atmosphere. Au film was deposited on 
a Si / SiO2 (dry thermal oxide) substrate, and, after a conventional cleaning procedure, a layer of 
photoresist S1813 of thickness 0.4 µm was attached at 4000 rpm (photoresist was solved prior to 
attachment). Optical microscope MII−4 was used for thickness control. Periodic lines 0.8 µm wide 
were created in the photoresist using UV photolithography, and the SiO2 was etched using 
NH4F + HF + H2O, at a rate of 1 nm / sec to a depth of (10 − 50) nm. In the next step, the 
photoresist was removed using acetone followed by a conventional cleaning procedure. A further 
layer of photo resist was attached, and another photolithographic step was used to form large 
structures using a lift-off process. The substrate was then placed in deposition chamber, and after a 
vacuum 10−6 torr was obtained, heated to 80 °C to remove water from the surface. The substrate 
was cooled to temperatures between −16 and −22 °C, and a thin film of (2 − 3) nm thickness, 
evaporated from a mixture of Au and Cr, was deposited on SiO2 to form an adhesion layer (not 
shown on Fig. 3a for simplicity). Following deposition, the wafer was moved rapidly (maximum 
5 s) to another location, where Au film of thickness of 60 nm was deposited using fast thermal 
evaporation of Au wire (99.999 % purity). The substrate was heated up to room temperature and the 
wafer was taken out of deposition chamber. The final step was a conventional lift off process to 
form large structures. 

Measurements of the work function were made using Kelvin Probe (KP) method. All 
measurements were comparative to exclude absolute inaccuracies: the difference between KP 
reading on a flat region of the gold film was compared to the reading from the indented region of 
the film. The structure of the films was analyzed using X-ray diffraction (Fig. 4). 
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Fig. 4. X-ray diffraction patterns (Co source 1.78 Å): solid line – Au film deposited on cold 

substrate; dot line –Au film deposited on room temperature substrate; dash line – Au film 
containing Ca atoms. 

 
For all samples measured, the indented regions showed a reduced work function (WF) 

compared to the flat regions. The magnitude of this reduction of WF depended on the structure of 
the gold film and the depth of the indents. Films having an amorphous structure show much higher 
reduction in WF than films having a polycrystalline structure. All polycrystalline films show a WF 
reduction less than 0.1 eV whilst for amorphous films the reduction of WF is in the range of 
(0.2 − 0.5) eV. Amorphous films were obtained using deposition of gold on cooled substrate (as 
described above), and polycrystalline ones were obtained by deposition of gold on room 
temperature substrate (Fig. 4). No other technological parameter except substrate temperature was 
different in the two deposition processes. The difference in WF was more pronounced for samples 
that were deposited in a cleaner environment (by plasma cleaning the deposition chamber prior to 
deposition), because for the cooled wafer the residual gas pressure and composition has 
considerable influence on the structure of the film. The difference in WF reduction up to 10 times, 
shows that structure of the film has principal importance for observation of Avto effect. This 
experimental result is in full agreement with theory. 

One further unplanned experiment confirmed the importance of the structure of the film. 
When the Au film was fabricated in a deposition chamber previously used for Ca, it unexpectedly 
showed a reduction of WF of 0.06 instead of the expected 0.5 eV. Subsequent X-ray analysis 
(Fig. 4) revealed the presence of Ca atoms inside the Au film, and also the Au film was 
polycrystalline instead of amorphous. It was obvious that Ca contamination changed the film 
structure to polycrystalline, resulting in the Effect almost vanishing. After the deposition chamber 
was cleaned, new samples were fabricated which showed better amorphousness on X-ray analysis, 
and the WF difference increased to 0.2 eV. Fabrication of samples following further cleaning of the 
chamber, by dismantling followed by chemical and mechanical treatment to remove the thin layer 
of Ca completely from the parts of deposition chamber, yielded Au films showing a WF reduction 
of 0.4 eV and having amorphous structure by X-ray analysis. 

It was observed that the strength of the effect depends on the depth of the indents. Samples 
having Au film thickness of 60 nm, and indent depth of 50, 20 and 10 nm show WF reduction of 
0.16, 0.25 and 0.56 eV, respectively. This experimental result is in quantitative agreement with the 
prediction of the theory. In theory Fermi level increases as 3/20 )/( dLEE

F

d

F
=  where d

F
E  is the 

Fermi energy of the indented film, 0
F

E  is the Fermi energy of plane film, L  is the thickness of the 
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film and d  is the depth of the indent (formula could be used for real sample description only for the 
case aRd > , where aR  is surface roughness). Formula shows that the less d  is (for constL = ) 
the more increase of Fermi level and consequently the reduction in WF (Fig. 2) should be, and the 
same thing is observed experimentally. Other possible explanations of the observed dependence 
could be the increase of the roughness of the indents in SiO2 films with increasing etching depth, or 
the increase of under photoresist etching with increasing indent depth. AFM measurements show 
that there is no increasing roughness with increasing indent depth, but there is some increase of 
under photoresist etching with increasing etching depth. 

Reduction of WF of 0.2 eV was observed on indented area of SiO2. The measurement was 
made on several samples and yielded almost identical results. 

Test samples in Nanostructures, Inc. were prepared using conventional optical lithography and 
etching techniques to demonstrate the work function reduction of indented gold surfaces. The sample 
geometry was a little different from ones made in TSU. Indents (more precisely protrusions) in Au were 
made only on the surface of the film, while film base remained flat (Fig. 3b). First 50 nm Au film was 
deposited on plane Si / SiO2 substrate at room temperature (layer 1). Next photoresist was attached to the 
gold film and 0.8 µm lines were opened. Afterwards (7 − 10) nm thick gold film was deposited at room 
temperature (layer 2). Finally lift off of second layer of gold was made to form periodic lines. AFM was 
used to verify the height, width, and period of the protrusions, and to evaluate the surface and edge 
roughness of the indented patterns.  

WF reduction of 0.1 eV was observed in these samples. Low value of WF reduction could be 
explained by the fact that Au films were deposited on room temperature substrate. Another explanation is 
the difference in geometry. As mentioned above films had indents on one side only, unlike TSU films 
having indents on both sides. 

Measurements made on one of the Nanostructures’ sample provided more information for 
understanding the Avto effect. One of the samples was prepared so that it contained five areas each 
having different surface geometry. The first area was plain and the other four areas had various 
indent widths of 0.8, 0.6, 0.4, 0.2 µm, but the same depth and length. Comparative measurements 
made between 1 − 2, 1 − 3, 1 − 4, 1 − 5 show that WF difference increases with reduction of indent 
width. Theory does not predict such dependence in the case of ideal structure of the film (i.e. single 
crystal or amorphous). But in reality the film will always contain crystals, and the electrons mean 
free path will be limited, even for electrons below the Fermi level. 

In PSU images were collected using high-resolution photoelectron microscope [7]. Fig. 5. 
shows PEEM image of 16 squares of dimensions of 20 × 20 µm each. Some squares have indented 
surfaces and others have plain surfaces. Indented and plain areas are placed like chess desk. 
Intensity on the image is proportional to the electron emission. Indented areas appear brighter, 
corresponding to more electron emission and consequently to less WF. 

 

 
 

Fig. 5. PEEM image of Avto effect. Rectangular areas placed like chess desk. 
Bright squares correspond to indented  areas exhibiting   

Avto effect  and darker squares corresponding to flat gold film. 
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In Ohio University the PEEM images were collected using a Bauer–Telieps style 
LEEM / PEEM instrument [8]. The acceleration voltage was 15 kV, the illumination source an 
HBO 100 mercury short arc lamp incident on the sample surface at a glancing angle of 15 degrees 
from horizontal. The lamp spectrum was filtered using a 280 nm low pass filter, corresponding to a 
photon energy of 4.4 eV. The final image was projected onto a microchannelplate image intensifier 
and recorded with a video camera. Pictures captured in Ohio University also show that indented 
areas appear brighter corresponding to more electron emission. 

 
 

3. CONCLUSIONS 

 
New quantum interference effect in solids has been predicted theoretically and observed 

experimentally by several groups (TSU, PSU, Nanostructures Inc., Ohio University). Work function 
decrease was observed in such materials as Au and SiO2. Experimental results are in good 
qualitative agreement with predictions of the theory. In order to achieve quantitative agreement, 
structure of the solid should be made single crystal or close to ideally amorphous that has not been 
realize in experiments so far, and is the subject of future experiments. It is expected that magnitude 
of the effect will increase dramatically, with improving structure of the solid and reducing the width 
of indents. First could be realized by improving thin film deposition technology and reducing the 
contamination. Second could be achieved by moving to more advanced technologies such as e-
beam and ion-beam lithography. Magnitude of the effect should be higher for solids with low value 
of Fermi energy and low value of work function. For example such a material as LaB6 is expected 
to allow work functions less than 0.5 eV. In that case it will find application in thermionic and 
thermotunnel refrigerators and energy generators operating at room temperature.  
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With transition from micro- to nanostructures, it is especially actual carrying out of 

technological processes at low temperatures. Decrease of temperatures of annealing, necessary for 

updating physical properties of thin nanolayers of semiconductor materials, enables to avoid 

uncontrollable diffusion in a matrix. One of effective methods of updatings of properties of the 

semiconductor materials used in microelectronics is ionic implantation in a combination with pulse 

laser annealing (PLA). The same method is represented especially actual for technology of 

nanoelectronics. Post-implantation PLA provides activation of the introduced impurity and 

annealing accompanying radiating defects and, in case of high doses of implantation which causes 

amorphization of a semiconductor material, its further re-crystallization. Because of short duration 

(nanosecond and less) of laser influence, processes of annealing can be carried out only through 

melting of thin superficial layers of the semiconductor absorbing laser radiation (energy of more 

width of the forbidden band) [1]. Such process is accompanied by a high degree of generation of 

electron–hole pairs. For development of effective modes of annealing (spectral structure, duration, 

energy of a laser pulse) research of the nature and understanding of mechanisms of carrying out of 

these processes is necessary. 

Despite of a great number of articles on laser annealing (LA), the mechanism of this process 

has not been uniquely established yet. The suggested mechanisms of LA can be divided 

conditionally into two groups: the thermal mechanism (it is considered that the energy of the laser 

pulse is transferred as heat to the lattice by the photo-excited carriers) and the non-thermal one 

taking into account the stimulating role of the high level of photo-ionization in the PLA process 

[1−3]. In both cases, melting is an intermediate stage of re-crystallization. 

Today, the considerable number of the experimental works showing obviously non-thermal 

character of pulse laser annealing has been collected [4−18]. At the same time there is number of 

theoretical models of non-thermal laser annealing [19−21]. However, they do not explain all results 

of experimental works on LA. Namely: 

● really observable concentration of the electron−hole pairs generated by light, 

)1010( 1916 −=n cm
−3

, is significantly lower than the theoretically obtained value 

)1010( 2221 −=n cm
−3

; 

● experiment has shown that critical concentration of the light-generated electron-hole pairs, 

necessary for fusion, depends only on a semiconductor material (for example, for GaAs 
1810≈n сm

−3
, while for Ge and Si 1910=n сm

−3
). 

We offer a model non-thermal mechanism of melting of the thin semiconductor layers, which 

explains results of the available experiments on PLA [22,23]. Our model for low-temperature PLA 

of semiconductors is based on concept of changes in quantum states of the valence electrons 

realizing chemical bonds. An electron-transition from the valence band (bonding state) to the 

conduction band (anti-bonding state) results in the creation of two anti-bonding particles – an 

electron in the conduction band and a hole in the valence band, and, hence, in the modification of 

the power and the type of bonding (isotropization of bonds). For example, in semiconductors with a 
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diamond structure (Ge, Si etc) and in А
III
В

V
 compounds (GaAs etc) the electron transition from the 

bonding  р-state in the valence band (directed bonding) to the anti-bonding symmetric s-state in the 

conduction band. Within its bounds, it seems as completely natural the existence of some critical 

concentration crn  such that if the concentration of the anti-bonding quasi-particles is crnn > , the 

initial state of the semiconductor can become unstable, depending on the conditions of the 

experiment – the power and the duration of PLA. And there will be a start of low-temperature 

melting, accelerated diffusion, re-crystallization of the amorphous layer, structural phase transition 

into a metal state and etc [11,14−18,20−23]. crn  is a value of the anti-bonding quasi-particles 

concentration, at which their local weakening actions are replaced by collective ones. The anti-

bonding quasi-particle does not weaken bond locally, at any lattice point, but in the entire region of 

its delocalization, i.e. in the region with the linear dimension of the order of its de Broglie 

wavelength phD /=λ  ( h  is the Planck constant, p  is the pulse of the particle). Let introduce a 

sphere with the diameter Dλ , i.e. with volume 6/3

DDV λπ= . If for the quasi-particles concentration 

n  volume VD  contains more than one quasi-particle, then 1≥DnV . At such concentration in the 

entire volume of the crystal, the anti-bonding quasi-particles weaken the bonds between all the 

atoms. In this case the crystal can be considered as if it was a gigantic molecule with the weakened 

bonds between all its atoms. 

However, in order to be occurred “melting by the electronic mechanism” the degree of 

weakening and isotropy of bonds should reach a certain critical value. Here we introduce our basic 

hypothesis reasoning from the experimental fact that melting is the result of weakening and isotropy 

of the bonds between all the atoms of the substance. We assume that the concentration of the anti-

bonding quasi-particles is critical at which 

1)( =mD TVnσ ,  6/)()( 3

mDmD TTV πλ= .        (1) 

It means that melting by the electronic mechanism occurs at such concentration of anti-

bonding quasi-particles when in the spherical volume of the crystal of diameter equal to the 

de Broglie wavelength at the melting point mT , there is at least one quasi-particle. It should be 

emphasized that )( mD Tλ  and )( mD TV  are fixed, as formally designated length and volume which in 

any way have not been connected with the real temperature of a crystal at “melting by the electronic 

mechanism”. For a simple isotropic law of quasi-particle dispersion within the framework of 

classical non-degenerate statistics mkTp 3=  ( m  is the quasi-particle effective mass of 

conductivity, T  is the absolute temperature, k  is the Boltzmann constant). Then, from equation (1), 

we obtain: 

vcvcvccr NNn ,

2/3

,, 3.0)2(39)( ≈= ππ ,         (2) 

2/3

,

15

,, )(1082.43.0)( mvcvcvccr TmNn ⋅≈≈ [cm
−3

].        (3) 

Here vcN ,  is the effective density of states in the conduction band (c) and in the valence band 

(v), respectively; cm  and vm  are the effective masses of conductivity of the electron and the hole in 

the units of a free electron mass, respectively. It should be noted that, generally, the effective 

density of states in bands vcN ,  known from the semiconductor physics differs from above 

mentioned value (in the formula (3) there is given the effective mass of conductivity, not the 

effective mass of density of states in the bands). Coincidence takes place only for the scalar 

effective mass and the presence of only one extreme in bands. Therefore, while estimating crn  it is 

necessary to take into account this circumstance. 

At the simultaneous presence of both types of carriers, in the assumption of equality of their 

concentration (band–band transitions), for crn  it is obtained  
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vcrccr

vcrccr

cr
nn

nn
n

)()(

)()(

+
= .           (4)     

Concerning formulas (1−4) it is necessary to make the following notes: 

1. Above, at definition of de Broglie wavelength we used classical statistics. As it is known, 

the equilibrium concentration of electrons en0  in the conduction band and holes pn0  in the valence 

band, in the case of validity of the classical non-degenerative statistics, are expressed by the 

following formulas  








 −
=

kT

EE
Nn cF

ce exp0 , 






 −
=

kT

EE
Nn Fv

vp exp0 .      (5) 

Here, cE  and vE  are the energies corresponding to the bottom of the conduction band and the 

top of the valence band, respectively; FE  is the Fermi level. If the concentrations of quasi-particles 

are ce Nn <  and vp Nn <  (which is fulfilled for critical concentrations (2)) according to (5), the 

Fermi level is in the band-gap, and the non-degenerate statistics is approximately applicable. It is 

interesting to note that for the product of critical concentrations we have 

 vcpcrecr NNnn 09.0)()( ≈ , 

which can be formally presented as “the mass action law” for critical concentrations: 

 )/(exp)()( mgvcpcrecr kTENNnn −≈  

with a band-gap reduced to mg kTE )32(~ − . 

2. In formulae (1−5) it is assumed, that in the volume )( mD TV , there is one quasi-particle. 

However, for crystals of a diamond and zinc blende types, with a tetrahedral base unit with four 

bonds, it is obviously reasonable to extend our hypothesis to presence of 41−=i  particles in 

)( mD TV . As a result, in formulae (2) and (5), the additional factor i  will appear: vcvccr Nin ,, 3.0)( ≈ . 

The values of cm , vm  and mT  are: for Ge – 0.17, 0.2 and 1210 K; for Si – 0.26, 0.37 and 

1688 K; for GaAs – 0.067, 0.34 and 1511 K, respectively. By using these parameters and formulae 

(2−4), the calculated values vccrn ,)(  are (extreme values of crn  correspond to 1=i  and 4): for Ge – 

(2.2 − 9.6) ⋅ 10
18

, for Si – (0.8 − 3.3)  ⋅ 10
19

 and for GaAs – (1.4 − 5.5) ⋅ 10
18

 cm
−3

. 

From these values it is seen that for one anti-bonding quasi-particle there is “weakening” of 

10
3
 bonds. There are risen questions: What kind of mechanism is for such collective weakening of 

bonds? Why do electrons of the conduction band and holes of the valence band weaken bonds 

between atoms of a crystal? 

Because of the big mathematical difficulties, it is hardly possible to construct a strict 

quantitative theory of these phenomena, proper to the multielectronic problem. We shall try to 

answer these questions qualitatively, on an example of covalent crystals, basing on the following 

two model conceptions: 

1) As it is known, covalent bonds “are localized” between atoms of a crystal and are realized 

by paired electrons i.e. by electrons in one coordinate state with the opposite spins. We shall 

consider interaction of a band electron with any of these paired electrons. Number 1 designates a 

band electron, and numbers 2 and 3 designate bond electrons. A spin of the band electron will be 

parallel to a spin of one (let us suppose 2), and antiparallel to the other one (i.e. 3) from the paired 

electrons. Spin wave function  of such system should be described by Young’s scheme, in which it 

should be antisymmetric in relation to the rearrangement of a spin of bond electrons 2 and 3 (a 

singlet state) and symmetric concerning rearrangement of spin variables of band electron 1 and 

bond electron 2. To satisfy Pauli principle symmetry of coordinate wave function of system, it 

should be defined by so-called transposed Young’s scheme. This scheme describes coordinate wave 

function, which is antisymmetric to coordinates of a band electron 1, and a bond electron 2. But, 

wave function antisymmetric by spatial coordinates corresponds to a situation, when they rarely get 
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between positive nucleuses because of the movement correlations of 1 and 2 electrons. As a result, 

band electron 1 is weakening bonds due to the exchange interaction with bonds electrons. 

2) In the following model the answer to the risen questions is based on the analogy to a 

problem of an inelastic scattering of an electron by para-helium atom. Electrons of para-helium 

represent an analogue of paired electrons of bond, and a band electron – scattered electron with 

some additional reasons related to the scattering process. Being based on a principle of identity of 

electrons, we consider that electron of the conduction band (it is anti-bonding quasi-particle) 

replaces in the bonding orbital (on this orbital there are two electrons with opposite directed spins) 

one of the electrons and is settling with the “remained” electron with parallel spin transforming a 

bonding orbital into a loosing one (break of bond). Then, a liberated electron does the same thing 

with the following bond etc. Similarly, a moving hole of the valence band represents a broken bond, 

and an electron having been occupied a place of the hole (movement of the hole) can transform a 

new orbital into a loosing one “having sit” on empty bond with the remained electron having a 

parallel spin. At presence of both types of quasi-particles both mechanisms are released 

simultaneously. We assume that the loosing orbital is occupied by the electron during a very short 

interval of time ( 1510≈∆t s, which is of the order of the electron flight time on inter-nuclear 

distance, i.e. time of states’ exchange) and it is an intermediate virtual state of electron. According 

to the uncertainty principle for energy we have: 1/~ ≈∆∆ tE h eV. Therefore, the energy is not 

conserved at transition of the electron to an anti-bonding orbital. Its conservation takes place for the 

process as a whole, i.e. for a chain of transitions: band electron → an intermediate virtual state → 

band electron (the similar mechanism is released for holes, and also at the presence of both types of 

quasi-particles). The concentration of anti-bonding quasi-particles is critical, when the chain of 

replacement of a binding orbital by an anti-bonding one covers the whole crystal (or its 

macroscopic area) simultaneously and the crystal assimilates to one huge molecule with all 

weakened bonds. Thus )( mD Tλ   it is a correlation length in a problem of collective relaxations of 

bonds in a crystal. 

As to the criterion of “photomelting” for the defects annealing case, it is necessary to note the 

following: a physical size, on which our hypothesis is based, is the de Broglie wavelength of anti-

bonding quasi-particles corresponding the temperature of melting of a semiconductor. According to 

the definition phD /=λ . It requires the quasi-momentum p  to be a good quantum number. On a 

hypothesis, )( mD Tλ  and corresponding volume )( mD TV  (see formula (1)) are fixed, as formally 

designated length and volume. As a result, the critical concentration contains parameter 
2/3)(~ mcr mTn , where m  is the effective mass of conductivity of quasi-particle. While )( mD Tλ  or 

m  and nT  have their sense, formulas (2−4) for crn   are correct, to the same extent as for a crystal 

with defects (or even amorphously macroscopical areas) is maintained a concept of quasi-

momentum, as a “good” quantum number. Everything will depend on a violation degree of a basic 

matrix of a crystal. If, thus de Broglie wavelength of the particle, expressed as a function of 

coordinate x , ( ) )(/ xphxD =λ  is a smooth function of the coordinate, i.e. the condition of a state 

quasi-classicality xdd /λ << 1 is satisfied, then formulas (2−4) for crn  are approximately right. 

As it is known, in amorphous semiconductors, generally, quasi-momentum is not a “good” 

quantum number, there are no Bloch waves, but nevertheless, despite lacking the distant order, a 

band scheme (the “expanded” states, the band gap, the gap mobility, concepts of electron and holes 

as quasi-particles, exciton etc) is maintained. For an example, we shall consider Ge and Si. It is 

known, that both in crystal and amorphous states their basic structural element is the tetrahedron 

with four atoms in bonds. The basic difference between a crystal and an amorphous form is that in 

the amorphous phase tetrahedrons are oriented to each other in a random way. Thus, it is very 

important that the near order is saved and the breaking of a chemical bond does not depend on the 

distant order. Breaking of a chemical bond means the release of an electron from the bond and the 
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appearance of a hole which can participate in conductivity as a quasi-particle. Therefore, if the 

semiconductor is a material in which for breaking of the bond is required the energy 

)21(~ −∆E eV, the same definition can be used for amorphous semiconductors. Melting means the 

breaking of a tetrahedral structure and the occurring of a denser packaging. Hence, from a position 

of chemical bonds the concept of “melting temperature” and quasi-particle with a corresponding 

de Broglie wavelength is saved. So, for example, in amorphous semiconductors often there are 

phenomena, in which participate electrons with 1≤kL , i.e. LD≥λ  ( k  is the wave vector, L  the 

free path of electron) [24]. In such cases formulae (1) and (2) for crn  should be applied as 

estimation. 

Proceeding from the above-mentioned facts it is possible to draw a conclusion, that a degree 

of really achievable photoionization in experimental conditions of PLA and making for Si and 

GaAs, 2010≤n cm
−3

 [3], can quite provide realization of annealing processes without high-

temperature heating of a crystal. 
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One of the basic methods of updating of properties of thin superficial layers of 

semiconductors in nanoelectronics, as well as in microelectronics, is impurity doping process by 

the ion-implantations method. However, radiation defects formation process accompanying this 

method results in undesirable change of electro-physical, optical and mechanical properties of a 

crystal. Elimination of these defects, in some cases incomplete, is achieved with thermal or pulse 

photon annealings. 

At researches of processes of annealing of defects and activation of an implanted impurity, 

more strict way is to put a question about penetration of mobile radiation defects from area of 

generation in the semiconductor bulk. The layers of the semiconductor, which are taking place 

directly behind implanted area, in many respects define characteristics of ready devices. Therefore, 

effective annealing should be carried out only in that case when conditions of annealing are realized 

not only on ions introducing depths, but much deeper, on depths corresponding the point defects 

penetration. 

With transition on nanosizes, especially actual there are undestroying methods of 

measurement. Such methods are optical methods (measurement of spectra of photoluminescence, 

optical reflection and absorption) giving the information not only on optical properties, but also on 

electro-physical, mechanical and structural characteristics [1−6]. 

In this work, the results of studies on changes in spectra of exciton absorption of light in the 

region of direct transitions in n-type germanium ( 13105 ⋅=n cm
−3

) irradiated with B
+
 ions (with 

energy 100=E keV and doses )1025.610( 1612 ⋅−=Φ cm
−2

 at temperature 300=T K) are 

presented. The samples represented plane-parallel plates, which thickness with the help of 

mechanical polishing and chemical etching has been achieve up to )115.3( − µm. The technique of 

preparation of samples provided absence of residual mechanical pressure in a crystal. At 

measurements the sample was in the “free” condition excluding occurrence of mechanical 

pressure due to fastening. Optical absorption spectra were measured at 77=T K before ion-

implantation and at different stages of the isochronous thermal annealing. Isochronous and 

isothermal annealings were carried out in the inert atmosphere (argon) in temperature range 

)600100( −=T °С. In the experimental conditions amorphous layer is formed at ion-implantation 

doses of 1310≥Φ cm
−2

 and its thickness is )5.04.0( − µm [7]. 

Fig. 1 shows spectra of optical absorption of samples with different thickness before and 

irradiation with doses 161025.6 ⋅=Φ cm
−2

. From curves it is clear that after irradiation on the optical 

absorption spectrum one can accurately observe an exciton peak. The irradiated ions cause 

reduction of absorption in the exciton regions of spectrum with simultaneous broadening and 

displacement of exciton peak toward higher energies. Dependence of the exciton absorption line 

form from the thickness of the tasted samples is also observed. The exciton absorption form peak 

of the sample with thickness 11=d µm is found to be close to that for initial sample. 
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Fig. 1. Spectral dependence of exciton absorption coefficient in n-Ge. 

(1) – before irradiation ( 5.3=d µm); and after B
+
-ion implantation 

( 161025.6 ⋅=Φ cm
−2

): (2) – 11=d , (3) – 9, (4) – 3.5 µm. 

 

With reduction of thickness of a sample the line of exciton absorption spectra becomes less 

expressed and at 3.5 µm the peak is completely absent. At the same time, there is more significant 

density-of-states “tail” (Fig. 1, Curve 4). 

 

Fig. 2. Spectral dependence of exciton absorption coefficient in n-Ge 

after B
+
-implantation ( 161025.6 ⋅=Φ cm

−2
). (1) – before annealing 

and after isochronous ( 30=t min) annealing at: (2) – 450=T  and (3) – 500 °С. 
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Dependence of the optical absorption spectra of samples with thickness 11 µm implanted by 

B
+
 ions ( 161025.6 ⋅=Φ cm

−2
) on the isochronous annealing temperature is shown in the Fig. 2. In 

process of annealing, it is observed reduction, broadening and shift of exciton peak to the short-

wave region. 

Thus, experiment has shown that at B
+
 ions implantation and subsequent annealing, the line 

form and energy position of the exciton peak in Ge depends on:  

● thickness of the tested sample; 

● annealing temperatures. 

Observable in spectrum broadening and reduction of the exciton peak, and its total 

disappearance, can be caused by: 

● presence of free carriers in samples, which are screening a Coulomb interaction 

between electron–hole pairs. Free carriers concentration is determined by the concentration of 

electrically active boron atoms, which maximal value is achieved directly after the implantation 

and does not exceed 20 % [7]; 

● the electric field local fluctuations destroying exciton states. Such fields can be created by 

the charges localized on the ionized impurities centers or the charged radiation defects created at 

the ion-implantation. 

Analyzing observed absorption spectral picture, it can be imagined by two pieces – non-

degenerate matrix of thickness 0.31 =d µm (for a sample with 5.3=d µm) and with   absorption 

coefficient ( 1α ) characteristic for a germanium crystal, and a layer of thickness 5.02 =d µm with 

absorption coefficient ( 2α ) characteristic for the amorphous germanium. Thus, the obtained 

spectrum )( να h  should insignificantly differ from a spectrum of the unirradiated sample within 

the exciton peak area and distinction should be more significant in the lower energy region at 

values of 310<α cm
−1

. 

Thus, considered absorption spectrum sharply differs from the experimentally obtained 

spectrum of a sample (Fig. 1, Curve 4). This difference testifies that the part of the crystal lattice 

faulted in result of implantation weakens exciton interaction and it is presented together with “not 

faulted” part of a crystal. 

Consequently, observed in spectrum exciton peak’s broadening and a reduction and its full 

disappearance, most likely, arises from all possible mechanisms [2]: they can be caused by the 

electric fields created by the fluctuating clusters of charged point radiation defects and disordered 

regions. 

Shift of the exciton maximum, observable experimentally, can be caused by changes 

both in Ge band gap width and exciton binding energy.  However, as it has been shown [2] 

the second factor in applied experimental conditions should be insignificant. 

On account of presence of a plenty of radiation defects there is an increase in volume of an 

implanted layer. In a transition layer “amorphous layer – crystal substrate”, there is strong 

mechanical pressure because of different densities of amorphous and crystal materials. In the 

irradiated samples, the increase in absorption intensity and peak displacement becomes significant 

at )350300( −=annT °С and is maximal at 450~annT °С corresponding recrystallization 

temperature of the Ge amorphous layer [7]. 

As concentration of the electrically active boron atoms Ge achieves the maximal value 

directly after implantation and after annealing no thermal diffusion of boron has place [7], it is clear 

that observed effects are connected with changes in intensity and exciton absorption peak position 

caused both by the radiation defects annealing and reorganization and their diffusion in depth of the 

crystal’s unimplanted part. About increase in defects number in unfaulted layer testifies observed 

(Fig. 2, Curves 2 and 3) sprawling of exciton peak in the implanted and annealed samples. 
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Concentration of boron atoms after implantation by doses 1410≥Φ cm
−2

 is higher than 

maximal solubility of B
+
 in Ge. 

 

Fig. 3. Spectral dependence of exciton absorption coefficient in n-Ge 

after B
+
 implantation ( 1210=Φ cm

−2
). (1) – before annealing 

and after isochronous ( 30=t min) annealing at: (2) 450=T  and (3) – 500 °С. 

 

 
 

Fig. 4. Spectral dependence of exciton absorption coefficient in n-Ge 

after B
+
 implantation ( 1310=Φ cm

−2
). (1) – before annealing 

and after isothermal ( 450=T °С) annealing at: (2) 30=t  and (3) – 90 min. 
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Thus, efficiency of the boron activation after annealing at 600~annT °С is (5 − 20) % in 

dependence on the implantation conditions [7]. It is clear also from the following fact: boron having 

the covalent radius ( 87.0=cr Ǻ) less than covalent radius of Ge ( 22.1=cr Ǻ) being within the Ge 

lattice units causes stretching deformation. Hence, it should be experimentally observed shift of the 

exciton maximum in the long-waves part of spectrum. Actually we can notice an inversed picture – 

shift toward short-waves, caused by compression deformations created by boron interstitial atoms. 

Taking into account that a hydrostatic compression increases Ge band gap width, 
1010)05.053.1(/ −

⋅±=dpdEg eV / Pa [8], it is possible to estimate internal pressure of the 

deformation field. For doses )1010(25.6 1615 −⋅=Φ cm
−2

 it is ~ 10
7
 Pa. 

As to the samples irradiated with doses less than amorphization doses, both isochronous 

(Fig. 3) and isothermal (Fig. 4) annealings shift exciton peak in long-waves part of the spectrum. 

From here it is possible to draw a conclusion that in this case activation of the atoms introduced by 

implantation determining process is transition of atoms from interstitial states in lattice units. As 

shown above, germanium crystal it causes stretching deformation that shifts the exciton peak to 

long-waves part of the spectrum. 
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SUMMARIES 
 
 
T. Butkhuzi, M. Sharvashidze, T. Khulordava, E. Kekelidze, N. Gapishvili, L. Aptsiauri, 

N. Bukhsianidze, L. Trapaidze, R. Melkadze, Sh. Mirianashvili, T. Qamishadze, L. Gapishvili, 

M. Tigishvili. Nonequlibrium Treatment of ZnO Layers Implanted by N. Nano Studies, 1, 5-9 
(2010). 

In order to obtain the p-type impurity conduction, ZnO layers were implanted by N+ ions with 
concentration 1019 cm−3 at energy 110 keV, implantation dose 1015 cm−2, and current density 
15 µA / cm2. Healing of the radiation defects created in implanted ZnO crystals was carried out by 
radical beam quasi-epitaxy (RBQE) in the atmosphere of active oxygen radicals ( 400=T

oC, 
4=t h, )10510( 1514

0 ⋅−=n cm−3). As a result we obtained ZnO:N epitaxial layers. According to the 
measurements with van der Pauw method the holes mobility, their concentration, and layers’ 
resistivity were found as 23 cm2 / V ⋅ s, 5 ⋅ 1016 cm−3 and 5.4 Ω ⋅ cm, respectively. In 
photoluminescence (PL) spectra of ZnO:N, the maxima were observed at 371.5, 381.2, and 
387.4 nm. Analysis shows that 371.5 nm links to acceptor-bound exciton (AoX) related to the 
nitrogen acceptor, 381.2 nm and 387.4 nm link to NO and donor–acceptor pear (DAP) emissions, 
respectively. 

 
T. Butkhuzi, M. Sharvashidze, T. Khulordava, E. Kekelidze, N. Gapishvili, L. Aptsiauri, 

N. Bukhsianidze, L. Trapaidze, R. Melkadze, L. Gapishvili, M. Tigishvili, Sh. Mirianashvili, 

T. Qamushadze. Regulation of defect creation in ZnO p-type films by RBQE method. Nano 
Studies, 1, 11-18 (2010). 

We have investigated ZnO layers obtained by the radical beam quasi-epitaxy (RBQE) method. 
By the RBQE technological method p-type ZnO epitaxial layers were obtained at 400=T ºC. Hall 
measurements performed at 77=T  and 300 K. Resistivity was measured as 5 ⋅ 10−2 and 
3.1 ⋅ 10−3 Ω ⋅ cm at 77 and 300 K, respectively. At 77 K, the holes concentration and mobility was 
5 ⋅ 1018 cm−3 and 22 cm2 / V ⋅ s becoming 8 ⋅ 1018 cm−3 and 250 cm2 / V ⋅ s at 300 K. In the 
photoluminescence (PL) spectrum of p-type ZnO layers at 1.369=λ , 374.5, 383.5, 392.5 and 
401 nm, bands are observed and identified (at 70 K). Here we show that the RBQE technology 
gives to control electrical and optical properties of ZnO samples. 

 
T. Butkhuzi, T. Khulordava, M. Sharvashidze, E. Kekelidze, N. Gapishvili, 

L. Trapaidze, L. Aptsiauri. Originality of technological processes of RBQE method. Nano 
Studies, 1, 19-25 (2010). 

Original method, which enable us to create new quasiepitaxial layers on the surface of binary 
compound like that on the basic crystal have been elaborated. This method was called radical beam 
quasi-epitaxy (RBQE). In our case RBQE method enables us to obtain single crystalline layers of 
ZnO on the basic crystal of ZnSe. But generally it might be use for other binary compounds. For the 
confirmation of mechanism of defects creation under RBQE we carried out following experiment. 
We have obtained new layers of ZnO on the ZnSe basic crystal preliminary implanted by oxygen 
under RBQE ( )800300( −=T

oC). Then, we studied electrical and optical properties of new 
quasiepitaxial ZnO layers and of ZnSe basic crystals. New quasiepitaxial layers of ZnO are 
characterized by n-type, stoichiometric, or p-type conductivity, which depends on the treatment’s 
temperature. According to thermo-EMF measurements of ZnSe basic crystal, pre-surface layers 
always have p-type conductivity after RBQE treatment. In the PL spectra of implanted and 
nonimplanted ZnSe basic crystals it was observed identical bands, with one difference: in the PL 
spectrum of implanted ZnSe additionally 580=λ nm bands were observed, which must be 
connected to the existence of oxygen in the ZnSe. 
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T. Butkhuzi, M. Sharvashidze, T. Khulordava, N. Gapishvili, E. Kekelidze, 

Kh. Gelovani, L. Aptsiauri, N. Bukhsianidze, Sh. Mirianashvili, T. Qamushadze L. Trapaidze, 

R. Melkadze, L. Gapishvili, M. Tigishvili. Characters of native defects in p-type ZnO. Nano 
Studies, 1, 27-33 (2010). 

This paper reports on a new original method of radical beam quasi-epitaxy (RBQE), which 
enables us to obtain purest monocrystalline ZnO with p-type conductivity. We investigated 
electrical and optical properties of the p-type ZnO crystals obtained with the RBQE method. The 
photoluminescence (PL) spectrum of p-type basic sample of ZnO contains exciton area (367 – 
A-exciton, 369 – bound exciton, 374 nm – phonon replicas of A-exciton); 385 and 395 nm lines; 
and a non-structural line with maximum on 510 nm. In the PL spectra of new grown layers of ZnO 
was observed the peaks at 395 and 460 nm, while intensity of 510 nm lines was significantly 
reduced. Van der Pauw method was used for investigation of electrical properties of p-type ZnO 
layers. The basic p-type ZnO had holes concentration of 1012 cm−3, mobility 3.4 cm2 / V ⋅ s and 
resistivity 1.8 ⋅ 106 Ω ⋅ cm. The new p-type ZnO layers had parameters 1015 cm−3, 14 cm2 / V ⋅ s and 
4.5 ⋅ 102 Ω ⋅ cm, respectively. 

 
T. Butkhuzi, M. Sharvashidze, T. Khulordava, N. Gapishvili, E. Kekelidze, 

Kh. Gelovani, L. Aptsiauri, N. Bukhsianidze, Sh. Mirianashvili, T. Qamushadze, 

L. Trapaidze, R. Melkadze, L. Gapishvili, M. Tigishvili.  Investigation of ZnS and ZnO 
compounds implanted by S ions. Nano Studies, 1, 35-41 (2010). 

The obtaining of p-type conductivity in ZnS and ZnO semiconductors depends on the critical 
temperature ctT . By treatment above this temperature it is impossible to obtain p-type conductivity. 
The doping of ZnS and ZnO samples was carried out with S+ ions. Unfortunately, the temperature 
of annealing the radiation defects exceeds ctT , due to which the effect can not be obtained (in ZnO). 

In our experiment we took into account factor of ctT . Both Ar+ inert gas and S+ ions were implanted 

in ZnS and ZnO n-type samples ( )1010( 32 −=ρ Ω ⋅ cm) at energy 150 keV and dose of 
implantation from 1014 to 1016 cm−2. The range of current density was from 0.3 to 5 µA / cm2. The 
subsequent heat treatment of doped samples was carried out over the temperature range from 300 to 
500 ºC in vacuum and saturated S2 vapor. The p-type ZnS samples were obtained by implantation of 
Ar+ and S+ ions (current density (0.3 − 5) µA / cm2) under subsequent heat treatment at 
(420 − 460) °C in S2 saturated vapor. When ZnO was implanted with Ar+ and S+ ions (with heat 
treatment in O2 atmosphere at temperature from 300 to 350 °C) n-type samples were obtained with 
resistivity (109 − 1010) and (1010 − 1011) Ω ⋅ cm, respectively. 

 
Z.U. Jabua, I.L. Kupreishvili, A.V. Gigineishvili, T.L. Bzhalava. Preparation of Ho5Sb3 

thin films and their electro-physical properties // Nano Studies, 1, 43-46 (2010). 
The technology for preparation of Ho5Sb3 thin films was developed. The samples were 

prepared by vacuum thermal evaporation from two independent sources of Ho and Sb. Films had a 
hexagonal lattice with parameters 85.8=a  and 24.6=a Å. Temperature dependence of the specific 
resistivity, Hall constant and thermo-EMF coefficient of these samples were measured in the 
temperature interval from 100 to 700 K. Based on these measurements the basic electro-physical 
parameters carriers mobility and concentration were determined in the one-band approximation. 
Obtained results reveal that Nd5Sb3 is a semi-metallic compound. 

 
A. Gerasimov. Physical nature of size-dependence of nano-particles properties. Nano Studies, 

1, 47-96 (2010) _ in Georgian. 
According to their sizes, nano-particles stand between small molecules and compact solids 

and possess properties distinguishing from both of them. Properties of solids obey certain rules, 
while molecules are characterized with different ones. Nano-particles, like the solids, reveal number 
of collective properties (phase states, heat and electric conductions etc). But, these properties were 
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found to be size-dependent (Fig. 1. Nano-particles basic parameters in dependence on their sizes: a 
– lattice parameter a  and unit cell volume V ; b – Au melting temperature mT ;  c – Se thermal 
volumetric expansion coefficient; d – V ionization potential I ). First results obtained in fields of 
nano-particles formation and their investigations have shown that mankind meets with hitherto 
unknown form of matter. 

At present, properties and governing rules of solids are well studied and there exist physical 
conceptions allowing their interpretation. Unfortunately, at the same time there are known number 
of experimental facts, which can not be explained based on these conceptions. In particular, size-
dependence of the nano-particles properties is unaccountable in frames of traditional molecular-
kinetic theory. Here we suggest novel conceptions argued both theoretically and experimentally 
those are possible to give us an explanation of any experimental fact obtained in solids. 

According to these conceptions, all properties of substance are determined by the states of 
chemical bonds between constituent atoms in given conditions. It is known that in solids, as well as 
in molecules, electrons contributing in chemical bonds can occupy two different kinds of quantum 
states, where they are strengthening or weakening the inter-atomic binding. In first case, they 
occupy bonding orbitals, while in second case – anti-bonding ones. In solids and their melts atomic 
orbitals are combined into bands (Fig. 2. Formation of the hybridized orbitals in process of 
association of atoms, their splitting into bonding and anti-bonding orbitals and creation of 
corresponding bonding and anti-bonding bands: in dielectrics and semiconductors bonding 
(valence) and anti-bonding (conduction) bands are separated by the band gap of certain width 
characteristic for given substance, while in metals they are overlapped and transition energy 
between two states is determined by the energy-difference between the Fermi level and anti-
bonding band’s lower edge, which is called as pseudo-gap; Fig. 3. Bonding (1) and anti-bonding (2) 
energy bands: a) semiconductor or dielectric, b) metal, where FE  is the Fermi level, gE  is the band 

gap in semiconductors and pgE  is the pseudo-gap in metals). 

Free electron created in the anti-bonding band by the transition from bonding one or injection 
and corresponding unoccupied state (hole) in the bonding-band are anti-bonding quasi-particles 
(ABQPs). Regardless of the way of changing in their number (heating, illumination etc), ABQPs 
weaken chemical bonds between neighboring atoms. 

According to these conceptions substance energy bands structure, their hierarchy on the 
energy scale and population by electrons determine all properties of a substance at given 
temperature. Changes in these characteristics, mainly, in numbers of electrons on bonding and anti-
bonding levels induced by any influence leads to changes in various properties of substance 
(aggregative state, conductivity, mechanical and optical properties etc). 

In condensed matter there is certain probability (for given ABQPs concentration) that several 
ABQPs due to their chaotic motion will fall in an atom vicinity, which can distinctly weaken its 
chemical bonds simplifying its displacement in lattice. The atomic displacements’ probability has 
been expressed by the formula 

phaABQPA WNnAW
β)/(= ,         (1) 

where ABQPn  is the ABQPs concentration, aN  is the concentration of atoms in substance, phW  

is probability of the excitation of phonon of certain energy near the given atom, A  is a almost 
temperature-independent coefficient, β  is the number of ABQPs sufficient for causing an atomic 
displacement. One can see from stated relation that such probability mainly is determined by the 
concentration and not by the temperature unlike the diffused opinions that it should be an 
exponential function of temperature: 

)/exp( kTUBWA −=           (2) 
(where U  is the activation energy of atomic displacements, T  is the absolute temperature, k  

is the Boltzmann constant, B  is another almost temperature-independent coefficient). 
Novel mechanism of atomic displacements works for nano-particles too taking into account 

their features yielded from their electronic structure, which is a discrete spectrum with quite closely 
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packed bonding and anti-bonding levels. In case of nano-particles, electron soever placed on the 
anti-bonding level and corresponding hole on the bonding level will be freely move if energy-
difference between these levels is kT~ , what  takes a place even at room temperature. 

ABQPs reaching nano-particles surface are reflected. This is a reason why they can not leave 
nano-particle unlike to equal volume in the compact solid (Fig. 6. Increasing in ABQSs effective 
concentration for fixed real concentration with decreasing in sizes: a) ABQS trajectory in compact 
solid’s region with volume equal to the nano-particle volume: two of them are leaving the volume; 
b) nano-particle overcomes trajectories of all three ABQSs and then they have more neighboring 
atoms than in compact solid; c) and d) further decreasing in nano-particle sizes increases number of 
neighboring atoms; b), c) and d) due to reflection from the nano-particle surface ABQPs have more 
neighboring atoms in surface layer). Consequently, ABQSs in nano-particle have more neighboring 
atoms than in compact solid, which intensifies their weakening effect on bonds. Such effect can be 
described introducing effective concentration, ratio of which with its real value equals to the ratio of 
frequencies of ABQSs appearance near the given atom in nano-particle and compact solid during an 
atomic vibrations cycle. 

Because of small sizes, in nano-particles with the given ABQPs concentration ABQPs more 
frequently reach surface and are reflected from it. As a result, inter-atomic bonds in the surface 
layer are weakened if compared with those in bulk. Weakening in bonding leads to the decreasing 
in energy gap width and intensifies electron transitions at given temperature, which causes an 
excess of the ABQP concentration in the surface layer and then further decreasing in energy gap 
value. It yields an interesting energy structure of substance, which is characterized by the variable 
energy gap: lower near the surface than in bulk (Fig. 7. Energy levels distributions in nano-particle 
surface layer and bulk. Due to reflection from surface the probability of ABQPs appearance near an 
atoms in surface layer is higher than that in bulk, what a) decreases energy-difference between 
bonding and anti-bonding levels in semiconductor; b) in metals these levels are overlapped and 
pseudo-gap near the surface is smaller than in bulk and then the concentration is incomparably 
higher). Such kind of electronic structure leads to the ABQPs exess in surface layer and, 
consequently, to the material softness if compared with that in bulk. From it follows higher mobility 
of atoms in surface layer than in nano-particle’s bulk. It is clear that effective concentration 
increases with decreasing in nano-particles’ sizes. Consequently, in formula describing atomic 
displacements the real concentration should be substituted for effective concentration, which should 
be calculated separately for nano-particle’s given size and given process. 

For instance, let consider size-dependences for nano-particles melting temperature, diffusion 
coefficient and lattice constant values. According to novel conceptions (and it is proved 
experimentally), melting process in solid starts at certain critical concentration of ABQPs even 
below the substance melting temperature if critical concentration is achieved athermically. When 
nano-particles’ sizes decrease, the effective ABQPs concentration at given temperature increases 
and when their concentration reaches critical value the melting starts. This reasoning can be argued 
by the quite good fit between experimental and calculated curves for Au nano-particles melting 
temperature dependences on their sizes. Same reasoning gives a simple explanation why starts 
earlier melting process in the nano-particle’s surface region (Fig. 11. Nano-particles melting 
temperature in dependence on their sizes: 1 – Si nanoparticles as whole; 2 – Si nano-particle’s 
surface layer; 3 – experimental results for Au; 4 – theoretical results for Au). 

Diffusion coefficient value is known to be determined by the probability AW  of atomic 
displacements (2). According to novel conceptions, mentioned probability depends on the ABQPs 
concentration (1). In case of nano-particles ABQPn  should be replaced by the effective concentration, 

which increases with decreasing nano-particles sizes. Accordingly, value of the diffusion coefficient 
increases as well, what is an experimentally observed fact. 

Novel conceptions give simple explanation why increases lattice parameter when nano-
particle sizes decrease. It is known that weaker inter-atomic chemical bonding leads to the longer 
inter-atomic distance. At same time with decreasing in nano-particles sizes it starts increasing in 
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ABQPs concentration. This weakens chemical bonds between atoms and, consequently, increase 
inter-atomic equilibrium distances, i.e. lattice parameter. 

In present work based on above mentioned conceptions there are explained mechanism of 
changes in size-dependent lattice constant, Debye and melting temperatures, mechanical properties, 
diffusion coefficient, heat capacity and heat conductivity of nano-particles. 

 
T.A. Pagava, N.I. Maisuradze. Scattering of electrons in n-Si crystals irradiated with protons 

by nanoscale inclusions. Nano Studies, 1, 97-102 (2010). 
The aim of this study was to gain insight into the effect of irradiation with 25 MeV protons on 

the Hall mobility of electrons in n-Si crystals. Irradiated crystals with an initial electron 
concentration 6 ⋅ 1013 cm−3 were studied using the Hall method in the range of temperatures 
(77 − 300) K. The studies showed that, in crystals irradiated with the proton dose 

12101.8 ⋅=Φ cm−2, the effective mobility of conduction electrons effµ  increases drastically. This 

effect is direct evidence that nanoscale inclusions with relatively high conductivity and with 
nonrectifying junction at interfaces with semiconductor matrix are predominantly formed in n-Si 
crystals under these conditions. Agglomerations of interstitial atoms or their associations can 
represent such nanoscale inclusions. 

 
L. Chkhartishvili, T. Berberashvili. Atoms constituting nanosystems: Quasi-classical 

parameterization for binding energy and electronic structure calculations. Nano Studies, 1, 103-144 
(2010). 

Within the semiclassical approach, intra-atomic electric-charge-densities and electric-field-
potentials are parameterized and tabulated in form of radial step-like functions. In binding energy 
and electronic structure calculations performed for nanosystems, their superpositions serve as good 
initial approximations of the inner charge-density and potential distributions. 

 
A. Tavkhelidze. Large enhancement of the thermoelectric figure of merit in a ridged quantum 

well. Nano studies, 1, 145-154 (2010). 
 Recently, new quantum features have been observed and studied in the area of ridged 

quantum wells (RQWs). Periodic ridges on the surface of the quantum well layer impose additional 
boundary conditions on electron wave function and reduce the quantum state density. As a result, 
the chemical potential of RQW increases and becomes ridge height dependent. Here, we propose a 
system composed of RQW and an additional layer on the top of the ridges forming periodic series 
of p+−n+ junctions (or metal−n+ junctions). In such systems, charge depletion region develops inside 
the ridges and effective ridge height reduces, becoming a rather strong function of temperature T . 
Consequently, T -dependence of chemical potential magnifies and Seebek coefficient S  increases. 
We investigate S  in the system of semiconductor RQW having abrupt p+−n+ junctions or metal−n+ 
junctions on the top of the ridges. Analysis made on the basis of Boltzmann transport equations 
shows dramatic increase in S  for both the cases. At the same time, other transport coefficients 
remain unaffected by the junctions. Calculations show one order of magnitude increase in 
thermoelectric figure of merit ZT  relative to the bulk material. 

 
A. Tavkhelidze, A. Bibilashvili, L. Jangidze, A. Shimkunas, Ph. Mauger, G.F. Rempfer, 

L. Almaraz, T. Dixon, M.E. Kordesch, N. Katan, H. Walitzki. Observation of new quantum 
interference effect in solids. Nano Studies, 1, 155-160 (2010). 

In order to achieve quantum interference of free electrons inside a solid, we have modified the 
geometry of the solid so that de Broglie waves interfere destructively inside the solid. Quantum 
interference of de Broglie waves leads to a reduction in the density of possible quantum states of 
electrons inside the solid and increases the Fermi energy level. This effect was studied theoretically 
within the limit of the quantum theory of free electrons inside the metal. It has been shown that if a 
metal surface is modified with patterned indents, the Fermi energy level will increase and 
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consequently the electron work function will decrease. This effect was studied experimentally in 
both Au and SiO2 thin films of special geometry and structure. Work function reductions of 0.5 in 
Au films and 0.2 eV in SiO2 films were observed. Comparative measurements of work function 
were made using the Kelvin Probe method based on compensation of internal contact potential 
difference. Electron emission from the same thin films was studied by two independent research 
groups using Photoelectron Emission Microscopy (PEEM). 

 
N.D. Dolidze, Z.V. Jibuti, B.E. Tsekvava. To the non-thermal mechanism of melting of thin 

layers of semiconductors. Nano Studies, 1, 161-165 (2010). 
This paper presents a theoretical model of low temperature melting of a crystal at pulse laser 

annealing as the electronic mechanism of attenuation and isotropization of chemical bonds between 
its atoms. The formula is derived for critical concentration of anti-bonding quasi-particles – 
electrons in the conduction band and holes in the valence band, under the increase of which a low 
temperature melting of the semiconductor on the electronic mechanism must be occurred. 

 
N.D. Dolidze, Z.V. Jibuti, G.S. Narsia, G.L. Eristavi. About nature of deformation pressure 

in germanium thin layers implanted by B+ ions. Nano Studies, 1, 167-171 (2010). 
In this paper the effect of ion implantation on the exciton absorption in n-Ge thin layers was 

studied. It is shown that the observed decrease in the absorption coefficient, broadening of the 
exciton peak, and its shift toward higher energies are caused by the electric and compression fields 
generated by the radiation-induced defects. 




