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The preparation of multilayer nanostructures of GaSb / Mn is proposed to be implemented by
the methods of MOS hydrate epitaxy and laser epitaxy with usage of laser doping during the layer
growing. Analysis of quality and chemical composition was performed with usage of atomic force
microscopy, by measurements of photo-electric spectrums and luminescence, by methods of the
scanning Auger microscopy, and also with usage of X-ray diffraction experiments.

For the deposition of GaSb and Mn layers the pulsed Q-switched IAG-LASER at the wave
length of 1064 nm was used. Plates of non-doped single crystal of GaSb and polycrystalline Mn
purity 99.8 % were served as targets [1-3]. The special rotary holder was designed and
manufactured to get discrete alloys (DA) with various thicknesses of separated GaSb and Mn layers
and at various relations between them allowing to volatilize targets in series, subjecting their to the
action of chosen amount of the laser pulses. The target was fixed on the rotary holder in such a way
that the normal to its surface forms an angle relatively to the normal of the holder basis. Thus, the
track of the laser transpiration on a target circumscribed a circle, and the laser torch which is flying
apart along the normal to its surface, made the circular motions analogous to the precession of the
rotary gyroscope. By matching the geometrical sizes of the evaporation area it was possible to gain
layers with the minimal dispersion on thickness. Estimates have shown that on surface the size
20 x 20 mm” the straggling on thickness did not exceed 5 %. Test experiments on deposition of
“thick” layers (suitable for measuring the thickness by means of the interference microscope)
allowed defining the effective thickness of a layer for one volatilizing pulse. Thus, the thicknesses
of separate layers in periodic structure could be determined with the split-hair accuracy. The plates
of semi-insulating GaAs with the orientation (100) are served as substrates. The temperature of a
deposition varied over the range (200 — 440) °C. This method had been brought up discrete alloys
with effective thickness of layers of manganese from 0.2 up to 2.0 nm and thickness of layers GaSb
from 0.7 up to 10 nm. The number of periods in structures changed from 10 up to 50.

Testing of the obtained structures has shown strong dependence of their properties from the
temperature of growing. At the temperatures of growth around (400 — 450) °C any of structures did
not manifest an appreciable ferromagnetism in the Hall effect measurements at temperatures from
room down to 77 K. The holes concentration in layers made in this case is ~ 10" cm™, the Hall
mobility is (20 — 30) cm®/V - s. Annealing of structures with parameters the close to 6 — 7 (A4)
pulses of radiation of the ruby laser with the power of (10° — 10° W / cm® gave appreciable decrease
of the hole mobility up to (6 —9)cm®/V -s and considerable increment of their concentration
(more than on the order of magnitude). Thus, the Hall effect versus magnetic field curve became
anomalous (without a loop) at room temperature and it has shown hysteresis only at 77 K.

Other pattern was observed in structures, which have been grown at 20 °C. Typical results of
the Hall measurements, obtained in this case, are presented in Table 1.
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Table 1. Results of the Hall effect measurements for GaSb / Mn multilayers.

## dyn,  d Gasbs Measurings Hall effect (HE), Number of
nm nm presence of a hysteresis periods
6-7(A4) 19 8.1 AHE at 300 K a loop at 77 K 16
6-7(B1) 0.95 9.2 AHE at 300 K, a loop at 77 K 16
8-6 0.5 0.95 AHE with a loop at 300 and 77 K 30
6-7(B2) 0.5 3.8 Ordinary HE 16
6-7 (A1) 0.25 1.2 AHE at 300 and 77 K, loops are not present 16
7-10 0.25 2.6 AHE at 300 and 77 K, loops are not present 46
6-7(B3) 0.25 4.0 Ordinary HE 16

We have investigated the corresponding literature and patent sources related preparation of
pure metallic Mn. We have found that small amount of pure Mn used as doping material should be
prepared by electrolyze of the water solution of MnSO, by addition of (NH4),SO,4 on Pb (anode)
and Ti (cathode) electrodes followed by the thermal treatment and crystallization in vacuum
chamber. Approbation of the given method has been already conducted [4].
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Fig. 1. Magnetic field dependences of Hall resistance for the sample 6—7 (A4).

Examinations of structures performed by the method of the X-ray diffraction have shown that
in structures with the period d >10nm is detected the periodicity with parameters close to
incorporated in the technology of their growth. The depth of manganese penetration in adjacent
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GaSb layers was near 4 nm. Thus, it is possible to assume that are implemented requirements of the
almost complete intermixing of Mn and GaSb in discrete alloys with d <10nm, and the behavior of
the Hall effect in those samples is similar to its behavior in homogeneously doped GaMnSb layers.
In structures 67 (A4) and 6-7 (B1) the complete intermixing Mn does not take place, and the field
dependence of the Hall effect shown in Fig. 1 for the sample 67 (A4), corresponds to discrete alloy
[5-7].

Novel very exiting properties of semiconductors are determined by impurities and their
disordered distribution. At the same time the last theoretical and experimental achievements have
shown that disorders in semiconductors should be controlled — should have the necessary
regulations. So it is a very important to know relatively well the properties of materials such as
GaSb applicable for spin transport organization in diluted semiconductors.

For design the technology of periodic layer GaSb / Mn structure getting, the structural and
magneto-transport properties of thin GaMnSb films with increased content of Mn, up to 10 at. %,
grown by use the laser dispersion in vacuum have been studied. The structures have shown that the
GaMnSb layers, regardless to the Ga replacing by the Mn-acceptors, also contain ferromagnetic
MnSb nanoclusters and shallow acceptor defects controlled by the growth temperature. The Hall
effect measurements and magnetoresistance effect study have been performed at magnetic fields up
to 20 T and temperatures (4 — 300 K).

In order to determine the characteristic scale of magneto-electrical non-uniformities in
ferromagnetic semiconductors the technique based on investigating mesoscopic fluctuations of the
Hall voltage (or the transverse resistance R, ) in varying magnetic field is proposed. That

technique is founded on the analysis of the magnetic field dependency of the even (over the

+
xy

with the magnetic field dependency R _(H) of the longitudinal resistance ( R

magnetic field) component R, (H)=(R,, +R,,)/2 of the transverse resistance and comparing that

+
Xy

R;y are transverse

resistances referring to the positive and the negative directions of the magnetic field). The scale of
magneto-electrical non-uniformities was shown to be connected with R (H) and R (H) by the

relation: Al,, =1 R,(0)/R _(O)[R,(H)R (0)/R,(0)R (H)—1], where [, is the distance between

the potential probes at the lateral sample facets.

In order to reveal of concentration and ionization energy of thin acceptor centers of undoped
p-GaSb we performed the measurement of temperature dependence of Hall coefficient in the
temperature range (13 — 100) K. At the typical temperature dependence of Hall coefficient for
investigated samples of undoped p-GaSb maximum of the curve is connecting with transfer from
band-conductivity to hopping when the current carriers haven’t enough energy for transition from
impurity levels to conduction band, and current is determined by the hopping of charge carriers
directly without activation.

Values of the acceptors and donors concentration as well as the ionization energy were
evaluated from the analysis of experimental curves and solution of electro-neutrality equation by
method of the least squares for two levels model with estimation of compensation. Selection of
parameters was performed by using computers which was made searching much easy.

Fig. 2 shows photoluminescence (PL) spectra for some structures with variation of Mn
quantity in d-doped layers. It was demonstrated that the intensity of the (1.20 — 1.25) eV peak,
related with the transition from the first electron level to the heavy hole level in QW, shows
decrease monotonically with the increase of Mn quantity in d<Mn>-doped layer. The best
parameters of structures (the Curie temperature is less than 40 K; decrease of the QW PL is no more
than one order of magnitude comparing with structures without the Mn-doping) were achieved at
the Mn quantity no more than 0.25 ml.
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Fig. 2. Photoluminescence spectra of the structures at 77 K.

The study of the obtained structure was carried out using the microscope DSM — 960 (Carl
Zeiss, Germany). SEM pictures had been produced by integrated signal of the secondary and

reflected electron beams regime (initial accelerating voltage E, = 20keV). SEM pictures are shown
that: at the crystal surface (substrate) as well as on the surface of deposited layer are observed

effects of charge and voltage contrasts. They are connected with the surface contaminations of thin
film (Fig. 3).

Fig. 3. SEM pictures of the prepared sample’s surfaces: (a) and (b).

Vacuum cryostat for the conductance, the Hall effect, and the structure magneto-conductance
and mesoscopic property study has been developed, manufactured and managed. The cryostat is
developed as a prefix for usual nitrogen storage, and posses: the sample management in-between
the electromagnet poles (magnetic field is up to 1.5 T); the sample temperature setting by variation
of the nitrogen gas flow and temperature of the nitrogen vapor in the range from 80 to 500 K.
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The cryostat is managed with the precise thermo-sensor and resistive elements (evaporator
and heater) for variation and setting the nitrogen gas flow and temperature. The cryostat has been
tested at laboratory conditions. The sample temperature variation and setting validity in the range of
(80 —500) K have been improved. Precision regulator for the cryostat temperature regime
management also has been developed.

Experimental system for study the extraordinary and planar Hall effect, magneto-transport,
and mesoscopic fluctuations has been developed. The system provides a high sensitivity for the
Hall-effect voltage, ~ 1 WV, and the resistance variation, d R/ R ~ 1075, for the sample resistance up
to 10'°Ohm. The precision is caused by adoption of digital filtration method success to
experiments.

Novel very exiting properties of semiconductors are determined by impurities and their
disordered distribution. At the same time the last theoretical and experimental achievements have
shown that disorders in semiconductors should be controlled — should have the necessary
regulations. So it is a very important to know relatively well the properties of materials such as
GaSb applicable for spin transport organization in diluted semiconductors [8].

In order to reveal of concentration and ionization energy of thin acceptor centers of undoped
p-GaSb we performed the measurement of temperature dependence of Hall coefficient in the
temperature range (13 — 100) K.

Values of the acceptors and donors concentration as well as the ionization energy were
evaluated from the analysis of experimental curves and solution of electro-neutrality equation by
method of the least squares for two levels model with estimation of compensation. Selection of
parameters was performed by using computers which was made searching much easy.

Determination of equation is given the value for activation energy E, =0.013eV, acceptors

N, =4.2-10" and donors N, =3.6-10"cm™ concentrations. Therefore the compensation degree
of shallow acceptor level K =N,/N, =0.86. Obviously because of strong compensation the
found value of shallow acceptor level activation energy E, = E, +&,, where E, is the energy of
isolated acceptor, and &, is the activation energy of hopping conductivity. On the basis of energy

activation and carriers concentration values it is possible to determine the Bohr radius and the
average distance between impurities.

Table 2. Main parameters of some samples studied.

3

-3 - -3 A 1/3
N,,cm N,,cm N, cm K E eV E, eV a,, A N"a

42- 10  6.0-10% 3.6 10" 0.86 0.013 0.034 75 0.12

In case of big difference among masses asymptotic character of the wave functions in a long
distances determines by the light holes, and because of it a=a, =7 / \2m, E , where 7 is the
Plank’s constant, m, =0.052m, is the effective mass of the light hole. Table 2 shows some

parameters of investigated samples. It is evident from these data that N'"’a << 1. That means that
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the average distance between impurities is considerably higher than the magnitude of the wave
function, which is obligatory condition of the weak doping [9].

At the Fig.4 there is shown the typical dependence of specific resistance from back
temperature for undoped p-GaSb in temperature range of (3 —77) K. At the Curve it is possible to
underline two areas: I — in temperature range (3 — 10) K, which is relevant to hopping conductivity,
and II — in temperature range (15—77) K, which is connecting with band-conductivity and
ionization of energy levels E, =0.013 and E, =0.034¢eV.
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Fig. 4. Magnetic field dependences of Hall resistance for three GaMnSb samples with
different hole concentration at room temperature: 1 — p=5- 10*°,2-15- 1020,
3-3.10" cm™. Curve numbers correspond to sample numbers.

Areal is possible to be described with the formula p = p,exp(g,/kT), and by the curve
inclination to determine activation energy of hopping conductivity &, These values of &; for

investigate samples equal to 3.6 MeV, which is in good connection with activation energy
calculated by theoretical formula for a strong compensation.
From Fig. 4 it is obvious that dependence Inp of 1/7 in low temperatures case is linear

which demonstrate existence of hopping conductivity with activation energy of constant. In
condition of liner part of dependence extrapolation Inp = f(1/T) into infinity high temperature

area (1/T=0), e.g. finding the crossing point of that line with coordinates, when
p = p,exp(&g,/kT) it is possible to find out experimental value of Inp, In Fig.5 this point
corresponds to 7.5 Ohm - cm. The value of p, exponentially depends on the impurity concentration
and the Bohr orbital parameters — p, = p,,exp(1.73/N'"?a), where p,, =107 Ohm - cm and

depends on thfg degree of the impurity concentration and distribution of the energy states. When
a=75 a=75 A in above mentioned equation, for the impurity concentration we get that
N, =42-10"cm™. As seen that value is equal to concentration value from electro-neutrality
equation.
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Taking into account non-ohmic character of conductivity in very small fields we studied also
the influence of electrical field on the hopping conductivity in undoped p-GaSb. It was very
interesting to investigate the area of very low fields, where the hopping conductivity was observed
in the area of the Ohm’s law. Propagation of the ohmic region is determined by crystal parameters
characterizing mechanism of the hopping conductivity. High value of the resistivity of measured

samples (R >10° Ohm) created the problems during the measuring procedures. But method of
measurement offered in our works, which provides complete excluding of the contact resistivity and
is much more crimpstable, gave possibility to carry out experiments in the mV range fields.

At the Ino = f(E) at 42K in area of weak fields the ohmic conductivity takes place

In o = const , we have the parabolic region transferring to exponential dependence from electrical

field Ino ~ E, and with mechanism of conductivity corresponding to Ino ~ JE then. In case of
strong electrical fields dependence o(E) becomes weaker, and the preleakage region starts.

When temperature decreased deviation from Ohm’s law as well as transition from exponential

dependence to Ino ~ JVE became in more weak fields and the inclination of exponential part of the
curve is increasing.

In obtained dual phase ferromagnetic GaMnSb films, regardless to the case of previously
studied single phase GaMnSb systems (Curie temperatures not exceeding 30 K), the anomalous
Hall effect (AHE) and the AHE hysteresis character at temperatures up to 300 K, as stronger as
more the hole concentration, has been observed. The unusual properties of GaMnSb films have
been interpreted as interaction of magnetic nanoclusters in a semiconductor matrix, where the
matrix has huge concentration of free holes and magnetic ions. The interaction seems to be caused
by the potential Shottky barriers at the cluster / semiconductor interface sensitive to the holes
concentration in the semiconductor matrix [10].

It is established, that in quantum-sized GaAs / In,Ga,;_,As / GaAs-structures with d-doped Mn
layer in GaAs placed on optimum (= 3 nm) distance from the quantum well, the mobility of two-
dimensional charge carriers in the quantum well reaches ~ 2000 cm”/ V - s that is more than order
of value higher than the carrier mobility in the relevant 2D ferromagnetic structures. At that these
structures in temperature dependences of conductivity show obvious ferromagnetic transition at
temperatures about 30 K. It was revealed that the anomalous Hall effect takes place in quantum
wells with the activation character of conductivity, but only in the limited interval of temperatures
above and below the Curie temperature, whereas it is practically absent in quantum wells with the
“quasi-metallic” conductivity. Inefficiency of the AHE usage to study magnetic ordering in
semiconductor systems with high mobility of the current carriers has been shown. Obtained
peculiarities in behavior of resistance, magnetoresistance and Hall effect are explained in terms of
interaction of holes with magnetic ions of Mn taking into account fluctuations of their potential,
transfer of holes across the percolation level of and the hopping conductivity.

Maximum at the obtained curve is connected with transfer from band-conductivity to hopping
when the current carriers haven’t enough energy for transition from impurity levels to conduction
band, and current determines by the hopping of charge carriers directly without activation.

Theoretical approaches developed during the last decade present invaluable tools for studying
the microscopic origins of ferromagnetism and predicting electronic, magnetic and structural
ground state properties of magnetic semiconductors. It is necessary to underline that the local
density approximation combined with disorder averaging coherent potential approximation is very
useful for studying diluted magnetic semiconductors [11].

Models of the virtual crystal approximation have been used to study the influence of the
impurity disorder on transport and magnetic properties of magnetic semiconductors. The Boltzmann
equation with Born approximation for scattering rates provides the estimate of anisotropic
magnetoresistance effect up to 12 %. The key for understanding kinetic and magnetic anisotropy
effects is a strong spin—orbit coupling in the semiconductor valence band. The most striking feature
in off-diagonal conductivity coefficients, in (GaMn)As is the large anomalous Hall effect (AHE),

11
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which occurs due to the spin—orbit interaction. In metals, standard assumption is that AHE arises
due to spin—orbit coupling component in the interaction between band quasi-particles and crystal
defects, which can lead to the so called skew scattering with the Hall resistivity contribution
proportional to the diagonal resistivity [12]. For diluted magnetic semiconductors, AHE is based on
the spin—orbit coupling in the Hamiltonian of the ideal crystal and implies the finite Hall
conductivity even without the disorder. More detailed studies of the disorder will combine Kondo
description of the spin interactions as well as relevant Monte Carlo techniques applied to both
metallic and insulating conditions. The model problem concerning the formation of a ferromagnetic
cluster (magnetic polaron) consisting of the free electron bound to a non-magnetic donor impurity
in an antiferromagnetic matrix was analyzed. The analysis was performed in the framework of two-
and three-dimensional Kondo-lattice models in the double exchange limit. The bound electron
forms a ferromagnetic core of the size on the order of the electron localization length.

The studies of the structure of magnetic polarons (nanoscale ferromagnetic droplets) in
magnetic semiconductors were performed with a special emphasis to frustrated lattices (square
lattice with nearest-neighbor and diagonal interactions and the triangular lattice) characteristic for
layered heterostructures. Magnetic polaron can produce rather extended spin distortions of the
antiferromagnetic background around its ferromagnetic core. In a wide range of distances r from

the core these distortions decay as 1/r* for cubic lattice and as 1/r> for square lattice. On
triangular lattice, spin distortions decay slower (as 1/r) because of strong geometrical frustration of
the lattice. The characteristic size of this ‘coat’ decreases for stronger next-nearest neighbor
interaction or with increase of magnetic anisotropy.

It was found that there also exists a solution corresponding to rather long-range extended spin
distortions of the antiferromagnetic background around the ferromagnetic core. The frustrations
lead to a slower decay of these distortions in comparison to magnetic polarons for the lattices
without the frustrations. For doped anisotropic antiferromagnets, it was shown that the most
favorable shape of a magnetic polaron corresponds to an ellipse in the two dimensional case and to
an ellipsoid in the three dimensional case.

Such a magnetic polaron state can be favorable in energy in comparison to usually considered
one (saturated core without extended distortions) [13].

The situation with the indirect interactions of different kinds of charge carriers giving rise to
an inhomogeneous charge distribution was analyzed. The analysis was based on the two-band
Hubbard model in the limit of strong on-site Coulomb repulsion. It was shown that such a system
has a tendency to phase separation into the regions with different charge densities and exists even in
the absence of magnetic or any other ordering, if the ratio of the bandwidths is large enough.
Analytical results have been obtained in the framework of the generalized mean-field theory for
diluted semiconductors with RKKY interaction. That theory accounts for the non-equivalency of
different lattice sites by introducing the distribution function of local effective magnetic fields for
non-regular (random) systems with magnetic interaction. The procedure is described that permits to
deduce the analytical expression for that function. Space distribution of magnetization there is
describing by nonlinear integrate equation. Its solution determines the radial distribution of
magnetization, which is not only inhomogeneous but also significantly non-monotonous. The
concrete appearance of this distribution is depending of wire’s radius, longitude of interaction, and
concentration of magnetic impurities and free carriers as well.

For analysis of the possibilities of charge carriers’ inhomogeneous distribution in highly
correlated electronic systems with two types of conductivity the two bands Hubbard model was
used with special emphasis on situation familiar for cooperate superconductors. Exfoliation on
phases responding to charge density is characterizing of such kind systems because of redistribution
of charge carriers among energy bands. This mechanism doesn’t include any magnetic interactions
on interstitial Coulomb’s repulsion. Hybridization of energy bands is followed to establishment of
pick of density of electron states, and Fermi level of one of phases is situated near by of that pick.

12
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Appeared redistribution of charge density might influences on dependence of critical temperature
T of superconductivity transition from doping level.

In the framework of two-dimensional Ising model the mechanisms of inhomogeneous cluster
states formation with competitive interaction between nearest diagonal neighbors were investigated.
The model was observed by different methods including precise diagonalization for small clusters,
method of transfer-matrix, and modeling by Monte Carlo method for big size lattices. The full
phase diagram prepared by these computations includes besides ordinary antiferromagnetic Ising
and Stripe phases, the glass type phase, which is characterizing by complicate interclusteral
interactions [14].

Conditions of establishing the ferromagnetic state and its parameters in quasi-two-dimensional
semiconductor systems with magnetic impurities coupled via RKKY interaction have been studied,
and two new important factors have been included in the consideration: allowing for the spatial
disarray of interacting magnetic impurities, and the temperature dependence of the carrier
degeneracy [15]. Both factors complicate transition of the system into ferromagnetic state: disorder
of the impurities arrangement reduces the Curie temperature (as compared to the regular system)
while lifting the degeneracy of carriers makes the Curie temperature finite even in the extreme case
of the infinitely strong interaction. Besides, the concentration dependence of the transition
temperature is non-monotone and there is the threshold of the interaction strength to drive the
system into ferromagnetic state.
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IIpunsra 28 suBaps 2010 roga
1. BBEJEHHUE

HanotpyOusiii 1 dysmiepennsii HuTpuabl 6opa BN cumTaroTcs BecbMa MepCreKTUBHBIMU
MaTepuagambl ¢ TOYKU 3PEHUS UX TMPUMEHEHUN BO MHOTHX OOJIACTSIX TEXHUKH. DTH BO3MOKHOCTH,
a Takke O CrocoObl MOJyuyeHHUsl MOJOOHBIX HAHOCHUCTEM, HAMH OBLIM YK€ OMMCaHbl BO BBOJHBIX
gacTax pabor [1] u [2], cOOTBETCTBEHHO. 31eCh K€ OTMETUM JUIIb JBE HEIaBHbIE paboThl. Bo-
MEPBbBIX, 0KA3aJI0Ch [3], UTO MO/ BO3ACHCTBUMEM KOHIIEHTPUPOBAHHOW CBETOBOM SHEPTUHU MOPOIIKH
MEJIKO3EPHHUCTOTO CIONCTOTO KPHUCTAIa HUTpPHAA OOpa B MOTOKE a30Ta MOXKHO IMPEBPATHTH B
XUMHUYECKH YHUCTYIO U CTPYKTYpPHO-COBEPIICHHYIO HAHOCTPYKTYpPY, BKIIIOUAIOIIYI0 U MHOTOCTEH-
HbIE€ HAHOTPYOKH. BO-BTOPBIX, METOIOM KOHJICHCAIIMU W3 Mapa B TEPMETU3HPOBAHHON Kamepe 0e3
KaTajanu3aTopa B 3HAYUTEIbHBIX 00beMax ObLIM BBIPAIICHbI JUIMHHBIE OJIHO- U MHOTOCTEHHBIE Ha-
HOTpYOKH HUTpuUga Oopa Mamoro pamuyca [4], U3 KOTOPBIX YAAIOCh MONYYUTh MPSKY HUTH
MAaKpPOCKOIHYECKUX pa3MepoB (~ 1 cm B WJIHHY).

Hanocucrembr HUTpuaa 60pa, Kak MpaBUIIO, MPEACTABISAIOT CO00M CTPYKTYpPHI, COCTABIICH-
HBIE U3 aTOMHBIX CJIOEB, B KOTOPBIX MEXCIIOEBbIE PACCTOSTHUS OJIM3KH K HAOII0Ja€MbIM B CIIOMCTHIX
KpucTamiax rekcaronanbHoro h-BN, pombosapuyeckoro r-BN u typ6ocTtpatHoro t-BN Hutpumos
6opa. Ho mopsmok ux YNakoBKM OTYAacCTH OKa3blBaeTCAd OTIMYHBIM. Eciau ams yennHEeHHBIX
HAaHOTPYOKH WM (yIepeHa OTHOCHUTENbHYIO CTa0WJIBHOCTh MOKHO OIICHHTH C ITOMOIIBIO
pacyeToB MOJISIPHBIX JHEPTrUid CBA3BIBAaHUS (CM., Hampumep, [S]), TO B ciiydae MHOTOCIONHBIX
HAHOCTPYKTYpP PpEIICHHE aHAIOTUYHON 3amaum TpeOyeT, 4ToObl Hapsay C SHEPreTHUYeCKHM ObLI
YUTEH U T€OMETPUYECKUll (pakTop.

Lenpto HacTosAmed pabOTHl SBISETCS MOCTPOEHHUE TOCIENOBATEIBHOCTU CIOEB B MHOTO-
CTEHHBIX HAaHTPYOKaX W MHOTOOOJOUYHBIX (yiuiepeHax HUTpUaa 6opa 1Mo 3aJaHHBIM 3HAYCHUSIM UX
BHYTPEHHUX WM BHEIIHUX paauycoB. [Ipu 3ToM MBI OyseM OCHOBBIBATHCS HAa paHee MPEIOKCH-
HbIE T€OMETPUUYECKUE MOJIETH PETYISPHBIX HAHOTPYOOK U PEryNsapHBIX (yriepeHoB HUTpHaa Oopa
[1,2,6].

2. ACCOIIMAIIIMM YEJUHEHHBIX HAHOTPYBOK B MHOI'OCTEHHbBIX
HAHOTPYBKAX

CormacHO MOJIeIM OJHOCTEHHOW peryispHod HaHOTpYyOku Hutpuaa Oopa [1,6], (1) Bce
aTOMHBIE Y3JIbI JIE)KAT HA OJHOM M TOW K€ KPYroBOM LMJIMHAPUYECKOW MOBEPXHOCTH; (2) aTOMBI
O6opa B u arombl azora N moodepeqHO 3aHUMAIOT BEPIUMHBI MPABHIIBHBIX IIECTUYTOJIbHUKOB,
IJIOCKOCTH KOTOPBIX HM3JIOMAHbl BJOJb MNapajUIEIbHBIX LUIMHAPUYECKOH OCH CTOPOH H /WU
nuaronanei; (3) muHel Bcex B—N cBsizell (BHE 3aBUCHUMOCTH OT MX OPHUEHTAIlMH OTHOCHUTEIHHO
OCH) paBHBI.

N3 nepedncieHHbIX YCIOBUM, KOTOPBIE € MPUEMIIEMOW TOYHOCTBHIO YAOBJIETBOPSIOTCS
peanbHBIMH HAaHOTPYOKamMM HHUTpHAa Oopa, BHITEKAET, YTO PETYJSPHBIMU CIEAYeT CUMUTATh JIUIIb
HEXUpaJbHble HAHOTPYOKM — 3ur3arHas (n,0) u KpecioBUAHAs (n,n), TI€ UHAEKC N TPUHUMAET
HaTypaJIbHbIE 3HaUeHUs: n =1,2,3,.... AHaJIU3 cocTaBa 3JIEMEHTAPHBIX STYEEK OJHOMEPHBIX KpUCTa-
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JIOB HEXUPAIbHBIX HAHOTPYOOK OOOMX THIOB BEIET K XUMHYEeCKor dopmyrne By,Np,. B atnx
CTPYKTYypax IJIOCKOCTU O-4JIEHHBIX aTOMHBIX KOJIEL] OKa3bIBAIOTCS U3JIOMaHHBIMU COOTBETCTBEHHO
B1oJib B—N cBsizeil U 1uaroHanoB, COEIUHSIONINX Pa3HOMMEHHBIE aTOMHbBIE Y3JIbl, U JMAaroHAaJOB,
COCMHAIONINX OJTHOMMEHHBIE aTOMHBIE y3JIbl. UTO jke KacaeTcs XupaabHOH HAaHOTPYOKH (n,m), r1e
JOTOJTHUTEIBHBIN HMHACKC m Tpu (UKCHPOBAHHOW BEIMYMHE N MOXKET NPUHUMATh 3HAYCHUS
m=0,1,2,...,n, TO ee TOMy4eHHE U3 TUIOCKOTO TeKCATOHAIBLHOTO «JIUCTa» HUTpHAA Oopa ero cBo-
paduBaHUEM B IIMJIMHAP HEBO3MOXKHO, 110 KpaiiHel Mepe, 6e3 NCKaKeHUI BaJICHTHBIX YIJIOB.

Jlis paanycoB peryssipHbIX, T.€. 3UT3arHbIX U KPECIOBUIHBIX, HAHOTPYOOK HUTpHAA Oopa,
Tinoy ¥ T, » PAHEE OBLIH TIOJTy4EHBI HOPMYIIBI

Fnoy V3

- ) (1)
o) 4sin z
2n
5+4cos i
r(n,n) — 2n (2)
iy 4sin z
2n

B KOTOPBIX d, o H d,, COOTBETCTBEHHO SBIAIOTCA JuiMHaMu B—N CBsi3eli B 3Ur3arHoi u Kpecio-
BHJIHOW HAaHOTPYOKax.
W3BecTHO, YTO paaumyc XHUpaJbHOW HAaHOTPYOKH r,

(n,m)

BCETIa JICKUT MEKIY paanycamu

HEXMPAIbHBIX HAHOTPYOOK C TE€M XK€ MHIEKCOM 7% I, o < 1y <1, - IIDH OTOM BENIMYHMHA T,

(n,m)
MOHOTOHHO BO3pacTaeT C YyBeJIMueHHeM uHIekca m. I[lpuHuMas BO BHHUMaHuE JlaHHBIE
obcrositennbeTBa, 10 Gopmynam (1) m (2) MOXHO TMOCTPOUTH HHTEPIOISAIMOHHYIO (OPMYITY,
OTIPEIENIAIONIYI0 PATUYC XUPATbHOW HAHOTPYOKH:

3+2m(1+ cos;j
onm n n
d< L = : 3)

(n,m) 4sin z
2n

rae d,,, — AmuHa B-N cBssell B XupanbHOW HaHTPYOKe (n,11). DTOT NapaMeTp U B paMKax Npej-

JIO)KEHHOTO O000OIIEHUsT MOJEIN PETYSIPHOW HAHOTPYOKHM TMPEAroJiaracTcsi HE3aBHCHUMOW OT
OpPHEHTAIMH CBSA3M OTHOCHUTEIBHO OCH LMJIMHIAPUYECKOH TpyOku. Takum o0Opa3oM Bce XHpallbHbIC
MCKa)KEHUSI Mbl OTHOCUM 32 CYET OTKJIOHEHUH aTOMHBIX IIECTHYTOJIbHUKOB OT MPAaBMIbHON (OPMBI.
Jlerko MO>XHO yOeAUTHCS B TOM, UTO MOACTaHOBKaMHu m = (0 U m = n MUHTEPHOJISALMOHHAs (hopMyIia
(3) Touno mepexomut B opmynbl (1) U (2), COOTBETCTBYIOIIUE 3UI3arHBIM W KPECIOBUIHBIM
HaHOTpPyOKaM.

BripanmBaemble Ha mpakTuke HaHOTPYOkH BN, 3a penkuMH HCKITIOYEHHUSIMH, OOJBIINE —
XapaKTEepU3yIOTCs BBICOKUMHU 3HaUeHUsIMU MHAeKca n . [1o 3Toil mpuunHe 1enecoo0pa3Ho OTAEIBHO
MPEeACTaBUTh acUMITOTUKH Gopmyi (1-3) ipu n >> 1:

T \/gn

~ , 4
d,o. 27 ©
L (5)
d,, 27

Tom _ A3n(n+2m) ©)
d,_ 27 ’

(n,m)
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[Tockonbky mmuHBI B—N cBsizeli B peaqbHbIX HAHOTPYOKaxX HUTpHUIA Oopa ciabo 3aBUCAT OT
WHJIEKCOB, TO HA OCHOBAaHWH BhIpaKEeHHH (4) U (5) IPUXOIUM K 3aKIIOUYEHHUIO, YTO TIPH OOJBIIUX 71
paanycChl HEXUPAITBHBIX HAHOTPYOOK 0OOUX THIIOB JIOJDKHBI BO3PACTaTh MPUOTU3UTEIBHO JTUHEIHO,
00pa3oBbIBas IBe apu(PMETHIECKHE TPOTPECCHH.

Uro xe Kacaercsi aCUMOTOTHUYECKOW ¢opme (6) MpeasioKEHHOTO BBIIIE BBIPAKECHUS JUIS
paanycoB XHMpaTHBIX HAHOTPYOOK, OHA TaKXKe MPHUBOJIUT K MHTEPECHBIM BbIBoJaM. Bo-mepBbix,
6ombiue (n >> 1) XxupaabHble HAHOTPYOKH ¢ OTHOCUTEIHHO HEBHICOKMMH 3HAUEHUSMU UHIEKCA M
(mompa3ymeBaeTcs, u4Tto 2m/n<<1) HOIKHBI OBITh 10 CBOMM paJWycaM IPAKTUYECKU
HEPa3IMYUMBIMHU JIPYT OT Apyra U OT COOTBETCTBYIOIIEH 3ur3arHoi HaHOTpyOKku (n,0). Bo-BTOPHIX,
C XOpoIIel TOYHOCTHIO JOJKHBI COBMANATH PATUYCHl U T€X XUPATBHBIX HAHOTPYOOK, JIsI KOTOPBIX
COBIIAJIAIOT TPOU3BEICHUS LETBIX yucen n(n+ 2m), oOpazyeMble UX UHAEKcaMu. Takum oOpazom,

cpenu BO3MOXKHBIX HaHOTPYOOok BN mpu n >>1 mmeercs psa Tpynn OTACIbHBIX 00pasioB C
Pa3IMYHBIMU XUPATBbHOCTHSIMHU, HO MOYTH C OJUHAKOBBIMU PaJMyCaMH.

JlaHHbIi pe3yabTaT aHaJdu3a reoMeTpuil HAaHOTPYOOK HUTpUJa O0pa MPUBOIUT K MBICIH, UYTO
B JTMHHBIX HAHOTPYOKax, TeM 0Oojee B M30THYTHIX U /WM Pa3BETBICHHBIX, BIIOJIHE BO3MOXKHO
YepeOBaHUE PA3IMYHBIX HAHOTPYOOK MPHUOIMKEHHO paBHBIX pPaJWyCcOB, COEIUHEHHBIX C
MOMOIIBIO TTEPEXOJHBIX Ae(EeKTHBIX oOjacTell OONBIINX MIM MEHbIINX pa3MepoB. OTMETHM, YTO
1o100Hast KapTHHA JIEHCTBUTENBHO XapaKTepHa Ui MPOAYKTOB Psiia TEXHOJIOTUYECKUX MPOIIECCOB
pocTa HaHOTPYOOK HUTpHUAA Oopa.

Ta6mua 1. Paguycsl 0HOCTCHHBIX HAHOTPYOOK HUTpHIA Gopa, A.

(n,m) (n,m) (n,m) (n,m) (n,m)

r(n,m) r(n,m) r(n,m) r(n,m) r(n,m)

(1,0)  0.6260  (5,3) 29779 (7.,5) 43625 (11,3) 54618 (142) 6.3368
(1,1)  0.8082  (6,2) 3.1083  (10,1) 4.3807 (9,6) 54908 (11,6) 6.3493
(2,00  0.8853 (7,1) 3.1840 (11,0) 4.3987 (12,2) 5.5340 (15,1) 6.3743
2,1 1.1893 (8,0) 3.2088 (8,4) 45234  (8,8) 55340 (16,00 6.3867
(3,0 1.2520  (5.4) 3.2335 (7,6) 4.6103 (13,1) 55769 (10,8) 6.4363
2,2) 1.4301 (6,3) 3.4011 (9,3) 4.6446 (14,00 55911 (12,5) 6.4854
(3.1) 1.5872  (5.,5) 3.4704  (10,2) 4.7293  (10,5) 5.6477 (13,4) 6.5947
4,0) 1.6358  (7,2) 3.5159  (11,1) 47794  (9,77) 5.7452 (11,7) 6.6187
(3.,2) 1.8630  (8,1) 3.5830  (12,0) 4.7960 (11,4) 5.7728 (14,3) 6.6785
4,1 1.9865 9,0) 3.6050 (8,5 47961 (12,3) 5.8683 (10,9) 6.6785
(5,0)  2.0258  (6,4) 3.6706 (7,7  4.8455 (10,6) 59222 (15,2) 6.7377
3,3) 21038 (7,3) 3.8190 (94) 49428 (13,2) 59356 (16,1) 6.7729
4,2) 22839 (82 3.9216 (10,3) 5.0540 (14,1) 59756 (12,6) 6.7729
(5,1) 23859 (6,5 39216 (8,6) 5.0540 (15,0) 59889 (17,00 6.7846
(6,00 24187 (9,1) 39818 (11,2) 5.1320 (9,8) 59889 (11,8) 6.8776
4,3) 25468 (10,00 4.0017 (12,1) 5.1782 (11,5) 6.0679  (13,5) 6.9007
(5,2)  2.6981 (7,4)  4.0998 (13,00 5.1935 (12,4) 6.1846 (10,10) 6,9122
(6,1) 27849  (6,6) 4.1575 (9,5 52240 (10,7) 6.1846 (14,14) 7.0035
4,4) 27850  (83) 42332 (87  5.2995 9,9 62230 (12,77) 7.0487
(7,0)  2.8133 9,2) 43260 (104) 53591 (13,3) 6.2738 (15,3) 7.0824

[Monarasi, uro amuHbl B—N cBs3eil B 110001 HaHOTPYOKe OJU3KH K M3MEPEHHOMY 3HAUEHUIO
1.4457 A [7] nnvuHBI BHYTPUCIOEBBIX CBS3€Ml B PEaJbHOM CJIONCTOM KPUCTAIIE T'€KCAarOHaJIbHOIO
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Hutpuga O6opa h-BN, mamum mo dopmyne (3) Obut paccuuMTaHbl PAIUYChl BCEBO3MOKHBIX
OJTHOCTEHHBIX HaHOTPYyOOK BN ¢ mHmekcom n B mHTEpBasie oT 1 g0 75 BKIIOUHMTENbHO. YacTh
pesyabraroB (s 100 Hambonee MaibIx HAHOTPYOOK) mpexacraBieHbl B Tabmuue 1, rae 3tH
HAaHOTPYOKM PACIIOJIOKEHBI B MOPAJKE Bo3pacTaHus paauyca. OTciona JeHCTBUTEIBHO CTAaHOBUTCS
OUYEBUIHBIM HAIMYUE PsAIa TPYII 00pa3I[0B C MOYTH OJUHAKOBBIMU PaJHyCaMHu.

Tab6auua 2. CTpyKTypbl MHOTOCTEHHBIX HAHOTPYOOK HUTpUA O0Opa U OTHOCUTENILHBIC
OTKJIOHEHUS] MEKCTEHHBIX PACCTOSIHUNA OT MEKCIIOEBBIX — B CJIOMCTOM KpHUCTaJLIE.

(1,0) @ 9,1) @ (14.,5) @ (23.4) @ (28,8) @ (31,15)
0.76 % 0.05 % 0.09 % 0.44 % 0.31 %

(1,1 @ (6,6) @ 17,2) @ (22,6) @ (22,18) @ (36,9)
0.56 % 1.52 % 1.09 % 0.13 % 0.12 %

(2,0) @ (8.,3) @ (18,1) @ (22,6) @ (22,18) @ (36,9)
0.52 % 0.19 % 0.14 % 0.13 % 0.12 %

2, @ (8,4) @ (17,3) @ (22,7) @ (31,6) @ (31,17)
0.11 % 0.10 % 0.06 % 0.09 % 0.23 %

(3,0) @ (7,6) @ (19,1) @ (23,6) @ (26,13) @ (34,13)
0.83 % 0.84 % 0.41 % 0.44 % 0.45 %

2,2) @ (11,1) @ (16,5) @ (18,14) @ (30,8) @ (28,23)
0.56 % 0.80 % 0.19 % 0.16 % 0.14 %

Jlanee, OCHOBBIBAsICh Ha ATH 3HAYEHHS OBLIM MOCTPOCHBI MHOTOCTEHHbBIE, & UMEHHO, 6-CTEH-
HbIe, HAHOTPYOKH, B KOTOPBIX B KayeCTBE BHYTPEHHEH CTEHKH CIYXWIH 6 caMbIX MaJleHbKUX
HAaHOTPYOOK, a Pa3HOCTH PATUYCOB COCEIHBIX HAHOTPYOOK, T.€. MEKCTEHHbBIE PACCTOSIHHS, YyTh
MPEBOCXOIUIIMN dKCIEpUMEHTalIbHOE 3HaueHue 3.3306 A [7] MexcnoeBbIx pacCTOSAHUM B CIOMCTOM
kpuctaiie h-BN. CTpyKTypsl 3TUX HaHOTPYOOK IpecTaBieHbl B Tadmuie 2 COBMECTHO C OTHOCH-
TEIbHBIMU OTKJIOHEHMSIMHM IPEICKA3bIBAEMBIX PACCTOSTHUN MEXKIY COCEIHBIMH CTEHAMH MHOIO-
CTEHHOM HaHOTPYOKH HUTpUIA OOpa OT MEKCIOEBOI0 PACCTOSHUSA B TPEXMEPHBIX KPUCTAJLIaX 3TO-
ro e BemecTBa. M3-3a MHOrOBapMaHTHOCTH 3HAUYEHUI PaJuyCcOB YEAMHEHHBIX HAaHOTPYOOK yKa-
3aHHbIE OTKJIOHEHHUS B OOJBIIMHCTBE CIy4yaeB O4YeHb Majibl. OcCTaromuiics pacxoxIeHUus B MHO-
TOCTEHHBIX HAaHOTPYOKax JOJKHBI KOMIIEHCHPOBATHCS CIUTIOLIMBAHUEM COCEIHBIX HAHOTPYOOK BO
B3aMMOIEPIEIUKY/ISIPHBIX HAIMpaBICHUSIX U /WIK B3aUMHBIM OTKJIOHEHHEM OCEH COCEIHBIX
HaHOTpYOOK. braronaps ykazanusM 3¢dekram onpeeneHHbIe YacTH COCeIHBIX HAHOTPYOOK OKa-
KYTCSl HA paBHOBECHOE PacCTOSIHUE, KOTOpOe OJIaronpusiTCTBYeT 00pa30BaHUIO MEKCIOEBOI CBSI3H.
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3. ACCOUUMALIMU YEJUHEHHBIX ®YJIJIEPEHOB B MHOT'OOBOJIOYHbIX
OYJIJIEPEHAX

[lonarue 0gHOO0OIOYHOTO peryisipHOro ¢ysuiepeHa HUTpuAa 6opa ObLIO MPEATIOKEHO B
paborax [2,6]. CormacHOo cOOTBeTCTBYIOMmIEH Mojenu, (1) Bce aTOMHBIC y3JIbI pacIioiaraloTcs Ha
OJTHOM M TOH ke cheprudecKoil MOBEPXHOCTH; (2) CTPYKTypa COACPKUT PaBHbIE KOJIMUYECTBA aTOMOB
B u N; (3) koopauHAaIIMOHHOE YUCIIO JI000TO y3i1a paBHO 3; (4) Bce aTOMHBIC KOJbIA SBIISFOTCS
MPABIWJIBHBIMU MHOTOYTOJIbBHUKAMH C YETHBIMH YHCIIOM BEpIIMH (TEmeph YXKe HeoOs3aTeIbHO
TOJNBKO MIECTUYTOJbHUKAMHU), KOTOPBIX TMoovepenHo 3anumaroT atrombl B u N. [lomoGHoe ompe-
JeJICHUE BEJET K XUMUYECKOH opmyiie peryasipHoro gymiepeHa Boyps)Nonm+1), TAE n=1,273,... —
€ro MHAEKC, U K PaBEHCTBY MJIUH Bcex B—N cBsizell B HEM.

Yaaercs MOCTpOeHUE CXEMbI aHAJTUTHYECKOTO BBIBOJIA 3aBHCHMOCTH panuyca (ysiepeHa

¥,y OT JUIAHBI B-N cBs3eit d () 1 MHJIEKCA 7. B wacTHOCTH, KOr1a yKa3aHHbIM UHIAEKC COBIAJAET C

menoii crenensio 2, n=2°2"'2% ... (t.e. nna dymnepenos B4Ny, BN, BNy 1 T.11.), cocennue
«MepUIHaHHbIEe» aTOMHBIE TIIOCKOCTH B «CEBEPHOM» U «F0)KHOM» TIOTYIIAPUSIX CIUBAIOTCS JIPYT C
,Z[pyFOM B <<3KBaTOpHHLHOﬁ>> IIJIOCKOCTH, YTO ITO3BOJIACT HOHY“IHTB SBHOC Bblpa)KeHI/I}I JJI pallI/cha
bymepena:
2
Ton 1 (3 cos7r/2nj
2 T .2 n .
d, sin"7z/2n

7
5 @)

Kak u B ciyuae peryssipHbIX HAHOTPYOOK, Mpu OONbIIOM HHIAEKce, n >>1, paguyc
perynsipHoro ¢ymninepeHa HUTpuaAa 60pa OKa3bIBaeTCs NMPUOIMKEHHO MPONOPLUOHATBHON HHACKCY:

Teny - \/3+2\/§n

d(n) T

HpOCTOTa (bOpMBI 9TOI'0 BBIPAXKCHUSA IMO3BOJIACT MPCAIOJIONKUTDL, YTO ACUMIITOTHUKA, MOJYUCHHAA

®)

JUI. JUCKPETHBIX 3HAYEHUU HHAEKca (n = 202' 2% ..), okaxercs BEPHOW W B 00IIEM cliiydae.

CrenoBarenbHO, paguychl OOJBIIMX PETYISIPHBIX (yIJepeHOB HUTpUAAa Oopa C XOpoIIed TOod-
HOCTBIO JIOJDKHBI 00pa30BbIBATh apU(METHUECKYIO TIPOTPECCHIO.

Ta6auua 3. Paguycsl 0xH0060I04HBIX (ByILIEPEHOB HUTPUIA Gopa, A.

(n) T (n) T (n) T (n) T (n) T
(D) 1.2520 (11) 12.2320 21 23.3364 (31) 34.4442 41) 45.5530
2) 2.2859 (12) 13.3421 (22) 24.4471  (32) 35.5551 42) 46.6639
3) 3.3749 (13) 14.4522 (23) 25.5578  (33) 36.6659 (43) 477748
4 4.4752 (14) 15.5625 (24) 26.6686 (34) 37.7768 (44) 48.8857
®)) 5.5798 (15) 16.6729 (25) 27.7793  (35) 38.8877 45) 49.9966
(6) 6.6866 (16) 17.7834 (26) 28.8901 (36) 39.9985 (46) 51.1075
@) 7.7946 (17) 18.8939 27) 30.0009 (37) 41.1094 a7 52.2184
®) 8.9034 (18) 20.0045 (28) 31.1117 (38) 42.2203 (48) 53.3294

) 10.0126  (19) 21.1151 (29) 322225 (39) 433312 (49) 54.4403
(10) 11.1222  (20)  22.2257 (30) 33.3334 (40) 44.4421 (50)  55.5512
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HNutepnomupyst Gopmyny (7) Takum 00pa3om, 4TOOBI OHA OXBaThIBaJla BCE JOMYCTUMBIC
3HAYeHUs 7, B TOM 4YHCIE U MaJible, HaMbl ObUIM pacuyuTaHbl PaJlyChl BCEBO3ZMOXKHBIX (T.€. HE
TOJNBKO PETYISIPHBIX) QyIIIEPeHOB HUTpHAA O0opa BIUIOTh 10 uHACKca n =50. [Ipu 3TOM, Kak u B
clydae HAHOTPYOOK, MpeimnoJiaraioch, 4to juymmHa B-N cBs3ell NMpakTHUYECKW HE 3aBUCUT OT
WHJCKCA W MPUOIMKEHHO COBIAJAeT C JJIMHOW BHYTPUCIOEBBIX CBSI3Ei 1.4457 A B cnoiicThix
KpUCTaJlJIaX 3Toro BemlecTBa. PesynpTaThl mpencrtaBiensl B Talmuie 3, rae ¢ysuiepeHsl nepe-
YHCJIEHBI B MOPSAJIKE BO3pacTaHus pa3MepoB. Pazymeercs, n3-3a eTMHCTBEHHOCTH MHAEKCA 1 3TOT
MOPSAJIOK COBIIAJAET C €0 POCTOM.

3aTeM W3 HUX MBI MOCTPOWJIM MHOTOOOOJIOYHBIC, & MUMEHHO 7-000JI0YHBIC, (YJIEpEeHBI
HUTpUJa 60pa, B KOTOPBIX B KAUeCTBE BHYTPEHHEH 0OOJIOYKU CIIYKHIIU 7 CaMBIX MAaJbIX PEryJsip-
HBIX (YJUIEPEHOB, @ PA3HOCTH PAJINYCOB COCETHBIX (YUIEPEHOB, T.€. MEX0OOJIOYHBIE PACCTOSIHHUS,
4yTh NPEBOCXOAMIIN IKCIIEpUMEHTaIbHOE 3HaueHue 3.3306 A MexcIoeBBIX pacCTOsIHUN B CIIOMC-
ThIX Kpuctasax BN. Dtu masble pacxoxIeHHs MOTYT ObITh CKOMIICHCHPOBAHBI CIUTIOIIMBAHEM
(GyIepeHoB BO B3aUMOMNEPICHIUKYISPHBIX HAMPABICHUSAX U/ WM B3aMMHBIM OTKJIOHEHEM HX
NMOJSIpHBIX oceld. [IpeackasanHbie TakoM 00pa3oM CTPYKTYpHI TToKa3aHbl B Tadmuie 4.

Tabauua 4. CTpyKTypbl MHOTOOOOJIOUHBIX (PeJIIEPEHOB HUTPHIa O0pa U OTHOCUTEIILHBIE
OTKJIOHCHUA MG)KOGO.HO‘-IHBIX paCCTOHHI/Iﬁ OT MEXKCJIOEBBIX — B CJIOUMCTOM KpucraJuie.

(1 @ 5) @ ) @ (13) @ (16) @ (19) @ (22)
29.94 % 33.09 % 33.30 % 0.02 % 0.03 % 0.04 %

) @ () @ (10) @ (14) @ (17) @ (20) @ (23)
32.13 % 33.18 % 33.32 % 0.02 % 0.04 % 0.05 %

3) @ ) @ (11) @ (15) @ (18) @ 1) @ (24)
32.70 % 33.23 % 33.34 % 0.03 % 0.04 % 0.05 %

) @ 8) @ (12) @ (15) @ (18) @ 1) @ (24)
32.96 % 33.27 % 0.01 % 0.03 % 0.04 % 0.05 %

5) @ ) @ (13) @ (16) @ (19) @ (22) @ (25)
33.09 % 33.30 % 0.01 % 0.03 % 0.04 % 0.05 %

(6) @ (10) @ (14) @ (17) @ (20) @ (23) @ (26)
33.18 % 33.32 % 0.02 % 0.04 % 0.05 % 0.05 %

(7) @ (11) @ (15) @ (18) @ @21 @ (24) @ 27)
33.23 % 33.34 % 0.03 % 0.04 % 0.05 % 0.05 %

Kak BuaHO U3 3TOM TaOMUIBI pH OOJBIIMX 7 OOHAPY)KUBAIOTCS ONpEAETICHHbIE TCH/CH-
MU Pa3sHOCTh MHAECKCOB PEryISIpHBIX (yJUIEPEHOB, 0Opa3yIoUIMX COCeIHUE OOOJIOUKH, BCET/Aa
COCTaBJISIET 3, @ OTHOCUTEIbHBIE OTKJIIOHEHHUSI PAa3HOCTEH pajlyCcoB OT 0XKHJIAEMOT0 MEXKCIOEBOTO
paccTostHusL upe3BbIYaitHo Masibl. OOBSICHEHUE 3aKII0YAETCsl B TOM, YTO MPpU 7 >>1 3TH pa3sHOCTH

COCTABIISAIOT 1,3 — T, =3 3+242 d, /7. OTKyna mNOJICTaHOBKOH BMeCTO d,, BEJIUYMHEI

1.4457 A nomyanm Finssy — Ty = 3.3329 A, at0 ouenp Mao otmuaercs ot 3.3306 A. IloxobHoe, Ha
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TIEPBBII B3TJIA/l, HEOKHUIAHHOE COBIAJICHNE KaXKETCsl HECTydailHHBIM. MOKeT OBbITh, B BHIBEJICHHOM
bopmyie panuyca peryisipHoro ¢yaepeHa HuTpuaa 6opa NposABISETCS HEKOTOPOE 00IIee COOTHO-
IICHNUC MG)KI[y BHyTpI/I- U MCIKCIIOCBBIMU HapaMeTpaMI/I ad U ¢ BCCX CIOHUCTBIX CprKTyp HI/ITpI/II[a

6opa c/a =233+ 2x/§) /7 =2.6621. [Insg cpaBHEHMS 3aMETHUM, YTO SKCIIEPUMEHTAILHOE 3HAUe-
HHUE ITOTO K€ OTHOIICHHSI B peaIbHBIX KpUCTAIIIaX paBHO 2.6602.

4. BAKVIIOYEHUE

[ToapiTOXKMBAs MOJTy4YEHHBIE PE3YJIbTAaThl, B IEPBYIO OYEPEb CIEYyeT OTMETUTh BO3MOXKHOCTb
JIOBOJILHO TOYHOT'O MPEACTABICHUS MPOCTPAHCTBEHHBIX CTPYKTYP CIOMCTHIX HAHOCUCTEM HUTPUAA
B paMKax MpPOCTBIX T'€OMETPUUYECKUX Mojenell. AHamu3 MOoAeNIe peryisipHbIX OJAHOCTEHHBIX IU-
JUHIPUYECKUX HAHOTPYOOK M PETYJSPHBIX OAHOOOOJOYHBIX cepuueckux (yuiepeHOB HUTpUIA
0opa, MOCTPOEHHBIX M3 aTOMHBIX KOJel B (pOpMe IUIOCKMX WM M3JIOMaHHBIX IO CTOPOHaM MU
JMaroHaiaM MPaBHJIBHBIX MHOTOYTOJBHUKOB C YETHBIM YMCJIOM BEpIIHNH, TTO3BOJISIET BBEICHHE MH-
TEPIOJIALMOHHBIX (POPMYJI, KOTOPbIE aHATUTUYECKH OIPENEIIAIOT PaJANyChl OTJEIbHBIX CTEHOK WU
00oIl04eK, Kak (YyHKIMI MHAEKCOB HAHOCUCTEM M JJIMHBI BHYTPHUCIOEBBIX cBs3eil. C omgHOM cTO-
POHBI, UCKIIIOYUTEIBHOE MHOI000pa3re 3Ha4eHUH paJuycoB OOJIBIINX XUPATbHBIX HAHOPYOOK, a ¢
ApYroi CTOPOHBI, Upe3BbIYaiiHHAS OJM30CTh K PABHOBECHOMY MEXCIIOEBOMY PACCTOSIHUIO Pa3HOC-
Tell paguycoB nap OoJpHIMX (YJUIEPEHOB C OTIIMYAIOIIMMUCS Ha 3 MHAEKCaMH, HAIIAJHO OOBsC-
HSIOT JIETKOCTh 00pa30BaHKs MHOTOCIIOMHBIX HAHOCHCTEM HUTpHIA Oopa.
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IIpunsra 29 suBaps 2010 roga

TBepable cIIaBbl HA OCHOBE KapOMIOB Bosib(hpama M TUTaHA, MOTYUCHHbIC TPATUIIMOHHBIMU
TEXHOJIOTUYECKUMHU METO/IaMU SIBJIIOTCS 00BbEKTaMU IIUPOKOrO MPOMBIIUIEHHOI'O HCIIOJIb30BaHUS
[1-6]. OHu ycnemHo NpUMEHSIOTCS B MAlIMHOCTPOEHHUH, PAKETOCTPOEHUH, CAMOJIETOCTPOEHUH, B
aTOMHOM d2Hepretuke. 1109TOMy NOBBINIEHHE JKCILTyaTallMOHHBIX I1apaMETPOB TBEPIAOCIIIIABHBIX
U3JIEIUH SBISETCS BaXHOW 3amauell MatepuanoBelneHus. OQHAKO pe3epBbl JAIbHEWUILIErO IOBBI-
IIEHUs1 CBOMCTB TBEPABIX CIJIABOB TPAJUIMOHHBIMU CHOCOOAMM MPAaKTUYECKH Hcyepnaiu ceds.
PeanbHBIM TIyTEM YIY4YIICHHUS UX CIY)KEOHBIX XapaKTEPUCTHK SBISETCS CO3/IaHUE HAHOKPHUCTAJ-
JIMYECKUX CUCTEM, B KOTOPBIX pa3Mep yacTULl He npeBbimatoT S0 nm. CBOMCTBAa TaKUX MaTepHaIOB
KaueCTBEHHO OTJIMYAIOTCSI OT CBOMCTB T€X K€ MAaTEpUAJIOB B KPYITHOKPUCTAIIIMYECKOM COCTOSIHUMU.

B 3T0i1 cBs3M co3/laHME TBEPJBIX CILUIABOB ¢ HAHOKPUCTALIMYECKON CTPYKTYPOU SIBJISIETCA
BECbMa Ba)XHOM 3ajadel. Hanokpucrannuyeckas cTpyKTypa JaeT BO3MOXHOCTb CYHIECTBEHHO I10-
BBICUTh U3HOCOCTOMKHE, aOpa3uBHBIE U )KAPOCTONKHE CBOWCTBA TBEPABIX CIUIABOB IPU COXPAHEHUU
UX YAApHOU BSI3KOCTH U yIOBJIETBOPUTEIBHOM MIIACTUYHOCTH.

B HacTosiee Bpems CyIIECTBYET HECKOJBKO CIOCOOOB IMOIYYEHHUS HAaHOKPHCTANIMYECKUX
cucteM. PacripocTpaHeHHBIM METOJIOM SIBJISIETCSI MEXAHUUYECKUI [TOMOJI IIMXThI B BBICOKODHEPI€TH-
YEeCKHUX aTTpuTopax (T.H. MeXaHOXMMHUecKas aktuBalus). Hegoctarkom atoro cnocoba siBiseTcs:
MaJasi IPOU3BOAUTEIBHOCTD, 3arPSI3HEHUE IIHUXThI KMCIOPOAOM U MaTEpUAIOM aTTPUTOPA U YBEJIH-
YEeHUE KOHTAKTa a0pa3uBHBIX COCTABJISIOLIMX.

CpaBHMTENBHO XOPOIINE Pe3yIbTaThl ObLTH MOJYYEHBI CIOCOOOM XHMHYECKOTO CHHTE3HMPO-
BaHMS BOJHBIX PacTBOPOB coJiei Bonb(hpama u kodbanbta [7]. KapOuansamnus BHICYIICHHBIX CMECEH
Mpou3BoIMIach B KoHTposuupyemoit atmochepe CO / CO,, CO/ Ar wmu CO /H,. OnHako 3ToT
Croco0 He MpUeMJIEM K TUTAHOBOM LIMXTE M3-32 BEICOKOIO CPOACTBA TUTaHA U KHcaopoaa. BonHele
PacTBOPBI CIOCOOCTBYIOT MosiBiIeHHIO Ti — O CBs3el ¥ MOCTIEAYIONIMA TUPOJIU3 B BOCCTAHOBHUTEIb-
HOU cpene Bcerjia 3akaHuuBaeTcs oopazoBanueM Ti0;.

JlazepHble U MIIa3MEHHBIE METOABI IPOU3BOJCTBA HAHOKPUCTAININYECKMX MAaTEPHUAJIOB SHEPro-
€MKHE, JOPOTOCTOSIINE U MATONPOU3BOAUTENbHBIE. [103TOMY NpuMEHEHUEe 3TUX METONOB OIPaB-
JaHO JTUIIb B CIIEUU(UIECKUX YCIOBUSX.

Mertonbl MonMyd4eHUs: HAHOKPHCTANIMYECKOro KapOHuaa THUTaHA ONHCaHbl B aMEPUKAHCKUX
natentax US 3812239 u US 4662215. 1o nepBoMy U3 HUX KapOHI000pa3oBaHUE MPOUCXOAUT IIPU
B3aMMOJCICTBUM I1IapOB raJIOTEHHUJA TUTaHa M yriaesoxopoxa. IIponecc mporekaer B peakTope ¢
teMneparypHoit 30Ho# (150 —200) °C npu nogaep:kke BcioMorarenbHoro rasa. CorsiacHo BTOpO-
ro, kapoua TtuTaHa oOpasyeTcs IMocie MUPOJIU3a MPOAYKTA, MOJYyYEHHOIO IpPU B3aUMOJEHCTBUU
OopraHoTuTaHara u noaumepa. B 06oux meTomax TpyAHOCTH BO3HHUKHAIOT NPH BBEJICHHH B COCTaB
pEareHTOB JIOMOJIHUTENIBHBIX COSANHEHUH I TOIy4YeHUsl TBEPAbIX CIUIaBOB Ha 0asze kapOuaa TH-
TaHa. AMOp(HBIC TUTAHOKAPOUAHbIE MaTepHalIbl OTYYAIOT TAKKe MOCIIe MUPOIU3a TeTpabeH3o01a
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tutana Ti(CH,PH)s. OnHako 3TH MaTepuaibl CoaepikKaT 3HAYUTEIIBHOE KOJTMYECTBO CBOOOHOTO yT-
Jepoaa, 4TO OTPHIATEILHO BIUSET HA KAueCTBO KapOHWJa THUTaHA W TBEPBIX CIUIABOB Ha €O
OCHOBE.

[IpencraBnsuio wHTEpEC pa3pabOTKa HAHOKPHUCTATUIMYECKUX KOMITO3UIIMOHHBIX CIUIABOB HO-
BOT'O THIIA CO CTPYKTYPHBIMU OCOOECHHOCTSIMH, T/I€ METAJIII IEPEXOAUT B KEPAMUKY C HETIPEPHIBHBIM
W3MEHEHHUEM CTPYKTYpPbI, MOP(HOJIIOTHH U CBOWCTB, YTO MPEIOTBPAILIACT BO3SHUKHOBEHHE BHYTPEH-
HUX HAMPSOKEHWH U TEM CaMbIM CO3/IAI0TCSI YCIIOBHSI COUETAHUS KAPOMPOUYHBIX, KAPOCTONKUX, H3-
HOCOCTOMKHUX CBOMCTB KEPAMHUKH C MJIACTUYHOCTHIO BA3KOCTHIO METAILIA. JTO MO3BOJIUT YBEIUYUTD
pabounii pecypc HM3JEIUN W TEMIIEpaTypHBIH MHTEpBall SKCruryaTanuu. [10sSBUTCS BO3MOXKHOCTH
CO3/IaHUsI HOBOTO MTOKOJICHHS 3TUX MaTEpPUAJIOB.

C ydeToM YyKa3aHHBIX OOCTOSITENHCTB ObLIAa MPEANPUHSTA TOIBITKA pa3padoTaTh METOJ
MOJIY4EHHUs HAHOKPHUCTAUIMYECKUX IMOPOIIKOB KapOuJga THTaHA C IEMEHTUPYIOIIUM METAIJIOM-
CBS3KOW M TEXHOJIOTHIO X KOMITAKTUPOBAHMS IS TMOJy4EHUs] 00pa3loB U M3, MPUTOTHBIX
JUTSL KCCIIETIOBAHUS CITY>KEOHBIX XapaKTEPUCTUK U KOHKPETHOTO TPUMEHEHHUSI.

B Hacrosmeli pabore TpUBOAWTCS Pe3yabTaThl HMCCICIOBAHUU IO TOJYYCHHIO TBEPIBIX
CIUIaBOB HAa OCHOBE KapOwa TUTaHA METOJIOM XUMUYECKOTO CHHTE3UPOBAHUS C MCIIOJIH30BAaHUEM B
KaueCcTBE pearcHTOB TUIPUIAHBIX COCIWHEHHWH THUTaHA, KapOWUI000pa3yroNuX W EMEHTHPYIOUTUX
KOMITOHEHTOB. B KadecTBe IIEMEHTHUPYIOIIET0 MeTasia BEIOpaH HUKENb, TaK KaK W3BECTHO, YTO B
psany metainoB Fe, Co, Ni, Hukens B OoJbIel CTENIEHN cMayrBaeT Kapoua Turana [8,9].

C menpio ompeneneHUs BO3MOXHOCTH 00pa30BaHUS pa3iMyHbIX (a3, TEMIEpaTypHBIX H
KOHIICHTPAIIMOHHBIX TPaHUI] WX CYIIECTBOBAHMS OBLI TPOBEICH TEPMOIMHAMUYCCKUM aHAIIN3
tpoitHoit cuctemsl (Ti — C) — Ni (10 %).

THEEMO-CATC (200% 07.21:12.17), DATABASE: USER
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B 1200 ;
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Puc. 1. Pacuernas paBHoBecHas auarpamma cucremsl (Ti — C) — Ni (10 %).
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Jnst pacuera sHEprUM 00pa30BaHUs CIUIAaBOB U (a3 B YKa3aHHOW cHCTeMe OblIa UCIIOIh30BaHa
06a3a ganHbIx mnporpamMMbel Thermo-Calc. PacueTHas paBHOBecHs JauarpaMMa CHCTEMBI
(Ti — C) — Ni (10 %) npencrasnena Ha puc. 1.

N3 BO3MOXHBIX COCTUHEHUH, OOpa30BaHHBIX B YKa3aHHON CHCTEME, CJIEIyeT OTMETHTh
cymectBoBaHus TiC u TiNi B IIMPOKOM KOHIIEHTPAIIMOHHOM HHTEpBaie, (28 — 48) wt. %.

Kapbun turana nonyuanu npu temneparype (850 — 950) °C ¢ ucnonb3oBaHHEM TaKUX KapOu-
N000pa3ylonINX peareHTOB Kak caxa, rpaduT, map OpraHM4ecKHX COEAMHEHHU a TaKXKe CMECh
napoB CO, H,, CHy. ns cuHTe3a HMCHONB30BAIM THUTAaH M THAPUJ TUTaHA. TUTaH MOIy4ald
HarpeBoM rujipuaa tutana npu temneparype 800 °C. Mcnonb3oBaHue rugpuia TUTaHA IS MOTY-
yerus: TiC nmepcrneKTUBHO, T.K. MpU KapOUIU3allii OH PEreHepupyeT HEOOXOTUMBIN sl KapOuIu-
3allMy MOPOIIOK aKTUBHOTO TUTaHA U BOJIOPOJ.

- 5

Puc. 2. [IpuHuunuanbHas cxeMa yCTaHOBKH JIJISl TIOJIYYCHHS KapOuaa TUTaHA.
1 — HeoOXOaMMBIE 1T CHHTE3a ra3hl; 2 — CHCTEMA OYHUCTKH I'a30B: P AL Os.
P katanuzatop Cu — Cr, ot _ IICOJINT; P OXJIaJuTebHas CUCTEMA;

3 — pacxogomep; 4 — JKUAKOCTHBIN KJIaMaH; 5 — 1edb IS KapOuau3aIiim ¢
TEPMOPETYIATOPOM; 6 — YJIaBIUBATEIb KUIKUX U Ta3000pa3HbIX MPOIYKTOB;
7 — peoMeTp; 8 — neyb AJIS CKUTAHUS BBIJCICHHBIX Ta30B.

KapObun tutana momyudanu B 1aOOpaTOPHOM YCTaHOBKE, MPUHIMUIHAIBHAS CXeMa KOTOPOM
MpeJcTaBiIeHa Ha puc.2.

HOpOI_HOK AKTUBHOI'O TUTaHa (B OTJIMYHUU OT MNOPOUIKA, IMOJTYYCHHOI'0 TPpaAUIHUOHHBIM MCTO-
JIOM) TIpU HU3KUX TEMIIEpaTypax JIETKO B3aWMOJEUCTBYET ¢ KapOMa0o0pa3yeMbIMU pearceHTaMH.
[Iporekaromuii mpu 3TOM MPOLIECC MOKHO U300PA3UTh CXEMATHUECKH:

TiH, — Ti + H, (Ti" — akTuBHbIIH),

Ti* + C — TiC.

B IMMOJIYy4CHHOM Kap61/11[e TUTaHa OJI UCIIOJIb30BAHHS B KAQ4E€CTBE CBA3KU HUKCIISA H€O6XO,Z[I/IMO
MIPOJOJKEHHE BBIIIEYKa3aHHOTO IIpoIecca CAeAYIOUUM 00pa3oM:

H(C)

NiCl, - 6H,O — NiCl, — Ni+ HCIl + H,O0,

TiC + Ni — (TiC — Ni).

BBI,Z[G.HQHHBJI HCI BbI3BIBaeT 4aCTUYHOE XJIOPUPOBAHUC TUTAHA U aKTUBAIIUIO €0 IMOBCPXHOC-
. Comepkanrie Ni B crutaBe m3MeHsercss B mpenenax (6 —20) wt. %. XiaopupoBaHUsI TUTaHA
MOXKHO HM30€KaTh NMPUMEHEHHUEM HHUKEIhCOICPKAIIUX COCAUHCHHH, TaKUX KaK OKCHJ, KapOoHaT,
arerat, opMHaT U JIp.

25



A.A. Gachechiladze et al ... Nano Studies, 2, 23-29, 2010

Hns monyuennss crutaBa TiC + Ni (10 %) Oblmu MCMONB30BaHBl THAPUJL TUTaHA, XJIOPH]
HUKEJS U Caka B TAKUX KOJIMYECTBAX, YTO B MOJIIPHOE COOTHOIICHHE COOTBETCTBYIOIIMX KOMIIO-
HeHTOB B muxTe Obuto Ti:C:Ni=1:1:0.1. [Jna obecrieueHnuss paBHOMEPHOTO pPAaCIPEACICHUS
KOMITOHCHTOB HIMXTY MepeMennBaii B TeueHuu | h. [lepemeniannyro MUXTY KJIATH B KOPYHTOBBIH
TUTENb B OopMe JIOJO0UYKH, KOTOPYIO TIOMEUIalld B TpyOuaTyto neus. i yaaneHus Bo3ayxa Tpyoky
IIPOyBaJIM MOTOKOM aproHa B TedyeHuu 30 min. 3aTeM TemrepaTypy Meur MOBBIAIN A0 TeEMIIEpa-
Typbl kapOunuzaruu, 850 °C, BeimepKUBaau B TeUeHHH | h M oxyakaanm 10 KOMHAaTHOW TeMIiepa-
TYpHI B IOTOKE aproHa.

[TorydeHHBIE TPOAYKT MPEACTABIISET COOOM arloMEpUpPOBAHHBIN IMOPOIIOK YEPHOTO I[BETA C
HacelnHOM 1wioTHOCTRIO (0.45—-0.48) g/ cm’. Da30BBIi COCTAB CILIABOB, CUHTE3UPOBAHHBIX IIPU
temnepatypax 850 u 950 °C npeacraiieH Ha puc. 3.
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‘ [
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II} !
= k
=
= { i
= i
i i
Aol I
o !
Tt R e it ey
4r 243 34

Puc. 3. ludppakrorpammer craBoB TiC + Ni, cunTe3upoBanHbix mpu 950 (a) u 850 °C (6).

Ha nmudpakrorpamme o6pasia, cuntesupoBanHoro mnpu 850 °C (pwuc. 30) Habm0omaroTCs
MakcuMyMbl, xapaktepHsle st TiC, a takxe (as3sr cBobognoro turana u NiTi. Ilocnenuss e
HaOmromaeTcst B oOpasiie, cuHTesupoBanHoro mnpu 950 °C (puc. 3a). Crmeayer OTMETHUTh, UTO
yBeln4eHue BpeMeHu kapouausanuu ot 1 10 3 h , maer Bo3moxHOCTh ke nipu 850 °C momyduThb
criaBs TiC + Ni 6e3 NiTi u# cBoOoHOr0 TUTAHA.

Habmogaemelii Ha nudpakrorpamme MmakcumyM NiTi yka3piBaeT Ha HEpPaBHOBECHOE
COCTOSIHME, OOYCJIOBJIEHHOE TEXHOJOTHeH TMonydeHus coeAuHeHus. Huskas WHTEHCUBHOCTh
Habmogaemoro makcumyma TiC M ero ymmMpeHue yKas3blBaeT Ha BBICOKYIO JUCIIEPCHOCTH (ha3bl.
TakuM 00pa3oM MOKHO 3aKJIIOYHTh, YTO MOJYYEHO COEAMHEHHE KapOujaa TuTaHa, rae (QyHKLIHIO
CBA3BIBAIOIIUX KOMIIOHEHTOB BhIMOMHAIOT Ti 1 NiTi.

[TonydeHHbI1 MaTepuan HAaXOAUTCS B HEPABHOBECHOM COCTOSIHUM. [[03TOMY MOBBIIIEHUE
TeMIIepaTypbl TEPMUYECKON 00pabOTKH BBI3BIBACT €ro CTPYKTYPHYIO cTabuiIu3anuio. B yacTHOCTH
— pOCT pa3Mepa 3epHa ¢ OJHON CTOPOHBI U C JPYroi CTOPOHBI pacnaj] HeCTaOMIBHOIO COSAMHEHMUS
NiTi Ha cocTaBisrOmKe KOMIIOHEHTHL. [Ipr 3TOM, HHUKENIh OCTAaeTCs B CBOOOIHOM COCTOSIHHH, a
HaXOJSIINICS B cUCTeME CBOOOHBIN TUTaH B3aUMOJAECUCTBYET C OCTATOYHBIM YIIIEPOJOM, 00pa3ys
TiC (puc. 3a).

Takum 00Opa3om, MOJYUYCHHBIC PE3YJIbTAThl MOKA3BIBAIOT, YTO TEPMHUYECKas 0OpaboTKa Mpu
850 °C pgocraTouHa AJis MOJYYEHUS BBICOKOIMUCIIEPCHOIO KOMITO3ULIMOHHOIO MOPOIIKAa HAa OCHOBE
KapOua TUTaHa.

OnHako, MojayyeHrne HaHOKPUCTAIUIMYECKOoro komno3zunuonnoro nopomka TiC + Ni (10 %) —
3Ta 4acTh PeUIeHUs MPOoOJIeMbl MoaydeHus oOpasnoB u u3aenuii Ha ocHoBe TiC. He meHee BakHast
3aJja4ya — OCYLIECTBUTh KOHCOJIMJAUMIO TOJIYYEHHOIO MaTepuana, He yXyAumas ero
HAaHOKPHUCTAJUIMYECKOE COCTOSIHME U CBS3aHHOE C OJTUM IHpeuMmyiecTBa. Mcronb3oBaHue
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TPaAULIMOHHBIX METOJIOB KOMIIAKTHPOBAHMS B 3TOM Cllydyae HE MPUEMIIEMO, T.K. OHU MPHUBOIAT K
pocTy pa3Mepa 3epHa U INOBBILIEHUIO OCTATOYHOW OPUCTOCTH.

Herpanuumonnsie MeToAbl OBICTPOI KOHCOMHMAALUUU J1al0T BO3MOXHOCTh YMEHBIUIUTH BpeMs
BO3/ICUCTBUS BBICOKHX TEMIIEpAaTyp, YTO OOYCIIOBJIMBAET OrpaHHUYCHHsI pOCTa Pa3MEpOB 3€pPEeH U
COOTBETCTBEHHO — BBICOKYIO MJIOTHOCTh KOMIAKTUPOBAHHBIX MaTepUasOB.

Cpenu M3BECTHBIX METOJOB OBICTPOr0 KOMMAKTHPOBAHUSA JUISI KOHCOJHUAAIMN HAHOKPUCTAJI-
nudgeckoro noporika Ha ocHoBe TiC 0T BeIOpaH MeToa MckpoBoro ImiazMenHoro cunresa (UI1C)
[10]. IIpu peanmuzanmuu WIIC umnynabCHBIA TOK, IPOXOASIIMKA YEpe3 YaCTUIBl IPEIBAPUTEIBHO
KOMIIAaKTUPOBAHHOTO MPH HU3KHUX JIaBJICHUSAX MOPOLIKa 00pa3yeT BBICOKOSPHEPreTHYECKH Iuia3-
MEHHBIN pa3psia Ha rpanule pasaena yactull. Jns UIIC xapaktepHo: KyMyJIITUBHOE BO3/ICUCTBUE
JABJICHUS M AJIEKTPUYECKOrO0 TOKa Ha IMPOILeCC KOMITAKTHPOBAHUS MOpollka U (a3oo0pazoBaHus;
YMEHBIICHHE CKOPOCTH pOCTa YacTHIl, oOecreunBaronieecs OBICTPIM O0OBEMHBIM HAarpeBOM, 4YTO
JTaeT BO3MOXXHOCTh CHU3UTh CKOPOCTH pocTta yacTull. Takum oopazom UIIC obecnieunBaeT ObICTpOE
IIPOBE/ICHHUE MPOLIECCa KOMIAKTUPOBAHUS U OXJIAXKICHHUS.

JIJ1s1 KOMITAaKTUPOBAHUS HAHOKPUCTAIUIMUECKUX MaTepualoB Oblja co3/laHa YCTaHOBKA, OOIIMIA
BUJ] KOTOpPOH TIpeicTaBjieHa Ha puc. 4.

Puc. 4. YcraHoBka HCKpOBOTO TJIa3MEHHOT'O CUHTE3a.
a — o0muii BuI; 6 — KaMepa Uil KOMIIAKTUPOBAHUS MaTEPUAIIOB.

YcTaHoOBKa O3BOJISIET TPOBOIUTH KOMIIAKTUPOBAHHE HAHOKPUCTAJUIMYECKUX MaTepHaioB KaK
B BaKyyMme, Tak U B MHEpPTHOH aTtMocdepe. Pabouee naBieHne co3maercs THAPABINYECKON CUCTe-
MOM, a MakcUMalbHas Harpy3ka Ha oOpasen coctasiser 25000 kgf. OCHOBHBIM y37I0M HarpeBa-
TEJIbHOU CUCTEMBI ABIISETCS MOHWKAIOLIUHN TpaHCchOpMaTOp, YIPaBISIEeMbId 3IEKTPOHHBIM OJIOKOM.
HarpeBarenbHas cucremMa Mo3BOJISET MPOIMYCKAaTh B KOMIIAKTUPOBAHHOM 00bEeMe MEepEeMEHHBIN TOK
10 4000 A. Jlyis myaHCOHOB UCTIONB3YIOTCS Tpadut mMapku KM 54 — 15. D10 mo3BoisSET MOJIydaTh
pabouee nainenue 1o 100 MPa. Peructpanus mapameTpoB KOMIaKTUPOBaHUS (J1aBJICHUE, IPOXOIS-
il yepe3 oOpasel] TOK, CONMPOTUBIEHUE 00pa3iia, TeMIeparypa, IepeMelieHle MyaHCOHOB) MPo-
M3BOJIUTCS C TOMOIIBIO KOMITIOTEPHOTO OJI0Ka.

[Tponecc komnaktupoBanus TiC + Ni (10 %) npoBoauTcs B 1Ba 3Tana. Ha mepBom stame cra-
PTOBBIN HarpeB o0pasla U aKTUBUPOBAHHE MPOoIlecca KOMIAKTUPOBAHUS TPOU3BOJUTCS MPOITYCKa-
Huem Toka 10 500 A npu HanpspkenueM 10 V u HauanpHOM maBiieHuH He 6osiee 5 MPa. Ha Bropom
JTare UCIO0JIb3YeTCsl IEPEMEHHBIN TOK, cuiia kotoporo Bo3pactaeT oT 500 no 2000 A, a naBieHue
Ha oOpasen; yBenmuuuBaetrcss oT 5 mo 20 MPa. IIpomoymkuTenbHOCTh MOJHOTO IMKJIA KOMITAKTH-
poBaHus coctaniseT (3 — 4) min.
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[lepemenienne TemMnepatypHoro ¢ppoHTa OT MOBEPXHOCTH IyaHCOHA K LIEHTPY oOpasla u
CKOpPOCTb €r0 NEPEMELIEHUS ONPEAEIAETCS TEIJIONPOBOJHOCTHIO KOMIIAKTUPOBAHHOIO MaTepuaa.
[Ipu xkommaktupoBanuu crutaBa TiC + Ni (10 %) temmeparypHblid TpagueHT OT IIEHTpa IO €ro
noBepxHoctu He npesbiman 100 °C.

st mpenBaputensHoro npeccoBanust 00pasoB u3 TiC + Ni (10 %) ucnonp30Bain 0THOPA30-
Bble BTYJKHU (puc. 5). BTyaku roToBuiIM U3 cMecH mopouka kopyHaa u napaduna (3 wt. %). Ilpu
(70 — 80) °C cmech pasmsryaercs W Toja jAaBieHueM B (2 —4) atm 3amonHseT mpecc-popmy

(puc. 6).

Puc. 5. Cxema KOHCOJIUIAIIUHA METAJIIOKEPAMHUYECKUX 00pa3ioB. 1 — obpaserr;
2 — rpa¢uTOBBIH MMyaHCOH; 3 — KOPYHAOBAs MaTpHIa; 4 — CTAIbHBIE KOJIBLIA; 5 — TepMoIapa.

Puc. 6. opma a1 MOATOTOBKY MIJIMHIPHIECKUX 00Pa3IIoOB.
1 — aJIfOMMHMEBBIN KOPITyC; 2 — CTEPIKEHB; 3 — MOJCTABKA.

[locne oxnaxkneHus Ui yhaneHus mnapaduHa BTYJIKa IOMENIAETCS B HArpeTyro [0
(300 — 400) °C B meun. OxkoHuaTenbHAsE TEPMUUYECKass 00pabOTKa BTYJIKH MPOBOJMUTCS TPH TEM-
neparype 1400 °C B reuenun 3 h.

B pesynbrare kommaktupoBaHus moiydanu oOpasziel u3 TiC + Ni (10 %) nByx THIOB —
nunuHaprdeckue (quamerpom 16, mmuaoit (3 — 10) mm) u nmpusmaruueckue (4 x 4 x 20 mm3).
[unuuapudeckre oOpasibl IpeJHa3HAYCHBI U1l OTPEIEICHUsI TPHOOTEXHUYECKUX XapaKTePUCTHK,
a MPU3MaTUYECKUE — I UCCIIETOBAHMS MEXaHUYECKIX CBOMCTB.
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Puc. 7. PactpoBo-3iekTpoHoMHKpOocKkonuueckoe (POM) n3o0pakeHre TOBEpXHOCTH ()
u mudpakrorpamma (6) komnaktrupoBanHoro oopasma u3 TiC + Ni (10 %).

PactpoBo-anekTpoHOoMuKpockonuyeckoe (POM) n3o0pakeHne MOBEPXHOCTH U AHUDpaKTo-
rpamma kommaktupoBaHHoro obOpasna TiC + Ni (10 %) npeacraBieHs! Ha puc. 7.

Pa3zmep yacTull, OLlEHEHBIH O CTETIEHU YIIUPEHHUSI MAKCUMYMOB Ha TU(PAKTOrpaMMe COCTaB-
aser 100 nm. C y4eToB 3THUX pe3yiabTaTOB MOXKHO TPEINOJIOKHUTh, 4TO HaOmomaembli Ha POM
CHMMKE 3€pHa MPEACTABISIIOT arjoMeparsl Oosee MelIKuxX vactuil. I1moTHocTh 00pasnoB cocTas-
nsma 4.63 g/ cm3, npeaen mnpodHoctn — 24 MPa; mopucrocte — 6 %; TBEepaocTh —
HRA = 93.8 kgf / cm?.

Takum o0Opa3om, pazpaboTaH TEXHOJIOTUYECKUI MPOIIECC KOMITAKTUPOBAHUS TBEPIOCTIIIABHBIX
MaTepHaJIOB U3 HAHOKPUCTAJUIMYECKUX KOMITO3UIIMOHHBIX MOPOILIKOB KapOuaa TUTaHA, COXPAHSIIO-
Ml B 00pastax U u3JenusX HaHOKPUCTANIMYECKYIO CTPYKTYPY.

TBepable cIUIaBbl HAa OCHOBE KapOWJa TUTaHA, MOJIyYCHHBIC Pa3paOOTaHHON TEXHOJOTHEH
MOTYT OBITh MPUMEHEHBI JIJIS1 U3TOTOBIIEHUS JKapPOIPOUYHBIX, H3BHOCOCTOMKUX U3JENNA, CONEN peak-
TUBHBIX JBHUTraTejiei, MBUTaTelieil BHYTPEHHETrO CropaHus, OpOHEKWIETOB M JAPYIHMX OOBEKTOB
CHEIHaIbHOTO Ha3HaueHus. V3yueHue SKCIUTyaTallMOHHBIX CBOWCTB 0Opa3lOB U W3JIEIHH, MOTY-
YEHHBIX U3 pa3pab0TaHHOI0 MaTepuasa SBIsSeTCS MPEIMETOM JAIbHEHIIEro UCcCeI0BaHuUs.

PaGoTa BeimonHeHa B pamkax mpoekta Ne 481 GNSF (I'py3us) .
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Bo3HMKHOBEHHME M HaydajbHBIA 3Tall pa3BUTUs HAHOTEXHOJIOTMH Naldu CTUMYJ AJIs CTAHOB-
JICHUSI HOBOT'O HAIIPABJICHUS METPOJIOTUN — HAHOMETPOJIOTHH. OCHOBHBIE 3a7Ja4l HAHOMETPOJIOTMH
— 3TO BCE aCMEKThl METPOJIOTUYECKOT0 O0ECIeUeHUsl €AMHCTBA M3MEPEHUN B HAHOTEXHOJOTHSX.
Mertposoruueckoe obecredeHne BKIoYaeT B ce0s BBICOKOTOYHBIE METOIbl U CPEACTBA U3MEPEHUN
(9TaJIOHBI, STAJIOHHBIE YCTAHOBKH, CTaHAAPTHBIE 00pa3Iibl cocTaBa, (PU3MUECKUX CBOMCTB U JIp.) IS
nepefayd pa3sMepoB €OUHMIL (PU3MUECKUX BeIMYMH OT [lepBHUHBIX 3TalOHOB 3THX EIUHHUI[ B
HaHOJWAIa30H.

HanoTexHosoruu onepupyor ¢ 00beKTaMi HaHOMETPOBOW MPOTSHKEHHOCTH, a TakKe ¢ Mpo-
[IECCaMU, MPOTEKAIOIIUMHU B 00BEMaxX, XOTs OBl OJMH M3 Pa3MEepOB KOTOPHIX OTHOCUTCS K HaHO-
IuanasoHy. B psane cirydaeB pu Takux HaHOpa3Mepax (COM3MEPHUMBIX, HAIIPUMED, C JUTMHON BOJIHBI
ne bpoiins, mmHO#M cBOOOAHOTO mpobdera 3JIeKTPOHOB U Jp.) MOTYT HPOSBUTHCS CIEU(pUYHBIC
3¢ eKThl (HarpuMep, CBA3aHHbIE C TYHHEIMPOBAHUEM 3JICKTPOHOB U JIp.), XapaKTep KOTOPBIX OT-
JMYaeTcs OT MOJOOHBIX MPOLIECCOB, OMUCHIBAEMBIX M3BECTHBIMU 3aKOHaAMHM Makpopusuku. Hccie-
JIOBaHUS ATHUX SABJIECHUH, 3PPEKTOB, CBOMCTB, KOTOPHIMHU 3aHUMAETCS] HAHOHAYKA, YIIIyOJISIOT HaIlIX
3HaHUS, JAI0T BO3MOXHOCTh U OCHOBAaHHE NEPECMOTPETh HAIIM B3IJIAAbl HAa 3aKOHBI (PU3HMKH, HA
W3MEHEHMsI (PU3MKO-XMMHUYECKUX CBOWCTB BellecTB. Eciyu BelecTBO HaxoQUTCs HE B BUJAE MaKpo-
Tena, a B COCTOSHUU B BHJE OTACIbHBIX HAHOYACTHIl, U T.O., CO3MAIOT Oa3uc ISl pa3BUTHA
HAaHOMETPOJIOTHH.

Ho mnepeiinéM K NpenU3MOHHBIM JIMHEHHBIM HM3MEPEHUSAM B HaHoAuamnaszoHe. [lins 3Toro
1esecoo0pa3Ho MPUBECTU CICAYIONIYIO MTPOCTPaHHYIO BhIIEPKKY U3 [1]: «M3 camoro onpenenenus
HAHOTEXHOJIOTUH, ONEPHUPYIOUIEH ¢ 0OBEeKTaMH HAHOMETPOBOM MPOTSKEHHOCTH, €CTECTBEHHBIM
o0pa3oM ciieflyeT nepBoodepeiHas 3ajauya U3MEpPEHUN reOMETPHUUECKUX NapaMeTpoB 00BbEKTa, UTo,
B CBOIO OuYepe/lb, 00yCIOBIMBAET HEOOXOJUMOCTh 00ECTIEUCHUSI €MHCTBA TMHEHHBIX U3MEPEHUH B
HaHOMETPOBOM Juana3oHe. Ho 3TumM 00cTOATENbCTBOM POJIb HAHOMETPOJIOTUU JIMHEWHBIX U3Mepe-
HUIl He wucuepnbiBacTca. OHa NPUCYTCTBYET B HESIBHOM BHUJE B IOJABJISIONIEM OOJBIIMHCTBE
METOZOB U CPEIACTB O0ECHeYEeHUs E€AMHCTBA HM3MEPEHHH (PU3MKO-XMMHUYECKUX IapaMeTpoB U
CBOHCTB OOBEKTOB HAHOTEXHOJOTWMH, TaKMX, KaK MEXaHHMYECKUE, ONTHUECKHUE, DICKTPUUYECKHUE,
MarHuTHbBIE, aKyCTHYeCKHE U T.[. HacTo HEOOXOQMMO OCYHIECTBIATH MPELU3UOHHOE MPOCTPAHC-
TBEHHOE MO3UIMOHHPOBAHNE 30HAA HM3MEPHUTEIBHOIO YCTPOICTBa B MECTO TpedyeMoro chéma
n3mepuTenbHoi nHpopmaruu. [Ipu »ToM 1nMana3oH JUMHEWHOTO CKAaHUPOBAHHS O KaXIOW KOOP-
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JIMHATE MOXKET MIPOCTUPAThCA OT EAMHHII HaHOMETpa [0 COTeH Wi Oojee MUKPOMETPOB, a
Tpebyemasi TOYHOCTh BBICTABIICHUSI KOOPAMHATHI — COCTABJIATh IECATHIC JOJIU HAHOMETpA.

[ToueMy B HAHOMETPOJIOTHH CTOJIb OOJIBIIIOE BHUMAHUE YACNSAIOT MpoOIeMe pealn3aluu Ju-
HEWHOM IIKaJbl B HAHOMETPOBOM M MpUJIETalolIeM K HeMy Juarna3oHax? Bo-nepBeix, HOTOMY, 4TO
pellleHre MEepBOOYEPEHON 3aJaud METPOJIOTUM B HAHOTEXHOJOTHSIX — oOecrnedyeHue eIUMHCTBa
M3MEpPEHU reOMETPUYECKHUX MapaMeTpPOB HAHOOOBEKTAa — OMHUPACTCS HAa METPOJIOTUIO JTUHEHHBIX
n3MepeHuil. Bo-BTOpPBIX, ... U3BMEPEHUSI MEXAHUYECKUX, dJEKTPUUECKNX, MATHUTHBIX, ONTHYECKUX U
MHOTHX APYTUX MapaMeTpoB U CBONCTB OOBEKTOB HAHOTEXHOJIOTUU CBSI3aHBI C HEOOXOIUMOCTHIO
MMO3ULIMOHUPOBAHUS 30HJA HW3MEPUTEIBHOTO YCTPOMCTBA B 3aJaHHOE MECTO C HaWBBICHIEH
TOYHOCTHEIO [2].

OO0ecnieyeHre €IUHCTBA M3MEPEHHUHN (DU3UKO-XMMHUYECKUX IMapaMeTPOB U CBOMCTB OOBEKTA
U3MepeHusi TpeOyeT MPUBS3KU COOTBETCTBYIOIIETO CPEICTBA MU3MEPEHHH K ITAllOHY, BOCIPOU3-
BOJSILEMY €IMHUIY JTaHHOM (U3NYecKoi BETUYHHBI (HapuMep, MPOBOAUMOCTH — K 3TaJOHHOMY
COMPOTHUBIICHUIO), 2 B HAHOTEXHOJOTUSAX B OONBIIMHCTBE CIy4aeB — ewé u  0013amenvHouU
NPUBA3KU K OA3UCHOMY d9MALOHY ONuHbL (07151 <MOYHO20 NONAOAHUSL 8 UElb»)».

[To3BonuM cebe HAlIOMHHUTHh COBPEMEHHOE MPUHATOE ONpPEACIICHUE SIUHUIIBI JITUHBI — METpa
U CHUTYalIMI0 C MPAKTUYECKON peanu3anuerd 3TOM eauHMIBl [IepBUYHBIM 3TaqOHOM E€IUHHUIIBI
JUTMHBI. HarmmoMHUM Takke, 94TO B HACTOSIIIEE BPEMS ITAJIOHHBIE U3MEPEHHS B 00JIaCTH JTHHEHHBIX
M3MEPEHUI OCHOBAHBI Ha JIa3epHOU mHTEphepoMeTpun nepememnienuii [3]. [lpu 3Tom mocrapaemcs
MOSICHUTh HACKOJIbKO, Ha Hall B3IJIAJl, BOCIPOU3BEICHUE E€AMHUIIBI JJIMHBI METOJAMH JIa3€pHOU
uateppepomerpun  (JIM) COOTBETCTBYET ONpPEAENECHUIO EIWHUIIBI JUIMHBI M HACKOJIBKO OHO
YIOBJIETBOPSIET TPeOOBAaHUSM HAHOMETPOJOTHHU. [T 3TOro HIKE MPUBEACH aHAIU3 HEKOTOPBIX
M3BECTHBIX HaM M, Ha Halll B3TJISJ, HauOojee MPEeHU3UOHHBIX METOJIOB JIMHEWHBIX U3MEPEHHH B
HaHOTEXHOJIOTUSIX.

He BmaBasick B UCTOpHIO pa3BUTHUSA JiazepHOU mHTEpdepomerpun nepememenui (JIUII), ko-
TOpasi IPUMEHSJIACh U MPUMEHSETCS JIsl MPEIM3UOHHBIX JTUHEHHBIX U3MepeHui HaunHas ¢ 70-bIx
roJI0B, OTMETUM, YTO Pa3BUTHE HAYKH, TEXHUKHU U TEXHOJOTMI B TeueHue nociueanux 40 ner nocro-
STHHO TPeOOBaJIO MOBHINICHUS TOYHOCTH MU3MEPEHUN IINH U nepemeriennii. OTBeyas 3Toil Heo0Xo-
numocTH, Metoasl JIMII mocTostHHO coBepiieHcTBOBaIMCh. Hanbosee HarisgHo 3TO OTPa3miioch, B
MEepBYIO ouepep, Ha [lepBUYHOM 3TajoHe €MHULIE JUIMHBI, HA3HAY€HHE KOTOPOr0 — BOCIIPOU3BO-
JICHUE €IMHMIIBI JUIMHBI — METpa — U Iepeaayda e€ pa3Mepa ¢ IpeleabHO JOCTHKUMON TOYHOCTHIO.
Tak, emé B 1980 roay s BOCIpOU3BEACHUS €IUHULIBI JUIMHBI B KAYECTBE 3TAJIOHHOM MCIOJIb30Ba-
Jach JUIMHA BOJHBI u3nydeHus A g = 6057.80211 - 10710 m, COOTBETCTBYIOLIETO MEPEXOAY
Sds = 2pio MeXIy YPOBHSIMH aTOMOB %Kr, u ucronp3oBanue IIPUMEHSAEMON 3TaJIOHHOU MHTEp-
(bepeHIIMOHHOM YCTaHOBKM 00OecredyrBalio BOCIPOHM3BEJICHHE METpa C MOTPEIIHOCThIO MOpsAIKa
20nm. B To BpeMs Takas MOTPEUIHOCTh OOBSACHSIACH HECTAOMIBHOCTHIO YaCTOTHI OMTHYECKOTO
u3Tydenns “CKr, KOTOpBIH He SBISUICS Ja3epHBIM HCTOYHHKOM, 4 CIMHHIA JUIMHBI — METp —
olpezensiiach, Kak pacCTOSHHE, Ha KOTOpOoM ykiazabiBasock 1650763.7300 myivH BOJIH B BaKyyMe.
Coznanue COBpEMEHHBIX BBICOKOCTAOMIM3UPOBAHHBIX MO YACTOTE Ja3epoB (ONMTUYECKUX CTaHIAp-
TOB YaCTOTHI) M MX MCIOJIh30BAaHUE B KAYECTBE MCTOUYHUKOB B JIA3€PHBIX MHTEpPHEpOMETpax mepe-
MEILEHNH MO3BOJIMIIO CYIIECTBEHHO MOBBICUTh TOYHOCTh U3MEPEHUN JIIMH U JIMHEHHBIX IepeMele-
Huil. B HacTosiiee BpeMsi MakCMMalibHasi TOUHOCTh BOCHPOM3BEACHUSI €NUHUIIBI AuHbI [lepBuu-
HBIM DJTAJIOHOM MeTpa (METOJaMH JIa3epHOW HWHTEphEpPOMETPUM) OMPEISIAETCS HEOompeaeneH-
HocThio nopsiaka 0.02 nm [3].

Kak yxe oTrmeudanoch, B OCHOBY COBPEMEHHBIX MPEUU3HOHHBIX JIMHEMHBIX W3MEPEHHM IO-
noxeHnsl metoas! JINIL. Opuentuposka Ha JIMIT ocHOBBIBaeTCS Ha JBYX MOJOXKEHUAX. Bo-nepBbIx,
IIOCJI€ BBIAAKOIIUXCS 3KcnepuMeHTOB rpymnmnbl K. FIBeHCOHAa MO yTOYHEHUIO 3HA4YE€HHS] CKOPOCTH
cBeTa, 3aBepmi€HHbIX B 1972 roay B HanmonansHom bropo Crangapro (CIIA) [4], ¢ 1983 rona
MPUHSATO, YTO CKOPOCTH CBETA B BAKYyMe ¢ NOCTOSIHHA B JIIO00H MHEPIHUAIBLHOMN cucTeMe U eé
3HaYeHHe, KaKk (QyHIAMEHTAJbHON (PU3MYeCKOlH KOHCTAHTbI, MPUHATO A0COMIOTHBLIM (0e3
NOTPEeIIHOCTH) M PaBHBIM 299792458 m / s. Bo BTOpPBIX, B MOCIEIHEM ACCATHIICTHH pa3paboTaHbl
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BBICOKOTOYHBIE (C TOUHOCTBIO 710 15 3HaKa!) METOABI MPSAMBIX U3MEPEHUI YaCTOTHl V ONTHYECKOIO
W3JIYYCHHUS! CTaOMIM3UPOBAHHBIX JIa3epOB (C HECTAOMIIBHOCTHIO YAacTOTHI MOPSIKa 107 = 107").
D70 1aT BO3MOXKHOCTh U3 BBIPAKCHUS ¢ = AV BBIYUCIUTH 3HAUYCHHE JJIMHBI BOJHBI A (B BaKyyme)
M3JIY4eHHUST BBICOKOCTAOMIM3UPOBAHHOTO Jiazepa (Hampumep, He — Ne — I,-nmazepa, crabunusupo-
BAHHOTO IO JMHUHU HACBIIEHHOTO MOTJIOMICHHS B MOJIEKYJSIPHOM MOJI€) TOXKE C TOYHOCTBIO 10 15
3HaKa. A Janbllie BCTYHNAeT B CHIIy COOOpa)K€HUE, YTO 3Ta JUIMHA BOJIHBI Jia3epa SIBISIETCA Marte-
pUaTIbHBIM HOCHUTEJIEM €IMHMIIBI AJUHBI U JOJKHA MO3BOJUTH MEpeaaTh pa3Mep €IUHULbI JJIMHbBI
OT 3TajJloHa METpa BIUIOTH 0 HaHOMeTpa MHTepdepoMeTpuuecku. EcTecTBeHHO, mpennonaraercs,
YTO 3TO JOJDKHO OCYIIECTBHTHCS MeEToAaMu JazepHoil untepdepomerpun (JIM), koTopsie yxe
YeThIpe JECATHIETUS YCICIIHO NMPUMEHSIOTCS B IMepenadye pa3Mepa eIWHHULbI JJIMHBI JUarna3oHa
CpaBHHUTENBHO OonbImMX MIMH OT S0 m g0 1 mm, ymoBIEeTBOpsS MPAaKTHUYECKUM TPeOOBaHUSAM
TOYHOCTH TNPEUU3HUOHHBIX JIMHEWHBIX U3MEPEHUH B 3TOM Jauana3zoHe. Pa3BUTME HAHOTEXHOJIOTUH
noTpeboBao mepeaady pasmMepa €AHHHIIBI JJIMHBI U B HAHOJIUAMA30H, MOCKOJIbKY YK€ OKa3aJIiCh
BOCTPEOOBAHHBIMU HM3MEPEHUS JTHHEHHBIX Pa3MEpoOB, KOTOPhIE MEHbIIE (a BCE dalie, 1 HAMHOTO
MEHbIIIC) JUTMHBI BOJIHBL. Ho, Kak oTMedaeTcs B padoTe [3], MUHMMaJIbHAS TTOTPEITHOCTh, HEU30eXK-
HO BO3HHUKAIOIAs MU TMEepeiade YCTaHOBJICHHBIMU METOJaMU pa3Mepa €MHULbI JJIMHBI BHU3 — B
HaHOAMamnasoH, onpeaensercs BeaudrnHor 100 nm. 3To yke coBceM HE YAOBIETBOPSET TpeOoBa-
HUSM HaHOoTexHonorui. Crenuduka HaHOIUaNna30Ha TpeOyeT MPUHIMITHAIBHO HOBBIX MOJIXO0B K
3TUM MeTojJaM u3MepeHuil. OJUH U3 HUX — 3TO YCOBEPIIEHCTBOBAHUE BO3MOKHOCTEH OJHOIO W3
NEPCIEKTUBHBIX ~ HANpPaBJICHUN Jla3epHOM HMHTEp(EepOMETpUu IMepeMelieHuid — Ja3epHou
nnrephepomerpun-pazomerpun (JIND) [5].

Bo3nukaer Bonpoc, Kakue NpUYMHBI ONPEEISIOT CUTYAIMIO, KOT/1a 3HAaU€HHE JIJTMHBI BOJHBI
CTAaOWJIM3UPOBAHHOTO Jla3epa MOXET OBbITh M3BECTHO C TOYHOCTBIO a0 15 3Haka, a [lepBuuHBIiA
STAJIOH METPa, PeAIU3yIOUIMN MPUHIIUI BOCIPOU3BEICHHUS MPOCTPAHCTBEHHOTO MHTEpBaIa pa3me-
pom B 1 m Ha ocHoBe JIW (MCmOnB3ysl MJIMHY BOJHBI TOTO Jlazepa) «00ecleurnBaeT BOCIPOU3BE-
JIEHUE €IUHHULBI JUIMHBI (METpa) C OTHOCHUTENIbHBIM CPEJHEKBAAPATUUECKUM OTKIOHEHUEM
(HEeonmpeaen€éHHOCThIO) 2 - 10719» [3]. Paznuna na nensix 4 nopsaaka! B uém npuunna? HasepHoe,
N0 HE TOJBKO B HETOYHOCTH H3MEpPEHUss M Yy4€Tra 3HAUYECHMs I0Ka3aTes MpPeIOMIICHHS
OKpY’Karolllel cpefibl, a Tak’Ke B HETOUYHOCTH yuéTa Apyrux BHemHux (akropos. Ilpencrasnsercs,
YTO 3TO BbI3BAHO OIPAHUYEHBIMHU BO3MOKHOCTAMU MeTo10B JIN (B TOM uncine u JIND).

OO6parrmM BHUMaHHE Ha TO, YTO M3 OMPEEICHUS SIUHUIIBI JUTMHBI — METpa, MpuHATOro B 1983
roay Ha 17-oii I'enepanshoii Kondepennuu no mepam u Becam (I'KMB), He crenyer, 4to anuHa
BOJIHBI CTAOMIIM3UPOBAHHOTO Jla3epa JAO0JKHA ObITh MEpPOil Ui BOCIIPOU3BEACHUSI €IMHULIBI JJTUHBI.
[Tpunstoe B 1983 romy ompeneneHue €IUHMLBI JUIMHBI ABISETCS (DyHIaMEHTAJIbHBIM OIpe/e-
JIEHUEM €JIMHUIIBI 3TON (PU3UYECKON BETUYHHBI, COTIIACHO KOTOPOMY 3a enuHuIy JyuHb — METP —
MIPUHATO PACCTOSIHME, KOTOpPOEe NMPOXOAUT 3JIEeKTPOMArHUTHAsi BOJHA B BaKyyMme 3a Mpo-
MEKYTOK BpeMeHHU, paBHblii 1/299792458 cexkynabl. Omnpenenenue Oazupyercs Ha ycTa-
HOBJICHHOM M HEU3MEHHOM 3HAa4€HHHM CKOPOCTH CBeTa ¢ B BakyyMme. HamomHuM, 4TO 3HadyeHue
¢ =299792458 m / s mpuHATO aOCOMIOTHBIM (0€3 MOTPENIIHOCTH). YUUThIBas (PyHIaMEHTAIbHOCTh
3TOW BETMYMHBI, 00Jiee MPOCTOT0 U YHUBEPCAJIHLHOTO OMpPENETICHHs] €IUHUIBI UIMHBI, KaK 4epes
CKOPOCTb AJIEKTPOMArHUTHOM BOJIHBI U BPEMEHH €€ MPOXOKICHUS, PEJIOKUTH YK€ HEBO3ZMOXKHO.
Opnnako, MpU TOMBITKE MPAKTUUECKH PEATN30BaTh 3TO OINPEIEICHUE, BO3HUKAET BOIPOC, Kak
3aperucTpUpoBaTh IJIOCKYIO BOJHY B OJHOW M JIpYrod MPOCTPAHCTBEHHBIX TOYKAaX U MO ATUM
MIPOCTPAHCTBEHHBIM COOBITHUSAM OTMETUTH MHTEPBaN BpeMeHHU (paBHbI 3.335640951948 ns) mexay
HuMmu. [Ipu 3TOM, MOrpenrHoCTh U3MEpPEHHUs 3TOro MHTEepBaja BPEMEHHM HE JIOJDKHA MPEBBIIIATH
107" = 107" s, uT06BI OMmIGKA, BO3HUKAIONAS [PH PEAN3AIAN SIMHAIBI JUTHHBL, OBUIA COM3MEPH-
Ma C JIYYIIMMH HW3BECTHBIMH METOJAMH BOCIPOM3BEICHHS €IWHHULBI JUIMHBI (Hampumep, c
MCIOJIb30BaHUEM JIa3epHBIX UHTepdepoMeTpoB mepemenieHuit). CI0KHOCTH H3MEpPEHUs TaKuX
KOPOTKMX HWHTEPBAJIOB BPEMEHHM C YKA3aHHOW TOYHOCTHIO MPHUBEIM K TOMy, 4uto ¢ 1983 ronma
MPaKTUYECKOW peasii3aliy 3TOro (MpsMOro) OnpeAesieHHs] €AUHULBI JUTMHBI TaK U HE CYIIECTBYET.
[TosToMy, Kak BbIXOHM W3 ToJjiokeHHs, Ha 17-oif [KMB 0buT10 pekOMEHIOBaHO HCMOJIB30BaTh
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UHTEp(PEPEHIIMOHHbIE METOAbl AJIi BOCHPOU3BE/CHUS €AMHUIIBI JUIMHBI U ObUIM PEKOMEH/I0BaHBI
STAJIOHHBIC YaCTOTHI (IJTUHBI BOJH) HECKOJBKUX CTAOMIM3UPOBAHHBIX JIA3€POB (CTAHAAPTOB OMTH-
YECKHX YacTOT), pErIaMEHTUPOBAHHBIE HOBBIM OINPEEICHUEM METpA.

OOpaTuM BHUMaHUE, YTO MOHITHSI «peaTu3alus eIMHULIBI» U «BOCIIPOU3BEICHNE CIMHUIIBI» B
HEKOTOPBIX CIy4asx TPaKTyrOTCs Heu€Tko. [lo 3TOM mpuyMHE MHOrJa BO3HMKAET IyTaHULA B
tepMmuHOJOoruH. [loaTOMY TO3BOMMM cebe HAMOMHUTH, KaK 3TH MOHSITHS ompeneneHsl B OTuére
yeTBEPTOro mpoekta MexayHapogHoro Oropo mep u BecoB (MBMB) mnst mpaBUTENbCTB CTpaH
Mertpuueckoii kouBeHuuu [6]. B paznene 3.2 oTuera, rie OnuChIBAIOTCS METObI, KOTOPbIE UCTIONb-
3YIOT HaIlMOHAIbHBIC MeTposiorundeckue HHCTUTYTh (HMU) mpu pa3zpaboTke CBOMX HAIMOHAIBHBIX
3TaJIOHOB U3MEPEHUI, TOBOPUTCSL:

«HMMU nmeetr BO3MOKHOCTH BbIOOpa METOJIOB, HEOOXOJIUMBIX MPH pa3pabOTKe KaXIOro W3
CBOUX HAIIMOHAJIbHBIX 3TAJJOHOB U3MEPEHUM. ..

1. B coorBercTBHM ¢ mepBbIM H3 MeTogoB, HMU Bkitowaercst B paboThl mo (hU3HYECKOM
peanu3aluy eIMHULIBL, UCXOJIs U3 €€ ONPECICHHS, TEM CaMbIM MO CO3/IaHHUIO IEPBUYHOTO HTAJIOHA,
KOTOpPBIH OyJIEeT CIIY)KUTh B KAU€CTBE HAllMOHAJILHOTO 3TaJOHA. JTO — Haubosee QpyHIaMeHTaIbHbIH
MOJXO/, U OH MMeeT OoNbIIoe 3HaueHHe, T.K. (pu3nueckas peanuzanus 00ECIEUYUBACT MPOYHYIO
CBSI3b MEXKIY ONPECIICHUEM SANHUIIBI U € PU3NYECKUM BOILIOIIEHUEM, KakK dTanoHa. OJIHaKo, 3TO
Haunbosee TPYAHBIN U AOPOTOH MOAXO.

2. Btopoit mMeTron roauTcs TOJBKO JJISI OTPAaHUYEHHOTO 4YHciia (U3HUYECKUX BenmuuuH. OH
TaKKe MpelycMaTpUBaET CO3/IaHHUE MMEPBUYHOTO ITAIIOHA, KOTOPBIN OYAET CIY>KUTh HAITMOHAILHBIM
3TAJIOHOM, HO B 3TOM CJIy4ae HE € MOMOILBI0 PeAIU3alUU €UHULBI, UCXOAs U3 €€ ONpeIEeIeHus, a C
MOMOIIBIO CO3JIaHHS BEICOKO-BOCIIPOM3BOJMMOI0 3TAJIOHA, 3HAUECHHE KOTOPOTO OBLJIO COTJIAaCOBAHO
yepe3 MBMB ¢ nomowwio mescoynapoonoco 0ocosopa. Ita mpolienypa CKOpee OTHOCUTCS K
«BOCIIPOU3BEICHUIO» €IMHMIIBI, HEXKENIH K €€ «peanu3anuu». [I[pumepaMu ciykar UCMOIb30BAHUE
PEKOMEH/I0BaHHBIX YaCTOTHO-CTA0OMIM3MPOBAHHBIX J1a3€pOB AJIs CO3JAaHMs dTaloHa MeTpa, 3 dexTa
JI>xo3edcoHa — [T BOJIbTA, U KBAaHTOBOTO 3(pdexra Xoma — s oma...».

[IpuBenéunpiii gparmMeHT u3 [6] MOATBEp)KmaeT, YTO IO TOCJICAHETO BPEMEHH HE OBLIO
peanbHBIX MPEATIOKEHUH MO (U3UUECKON peanu3aludl eIWHUIBI JJIUHBI, HCX0lsi U3 e€ orpe-
JCJICHMUSL.

C cepenunbl 70-bIX TOJOB €IMHMIIA IJTUHBI BOCIIPOU3BOJIUTCS C MOMOIIBIO JIa3€PHBIX UHTEP-
depomerpoB mnepememienuit (JIUID) [7]. C 1983 roma B stux JIMII B kauecTBe HCTOYHHUKA
STAJIOHHOW JIMHBI BOJIHBI MPUMEHSIOTCS CTAaOWIM3WPOBAHHBIE MO YACTOTE JIa3ephl HECKOIBKUX
THUIIOB, PEKOMEHJIOBAHHBIA IEPEYEHb KOTOPBIX C PAa3BUTUEM JIA3€PHOM TEXHUKH YTOYHSETCS.
Kaxnaeiit u3 JIMII npencrasnsier coboit cucteMy U3MepeHusl pasHOCTH (a3 ONTHYECKUX CHTHAIOB
(TUIOCKMX 3JEKTPOMArHUTHBIX BOJIH), PACHPOCTPAHSIONIMXCS B OMOPHOM M CHUTHAJIBHOM KaHajax
unteppepomerpa. T.e., B JIMII usmepsieTcs, HACKOJIBKO CABHHYTHI IPYT OTHOCHUTENIBHO JpYyra BO
BpeMeHH (110 ¢asze) MEeKTPOMarHuTHIE KoJIeOaHus (ONTHYECKHE KOJIeOaHus), pacTpOCTpaHsOIIHe-
csl B KaHanax (muiedax) uHTepdepomerpa. ITH KosebaHus, MpoLIeIne KaHajlbl HHTeppepoMeTpa,
CYMMHUPYIOTCSI Ha BbIXojie HHTep(dhepoMeTpa, B pe3ysbTaTe Yero MpoucXoauT HHTep(epeHIHs ITHX
CBETOBBIX MYYKOB W BO3HHKAECT MHTEPPEPECHIMOHHAS KapTHHA B BUJC YEPEAYIONINXCS CBETIBIX U
témubIx monoc. Ha Beixome JIMII cymmaphbiii curHan moctynaer Ha Qotonerekrop. Ilo
W3MEHEHUSIM HMHTEHCUBHOCTU HMHTEPPEPEHLIMOHHON KapTHHBI (BO3HUKAIOUIUX MPH MEepeMEIICHUN
OTpakaTessl B U3MEPUTEIILHOM KaHaje), 00pa30BaHHON COBMEIIEHHBIMU CUTHAIIAMH M3 OIOPHOTO U
CUTHAJIPHOTO KaHAJOB HMHTEpdepoMeTpa, MOXKET OBITh MojydyeHa WH(opManus o0 HU3MEHEHHSX
pazHoCcTH (Da3 CHUTHANIOB, «BBI3BAHHBIX PA3IMYHOTO pojaa mporeccamu B (Ha30BOM OOBEKTE B
ka"amax JIMII. Oau Moryt ObITh OOYCIIOBICHBI W3MEHEHUSMH B HM3JIYYEHUU WA HCCIIETYEMOM
00BEKTE, KOTOPBIE BCICJICTBUE YACTOTHOM, MPOCTPAHCTBEHHON HIIM TOJISPU3AIMOHHON ITUCTIEpCUN
NPUBOJAT K BapuauusMm paszHoctH (asz» [5]. OrmeruMm, uTo (pa3oBble M3MEPEHHs] OTHOCATCSA K
MeTo/laM 00pabOTKHM CHTHAIOB BO BpeMeHHOU obnactu. C ycrnexaMu MOCIEAHHUX JBAJIATH JIET B
o0jacTu paMOCIEKTPOCKONUU BBICOKOHM pa3periaromieid crnocoOHoCcTH 0ojiee BBICOKME TOYHOCTHU
MO>KHO OKHAATh IpU 00pabOTKE CUTHAJIOB B YaCTOTHOM 00JacTu.
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B pa6ore [8], aHamu3upysi BOMPOCH W3MEPEHUH T€OMETPHUYECKUX BEIMYUH B HAHOTEXHO-
JIOTHSIX, B YACTHOCTH roBOpuUTCs: «HMHTEpdepoMeTpsl IepBOro MOKOJICHHS, UCTIOIb30BAIH OJHOYAC-
TOTHBIE JIa3€pbl U UMEIHM IHANa30H M3MEPEHUs MpeuMyiiecTBeHHO 3...10 M, a CKOpOCTh nepeme-
ieHus1 oTpaxkaress He npesbimana 10 M/ mMun [7]. OnHako, MpU UCMOJIB30BAaHUU OJHOYACTOTHBIX
JIa3epOB TJIABHOW MPOOJIEMON SBISACTCS 3aBHCHMOCTh TOYHOCTH U3MEPEHHUH MHTEPHEPOMETPOB OT
MHTCHCUBHOCTH H3JIy4EHHUS JIa3epOB U BBICOKAsh UYBCTBHUTEIBHOCTh K KOJICOAHUSM HHTEpQepeH-
MOHHOTO (oHa. Takke HEAOCTATKOM TaKuWX HHTep(epoMeTpoB sBIsSETCS moreps HMHpopmauuu
IIPU CMEHE HaNpaBJICHUs IBHKEHHUS 00BEKTOB.

3HAYUTENBHO YNPOCTUTH ONTHYECKYIO CXeMy HHTepdepoMeTpa W TMeperdTH K 00pabdoTke
CHTHAJIa B YaCTOTHOW 00JaCTH CIIEKTpa MO3BOJIMIIO CO3/IaHHUE JIByX4acTOTHOTO Ja3epa. MHrepdepo-
METpBI, pa3paboTaHHBIC MO TAKOW CXEeMe, PACIIMPUIIN JHUAMa30H U3MEpeHuid 10 60 M mpu CKo-
pocTHOM nipezene B 18 M/ MuH u GoJee.

[TockonbKy yKa3aHHbIE HHTEPPEPOMETPhl UMEIOT pacIiMpeHHbIe (PYHKIHUU B 4acTH M3Mepe-
HUS YIJOB IIOBOPOTA, IIOKA3aTeNed MpENOMIIEHMsI BEIIECTBA, W3MEPEHUN 110 HECKOJbKUM
KOOpJIUHATaM U Tp., ocoOble TpeOOBaHUS MPEAbSBIAIOTCS K MOIIHOCTH JA3€PHOTO U3IyYEHHUS U
pasHocTHON yactoTte. Kpome Toro, nomkHa 0OecreunBaThCsl BHICOKAsi CTAOUIBLHOCTh ONTHYECKOM
Y4acTOTHI B TEUEHHE BCErO CPOKA CITYXKOBI JIa3epOB».

Paccyxnast 0 npuMeHEHHH OJJHOYACTOTHBIX WJIM JIBYXUAaCTOTHBIX JIa3€POB B JIA3EPHBIX UHTEP-
dbepomeTpax nepemenieHui u roBops 00 naTephepomerpax MalikenbcoHa, Kak Hanboee pacipoc-
TpaHEHHBIX CUCTEMaXx JUIsl MPEIIM3HOHHBIX TMHEWHBIX H3MEPEHHH B HAHOTEXHOJIOTUSX, B padoTe [9]
OTMEUYAeTCs, YTO «IJII TEXHUKH YIY4YIICHHH BO3MOXHOCTEH wuHTEepdepomeTpoB MaiikenbcoHa
BBICOKOT'O Pa3pelIeHUs] U3BECTHHI BE (yHJaMEHTAJIbHbIE CUCTEMBI JETEKTHPOBAaHUSA: 1-asi — 3TO
na3zepHble UHTEp(EpOMETPHI C ABYXUACTOTHBIMU J1a3€paMU U T'€TEPOJIMHHBIE CUCTEMBI JETEKTUPO-
BaHUS (CMEIIMBaHHUE YacTOT); 2-as — 3TO JIa3epHbIe HHTEPPEPOMETPHI C OJTHOYACTOTHBIMHU JIa3epa-
MU ¥ aMIUTUTYyIHast 001aCTh HHTEPPEPEHIINOHHBIX U3MEPEHUI».

B GonbimHCTBE U3 COBpeMEHHBIX Mpenn3noHHbIX cucteM JIMIT ans uamepenuit Hanonepeme-
LICHUN UCHOJIB3YIOTCS TE€TEPOJUHHBIE METOJbl HA OCHOBE WM JBYXYAaCTOTHBIX JIa3€pOB, WM Ha
OJIHOYAaCTOTHOM Jla3epe, HO C IMPUMEHEHHMEM METOJIOB CJBHMIa 4YacTOThl Jiazepa (Hampumep,
aKyCTOOINTHYECKUX METOJOB), U UCIIOIb30BAHUS 3TUX ABYX ONTHYECKUX YACTOT.

AHanu3 OrpaHUYEHUN TOYHOCTH MPEUU3UOHHBIX JUHEHHBIX W3MEPEHUM, OCHOBAHHBIX HA
rerepoauaHoM Bapuante JIUII, nmposenén B padote [10], B KOTOPOI BOMPOCH! BIUSHUS IIIYMOB B
uHTeppEepoMeTpe Ha TOYHOCTh HU3MEPEHUs He paccMmarpuBaroTca. OJHAKO aHAITM3HPYIOTCS
OTpaHUYEHUS, CBS3aHHBIE C HEONPEAEIEHHOCThIO (MIOrPEIIHOCTRIO) 3HAUYECHHUSI TTOKA3aTENs MPEIOM-
JIeHUsS n B IUIeYax UHTephepoMeTpa, HEONPeAeIEHHOCTHIO BHIYMCIEHHOTO 3HAUE€HHUS JUTUHBI BOJHBI
Ja3epHOT0 MCTOYHHKA, MPUMEHEHHOTO B MHTEpdepomMeTpe (10 U3MEPEHUSIM YacTOTHl M3ITyYCHHS
3TOrO Jla3epa, CPaBHEHHEM C YacTOTOW 3TAJOHHOTO Jla3epa, KOTopasi, B CBOIO O4Yepe/b, Oblja u3Me-
peHa B CPAaBHEHHMHM C II€3MEBBIM STAJIOHOM paJMOYacTOTHl), OIIMOKH B 3HAYCHHWU YHUCIA TOJCYH-
TaHHBIX UMITYJIBCOB (C YUETOM IPOOHOM YacTH MHTEP(EPEHIIMOHHOMN TMOJIOCKHI) MPU MEepEeMEIICHUN
MOJIBUKHOTO OTpaXkateliss MHTepdepomeTpa. B 3Toit paboTe ommcaHa co3gaHHas U MCCIeI0OBaHHAs
aBTOpaMH HAHOU3MEpHUTENbHAsl MallliHa Ha 0a3e KOHCTPYKIHH OPUTHHAIBHOTO MHTEpdepoMeTpa
(Ha OBYX4YacTOTHOM JIa3€pe U C UCIOJIb30BAHUEM CBOWMCTB IOJIIPU30BAHHOIO JA3€PHOIO M3IIyde-
HUs). B 3TOl MammHe MCronb3ylTcs OJHOBPEMEHHO Tpu HHTEepdepomeTpa (OJHOIYICBOM, BYX-
Jy4eBOM M TPEXJIyd4eBOM) U3MEPSIOUINE MEPEMEIIECHUS M0 TPEM HANpPABICHUSIM. DTO IMO3BOJISIET
OCYLIECTBJIATH MO3ULMOHUPOBAHKE 11O TPEM B3aUMHONEPEIECHAUKYIIAPHBIM OCsM (X, y,Z) . IIpu o1-

OM yKa3aHHbIE TPH UHTEp(epOoMeTpa MO3BONIAIOT YUUTHIBATh U KOPPEKTUPOBATH YIJIOBbIEC J€BHALIUN
KaX/10T0 U3 TPEX MepeMeIlaeMblX IUIOCKUX 3epkall. B MammHe Oblla TOCTUIHYTa pa3peliaroias
crnocoOHOCTh M3Mepennii opsiika 0.1 nm u HeonpeAenEHHOCTh U3MEPEHUH mopsaaka 3 nm.
Bompocsl 1myMOB OBOJBHO TJIYOOKO pPaccCMOTpeHbl B pabore [S], B KOTOpoO#l omucaH
OpPUTMHAJIBHBIN JTA3€PHBINA TeTepOAUHHBIN HHTephepoMeTp-(Pa3oMeTp ¢ aKyCTOONTHYECKUM MPeood-
pa30BaHUEM ONTHYECKOW YaCTOTHI (CABUTra ONTHUYECKOW YacCTOThI M3JIyYeHHs Jlazepa). [Ipencrapns-
eTcs, 4To Haubojee «y3kuM MecToM» B cxemax JIUII sBrsieTcst poToaeTekTop, KOTOPBIA MpaKkTH-
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yecku sBisieTcss (a3oBbIM JeTekTopoM. B [5] paccmorpeHbl ciydan HEOOJBIIOW MOIIHOCTH
CHTHAJIa, TOCTYIMAIOMIET0 Ha (POTOAETEKTOP, KOrJa OCHOBHBIE HCTOUHUKH IIIyMa COCPEIOTOUYCHBI B
camoM ¢ortoaerekrope. [losTomy st yBelIWYeHUS YYyBCTBUTEIBLHOCTU JKEIATEIBHO YBEJIMYUTH
MOCTYMAIOUIYI0 Ha (POTOJETEKTOP MOIIHOCTb, HO C YBEJIWYEHHUEM MOIITHOCTH PAacTET U JpoOOBOMH
IyM, 00YCIIOBJICHHBIM pacrpeesieHneM dncia (OTOHOB B ONMOPHOM M cUTHaiIbHOM myukax JINII.
W3 ananu3za B [5] nenmaercs BBIBOJ, YTO HanOojee TOYHBIMU M YYBCTBUTEIbHBIMU NPU U3MEPEHUU
(ha30BbIX CIBUTOB B ONTHKE SIBJISIFOTCS MOIYJISLMOHHO-KOMIIEHCAIIMOHHBIA METO U METOJ MIEPEHO-
ca 4acTOThl (ONTHYECKOE TeTEPOJANHUPOBAHKE), YTO MO3BOJISIET MEPEHECTH (a30BbIE COOTHOIICHUS
MEXIYy U3MEpSEMbIMU ONTHYECKHUMH KOJICOAHMSIMU B paJuoJMana3oH, Ie MU3MEPEeHUs Pa3HOCTH
(a3 MOXKHO TIPOM3BECTH C CYIIECTBEHHO 0o0Jiee BBICOKOW TOYHOCTBIO, YEM B ONTHYECKOM JMara-
3oHe. Ilpu »TOM yuuTHIBatOTCS (QUIYKTyallMl ONTHYECKUX JUIMH IYTH, BbI3bIBAEMbIE CaMbIMU
pa3sHoOOpa3HbIMU TpuurHaMu. M3 aHanusa, mpoBeA€HHOro B [5], «ciemyer, 4To € Y4€TOM
00JBIIOrO Kjacca IIYMOB, HCIOJIBb3Ys JIa3epHble MUHTEPPEPOMETPHI, MOKHO H3MEPSTH (Pa3oBbie
CIBUTU HA YPOBHE 107 rpajayca Ha juiHe BONHBI A = 0.6328 MKM, 4TO SKBHBAJICHTHO JTUHEHHOMY
cmemeHuto 0.1 Hm». Co cBO€il CTOPOHBI OTMETUM, UYTO YKa3aHHbI YPOBEHb TOUHOCTHU 107 rpazayca
B HAcCTOsIIEE BpeMs SIBIISIETCS MPEIEIbHO ITOCTUTHYTHIM B auamnazoHe vactor ot 500 Hz po
100 kHz. B nmuanazone yactot Bbimie 1 MHz (B KOoTOpBI peanbHO TiepeHocsTcs (pa3oBble M3Mepe-
HUSL M3 ONTHYECKOTO JMAMA30Ha) HAMBBICIINEG TOYHOCTH OMPENeNsioTcst 3HaueHueM 107> rpamyca.
Co BceM 3TUM aHAIM30M, MIPUBEIEHHBIM B [5], 0€3yCIOBHO ClEAyeT COrIacuThCs. XOTS MPEICTaB-
JsieTCsl, YTO K MUCTOYHHUKAM HEolpeaeNEéHHOCTeH, KOTOpble He0OXOIMMO YYUTHIBATh IIPU aHAIIM3e
tounocted B JIUII (mnm JIN®), cnenyer OTHECTH €II€ OAMH OIPAaHUYMBAIOIINN U CYILIECTBEHHBIN
MOMEHT, HE OTMEUYEHHBIN B JIUTEPATYPE.

CBOI0 HEraTMBHYIO POJIb MOXET ChIrpaTh aMIUIMTYIHO-(azoBas xapakrepucthka (ADX)
(dboToanekTpuueckoro mpeoodpazoBatens (HOTONMPUEMHHKA), T.€. 3aBHCHUMOCTh H3MEHEHHH (Da3bl
BBIXOJIHOTO CHTHAJIAa TIPU WU3MEHEHUH WHTCHCUBHOCTH M3JIydyeHHs (MHTEp(PEPECHIIMOHHON KapTHHBI)
noctymaromiero Ha ¢doronpuémauk (®PII). M3ectHo, yTO B KayecTBe (POTOACTEKTOPOB B
coBpeMmeHHBIX @II B cxemax JIUIT npuMeHSIOTCS B OCHOBHOM (POTOIMOBI (JIaBUHHBIE (POTOIUOIBI,
p-i-n  dotommoarl W Ap.). OKBHBAICHTHas cxeMa (QoTonmpuéMHUKA TPEACTaBIsSIET CcoO0M
onpenenéHuyo R C -cxemy (B 3aBUCUMOCTH OT CXE€MbI BKJIIOUCHHsI (POTOAMO/A), B KOTOPOU TTOMHU-

MO BXOJIHOTO CONPOTHUBJIEHUS (POTOAMO/A B KAYECTBE IEMEHTOB CXEMbl (PUIypUPYIOT U EMKOCTb
nepexoza AeTeKTopa U Apyrue napasuTHble EMKOCTH CXEeMbI (CM., Hampumep, [11] — paznen 5.10),
HEU30€KHO NPUCYTCTBYIOIIME B KOHKPETHOM YCTPOMCTBE M KOTOpBIE NMPAKTHYECKH HEBO3MOKHO
TOYHO ONpEACTUTh UM u3MepuTh. Takas R C -cxema MMeeT (a30-4aCTOTHYIO XapaKTEpPHCTUKY,

ONpENEIIEMYI0 PEAaKTUBHBIMM JJIEMEHTAMM, BXOIAIMMU B cxeMy. Ho 3Ta xapakrepuctuka
CTPOUTCS TPU MOCTOSTHHOM YPOBHE CHUT'HAJIa, MOCTYIAIOMIET0 Ha BXOJ cXeMbl. Eciu ske Kakoi-1mu6o
3JIEMEHT CXEMbl M3MEHSAET CBOM MapaMeTpbl B 3aBUCHUMOCTH OT YPOBHSI BXOJHOIO CHUTHaja, TO
COOTBETCTBEHHO OylIeT U3MEHATHCS U (pa30Basi XapaKTepuCcTUKa cXeMbl. [Ipu H3MEHEHUN MHTEHCHUB-
HOCTH TIOCTYMAIOLIET0 Ha ()OTOTUOBI M3IYUYECHUS BCE OHU H3MEHSIIOT CBOE BXOJHOE CONPOTHB-
JeHue (MpUYeM B JIOBOJBHO IIMPOKHMX Ipenenax). JTO HM3MEHEHHE BXOJIHOTO COIPOTUBIIEHUS,
MMEIOIIETO OOBIYHO 3HAYCHUE TMOpPSAKa (105 - 107) Ohm, B coyeTraHuW nOaXe C HEOOJBIINMU
Mapa3suTHBIMU EMKOCTSAMU BXOIHOW yacTh PII, MOXKeET BbI3BATH JOBOJIBHO CYILIECTBEHHBIE CABUTH
¢dazoBoil xapakrepuctuku @II, KOTOpble HEBO3MOXKHO TOYHO YYHUTHIBATh, YTO MOKET MPHUBECTH K
BEChbMa CYLIECTBEHHOM aMIUTUTYAHO-(a30Boil morpemHocT, BHocuMmon PDII. Oty ADX crenyer
KaK-TO YYMUTBIBaThb NPHU HU3MEPEHUSAX NEPEMEIICHUN (IIPU MU3MEHEHUSX [JIMHBI U3MEPUTENBHOTO
meqa JIMII), koTopeie B penenax OgHONW AJIMHBI BOJIHBI JIA3EPHOIO U3JIy4EHHUs (4 3TO IPOUCXOIUT
B HAHOJMAMNa30HE) MPOU3BOMATCS MO HU3MEPEHUI0 HM3MEHEHWW WHTEHCUBHOCTH CYMMAapHOMU
(uaTepdepeHnoHHOM) KapTuHBI, nmoctynatonied Ha PII. [TosTomy, Ans yMEHbLICHHUS BIMSHUS
STOW MOTPEIIHOCTH MOXET BOSHUKHYTH COOJIa3H CTa0MIM3UPOBATh YPOBEHb (MHTEHCUBHOCTD) OII-
TUYECKOro curHaia, nocrymnatomiero Ha ®II. B To xe Bpems, crabuimu3anysi MHTEHCHUBHOCTH
W3JIydeHus, moctymnaroniero Ha ®I1, mpoTuBOpeunT MeTOAaM JTa3epHOU HHTEPPEPOMETPUH TIepeMe-
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meHnii. HamoMunm, 4to u3Mepenne nepemMentenuit (¢ ucnoas3oBanuem JIMII) ocHoBaHO Ha moucke
MECTOMOJI0KEHHUS, COOTBETCTBYIOIIETO Ha U3MEHSIOIIEHCS HHTep(hEpEeHIIMOHHON KapTUHE (8 OuHa-
MuKe npoyecca uzmepenui) SKCTPEMaIbHO MUHUMAJIBHON MJIM MaKCUMaJIbHOM MHTEHCUBHOCTH, I10O-
crynaroniet Ha @II. HaxoxxaeHne 3TUX NOJIOKEHUN B JUHAMUKE IIpoLiecca epEMELICHUsS OTpaxa-
TeJsl B CUTHAJILHOM KaHalle HHTepepoMeTpa OueHb CIOXHas U TpyloéMKas 3a/aya M, Kak MoKa-
3aja MpaKTUKa, 10 HACTOALIETO BPEMEHU HE IMO3BOJWIO JOCTUYb HEONPEAEIEHHOCTH U3MEPEHUM
nepemenieHui Menbied, yem 0.02 nm, maxe B Jy4YIIMX CHCTEMax Ja3epHBIX HHTEp(epoMeTpoB
IepeMelLeHn (HalpuMep, NpUMEHEHHBIX B annapaType [lepBuyHOro sTanoHa MeTpa).

HenaBHO mosiBUIMCH COOOIIEHUS O JOCTHIKEHUH MUKOMETPOBOM pa3pelIaromieii CliocoOOHOCTH,
HO HOJILKO B cxeMe HHTepdepomeTpa-nedopmorpada, npeaHa3sHAYCHHOTO sl reopu3nyecKux
n3MepeHuit [12], He TPUMEHUMOTO B HAaHOTEXHOJOTUSX Oe3 MoaepHu3anuu. B 3tom mHTEpdepo-
METpe JOTOIHUTENBHO OBIJIO IPUMEHEHO MPOESIMPOBAHNE HHTEPPEPECHIIMOHHOM KapTUHBI (O1HM3K0e
[0 CBOEMY TEXHHMYECKOMY PELIECHUIO K MPHUHIMITY padOThl 0aNTMCTUYECKOrO rajibBaHOMETpa WIH
nuieiigoBoro ocuustorpada) s MOTYYESHUST YBEIMYEHHOTO M300pakeHUs] WHTep(hepeHINOHHON
kapTuHbl. [Ipu 3ToM ObLIa co3maHa OpUTMHANbHAS aHAJIOrOBasl CIEAsIIas CUCTEMa PErucTpaluu
casura uatepdeporpammsl. B 3Toi crucTeMe MpUMEHsSIICS CIIeIUATbHBINA ONMTHYECKUN TUCKPUMIHA-
TOp HWHTepdeporpaMMbl (MCMONB3YETCS 3EpKalbHAs MPO3PAvHO-OTpAKAIOIIAs penieTka u3 28
IITPUXOB) U U3MEPSIICS CABUT UHTEPHEPEHIIMOHHON KapTUHBI OTHOCUTEIIBHO 3TON peméTku. Takon
pUEM MO3BOJIMI OMYYUTh YBEIIMUEHHOE U300paskeHne HHTEPPEpEeHIIMOHHON KapTUHBI, (pparMeHT
KoTopo#t nocrynaer Ha ®II. B pe3ynbpTare Oblla CYyIIECTBEHHO YBEJIMYEHA pa3pellaromias crocoo-
HOCTh uMHTepdepomerpa. B pabdote [12] paspemaromias crmocoOOHOCTh JAOCTUTIIA PEKOPAHOTO 3HA-
yeHus — | pm. Takas cuctema Haluia IpUMEHEHHE B TeO(PU3NIeCKOM MOHUTOpHHTE. OKaKeTCs JIn
BO3MOXXHBIM MNPUMEHUTh TaKOro THUMa cucreMy (IpH TaKUX MacmrTadax MpPOCLUPOBAHUS H
YBEJIMUEHUS pa3MepoB HHTEPHEPEHIIMOHHON KapTHUHBI) JUTsI JIMHEHHBIX U3MEPEHUI B HAaHOIMAIA30-
HE, B HAHOTEXHOJIOTHSX — HEM3BECTHO. B TO k€ BpeMsi u3MepuTeNbHas CUCTEMA C TAKOM pa3pelaro-
el CrocoOHOCTHIO OblIa OBl OUEHB JKeJIaTeNIbHA /1711 HAHOTEXHOJIOTUH.

B paccmorpennsix Bapuantax JIMII nns mpenu3uoOHHBIX WM3MEPEHHUM JUIMH M JIMHEHHBIX
NepeMeIleH! B HAHOMETPOBOM JHMaIla3oHe pa3peliaromias CloCOOHOCTh M3MEPEHHMH B JIydlleM
ciydae coctaisuia 0.1 nm. B 1o ke BpeMmsi, Kak ykazaHo B paboTe [2], B MapuIpyTHO#M KapTe, KOTO-
pyto pazpaboranu B CHIA ans HyXZI MOJYNPOBOAHUKOBOW NMPOMBIIUIEHHOCTH, JUIsI HEKOTOPBIX
TEXHOJIOTHYECKHX TIPOIECCOB YK€ TpeOyIoTCs JIMHEWHble UW3MEpPEHUs C paspelaromniei
ciocobHocThIO opsaaka (0.001 — 0.002) nm. OnucaHHbIe BBIIIE CUCTEMbI HHTEP(HEPOMETPOB ITUM
TpeOOBaHUSIM TIOKa HE YIOBJIECTBOPAIOT. B psine ncrounukos (Hampumep, [1,3,5]) craButcst Bompoc
00 aKTyaJbHOCTH U MOUCKE HOBBIX METOJOB JIMHEWHBIX U3MEPEHUI B HAHOIMATIA30HE JJISl PELICHHUS
3TOl mpobaembl. OTMETUM, YTO YK€ MOSBUIUCH MEPBbIEC MPEATOKEHUS 110 MPUMEHEHHUIO 4acTOT-
HBIX METOJIOB ISl JIMHEWMHBIX U3MEPEHUN B HaHOAMAana3zoHe. Ho mpu aHamu3e 3TUX MPeIIoKEHUN
0Ka3aJ0Ch, YTO ATO HE YACTOTHBIE METOJIbl U3MEPEHM, a METO/Ibl CTAOMIM3AIMN YaCTOTHI JIa3ep-
HOT'O MUCTOYHMKA ONITUYECKOTO U3JIy4EHHsI, HA KOTOPOM paboTaeT nHTep(hepoMeTp nepeMeIeHnH.

Tak, B pabote [9] (BhIMOJHEHHON B WMHCTUTYTE HaydHbIX TpubOopoB, B Yexuwu, T. bpHO),
HAaMEHOBaHME KOTOpOoi «YacTOTHBI MeTOJ] W3MEpeHHH CyO-HaHOMETPOBBIX H3MEpPEHUN
paccTosHUM ¢ IPUMEHEHUEM ONTHUYECKOI0 PE30HATOPA U MEPECTPAUBAEMOTO MOIYITPOBOAHUKOBOTO
Jaszepa», paccMapuBaeTcs yCTpOMCTBO Ha 0a3ze mHTepdepomerpa, B KOTOPOM HCTOYHUKOM OITH-
YECKOT0 M3JIyueHHs SIBJISETCS CTAOMIM3UPOBAHHBIM IO yacToTe Jjasep. B kauecTBe MCTOYHMKA
W3JIYYCHHST aBTOPBI CO3AJIH JIa3ep C «PACTSIHYTHIM» PE30HATOPOM, B KOTOPBIH BCTPOEH MepecTpau-
BAaE€MbIil TOJYNPOBOJHUKOBBIM J1a3ep, HENPEPHIBHOE H3IYyYEHHE KOTOPOIO IPOIYCKAeTCs depes
nepecTpanBaeMblii pezoHaTop natephepomerpa ®adpu—Ilepo (MPII). IToT pe3oHaTop mpakTUyec-
KU SIBJIIETCSI ONITUYECKUM Y3KOTOJIOCHBIM (DPUIIBTPOM, IPOITYCKAIOIIUM TIPH TEPECTPONKE MOIYIPO-
BOJHUKOBOIO Jia3epa W3IIy4eHUE TOJBKO TE€X ONTHYECKHX YaCTOT, KOTOPbIE MMEIOT PE30HAHC B
pezonarope M®DII. A »3TO NOPOUCXOOUT TOrJa, KOIJAA  BBINOJHSAETCA  COOTHOILIEHUE

Q2L/c)@w,—@,)=Kr, tne (L — nuuHa pe3oHaropa, @, — pe3oHaHcHas 4dactora UDIL, @, —
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yactoTta BBoauMoro B UDII nazepHoro uznyyenus. UHTEHCMBHOCTh MPOIIEIIIETO YEPE3 PE30HATOP
cBera OyJeT MaKCUMAaJIbHOI MU PEe30HAHCHOW HACTpOWKe (@), —@,) U YMEHBIIUTCS IPU U3MEHE-

HUU JUIMHBI pPE30HATOpa. ABTOpBHI CO3JAIM 3aMKHYTYIO CIEASIIYI0 CUCTEMY aBTOMAaTHYECKOM
MOACTPONKH YacCTOTHI TaKOTO Jiazepa ¢ IU(POBON KOPPEKIHMEH 4acTOThl (C BBEACHUEM I ATOU
LEJA JONOJHUTEIIbHOM HHU3KOYAaCTOTHOW MOZYJIALMM MOIIHOCTH Jla3epa). BbixoaHas dacrora
m3ydeHust UPII cpaBHMBanachk ¢ 4acToTor crabuiamsupoBanHoro o yactore He — Ne — Ir-mazepa.
ITo yactoTe OMeHMI ATHX H3IY4YEHUH NOJCTpaMBajach 4acTOTa IMOJIYPOBOAHHMKOBOTO Jlazepa U
pezonaropa U®DII. He BaaBasick B MOAPOOHOCTH 3TOW CHCTEMBI, OTMETHUM, 4TO (haKTHYECKH B [9]
HCCIEAOBANICA HE YAaCTOTHBIM METOA M3MEpPEHHUs JJIUH WIM JUHEHHBIX MEepEeMEIEeHUN, a OpUTH-
HalbHas cucreMa nuddepeHmanibHOro UHTEphepoMeTpa g U3MEPEHUs JIMHEHHBIX TepeMellie-
HUH cOo cxeMoil ctabunmu3auuu (M, MPaKTHYECKH, MOACTPONKH U (QUIBTPALUU) YaCTOTHI Ja3€PHOTO
uctoyHuka. OTMETHM, YTO B JaHHOU cucmeme unmepghepomempa Obliia JOCTUTHYTA pa3periaronas
CIOCOOHOCTH TMHEWHBIX H3MepeHuii nopsaka 0.05 nm npu u3mepennu nepemernennii 10 400 nm.

Heckonbko npyroit BapuaHT mpesjioxkeH B pabore [13]. B Helt Takke mpemjaraercs mpwu-
MeHuTh uHTEeppepomerp Pabpu—Ilepo (MDII) mnsa crabunmsanuu 4acTOTHl Jla3epa, KOTOPBIN
MOKET OBbITh MPUMEHEH B KaueCTBE MCTOYHHMKA 00pa3lloBOMl UIMHBI BOJIHBI B HHTepdepoMeTpe s
JMHEWHBIX U3MepeHuil. B otimune ot [9], B nanHOi paboTe npeniaraercs npomnyckars yepe3 UOII
HE HENPEPBIBHOE JIA3€PHOE M3IIYYECHHE, a JIA3EPHBIE MUMITYJIbChl, TOUHEE M3Iy4YEHHE MUMITYJIbCHOTO
na3epa ¢ cuaxponuzauueit moa (JICM). Ilpu aTom aHanu3upyeTcs NpOX0XKAECHUE YEPE3 PE30HATOP
N®IT uMnyabCHBIX CUTHAJIOB, KOTOPBIE UMEIOT CIOKHBIN CIEKTP (B 3aBUCUMOCTH OT JJIUTEIbHOCTH
UMIyNbca). AHaMU3MpoBaach (pyHKIUA mponyckanusi pezonaropa UPII npu ummnynscHoi popme
KOTEPEHTHOT0 CBE€Ta W M3MEHEHHE BPEMEHHBIX XapaKTepUCTUK mpomenmux yeped HWOII
UMITyTECOB. Ha OCHOBaHMUM 3TOr0 aHanmM3a CAeNaH BhIBOJ, 4yTo, 4To0b1 UDII npencrasisi codoi
onTUYeCKU GUILTP (UTO HEOOXOIUMO ISl €r0 MPUBSI3KH K CTAOUIFHOMY JIa3€PHOMY U3IIYUYEHHUIO),
ero 0asa MoJpKHA OBITH TaKOM, YTOOBI BpeMss ® nBoiHOTO npoxoxkacHus 6a3el UDIT ummynbscom
cBeTa OBLJI0O MEHBIIIE JTUTEIHHOCTH IMAJA0IIero UMIyibca 7, T.e. @ <7, tme @ =2L/c. D10
HaKJIaJbIBAET ONpeaeneéHHble TpeOoBaHUS Ha 0a3y ATalloOHA JITMHBI, KOTOPBIA MOXKET OBITh CO3IaH
Ha OCHOBe TpenoxkeHHou B [13] cuctemsl. «Tak, mpu HeMTOCEKYHIHOHN UTUTEIHPHOCTHA BXOISAIINX
UMIIYJIbCOB MHTEpBAI MeXy 3epkanamu uHTeppepomerpa — 0.15 — 15 MKM, NMHUKOCEKYHAHOH —
1.5- (10° =10 Mxkm  wam 0.015 - 1.5cM, HaHocekyHmHOH — 1.5 (10°=10") MkM  wim
15 - 1500 cm» [13]. HMcxomst u3 3TOrO, IpemiaraeTcss MpUMEHUTh uUMIyiabcHbeli JICM HaHo-
CEeKYHIHOW ayuTenbHOCTH. [Ipu Takux ycnoBusix ayirHa pe3onaropa M®@II mo3Bosiser napaieabHO
€ro OCH JIOMOJIHUTENIBHO MTOMECTUTh aKTHUBHYIO cpeny He — Ne-na3epa, 4ToObI OTYyYUTh UCTOYHUK
HEMPEPHIBHOIO CTAOMILHOTO ONTHYECKOrO M3IY4YEHHs, IEepecTpauBaeMblii B HEOOJBIIOM YacTOT-
HOM uHTepBaje. OHU TIpeUlaraloT TakuM o0pa3oM cTabWIM3UpOBaTh JUIMHY pe3oHartopa WOII,
npuBsi3aB €€ K BOJOpPOAHOMY Ma3zepy. Takas craOuibHas nnuHa peszoHatopa MOII pomxHa
obecreynTh CTaOMIBHOCTh U MOHOXPOMATUYHOCTh nM3nydeHus He — Ne-yazepa, BCTpOEHHOTO (I10-
MeménHnoro) B pezoHatop UDIIL. [Tpu 3tom UDII cTraHOBHUTCS Y3KOMOJIOCHBIM ONTHYECKUM (DUITh-
TpOM. DTO M3IIyueHHE MIpeIaraeTcs UCIOoJIb30BaTh B KauecTBEe 00pa3I[0BOTO M0 YAaCTOTEe HCTOYHHUKA
Ui Ja3epHoro uHrepdepoMerpa, Ha 0aze KOTOporo OyneT MOCTPOEH 3TajoH MeTpa. T.e. U B 3TOM
pabote paccMcCTpuBaeTcsi MHTEPPEpOMETp €O CTAOMIM3UPOBAHHBIM IO YACTOTE€ HEMPEPBIBHBIM
JIa3epHBIM U3TydeHuEeM. «B uTore morpemHocTs 0a3bl 3TaIOHA METPA COCTABUT 107"°. 910 03HAUA-
€T HEONpPEeJeIEHHOCTh paccTOsIHUSA MexXay 3epkainamu (1 M) okono 0.1 um. Jlns peanusanuu Takon
TOYHOCTH U3MEPEHHUsI IJTMHBI HEOOXOIMMO HCIOJIb30BaTh COBPEMEHHBIE TEXHOJIOTUN U3TOTOBICHHUS
3epkain uHTepdepomerpa. 37ech OTMETHUM, YTO MPHUMEHEHHE JIA3€PHOTO H3IIYYEHHs IO3BOJISIET
3HAYMUTENIbHO CHHU3UTh TpeOOBaHUs K oTpakaromuM cpoiictBam 3epkan UDII. Tak, npeaenpHas
HEONPENEeNEHHOCTh TMOJOKEHUS TIIOCKOCTH OTPaXXEHUs CBETa Il CTaHJIAPTHBIX pa3MEpOB Jyya
He — Ne-nazepa (quametp okojo 1 MM) OIleHUBAETCA 3HAYEHEM 1078 - 1070 M, YTO Ha HECKOJILKO
MOPSAKOB YBEJIIMYMBACT PE3EPB TOUHOCTU OMNPEACICHUS JJIHH C MOMOUIBIO JIa3epHON HHTephepo-
Metpun» [13].
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Ham mpencraBisercs, 4TO 3aciayXKUBAlOT BHMMAHHS IIPEUIOKCHHS II0 CO3JAaHUIO IPELU-
3MOHHOTO M3MEPHUTENS [UIMH M JMHEHHBIX HAaHONIEPEMEIEHUI He TOJIbKO Ha MHTEePPEePEeHIIMOHHBIX
METOJIaX, 4 Ha aJbTCPHATHUBHBIX BapHAaHTAX, HAPUMEpP, HAa YAaCTOTHBIX WM BPEMSA-4aCTOTHBIX
M3MEPEHUX, KOTOPhIE MO3BOJIMIN Obl MPAKTUUYECKU PEAM30BaTh OMPEACICHUE SIUHHIbI JUINHBI
XOTs1 Obl B HaHoaMamnazoHe. Huke mpeacTaBieHsl HAIlM MPEUIOKEHUS 10 CO3/aHUI0 METOAA U
o01Iell CTPYKTYpHOW CXEMBI Uil U3MEPEHUH UIMH M JTUHEWHBIX HaHOTEPEMEIICHUH U MpaKTHyec-
KOM pealu3aly ONpEACIICHUs CIUHULBI JJIMHBI, OCHOBAaHHBIX HA BPEMA-4ACTOTHBIX M3MEPEHUSX
[14]. ITpu 3TOM MOKHO PEIINUTH ABE OCHOBHBIE 33JaUH:

® (Quxcanuio (hasbl MIOCKOH 37EKTPOMAarHUTHON BOJIHBI B 33/1aHHBIX TOYKaX IIPOCTPAHCTBA;

® IPELU3HOHHOE M3MEPEHHE MHTEpBaJla BPEMEHHU, B TEUEHUE KOTOPOIO 3JIEKTPOMAarHUTHAS
BOJIHA ITPOXOJUT MEKY YKa3aHHBIMHU TOYKaMH IPOCTPAHCTBA.

[Ipunsaroe B 1983 r. onpenenenne eqMHNALBI JUTMHBI OCHOBAHO Ha a0COIIOTHOM M HEU3MEHHOM
3HAYEHUHU CKOPOCTH cBeTa B Bakyyme. OHO, MO-CyHIECTBY, OTPaXKaeT MOJIO)KEHUE TEOPUU OTHOCH-
TeAbHOCTU A. DWHIITEWHA O €IMHCTBE MPOCTpaHCTBA U BpeMeHu. Mcxoas m3 3Toro, mpeajsaraem
JUISL CO3JaHUsI YKAa3aHHOTO METOJIa M CXEMbl HCIOJb30BaTh ONTHYECKYIO 3ajepxkkKy (0O3), 4to
o0ecrieynBaeT ps MPEUMYIIECTB.

[IpennoxkeHHOE HAaMHM YCTPOMCTBO JIOJKHO COAEpPKATh CHUCTEMY Ha OCHOBE 3aMKHYTOM,
perynmupyemoii O3, B KOTOPYIO IOCTYIA€T HENPEPHIBHOE KOI'€PEHTHOE ONTHYECKOE H3IIyYEHUE,
HarpuMep, OT BHEIIHEro Jjasepa. Takxke HEoOXOAMMO HCIONIb30BaTh 3(M(EKT MpephIBaHMs CBETA
ceetoM [15]. B naHHON IOJHOCTBIO ONTHYECKOH CHCTEME HEIPEPHIBHOE H3IIyUYEHHUE Ja3epa,
nonajaromee B KOHTyp O3, pephIBaeTCsl CBETOBBIM M3IyYCHUEM, IPOLIEAIINM 3TOT KOHTYp. Takas
cucTeMa JI0JDKHAa (POPMHUPOBATH NPSAMOYTOJIBHBIE MMITYJIbCHl CBETa — T'€HEPHPOBATH ONMTUYECKHUN
Meanap. I[Ipm 3TOM NIUTENBHOCTH KaXJOTO HMMITYJICA pPaBHA JUIMTEIBHOCTH IAy3bl MEXKIY
COCEJHUMH HMITYJIbCAMU M ONPEIENSIETCS ONTUYECKOW JJIMHOM KOHTypa 3aJ€pKKU M CKOPOCTBIO
pacripocTpaHeHHsl B Hell cBeta. HeoOX0quMO CKOMIIEHCHPOBATh MOTEPH CBETA MPH MPOXOKAECHUU
3TOr0 KOHTYpa.

VYcnoBHas cxeMa reseparopa ontuueckoro Meanapa (I'OM) npuseneHna Ha puc. 1.

Huxe noka3aHo, 4TO M3MEHEHUs AJIUHBI KOHTypa 3aJ€pXKH (WIM HHTEpBajla BPEMEHHU
IIPOXOKICHMS CBETOM 3aMKHYTOI'O KOHTYpa 3aJE€PKKH) MOKHO M3MEPATH IO YaCTOTE IIOBTOPEHHUS
UMITYJIbCOB, TEHEPUPYEMBIX B TaKoi cucteme. Takum 00pa3oM, 4acTOTa CBA3BIBACT UIMHY M BpPEMs
3a[IEPKKHM U €€ MOYKHO CIIMYaTh C YaCTOTAMU CUTHAJIOB 3TaJIOHA YaCTOTHI.

I'OM ¢opmMupyer UMIIYJIbChI CBETA JUINTENBHOCTBIO 1, = L/ ¢ 1 ¢ may30i MeXJIy COCEAHUMHU

umnyiscamu 1), = L/c rne L — omruyeckas quuHa KoHtypa O3 (puc. 2). [Ilpyrumu crnosamu, B

OMMCAHHOW CHCTEME T'€HEpUPYETCS ONTUUYECKHI MeaHAp, BPEMEHHbIE XapaKTEPUCTHKUA KOTOPOIO
OJIHO3HAYHO ONPEAENISAIOTCS pa3MepaMu 3aMKHYTOro kKourypa O3:
f=1/2T, =c/2L. (1)

Beipaxxenue (1) cBA3bIBaCT JIMTEIBHOCTh T'€HEPUPYEMOIO MMILyJbca cBeta 1, 4acTtoTry f

MIOBTOPEHMS 3TUX HMMIIYJIbCOB U PACCTOSIHME L, KOTOPOE MPOXOIUT IUIOCKAas 3JIEKTPOMAarHUTHAs
BojHa B pabouem tuieue ['OM. [lanee OymeM yduThIBaTh, YTO ONTHYECKas JJIMHA L W Te€O-
MeTpuyecKas [ CBs3aHbl COOTHOLIEHUEM L =nl,rae n — K03(pPULIUEHT NPeIoMIIeHUs CPEIb.

Ecnu mpusma 5 (cMm. puc. 1) :KecTKko coeiMHEHa ¢ MUKPOCKOMOM (MM 30H/IOM), TIOJIOKEHUS
KOTOpPOT'O OINPEACIAIOT HAYAIBHYI0 M KOHEYHYIO TOYKH BOCIPOHU3BOIUMOIO (MU HU3MEPSEMOTO)
IIPOCTPAHCTBEHHOI'O MHTEPBAJIa, a TAKXKE M3MEHEHHUs MHTEpBala BPEMEHHU, IPOXOJUMOrO CBETOM,
TO 3Ty CUCTEMY MOYKHO IIPUMEHATH Ul U3MEPEHUM JUIMHBI (CTPYKTypHasl CXe€Ma MPEICTaBIICHA HA
puc. 3).

[Ipyn mM3MeHEeHUU MOJIOKEHUS NMPU3MBI 5 BOCHPOU3BOAUMYIO (MM U3MEpsieMyro) JUIMHY Al
OIIPEAEISAIOT IO U3MEHEHHUIO YacTOThl UMITYJIbCcOB, reHepupyeMmbix 'OM. C ucnons3zoBanuem (1)
JIETKO II0Ka3aTh, YTO UCKOMOE 3HaueHue Al (paccTOSHUE MEXIY ABYMs MOJOKEHUSMU IPU3MBI 5
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IpU HaBEJICHUU MHKPOCKONA 6 Ha TOYKH, OTPAHUYMBAIOLINE U3MEPSEMbI OOBEKT 7) BBIYUCISIOT
o hopmyne

M=, -ry= Lo L|_cinr)
fz fi dnf f,

a UHTepBaJ BpeMEHU At, B T€UEHHE KOTOPOTO CBET MPOXOIUT MEXKIY ATUMH TOUYKaMH, — IO
bopmyie
a=b=h L1 V) A-h
4n an\ f, [ 4n A f 2
rae 1,, T, — mepuoasl NMOBTOPEHUSI MMITYJIbCOB, TeHepupyembix I'OM, cooTBeTCTByOIKE
HayaJlbHOMY M KOHEYHOMY IOJIOKEHUAM NPU3MBIL 5; f,, f, — 3HAYEHUS YaCTOT 3TUX UMIIYJIbCOB.

; 2)

M

T4

Pr

thn

Laser

1 2

Puc. 1.

Puc. 2.

[Tpu u3mMepeHusx AJUMHBI 00bEKTa B MpOIlecce HaBeAEHUS MHUKPOCKONa 6 Ha HayalbHYIO
TOUKY H3MepsAeMOro o0beKTa 7 myTeM peryIupOBKH ONTUYECKOH JIMHBI IOTIOJIHUTEIBHON 3a/1epK-
k1 9 nenecoobpazHo BeIOpaTh yacTtoTy f, mMmmyiabcoB ['OM, paBHYIO OJHOM W3 CTaHIAPTHBIX
YacCTOT, IPUHATHIX B 3TATIOHHBIX U3MEPEHUAX BPEMEHU U 4acTOThl, Harpumep S5 MHz. [{ns storo
PEryIUpPYIOT NJIUHY 3aAEpKKU 9 10 COBHAJCHUS B CUCTEME CIMYEHUN YacTOT 3HAYEHHM 4acTOT
umirynibcoB 'OM u cranmapra 4dactotel. [lpm HaBemeHMM MHKpockoma 6 Ha BTOPYIO TOYKY
U3MEpseMOro 00beKTa U3MEHSIOT YaCTOTY CUTHAJIOB CHHTE3aTOpa YacTOT (CHHXPOHHU3UPYEMOTO CO
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CTaHIapTOM) JI0 COBIIAJEHUS ¢ HEW 4acToThl f, mMIysnbcoB ['OM. 3amernM, 4TO M CIMYECHHN

ATUX YacTOT MOXKHO NPUMEHSATH MPEHU3NOHHBIE YACTOTHBIE MM (Da30-4aCTOTHBIE KOMIIApaTOpPHI,
IKCITyaTUPYEMbIE B KOMILJIEKCAX TAJTOHOB YACTOTHI B METPOJIOTUYECKUX JTaOOPATOPUSIX BPEMEHH
Y 4aCTOTBHI.

Jlis OLIEHKH BO3MOXKHOCTEW OIMHUCAHHOTO METOoJa OBLIM WCIHOJIB30BaHBl JIaHHBIE KOM-
naparopa VCH - 314 («Bpems-U», Poccusi, www.vremya-ch.com), KOTOpbIi NMpeIHA3HAYEH IS
MPEIU3UOHHOTO CPaBHEHHUS YacTOThl M (pa3bl CHTHAJIOB CTAHJAPTOB 4YacTOThl M BpemeHu. OH
COJICPKUT JIBa MJICHTUYHBIX H3MEPHUTEIHHBIX KaHala W Ojaromapsi KOppEeIsSIHOHHON 00paboTke
o0OecrieunBaeT MpeAeabHO Mallyl0 MOTPEIIHOCTh M3MEPEHHs] M PacyeT HeCTaOMIBHOCTH YacTOThHI
KaXJIOTO0 OTAEIbHOTO CHUTHajla. Bxomueie curHanel — cunycouganbHeie 5, 10, 100 MHz;
(0.6 —1.2) V na Harpy3ke 50 Ohm. Ilpemen wu3MepeHHS OTHOCHUTEIBHOM pPa3HOCTH YacTOT

Af/f=%1-10"°. Juanazon 3HaueHus BpeMeHu u3mepeHus f=1...10”s. ITorpemHocTH U3Mepe-

HUs (BHOCHMAasi HECTAOMIIBHOCTh YaCTOTHl B 3aBUCUMOCTH OT PEKMMA pabOTHI M Pa3HOCTH YacTOT)
MpeACTaBJICHBI B Ta0wmIe 1.

Laser 1 Additional delay

I donannumensHas B‘Hﬂfp.}ﬁ‘ffﬂ
9

QA Optical amplifier

W_E‘_\—)_ﬁ" 2
Onmuueckui

yoeuaumenk hi P

=

T — il |

3 Photoreceiver 7 H
R Fomonpuénmuun -] I

System for frequency comparison of GOM pulses
with signals of frequency standard

1

From frequency Cuctema camdeHH 9acToT aMmyiascoB TOM ¢
standard YACTOTAMHE CHIHAJIOB CTAHIAPTA YacTOTEI
b (CCH)

OT cTanzapTa
HACTOTHI

Puc. 3.
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Tabauua 1. [TorpemHocTn m3MepeHus: 4acToTHoro kommaparopa VCH — 314.

OcHOBHast NOTPEIHOCTh

Bpemst (Af/f =0, nonocanponyckanus 3 Hz), menee JononHuTenpHast
U3MEpEHHUS, norpemtHocTs (A f/ f),
; OHOKaHAIBHBIN peXUM  JIByXKaHAIBHBIN PEKUM MCHEC
1 8- 107" 2-107 2-107
10 1-107" 3.1077 -
100 15-107" 15-107" -
1000 5107 5107 -

[losnaraem, 4TO MpeIOKEHHBI METOJI BOCIIPOM3BEIECHUS U U3MEPEHUS UIMH U JIMHEHHBIX
MepeMENIeHU MOXET OKa3aTbcsi O0COOEHHO A(QPEKTHBHBIM IS HAHOMETPOBOTO JHaNa3oHa.
Pacuetnas onenka dacror umnyiabcoB 'OM ¢ ucnonb3oBanueM (2) mist Al (ipy u3MEpeHUsx B
BaKyyMme, n =1), mojsydeHHas AJs CIy4aeB MEepeMEIIeHU nIpu3Mbl 5 (cM. puc. 3) Ha 3aJaBaeMble
3HaueHuss Al (Ipu yBeIWYEHUM UIMHBI KOHTYypa 3anepkku 1'OM), nexamue B HaHOMETPOBOM
JMana3oHe, NpUBeJeHa B Tabuuue 2, U3 KOTOPOH ClIEAYeT, YTO €CIM 3a HadalbHYI TOYKY IpHU
HEepEMEIIEHUSIX MPU3MBI 5 BBIOpaTh MOJOXKEHHE, MPU KOTOpoM dacToTa f, =5 MHz, To nepeme-
HIeHMs 3TOW npu3Mbl B auana3zoHe (0 — 3) Wm BBI3OBYT M3MEHEHMS 4acTOThl umnyiascoB 'OM B
npeaenax, Korga OTHOCUTENbHAass pa3HOCTh 4acToT A f/ f He npebimaer t1 - 107°. [Ipu sTom
MOJKHO CUMTaTh, YTO Pa3pellaronias CoCOOHOCTh MU3MEPEHUS YacTOTHI (C yYETOM XapaKTepPHUCTUK
VCH - 314 B 1ByXKaHaJIbHOM pexume) cocraBisier A f = 5-10°x2-10"Hz = = 107 Hz. IIpu

nojacraHoBke 3HaueHuidl f, =5MHz, f, =5MHz, B BelpaxkeHue (2) g M3MEHEHHUS YacCTOThI
umnynscoB 'OM Ha A f, =107 Hz mony4nM pa3pelnaronlylo CHOCOOHOCTh M3MEPEHHs JUTHHBI
Al, =3-10""m = 0.0003 nm.

3aMeTHM, 4TO IO M3MEHEHUSM 4acTOThl uMnyinbscoB 'OM A f = f, — f, MOXHO H3MeEpATH
W3MEHEHUA UIMHBI KOHTYypa 3anepkku Al. B mpenenax ot 0 nmo 2 um 3aBucuMocth Al = F(Af)

OYCHb ONM3Ka K JUHEWHOW W JUIsl YIPOIIEHHOTO pacueTa MOKHO BOCIIOJB30BAThCSl BBIPAKEHUEM
Al =2.997925-10°A f , TIe AJIMHA BhIpakaeTcsl B METpax, a 4acToTa — B repuax.
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Tabauua 2. PacueTHble 3HaYeHUS U3MEHEHUH YaCTOTHI UMITYJIbCOB
I'OM 1pu 3a1aHHBIX 3HAYEHUSAX [IEPEMEILEHUS TIPU3MBI.

Al, nm Af ,Hz [Tpumeuanus

0.0003  0.0000001000  Pa3pematomias cnocoonocts, VCH — 314 npu Bpemenu uzmepeHus 1 s

0.0005  0.0000001668 -

0.002  0.0000006671 -

0.003  0.0000010006 -

0.02 0.0000066713  IlpemenbHast  (HOCTUTHYTas)  paspeliaromias  CIOCOOHOCTh  IpH

BOCIPOM3BENCHUU eauHulbl JuinHel — METPA — metomamu na3zepHoi
UHTEpPEepOMETpUn

0.1 0.0000333564  Ilo nmpuHATOM OIIEHKE COOTBETCTBYET pa3MepaM aTOMOB
1.0 0.0003335642 -
2.0 0.0006671283 -
5.0 0.0016678202 -
15 0.0050034624 -
20 0.0066712819 -
35 0.0116744645 Pa3smepbl ypOBHEH TEXHOJIOTHYECKUX Y370B MapmpyTHod KapTel ITRS
50 0.0166782047  (nnst mMpOU3BOACTBA KOMIIOHEHTOB HAHORJIEKTPOHUKH) [2], A1 KOTOPBIX
70 0.0233494936 nomkHa OBITH OOecCmedyeHa pasperiaronias CHoCOOHOCTh

100 0.0333564192  (0.003 — 0.002) nm

130 0.0433633332 -
200 0.0667128181 -
500 0.1667820420 -
1000  0.3335641729 -
2000  0.6671282014 -
3000 1.0043983523 -

N3 Tabmuibl 2 MOKHO clieliaTh BBIBOJ, YTO yYKa3aHHbBIC B [2] mpoOsieMbl TOYHOCTH U3MEPEHUN
pa3MepoB ypOBHEH TEXHOJIOTMUecKuX y3i0B MmapupyTHoi kaptel ITRS (35, 50, 70 u 100 nm c
ToyHOCThIO TTopsiaka 0.002 nm) 1151 TPOU3BOACTBA KOMIIOHEHTOB HAHORJIEKTPOHUKH PEIIAIOTCS TTPU
peanu3alnuy ONMMCaHHOIO METO/A.

B 3axiioueHre 0TMETUM, YTO YaCTOTHBIA METOJT U3MEPEHUS AJTUH MOXKET OOJIETYUTh peIlIeHre
3a/1a4 MPOCIIEKUBAEMOCTH M3MEPEHUH, BaXKHOCTh KOTOPbIX yka3zaHa B [1,2]. IlpocnexuBaemocTb
M3MEpeHuil, MPOBOIMMBIX B HAHOMETPOBOI 00JacTH, 00€eCIeYMBaET X TOYHOCTh U BOCIIPOU3BOIM-
MocTh. [Ipu 3TOM 4YacTtoTa cTaHgapTa 4acTOThl (KaK M 3TAJIOHHBIE MHTEPBAJIbI BPEMEHU) MOXKET
ObITh TIEpeaHa uepe3 KaHajbl cBs3H. [IpeanoskeHHbI MEeTO/ MO3BOJISET MOAEPKUBATH OJHOCTY-
MEHYATYIO CBSI3b C MEPBUYHBIM CTAHJAPTOM YACTOTHI JIFOOBIX yJAJICHHBIX CPEICTB M3MEPEHUN H
CUCTEM.

OnucaHHbId METOJl 3alaHusl (MM U3MEPEHUs1) M3MEHEHMsS JIMHBI Al KOHTypa 3aJep>KKU
I'OM paer BO3MOKHOCTH MO JBYM 4HacTOoTaMm (IMPH HM3BECTHOM 3HAYEHHH CKOPOCTH CBETA C) C
HauBBICIIEH TOYHOCTBIO 337aBaTh (WM U3MEPATH) U3MEHEHUE NIEPHO]Ia TOBTOPEHHUSI TEHEPUPYEMBIX
umiynbcoB ['OM. DTo u3MeHEeHHE Mepuoja, B CBOIO OYEpe/lb, PABHSETCS IOJIOBUHE BPEMEHHU
MPOXOKJICHUSI CBETOM PACCTOSIHMS, PABHOTO 3aJaBaeMoi (M3MepsieMOM) JIJIMHE, BBIPAKEHHON B
MeTpax, COTJIacHO ompeaenaeHuto Metpa, npunstTomy B 1983 r. 17-oii ['enepanbHOl KOHepeHIHEH
110 MEPAM U BECaM.
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Mgl KHUBEM B MEPHOJ, KOT/Ia YEJIOBEUYECTBO MEPEKHUBACT OUEPENHYIO0 M, BOZMOXKHO, CaAMYIO
MacCIITA0HYI0 HAYYHO-TEXHUYECKYIO PEBOIOINIO — HAHOTEXHOJIOTHUECKYIO PEBOIIOIMIO, HAYaBIITY-
1ocs B KoHIe XX Beka. Bece Bepyiue crpaHbl CBOEBPEMEHHO OLICHUIIN MEPCIEKTUBBI 3TOTO BUTKA
HAy4YHO-TEXHUYECKOro MpOrpecca, YBHUJIEB B €ro pa3BUTUU MOPOWH MOUCTUHE (DaHTACTHUECKHE
BO3MO>KHOCTH JUIsl 4Y€JIOBEYECTBA. DTU BO3MOKHOCTH HATJISITHO OMKCAHBI U CUCTEMATU3UPOBAHBI 110
pasHbIM 00JacTSIM MPUMEHEHUs B MOIMYJSPHON KHHUIe MUOHEPOB HaHOTexHosoruit M. Patnepa u
J1. Patnepa [1]. [To ux omenke, k 2015 roly HAHOTEXHOJIOTHSI MOXKET CTaTh cepoil ¢ 000pOTOM B
TPWLIHOH JojutapoB. [lo3TOMy He yIMBHUTENIbHBI T€ OIPOMHBIE CYMMBI, KOTOpBIE BKJIAJbIBAIOT
ceifiuac MpaBUTENBCTBA BEAYIINX CTPaH, U MHOTHE YaCTHBIE KOMITAHUU U (PUPMBI, B HAHOHAYKY U B
HaHOTEXHOJOTUH (YTOOBI HE YIMYCTUTh CBOM TMO3UIMH B 3TOW obOsactu). Hampumep, B 2000 T. B
CIIA O6pua mpuHsTa 00mUpHas qoJrocpodyHas HarmoHanpHas HAHOTEXHOJIOTUYECKAs] MHUITUATH-
Ba, noanucanHas IIpesugentom CHIA b. Knuntonom, u paccunTaHHash Ha JBaauaTh JeT (CM.,
Hanpumep, http://www.nano.gov/html/res/nni2.pdf). Takoro »xe Tuna mnporpamma — A Future
Society Built by Nanotechnology (n-pan21) — Oputa mpunsara B 2001 romy m B Snonun
(http://sciencelinks.jp/j-east/article/200220/000020022002A0759436.php), B KOTOpoH HaMe4YEeHBI
OCHOBHBIC HAI[MOHAJbHBIC MPUOPUTETHI B 3TOW obOmacTu: WH(MOPMALMOHHBIE TEXHOJIOTHUHU, OMOJIO-
T'Hsl, SHEPreTHKa, KOJOTUSl U MaTepHalioBeIeHre. Bbll MPUHAT U clienuanbHbIN I€BU3: «CO3JAaHHE
o0ImiecTBa rapMOHUU ¢ TIpUPOI0it». [1o100HBIE HAIIMOHATBHBIE TPOTPAMMBI IO HAHOTEXHOJIOTHSIM
OBUTH TIPUHSTHI U B JPYTUX MEPENOBBIX CTpaHaX. V3BeCTHO, UTO B HAHOTEXHOJIOTHUAX IOKA HaW-
Oosbiee GUHAHCUPOBAHUE BKJIAIBIBAETCS B pa3HbIE HAMPABICHUS HAHOAJIEKTPOHUKH [2].

Crneunduka HaHOMANIa30HA TPEOYET AJI PAa3BUTHSI HAHOHAYKH U HAHOTEXHOJIOTUI JOBOJIBHO
BHYIIUTEIHHBIX MaTEepPHANBHBIX 3aTpaT. OUYEeBUAHO, STUM MOXKHO OOBSICHHTH, 4TO B ' py3un, mpu
CYLIECTBYIOIIEM CErOJHSIIHEM COCTOSHUM ASKOHOMUKHM U TMOJUTUYECKOW CUTyalluH, He ObUIO
COOTBETCTBYIOIIMX BO3MOXKHOCTEH JJII aKTUBHBIX paboOT B 3Toi oOnactu. Tem He MeHee, ¢akT
MOSIBJICHHUSI HACTOSIIET0 COOpPHHKA TOBOPHT O BBICOKOM HAyYHOM IMOTEHIMANE Y4YEHBIX | 'py3uw,
KOTOpPBbIE XOTh C KaKOH-TO 3aJIepKKOM ([0 CPaBHEHHIO C JPYrUMHU CTpaHaMH) U B TaKUX IKCTpe-
MaJbHO CJIOKHBIX JUIsl HAYYHOTO TBOPUYECTBA YCJOBHSX, HE pacrojaras TpeOyeMbIMH COBpPEMEH-
HBIMH 000pYIOBaHUEM U MaTepuaTaMi (KOMIIOHEHTaMH), CMOTJIN 3asBUTh O CBOMX BO3MOXKHOCTSIX
BHECTH CBOW BKJIJ] B HAHOHAYKY M HaHOTEXHOJOTHH. [Ipu 3TOM XOTENnOoCh ObI HAaJEsAThCS, YTO BCE
TpeOoBaHUs, IPEbSBIsAEMbIE K HAHOHAYKE U HAHOTEXHOJIOTUAM, OyIyT YUYTEHBI B UCCIIEIOBAHUSAX,
paboTax 1o HAHOTEXHOJIOTHUSAM U B HaIlIEeW CTpaHe.

Oco60 creyer OTMETUTh POJIb METPOJIOTHU B Pa3BUTUU HaHOTexHoJoruu. Ecnu pazpabotuu-
ku ['py3un cBOMMU HCCIEI0OBAaHUSMU HAMEPEHBI BKIIOUUTHCS B MEXIYHAPOJAHOE COTPYAHUYECTBO,
HY)KHO aKTHUBHO Pa3BUTh MeTposiornueckue padoThl. Beab pe3ynbTaThl BBHINOJHEHHBIX B ['py3un
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WCCJICIOBAaHUI MOTYT OBITh MPOAaHATM3UPOBAHBI WM BOCIHPOW3BENEHBI B JPYTUX CTpaHaxX (M 3TO
ObLITIO OBl OYEHB XKemaTesbHO). [Ipu 3TOM JOMKHO OBITH COOJIOIEHO SAMHCTBO M3MEPEHUMN, YTOOBI
M3MEPEHMS, BBIIIOJIHEHHbIE B I'py3un U B Opyrux crpaHax (Wiau aaxe B mpenenax ['py3um, HO B
pa3HbIX JabopaTopusax) ObLIM CAENAHBI B OJHUX SAMHHIIAX, Pa3MEpPbl ITUX €IUHUI ObLTN OJWHA-
KOBBIMH M OBLIU TIPUBS3aHbl K ogHOoMY [lepBuunomy stanony (I19) enunHuisl u3mepeHus, 4ToObI
CYILIECTBOBAJIO IOBEPHUE K OLIEHKE HEONPENEIEHHOCTH U3MEPEHUH, BBINOIHEHHBIX B [ py3un. 3ame-
TUM, YTO B HACTOSIIEE BpeMs BO BCEM MHUpE MEPEUUIH OT MPUBBIYHON B MPOLLIbIE TOAbl OLIEHKU
IIOIPEIHOCTY HM3MEPEHUM K OLIEHKE HEOIPENEIEHHOCTH HM3MEPEHUH, KOTOpas OXBAaTbIBACT YYET
psida JOMONHTENbHBIX (PAKTOPOB, KOTOPBIE HE YUUTHIBAIUCH paHblle. BaxkHBIM SBIISETCS BOMPOC O
IIPOCIJICKUBAEMOCTH HU3MEPEHUM, T.. JOKYMEHTAJIbHO IOATBEPKAEHHOM CBA3U INPUMEHIEMOIO
cpencTBa u3MepeHus ¢ [lepBUYHBIM TAJIOHOM COOTBETCTBYIOIICH €IMHUIIBI (PU3NISCKON BETUUH-
HbI MOCPEJCTBOM CIIMYEHUN 3TaJOHOB €IMHUI BEJIUYUH, KaIUOpOBKH cpelncTB u3Mepenuil. Ilo
MIPOCJIEKUBAEMOCTH OIICHUBAIOT Kadye€CTBO M3MEPEHMI, T.€. HACKOJIBKO TOYHOCTH BBIITOJHEHHBIX
M3MEPEHUI WM TOYHOCTh MPUMEHSEMBIX CPEJICTB U3MEPEHUN OTIMYAETCS OT TOYHOCTU €IUHULIBI
M3MEpEHUs, BOCIIPOU3BOJIUMON ITATIOHOM 3TON €IUHUIIBI (T.€. HACKOJIBKO OJM3KO K TOYHOCTH 3Ta-
JIOHA MPOU3BOAATCS U3MEPEHUSI) U MHOTOE APYTrO€ B COBPEMEHHON METPOJIOTHH.

MeTtponorus — 3To Hayka 00 H3MEPEHUSIX, METOJIaX U CPEACTBAX 00ECIEeUCHHSI NX SAMHCTBA U
croco0ax goctmwkeHus: Tpedyemoit Tounoctu [3]. Kornma peus uaér o MeTposioruu Juisl 3aj1ad Ha-
HOJ/IMAaIa30Ha, TTOHUMAIOTCS U3MepEeHUsi 00BEKTOB, IPOLECCOB, SABJIEHUN, KOTOPhIE HAXOIATCS WIH
MPOTEKAIOT B MPEJEIbHOM MacIiTabe — MOJICKYISPHOM (MM aTOMHOM). Yke noutu 10 net BBeaéH
TEPMUH — HAaHOMETpoJorus. HaHOTEXHOIOTHs ONepUpyeT ¢ XapaKTepHbIMU pa3MepaMHu OT COTEH
HAHOMETPOB 10 JECATHIX J0JIE HAaHOMETpa (PacCTOSHUE MEXAY aTOMaMH B TBEpAOM Tene). Takue
Majble pa3Mepbl U3MEPSEeMbIX OOBEKTOB MpPU MEpPEeXoie K HAHOTEXHOJIOTHUSM BBIABUHYIU MEpe.
HAyKOH psAZ HOBBIX CHEeUU(UYECKUX 3a/1ad. 3/1eCh OCOOCHHO AaKTYaJleH TEe3UC <«ECIU HEeJb3s
MPaBWJIbHO U3MEPHUTh, TO HEBO3MOXKHO CO3AaTh». JTOT TE3UC MEPEKIUKAETCS C M3BECTHBIMHU pac-
cykneHusiMu B koHile XIX Beka Benukoro anriuiickoro ¢gusuka Bumbsma Tomcona (Capa Jlopaa
KenpBrHA), KOTOPBI KOHEYHO HE MOT 3HATh U AyMaTh O HAHOTEXHOJOTHX: «B ¢u3ndeckoit Hayke
NepBbIM U Haubosiee Ba)KHBIM IIaroM B HAINpaBJICHUM HCCIEIOBAaHUS JII0OOTO O0BEKTa SIBISETCS
HaxO0JICHWE MPUHUUIIOB KOJIMYECTBEHHOIO pacyéra M MPAKTUYECKUX METOJOB I MU3MEPECHMS
HEKOTOPBIX CBOWCTB, CBSI3aHHBIX C HUM. S 4acTo roBopro, korga Bel MokeTe M3MEpPUTH YTO-TO, O
4éM TOBOPHTE, U BBIPA3UTh KOJUYECTBEHHO, BBl 3HaeTe Koe-uTo 00 ITOM; €ClIM Ke HE MOXKETe U3-
MEpUTh €ro, €CJIM HE MOYKETE 3TO BBIPA3UTh KOJIMYECTBEHHO, Bamiy 3HaHWS OrpaHUYEHBl U HEY-
JOBIIETBOPUTENbHBL. OHAKO, HAYAIOM 3HAHUW MOMKET CTaTh, €CIIM CMOXKETE XOTs Obl BBIIBUHYTH
MPEAJIOKEHUS, MBICIIU, KAK PEAJIbHO MTOCTaBUTh 3TH MCCIIECIOBAHUS».

B pa6ote [4] moguépkuBaeTcs, YTO «BCE CTPAHbI, BCTYMHUBIINE HA ITyTh OCBOSCHUS HAHOTEXHO-
JIOTUH, TPEKPACHO MPEICTABIAIOT ceOe HeoOXOIMMOCTh OINepeKaromero (GopMupoBaHUS METpPO-
JIOTUU B 3TOM OYpHO pa3BHUBAIOIICHCS O0JIACTH 3HAHUSA, MMOCKOJIbKY HMEHHO YPOBEHb TOYHOCTU W
JIOCTOBEPHOCTH U3MEPEHUN CIIOCOOEH MO0 CTUMYIHPOBATh MPOTPECC COOTBETCTBYIOLINX OTpaciei
AKOHOMHUYECKOM KU3HU 00IIECTBA, TUOO CIYKUTh CIEPKUBAIOIINM (PaAKTOPOM».

«[IpruuuHa, Mo KOTOPOl HAHOTEXHOJIOTUU MOAHSUIMCH HA MIOBEPXHOCTH B HAIlIE BPEMs, 3aKJIIO-
YaeTcsl B TOM, YTO BO3HHUKJIM MHCTPYMEHTBI, IMO3BOJIAIOIINE BUAETh, U3MEPATh U MAaHUITYJIUPOBATH
BELIECTBOM Ha HAHOCKOMHWYECKOM ypoBHe. OHM Bc€ emé rpyOble, U TEXHOJIOTMU UX TOTYYECHHUS
HEONTUMAJbHBIC, HO CUTYaIUsi OBICTPO MEHsIeTCs». DTHM B pabote [1] moarBep:kmaeTcsi, 4TO BO3-
HUKHOBEHUE U PAa3BUTUE HAHOHAYKH M HAHOTEXHOJIOTHH ObLIO OBl HEBO3MOXKHBIM 0€3 BU3yalln3a-
[IMM HAHOOOBEKTOB U 0€3 COo37aHMsI COOTBETCTBYIOLINX METO/I0B U TEXHUKH U3MEPEHUN. Y CTpOiiCcT-
Ba BU3YQJIM3AIMH UCCIIETyEMbIX HAHOOOBEKTOB U CPEICTBA U3MEPEHHM MPEICTABISIIOT COO0N HHC-
TPYMEHTHI JJIs1 U3BMEPEHUS HAHOCTPYKTYp. OTMETUM, YTO Pa3BUTHIE B MPOIILJIOM BEKE METO/IbI ONTHU-
YeCKOM MUKPOCKOIHH HE O3BOJISITN HAOJI0/IeHHEe HAHOCKOIIMUECKUX 00BEKTOB H3-3a IU(paKkInOH-
HBIX OIPAHUYCHUHN.
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OpHUME U3 TIEPBBIX HHCTPYMEHTOB, KOTOPBIE CIIOCOOCTBOBAIM Hadaly ¥ OYpHOMY Pa3BUTHUIO
HaHOTEXHOJOTHUYECKOW PEBOJIIOLNHN, CTAJU CKaHUPYIOLINE 30H/bl, OCHOBAHHBIE HAa HJEE, BIEPBHIC
paspaboranHoii B 1980 r. mox pykoBonactBoM I'. buaaunara B ma6oparopun IBM B [ropuxe. CambI-
MU pacrpoOCTPaHEHHBIMU CKAaHUPYIOIIMMH 30HJAMU CTajld CKAHUPYIOIIKWE 30HI0BbIE MUKPOCKOIIBI
(C3M). IlepBbIM U3 HUX OBLT pa3paboTaH CKaHMPYIOUUK TyHHEIbHBIH MUKpockon (CTM). 3a ero
otkpbiTHe U co3nanue ['. bunnunr u I'. Popep B 1986 r. 6butn ynoctoensl HoGeneBckoi mpemMum.
[To3xe ObuH pa3paboTaHbl U HAIUIK IIUPOKOE MpUMEHeHUe U aApyrue Tunsl C3M: aTOMHO-CHITO-
Bble MUKpockomnbl (ACM), marHuTHO-cuioBbie MUKpockonbl (MCM) u Hekotopwie napyrue. B
MocJieIHee BpeMs MOSBISAIOTCS COOOLICHHUS O HOBBIX THUIAX 30HJOBBIX ONTHYECKHX MUKPOCKOIOB
ONMMKHETO TOJIsl, MPUMEHSIEMBIX sl HaHOTexHoNorui. OOpa3Hoe ommcaHue ujaeu paboThl CKaHU-
pytouux 30H10B npuBeneHo B [1]. «Ilo cyTu, nanHas maes mpocTa: eciid MPOBECTU MalbIEM I10
MOBEPXHOCTH, JIETKO OTJIMYMUTH OapxaT OT CTalld, WK JEPEBO OT cMoJibl. PasnuyHble MaTepualsl ¢
Pa3IMYHON CHJIOW BO3AEHCTBYIOT Ha Majel, KOrjga UM MPOBOAAT MO Pa3IMYHBIM MOBEPXHOCTSM. B
JAHHBIX SKCIEPUMEHTaX MaJiell IeUCTBYET, KaK CTPYKTypa M3MeHeHus cuiibl. MM nerue mposecTu
M0 aTJIACHOM NMPOCTHIHE, YEM IO HArpeToil cMoJie, MOCKOJIbKY Harperas cMoJjia OKa3bIBaeT Oosee
CUWJIBHOE CONPOTHBIICHHE Najblly. /laHHas ues MojJ0KeHa B OCHOBY CKaHUPYIOIIETr0 MUKPOCKOMA,
OJIHOTO U3 PacHpOCTPAaHEHHBIX CKAaHUPYIOMIUX 30HI0B. [Ipyu M3MepeHHHn ¢ MOMOIIBIO CKAaHUPYIO-
LIEr0 30H[A, 30HJ CKOJIB3UT IO MOBEPXHOCTH TaK K€, KaK 3TO JENAlT MaIbLbl. 30HJ HMEET
HAHOCKOIMUYECKUW pa3Mep...». B TyHHensHOM Mukpockone (CTM) usMepsercs: BeIM4rHa 3JIEKTPU-
YECKOI'0 TOKa, MPOTEKAIOIIETO MEXAY CKAaHUPYIOIIUM 30HJI0OM U MTOBEPXHOCTHIO. B 3aBUCHMOCTH OT
TOrO, KaK MPOBOJATCS M3MEPEHHS, MUKPOCKOI MOKHO HMCIOJIb30BaTh JIJIsi U3MEPEHUs JIOKAJIbHOU
reoMeTpUH (HaCKOJIbKO MOBEPXHOCTD JIOKAJIBHO BBICTYMAET BHEPEN), INOO Al U3MEPEHUS JIOKAb-
HBIX XapaKTEePUCTHUK 3JeKTponpoBogHocTU. B ACM »seKkTpoHHMKA UCHOJIB3YETCS Il U3MEPEHUS
CUJIbl, BBOJUMON KOHYMKOM 30HJA (KaHTUJIEBEpa) MPU €ro JBMKEHUU BJIOJIb MOBEPXHOCTH. ITO
TOYHO T€ K€ M3MEPEHMS, YTO MPOBOIATCS CKOJB3AIIMMH NAJIbLIAMH, TOJIBKO CBEIEHHBIE O HAHO-
ckonruecknx macimradboB. B MCM 30H7, CKaHUPYIOIMIUNA TTOBEPXHOCTh, SABJISIETCSI MarHUTHBIM. OH
MO3BOJISIET MTOYYBCTBOBATH HA MOBEPXHOCTH JIOKATHHYIO MATHUTHYIO CTPYKTYpY. 3051 MCM pabo-
TaeT MOoJO00HO CUMTHIBAIOLIECH IOJIOBKE )KECTKOTO AMCKA KOMIIbIOTEpa — «BUHUYECTEpa» UM MarHu-
To(hoHa.

«YToOBI M300pakeHUE JIOOOr0 CKAaHUPYIOLIEr0 MHCTPYMEHTA MOJaTh YeJIOBEKY, YacTO HC-
MOJIb3YETCS] KOMIBIOTEPHOE MpEACTaBICHUE. DTO MO3BOJISET YIY4IIUTh HeoOpaOoTaHHbIE aHHBIE,
KOTOpbIe OyAYT BBITJISAETH TaK XK€ XOPOILIOo, KaK MPo3pavyHOe PEHTIC€HOBCKOE N300paxkeHne Oaraxa
B a3ponopty... CKaHUPYIOIUKA HAHOCKOIMYECKUIN 30H[, CKOJB3SIIUA MO MOBEPXHOCTH, HCHOJb-
3yercs IS U3YYeHHUs] HAHOCKOMMYECKX CTPYKTYP Uepe3 U3MEPEHHUE CHIl, TOKOB, MArHUTHOTO COIPO-
TUBJICHUS, XUMUYECKON YMCTOTHI UM APYTruX crerupuyeckux cBOUCTB... CKaHHpYIOIIHE MHUKPO-
CKOTIBI TIO3BOJMJIM BIIEPBBIE YBUACTH BEIIM Pa3MEpoOM € aroMa. JTO ObUIO HEOOXOTUMO s
M3MEPEHUS U TOHUMAaHUsI HAHOPAa3MEPHBIX CTPYKTYp» [1].

OtmeTHM, 4TO 0 CHX MOp LUIa PeYb O METOJaX BU3YyaIH3allMU MU3MEPSIEMbIX HAHOOOBEKTOB.
Co3anne CKaHUPYIOIIHUX 30HIO0B, CKAaHUPYIOIIHUX 30HJOBBIX MUKPOCKOIIOB MO3BOJWIIO HOJIYYHUTh
JUIIh KA4YeCTBEHHYIO BU3YAIbHYI0 HH(POPMAIUIO O TEXHOJOTHYECKHX INPOIeccax W HAYYHBIX
MCCIIEIOBaHMSIX B HAHOMETPOBOM Juana3oHe. VM3mepeHus ObUlM OTHOCUTENbHBIMU, 0€3 MPUBSZKH K
CYUIECTBYIOIIMM IIKajlaM €QuHUI] (r34ecKux BeNu4MH. Pa3BuTue HaHOHAYKH, HAHOTEXHOJIOTMMA
MoTpedOBaNO U KOJIMYECTBEHHBIX OIEHOK. DTH OIICHKHU MO3BOJSIOT 00ECIEUUTh MOMydYeHUE C Tpe-
OyeMOil TOYHOCTBIO M3MEPUTEIbHYI0 WH(OOPMALIUIO O 33JJaHHBIX IKCIUTYaTAIIHOHHBIX MOKA3aTeNsIX
WIN pe3ylibTaTaX M3MEPEHUs U KOHTPOJISI HaHOOOBEKTOB. DTO HEOOXOAMMO M AJisi oOecredeHus
€IMHCTBA U3MEPEHUI B HaHOAMAMAa30He. J{Jis TOro, 4TOOBI BO3MOKHO OBUIO TPOBOAUTH U3MEPEHUS,
HE0OXOIMMO CBSI3aTh C MIPUMEHIEMBIM 30HJ0M (MUKPOCKOIIOM) CPEJCTBO U3MEPEHUH, IIKAIa KOTO-
poro npokaauOpoBaHa B €IMHUIAX U3MepsieMol BelnuuHbl. Hampumep, eciau mpoBOAsSTCS U3Mepe-
HUS TUHEWHBIX HAHOPA3MEPOB, TO B KAUEeCTBE TAKHX CPEIICTB M3MEPEHUI HanbobIee pacpocTpa-
HEHUE TONYYIIN Ja3epHble HHTep(hepoOMeTphl MEPEMEIICHHH, B KOTOPBIX MaTepHAILHBIM HOCUTE-
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JIeM eIUHUIBI JJIMHBI SBISETCS JUIMHA BOJIHBI M3IIYYEHHUS BBICOKOCTAOWIM3MPOBAHHOTO Jiazepa.
JliiHa BOJIHBI ATOTO Jia3epa, MPOKaNUOpPOBaHHAsA HA COOTBETCTBYIOUIEM 3TalOHE €IUHUIbI JUIUHBI,
IT03BOJISIET IEPEHECTH pa3Mep €IMHMIIBI JJIMHBI — METPa — B HaHOAMana3oH. Ho 3To mpoucxoaurt c
oTnpeAeNnEéHHON MOTPEIHOCThIO. [Ipr 3TOM HE00X0aUMO OTMETHUTH cienytomiee. B konme XX Beka
METpoJIorHueckoe obOecredeHre U3MEpeHUs JJIUH U MepeMelieHnil MeHee 1 m OCyIIecTBIsIOCh
TOJIBKO B Auana3oHe 1 um — 1 m. DToMy cOOTBETCTBOBaIA MPUHATAs MHOIOCTYyIIEHYaTas epejadya
pa3Mepa enuHULBI AIUHBL OT [1D MeTpa k u3MmepseMomy 00bekTy. Takyro cxemy Iepenadd BO
MHOTHX MYyOJUKalKAX [0 METPOJIOTUU TMPEACTaBIAIOT B BUAEC MUPAMUIbI, B OCHOBAHUHM KOTOPOM
pacrojaraercsi BCS COBOKYIHOCTh pPaOOuMX CpeACTB H3MepeHuil. B BepuimHe pacronaraercs
IlepBuuHbIil 3TanoH (B AaHHOM citydae [lepBUYHBIN 3TanoH equHUIBI JIMHBL). «Ha mpoMexyTtou-
HBIX YPOBHSX (Ha PA3JIMYHBIX CEYECHMSX, MAPATUIEIbHBIX OCHOBAHMIO ITPU3MBbI) PACIIOIOKEHBI ITa-
JI0HBI 1-T0, 2-T0, 3-T0 pa3psnoB. Kaxplii 13 HUX 001a/1aeT HEKOTOPBIMH CBOMCTBAMH KaK 3TAJIOHOB
BEPXHEro, TaK U HUYKHETO YPOBHS, YTO MO3BOJISIET MEPEAATh pa3Mep €AUHUIBI MEXKAY YPOBHIMHU.
Taxoe OoJbIII0€ KOJTMYECTBO YPOBHEH MOHMKAET TouHOCTh M3Mepenuii ot 0.02 am misa [lepBuynoro
staniona a0 100 HM Ha M3MepsieMOM OOBEKTE, YTO HE TMO3BOJISET MPOU3BOIUTH U3MEPEHUS MEHEE
1 Mmxm» [6]. Ho Takass TOYHOCTH CETOJHS YK€ COBEPIIEHHO HEIOCTAaTOYHA IJisi M3MEpPEHUN B
HaHoTexHonorusx. Hanpumep, B pabote [2] npuBeneHa nadopmaius o MapiIpyTHOil KapTe, pazpa-
6otanHor cormacHo [Iporpamme pazButus MukpodiaekTpoHukH CIIIA 1t momynmpoBOIHUKOBOM
npoMeliuieHHOCTU. CornacHo 3Toi kapte emé B 2002 rogy mjis HEKOTOPBIX TEXHOJIOTUYECKUX OTe-
pauuii y)xe TpeOoBasioch M3MepsATh pasmepsl mopsaka 100 nm ¢ paspermaromnield criocoOHOCTHIO
nopsiaka 0.004 nm. Ho torma pemenue 3Toi 3amadu ObUTO TPOOIEMAaTHYHBIM. A COTJIACHO ATOM
MapIIpyTHOM KapTe Ha Onnxkaillive roAbl IUIAHUPOBAJIOCh JOCTHYb H3MEPEHUN KPUTHYECKUX
pazMepoB y3i0B Mukpocxem mopsaka (30 — 50) nm ¢ paspemaromieil CIOCOOHOCTBIO TMOPSAKA
0.002 nm. JlazepHas maTEpdEpOMETpHs, MPUMEHAEMAasi B ATUX TEXHOJOTHYECKUX IPOIleccax, o
MHOTUM IMPUYMHAM JI0 HACTOSIIEr0 BPEMEHHU HE MO3BOJIMJIA PELIUTh A3TH MpoOaeMbl ¢ TpeOyemoi
TOYHOCTHIO. TpeboBancs u Tpedyercss HOBbIN moaxoa. OTMETHM, YTO aBTOPAMU HACTOSIICH paObOThI
MIPEAJIOKEH HOBBIM YaCTOTHO-BPEMEHHOM METOJ M3MEPEHMS JJIMH U JIMHEHHBIX IEpEMELICHUH,
aNbTEPHATUBHBIM MeToJaM JazepHoil uHTepdepomerpun [7,8]. Ilo mpeaBapuTenbHOM OICHKE,
METOJ JOJDKEH IMO3BOJUTH JOCTHYh pa3peliaroieil CroCOOHOCTH HM3MEpEHHH JIydine, 4YeMm
0.001 nm. ITpu 3TOM BO3MOXKHa OJHOCTYIEHUYaTas Iepeiada pazMepa eIMHULBI 1IuHbl oT 110 K pa-
00unM cpeacTBaM u3MepeHui. T.e. BO3MOKHA OpraHU3aIMsl OJHOCTYIIEHYATON MPOCIIeKUBAEMOCTH
JUHEWHBIX W3MepeHui (0e3 MoTeph TOYHOCTH HAa MPOMEXYTOUYHBIX dTamax). M psanm emé apyrux
npeumymiectB. OHaKO, 3TO BCE TpeOyeT IKCIEPUMEHTAIBHOM MTPOBEPKH.

CkazaHHO€ BbIIlI€ OTHOCUIIOCH K JIMHEWHBIM n3MepeHusiM. Ho mpoGiemsl, cBsI3aHHBIE C TIEpe-
nadel pa3MepoB eIMHUI JTI00BIX (U3NUYECKUX BEIHUUH OT [IepBUYHBIX 3TalIOHOB €IMHUIL ITUX PU-
3MYECKUX BEIMYMH B HAHOAMAMA30H (M MPU 3TOM C BO3MOXHO MUHUMAJIBHBIMU MOTEPSIMH TOY-
HOCTH) OTHOCSITCSA KO BCEM BHJAaM MU3MEPEHUMN, KOTOPbIE MPOBOJATCA B HaHOAWara3oHe. [[ns kax-
JI0TO BUJA U3MEPEHHI CYIIECTBYIOT CBOM IPOOJIEMBI C Mepeiadeil pa3mepa eIMHULbI ¢ MUHUMAab-
HBIMH TIOTEPSIMH TOYHOCTH. OJIHAKO, TIPH MU3MEPEHUSX HEKOTOPHIX (U3NYCCKUX BEIUYUH B HAHO-
JMarna3oHe MpoOJIeMbl HE OTPAHMYMBAIOTCS TOJBKO TOYHOCTBIO MEpEeadd pa3Mepa CIUHUIBI B
HaHonuanazoH. [IposiBisierca ocobast cneuuduka, cBsi3aHHas ¢ HaHOpa3MepamH (4acTO HAMHOIO
MEHBIIINMH, YeM JUTHHA BONHBI). [[OHATH 3Ty crieninuKy U HEKOTOpbIE POOIEMbI METPOJIOTHUH IS
HaHOJIMAaMa30Ha MOXHO U3 MPUBEAEHHON HIKE BBIICPKKH U3 padoTHI [8]:

«Kak n3BecTHO, B METPOJIOTMH PacCMaTPUBAIOT CBA3b MEXAY (PU3NUYECKHUMH BEIMYMHAMHU U
MPUHLMIIAMU TTOCTPOCHUSI CUCTEMBI €IMHUI] u3MepeHus. B cBoro ouepenp, ¢puznyueckas BeITUUMHA
TPaKTyeTcs KaK CBOMCTBO (PM3NYECKUX OOBEKTOB, KAUECTBEHHO 0O0Iee JIsi MHOTUX OOBEKTOB, HO
KOJIMYECTBEHHO UHJBUYyalbHOE I KaKI0ro 00bekTa. OCOOEHHOCTh MOCTPOSHHSI METPOJIOTUH HC-
TUHHBIX HaHOOOBEKTOB (L =1...100HM), T.€. HAHOMETPOJOTUH, COCTOUT B TOM, YTO TIPH YMEHBIIIE-
HUM Pa3MEpOB MACCHBHOTO Tejla A0 HAaHOMETPOBBIX, €ro (PU3MKO-XMMHUECKHUE CBOWCTBA MOCTE-
MEHHO (WJIM CKauKoOOpa3HO) MEHSIOTCS, U TIPH 3TOM (opMupyeTcs HoBas (pa3a BeliecTBa, OTINY-
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Has OT UCXOAHOH (00BEMHOTO TBepAoro Tena). HaHo4acTHIbl, B KOTOPBIX XapaKTEPHBIN pa3Mep
CTAHOBUTCS COM3MEPHUMBIM C KaKOW OO (PU3MUECKOW BEIMYMHOW PA3MEPHOCTH JUTMHBI (JTMHA
BostHBI Jle bpotins, cBoOogHOTO Mpobera 3JIeKTPOHOB MPOBOAUMOCTH, TIIYOMHBI CKHH-CII0S), OyTIyT
MPOSIBJIATH CBOMCTBA, OTIMYHBIE OT CBOMCTB 4yacTUIl OOJBIIUX pa3mepoB. Hampumep, B MeTaiiax
MPOUCXOJAUT M3MEHEHHE XapaKTepa MEKAaTOMHOM CBA3M OT METAIMYECKON JO KOBAJEHTHOM C
Mepexo/IoM Kjactepa (KiacTtep — rpymna OJIM3KO pacIoyioKEHHBIX, TECHO CBS3aHHBIX JAPYT C ApY-
IrOM aTOMOB, MOJIEKYJ, HOHOB, YJIbTPaJAWUCIEPCHBIX 4YacTHILl. — HpuUM. aém.) MeTaula B
HEMETAJNTHYEeCKOEe COCTOSIHHE IMPH yMEHBIIEHUH ero pasmepa a0 2-3 HMm. HalGmiomaroTcs Taxoke
SIBIIGHUS JIOKAIM3AI[MKM AJIEKTPOHOB M (DIYKTyallMu MPOBOJUMOCTH, MPHUBOIANINE K OTCYTCTBUIO
CaMOYCpPEJHSEMOCTH B CUCTEME HaHO4YacTUll. B crucreme HaHOUYACTHIl BO3HUKAET KAaTaIUTHUYECKas
aKTUBHOCTH, OTCYTCTBYIOIIAsi B 00BEMHBIX MaTepuanax, (Giaykryauuu ¢popmsl HaHowacTuil. M3me-
HeHue (QU3MYECKUX XapaKTePUCTHK HAHOKJIACTEPOB TAKXKE OIMpPENEseTcsl COOTHOUICHHEM aTOMOB B
00BEME U Ha TOBEPXHOCTH KJlacTepa, CBONCTBA KOTOPBIX CYIIIECTBEHHO OTIHYAIOTCA.

B cuny 3Toro HanomeTponorus JoJKHa pa3BUBAThCA B IBYX HampaBieHusAX. [lepBoe 3axito-
YyaeTcs B MOBBILICHUH TOYHOCTU CYILECTBYIOIIMX METOJ0B M3MEPEHUs XapaKTEPUCTHUK MaKpOCKO-
MAYECKUX OOBEKTOB J0 HAHOMAcIITaba W, TJIaBHBIM 00pa3oM, CBA3aHO C COBEPIICHCTBOBAHHEM
TEXHOJIOTUH; BTOPOE — B Pa3pabOTKE HOBBIX METOJOB MU3MEPEHUS XapaKTEPUCTUK HAHOPa3MEPHBIX
00BEKTOB B 00JIACTH, TJ€ HAYMHAIOT HPOSBIATHCS OCOObIe CBOWCTBA BEIIECTBA, HE MPUCYILHE
MaKpOCKOIIUYECKUM O0BEKTaM.

[TockonbKy OOBEKTHBHOM KOJIMYECTBEHHOW OLIEHKOHN (pru3nyeckol BENWYMHBI SABISETCA €€
eIMHUIIA, T.€. IIKajda (PU3MUECKON BEIUYHHBI, B CIydae HAHOOOBEKTOB TPYJHO OJHO3HAYHO OIpe-
JeNUTh Takylo mkainy. Kpome mpoGiemsl co3ganusi eAMHUALL PU3NYECKUX BEIMYMH B HAHOMETPOJIO-
I'MU CYIIECTBYET TakXe MpobiieMa BIOOpa METOOB M CPEACTB U3MEPEHHM, METO/IOB ONPEIEICHUS
TOYHOCTH M OOECTeYeHHs eIUHCTBa M3MepeHMi. Tak, M3BECTHO, 4TO 100AaBKM HAaHOYACTHUI[ B
HEKOTOpBIE MaTepHallbl, 1a)ke MpU HE3HAUUTENbHBIX KOHIIEHTPAIMSIX MOTYT MPHUBOJIUTH K CYIIEC-
TBEHHOMY M3MEHEHHIO MAaKPOCKOIIMYECKUX CBOMCTB TAKMX MAaTEPHAIIOB (HApUMeEp, YIPOUHSIOIINE
HAHOJ00aBKU B OCTOHBI, MJIM AHTUCENITUYECKOE JIEHCTBHE YacTHUI] cepedpa, MMITIAHTUPOBAHHBIX B
TKaHHU TepeBA30YHble Marepuaiibl). OJHAKO HE BCErjaa CYIIECTBYIOUIME AaHAIUTUYECKHUE METOJIbI
MO3BOJISIIOT PErMCTPUPOBATh Malible KOHLEHTPALUU HAHOYACTHI] (YMCIOBYIO MJIOTHOCTH YACTHIL),
YTO 3aTpyAHAET cepTu(UKanuio Takoil mpoaykuu. C Ipyroil CTOPOHBI, EPEX0]] MUKPOIIEKTPOH-
HOM MPOMBIIUIEHHOCTH Ha U3TOTOBJIEHUE MUKPOCXEM C MTPOEKTHBIMU HOpMaMH 45 HM MpPeabsBIIseT
HOBBIE TPeOOBAHMSI K YHCTHIM KOMHATaM, YTO CBSI3aHO C Pa3pabOTKOW METOO0B JETEKTUPOBAHUS U
METOAMK aHajH3a JUCIEPCHOTO COCTaBa YacTHIl aTMOC(Epbl C pa3MepaMu B HECKOJIBKO JECSITKOB
HAaHOMETPOB, a TAKXK€E CO3/JaHUE 3TAJJOHOB HAHOYACTHII.

Jlis uccnegoBaHUM M CO3/1aHUS HAHOCTPYKTYPUPOBAHHBIX TMOKPBITUN, TOHKUX IUIEHOK H
MaJbIX 3JIEMEHTOB HAYMHAET IPUMEHSITHCSI HAHOMHAEHTUPOBAHUE, T.€. U3MEPEHUE TBEPAOCTU MaTe-
pHaioB Ha ypoBHE HaHoMaciiTaboB. OpHAaKO, HECMOTPS Ha BBITYCK MPHOOPOB JJIS TOM LENH, B
HACTOSIIEE BpeMsl X METPOJIOrHuecKoe obecreueHnue oTCyTCTByeT. Bo3HuKaloT 3aiaun pa3zpadoT-
KM 3TaJOHOB TBEPJOCTH HAa HAHOYPOBHE, CTAHJIAPTOB Ha pa3Mepbl HAHOMHAEHTOPOB, METOIUK
pacuéToB TBEPAOCTH, U, BO3MOYKHO, IEPECMOTPA CAMOI'O OIPENEIEHUS TBEPAOCTU NPUMEHUTEIBHO
K HAaHOPA3MEPHBIM MacITadbam ...».

B cBsizu ¢ OypHBIM pa3BUTHEM HAHOHAYKH U HAHOTEXHOJOTHH B HEKOTOPBIX HCTOYHHMKAX
(nammpumep, [9,10]) yxe cTaBUTCS BONPOC O HEOOXOAMMOCTH OOIIETO MEpecMOoTpa ONpeAeiIeHUuN
€IMHULl U3MEPEHUN ¢ yUYETOM OTKPBITBIX M OTKPBIBAEMBIX MCCIIEIOBATEISIMU KBAHTOBBIX SIBICHMH,
KOTOpBIE XapakTepu3yroTcs (QpyHIaMEeHTaTbHBIMU KOHCTaHTaMU. HamoMHuM, 4to K Takum 3¢ dek-
TaM | SBJICHUSM MOKHO OTHECTH, HAaIlpUMEp, CTALlMOHAPHBIN U HecTauuoHapHbIi 3¢ dexTsr [xo-
3ehcoHa, KBaHTOBBIN P PeKT Xouia, BJICHUE «KYJIOHOBCKOW OnoKaab» U 3(h(PeKT 0qHOIIEeKTPOH-
HOTO TYHHEIMPOBAHUS — «KYJIOHOBCKOW JIECTHHULBI» M Jp. YK€ H3BECTHBI MPEIJIOKEHUS IO
CO3JIaHHIO HAa OCHOBE 3((eKkTa O0IHOIIEKTPOHHOTO TYHHEJIHWPOBAHUS OJHOAIEKTPOHHBIX TPaH3M-
cropoB [11]. B pabote [10] mpemnaraercsi, Hanpumep, Ha 0a3ze HecTaunoHapHOTro 3¢ dekra J[xo-
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3ehcona, kBaHTOBOro sddekra Xomta U dp¢dexra OJAHOIIEKTPOHHOTO TYHEIMPOBAHUS CO37aTh
KBAHTOBBIM JICKTPUUECKUN CTAaHAAPT («METPOJIOTUUECKYIO TPUAly»), CBA3BIBAIOIIUN U3MEPSEMbIC
BEJINYUHBI — HaNpspKeHWe V , cuily Toka [ M 4acToTy V ¢ yKa3aHHbIMU KBaHTOBBIMH SIBICHUSMH U
¢bu3nyecKUMHU KOHCTaHTaMu. Bce 3TH ycnexu HaHOHAYKH CTUMYJIMPYIOT CO3/IaHHUE HOBBIX
MaTepUajoB, KOTOPbIE MOTYT MO3BOJIUTH CO3AaHHUE DJIEMEHTOB HAHOAJIEKTPOHUKHU, pabOTAIONINX HE
TOJIBKO IIPH KPUOT€HHBIX, HO U KOMHATHBIX TemnepaTrypax. Hanpumep, B 2004 rogy poccuiikumu
yuénbimMu A. I'eiimoM u K. HoBocenoBbeiM, paboTaronmmu ceituac B MaHueCTepCKOM YHHBEPCHUTE-
Te, co3aaH matepuan rpaden [12] — yriaepoHas mjieHKa TOJIIUHON B oJMH aToM. ['padeH MoxHO
MPEJICTaBUTh Cce0€ KaK JBYMEPHBIA «CPe3» KPUCTAIMYECKOW IeKCaroHaabHOW pEelIeTKH rpadura.
[IpenBapuTenbHble HCCIEAOBAHUS TOKa3ajld, 4TO rpadeH camblii MPOYHBIA Marepuan. DTUM
Y4EHBIM YJIaJI0Ch BhIpe3aTh (BBIACIATH) U3 rpad)eHa IUIOmaaku pazmMepom 10 10 nm, Ha KOTOPBIX
ObUTH CO3JIaHbl OJHOAIEKTPOHHBIE TPaH3UCTOPHI. OKa3anock, YTo rpadeH MPOBOAUT JIEKTPOHBI HA-
MHOTO0 JIyd1ie, yeM kKpeMHuid. Kpome Toro, rpaden o0iamaeT oueHb XOpOIIeH TEerIONpOBOAHOCTHIO.
Oxka3anoch, 4TO TPAaH3UCTOPHI HA OOCHOBE IpadeHa MOryT paboTaTh B TepareploBOW 4acTOTHOU
obnactu. Bce 3T cBOiicTBa mpeacka3piBaloT rpad)eHy O4YeHb OOJBITYIO MEPCHEKTHBY B CO3/IaHUU
CBepXOBICTPOACHCTBYIOMUX U MaJIorabapuTHBIX KBAaHTOBBIX KOMIIbIOTEpOB Oynymero. Tem Oornee,
YTO 3Ta K€ Trpylnna BeAET aKTHBHbIE PAOOTHI MO CO3JAAHMIO TPapEeHOBBIX OJHOAIEKTPOHHBIX
TPaH3UCTOPOB ¢ pazMepamu nopsaaka 1 nm. CkazaHHOe NMPUBOAUTCS AJIL TOrO, YTOOBI MOKa3aTh,
KaKHe CTOSAT Tepesl HAaHOMETPOJOTHEH CIO0XKHbBIE MPOOJIEMbl U3MEPEHUH B Clyyae TAaKUX CIICIH-
(UYHBIX SKCTIEPUMEHTOB M TEXHOJIOTHI B HAHOHAYKE, TECHO CBSI3aHHBIX C KBaHTOBBIMU d((ekTa-
MH, MPOOJIEMBbI METPOJIOTHYECKOro 00eCIeueHus] STUX SKCIEPUMEHTOB U TEXHOJOTHH, MpoOIeMbl
METOJIOB M TEXHUKU HU3MEPEHHH (PU3NKO-XUMUYECKUX XapaKTEPUCTHK HOBBIX MATEPUAIOB MPH
9KCTPEMAJILHO MaJIbIX HaHopa3Mepax. Bo3MoXHO Aake co3gaHHe HOBBIX CHUCTEM €IMHULl U3MEpe-
HUM, YIUTHIBAIOMNX U 3(()EKTH HAHOIMATIA30HA, U 3aKOHBI KJIACCUYECKON (DU3UKH.

Oco00 crnenyer cka3aTh O BO3MOXXHOM BJIMSIHUHM HAHOOOBEKTOB, HAHOYACTHI] ((HU3UKO-XH-
MUYECKHE CBONCTBA KOTOPBIX MOIYT CYIIECTBEHHO OTJIMYaThCA OT CBOWCTB ATHX BEIIECTB B
MakpoTeJie) Ha 3/I0pOBbe, Ha OKpYXKallyl cpery. Bompockl 0e30macHOCTH BBIABUTAIOTCS Ha
nepBblid maaH. M B 3TOM ciydae BOMPOCHI METPOJIOTHH, BOMPOCHI TOUHBIX M3MEPEHUU (PU3MKO-
XUMHYECKUX XapaKTEPUCTUK HAHOOOBEKTOB CTAHOBSITCS OCOOCHHO Ba)XHBIMU TIPU JallbHEHIIIEM
pa3BuTUM HaHoTexHonoruil. B pabore [9], B koTOpoii ocoboe BHUMaHHE yHAEISETCS Ba’KHOCTU
METPOJIOTHH JJIs PEHICHUH MmpoOsieM 0e30MacHOCTH ISl HAaHOTEXHOJIOTH, roBoputcs: «B EBpo-
MEICKOM COl03€ B paMKax 7-OH paMOYHOH MporpamMmbl (PUHAHCHPYIOTCS MPOEKTHI MO0 TaKUM Ha-
MPABJICHUSAM, KaK OOOpYyIOBAaHUE U METOIBI JJisi HAHOTEXHOJOTHHU; KOOPAWHAIMS pPa3padOTOK B
o0acTi HAHOMETPOJIOTUH; OIIEHKa PUCKOB IIPOU3BOCTBA U MCIOJIb30BAaHUS HAHOYACTHULL AJIS 3710-
POBBSI U OKpYXKaOIIEH Cpelbl; pa3paboTka 0a3bl JAHHBIX MO BOIMPOCAM BIMSHUS HAHOYACTHII Ha
3JI0pOBbE, OE30MAaCHOCTh U OKPY)KAIOILIYI0 CPEeAy; METOJbl U3MEPEHUS IapaMeTpOB HAHOCTPYKTY-
PUPOBaHHBIX MaTE€PUATIOB.

Bo Bcex mepenoBbIX CTpaHax NPEeIIPUHUMAIOTCS OPraHW3alMOHHBIE MEPBI IO MPEAYIPEXKIE-
HUIO BO3MOXHBIX PUCKOB, CBSI3AHHBIX C pa3BUTHEM HaHOTexHojorui. Tak, B 'epManuu uccienona-
HUS M aHAIM3 BIIMSHUS HAHOTEXHOJOTMU MNPOBOAATCS B paMkax denepanbHOro areHTCTBa IO
00pa30BaHUIO U HCCIIEIOBAaHUSAM MpPHU TECHOM coTpyaHudectBe ¢ denepanbHbIM areHTCTBOM I10
OXpaHe OKpykatomen cpensl, denepaabHbIM WHCTUTYTOM O€30MaCHOCTH JKU3HEACATEIbHOCTU U
310poBbs, DenepalbHBIM HHCTUTYTOM OLIEHKH PHUCKOB Tpu (uHaHCUpoBaHuU, DenepanbHbIM
MUHHCTEPCTBOM oOpa3oBanus u uccienoBanuii. B CIIIA cuctema craHmapTHU3allii HAHOTEXHO-
JIOTMM B paMKax TOCYJapCTBEHHOW LIEJIEBOM mporpamMbl HanuoHalibHas HaHOTEXHOJOTHMYECKAs
WHULIMATUBA MOICPKUBAETCS ABAAIATHIO JeNapTaMeHTaMH U arHeTCTBaMHu, Bkitovas Hanuonans-
Hbli MHCTUTYT cTanmapToB U TexHosiorud (NIST), YnpaBneHue mo KOHTPOJO 3a NPOAYKTaMH U
nexapctBamu (FDA), Komuccuro o 6e3omacHocty norpedurensckux tosapos (CPSC) u Ympas-
JeHue no oxpaHe okpyxkarouei cpensl (EPA). AnamornyHo u B Ipyrux crpaHax. T.e. yuensercs
0co00e¢ BHUMAaHHE KOHTPOJIIO (HANpaBJICHHOMY Ha oOecredeHne Oe30MacHOCTH IS 3JI0POBbS H

50



A.G. Danelyan et al ... Nano Studies, 2, 45-52, 2010

HKOJIOTUH) 32 HAHOTEXHOJOTHUECKOW MPOIyKIMEH, pa3paboTKe U CO3AAHUIO CTAaHAAPTOB, COTJIACHO
TpeOOBAHUAM KOTOPBIX CIEAYET OCYHIECTBIATh 3TOT KOHTPOJb. HO B OCHOBE BCEX ITHX CTaHIApTOB
JIEKUT METPOJIOTHSL.

Otrmetum, uto MexayHaponHas opraHusanus no crappaptusauuu (ISO) B 2005 romy
coznana HoBbli TexHu4yeckuil Komurer ISO/TC 229 «HanorexHonoruw». IlepBoouepentbie
3aJa4u 3TOr0 KOMHUTETA B CTaHJApTU3alUU B 00JIACTM HAHOTEXHOJIOTMH OIpelesieHbl Ha IEePBOM
3acenanuu ISO / TC 229 (B Hosi6pe 2005 rona B JIoHI0HE) B CIIEAYIOMINUX HANPABICHUSAX: TEPMUHBI
U ONpEICNCHHsI, METPOJIOTHUA M METOABI UCIIBITAHUM M M3MEPEHUH, CTaHJapTHbIE 00pa3lbl COCTaBa
U CBOMCTB, MOJIEIMPOBAHUE MPOLECCOB, MEIUIMHA U 0€30MaCHOCTb, BO3JEHCTBHE HAa OKPYKaro-
IIyro cpeny. Pemienue 3TMX nepBOOYEpENHBIX 3aad AOJDKHO J1aTh MOLIHBIA MMITYJIbC Pa3BUTHIO
HAHOTEXHOJIOTUN M MX NPAaKTHYECKUM NPUMEHEHUSM U BHEIPEHUSM B pa3IudHbIX oTpacisix. IIpu
3TOM OBUIM ONPEEICHBI CTPaHbl, OTBETCTBEHHBIE 3a PYKOBOJACTBO YKAa3aHHBIMM BBIIIE HaIpaBiie-
HussMH. Tak BpuTaHCKuit HHCTUTYT CTaHAAPTHU3AIMU BeIET OOIIMI cekpeTapuar; SmoHus — cTpaHa,
orBeTcTBeHHas 3a noakomurer ISO/TC 229/ WG2 mo MeTposiornu, METoJaM H3MEpEeHHH U
ucnbiTanuii; Kanaga — 3a noakomuret ISO / TC 229 / WG1 no tepmunam u onpenenenusim; CIITA
—3a mogkomuteT ISO / TC 229 / WG3 — 1o 310p0oBBI0, 6€3011aCHOCTH, OKpY>KAIOIIeH cpee.

B 3akmrouenue xoTenoch Obl emé pa3 OTMETUTh Ty OTPOMHYIO 3aMHTEPECOBAHHOCTh B pa3BU-
THHM HAHOHAyKM M HAHOTEXHOJIOTHH, KOTOPYIO ceHldac IpPOSBISAIOT BO BCEX Pa3BUTBIX CTPAHAX,
MIOAYEPKHYTh, YTO CTEPKHEBBIM HAIIPABJICHUEM PAa3BUTHS HAHOHAYKU U HAHOTEXHOJIOTUH SBISECTCA
METPOJIOTHS (B OCOOCHHOCTH, €€ HOBOE HAIPaBJICHUE — HAHOMETPOJIOTHS), 00 aKTyalbHOCTH U TIPO-
O6nemMax KOTOpoil roBopuioch Bbimie. Ilockonbky yuéHbie [ py3un HaIlId BO3MOXKHOCTD 3asBUTh O
CBOUX HCCIIE[IOBAaHMSIX B 00JACTH HAHOTEXHOJIOTUH, KpaiiHe HeoOXOJUMO, YTOObI B PYKOBOJACTBE
I'py3un (M1 Ha NpaBUTEIBCTBEHHOM YPOBHE M B PYKOBOJCTBE HAydHBIMU IIporpamamu ['py3un)
Obul0 OBl MOHMMAaHHE AKTYaJbHOCTH M HEOOXOJMMOCTH Pa3BUTUS METPOJOTMH (M, KOHEUHO,
HaHOMETPOJIOTHH) JIJIsi padOT B 00JIACTH HAHOTEXHOJIOTUH B HAIIEH cTpaHe, YTOOBI JAJI 3TOrO OblIa
OBl CyIIECTBEHHasl OpraHU3aliOHHas M (UMHAHCOBAas IMOAJEPAKKA CO CTOPOHBI TOCYAapCTBAa, YTO
HE00XO0MMO CO3/1aTh CUCTEMY CBOMX HALIMOHAJBHBIX 3TAJIOHHBIX CPEJCTB U CTAaHAAPTOB AJIs paboT
U UCCIIEJOBAaHUI B HAHOTEXHOJOTUAX. A Ui TOro, 4ToObl yuéHsle I'py3un Moriu Obl TapMOHUYHO
BIMTHCA CBOMMH pabOoTaMU B MEXIYHapOJHOE COTPYAHHYECTBO B OOIACTH HAHOTEXHOJIOTH,
HE00X0AMMO B 3THX palboTax ydecTb TpeOOBaHHS, KOTOPBIC BBIIBUTAET YKa3aHHBIA TEXHUYECKUN
Komurer ISO / TC 229 x paboram B 00JacCTH HAaHOTEXHOJOTHH, K CTaHIAapTaM B ATOH 00JacTH.
HeoO6xomuMo Takke, 4ToOBI CO CBOEM CTOPOHBI M HAIM MCCIEIOBATENM MOHUMAIH OBl POJb
M3MEpeHui B UX paboTax W COTPYAHHUYAIHU C YUEHBIMU-METpojoraMu HarmoHanbHOrO MHCTHTYTa
METPOJIOTHH JUISl CO3aHUSI HOBBIX METOAOB U3MEPEHUH, crielMPUUHBIX U1 UX 00JacTH, YTOOBI ATH
U3MEpEHUs ObUIM ClIeNIaHbl B YCTAaHOBIICHHBIX B cucTeMe SI equHHMIIaxX U3MEpeHHi, YTOObI pa3Mepsl
3TUX €AMHHULl BOCIPOU3BOJMUINCH OT CYIIECTBYIOLIMX ATAJIOHOB E€AMHUIl U3MEPEHUM, a PE3YJIbTAThI
M3MEpEeHUi ObLTH MOTyYeHbI C YUETOM TpeOOBaHUI U BO3MOXKHOCTEH COBPEMEHHOM METPOJIOTHH.

CCBLIIKHN

[S—

M. Patuep, /. Patnep. Hanorexnonorus: [Ipocroe oObsICHEHHE OUepeTHON T€HUATBHOU HJICH.

Mocksa: U3n. nom «Bunbsme» (2004).

2. M.T. Postek. Proc. SPIE, 4608, 84 (2002).

3. M.®. IOgun, M.H. CenuBanoB, O.®. Tumenko, A.U. CkopoxomoB. OCHOBHbIE TEPMHUHBI B
obmactu merponoruu. CioBape-cipaBounuk (Pen. FO.B. Tapb6eeB). Mocksa: U3n. ctanmapToB
(1989).

4. TL.A. Tonya. Mup usmepenuii, 1, 4 (2008).

5. HO.A. HoBukos, II.A. Togya. Mup uzmepenutii, 8, 4 (2005).

51



A.G. Danelyan et al ... Nano Studies, 2, 45-52, 2010

8.

0.

10.A. HoBuxkos, A.B. Pakos, II.LA. Togya. Tp. HUuct. oOmel ¢uszuku um. A.M. I[Ipoxoposa
PAH, 62, 3 (2006).

A.I'. Hanensu, .. I'apubamsunu, P.P. Kankus, C.A. Mkpterusia, C.B. [lloramsmmm. NU3mep.
TexHuka, 11, 17 2009).

B.A. Tposa, M.A. Ilymikun, B.H. Tpouun, B.J[. bopman, I1.A. Kpacosckuii. U3mep. TexHuka,
8, 45 (2008).

J. Flowers. Science, 306, 1324 (2004).

10. A.A. llyka. Hanosnekrponuka. MockBa: ®@uzmatkuaura (2007).
11. A K. Geim. Science, 324, 1530 (2009).
12. C.B. Mopo3zos, K.C. Hosocenos, A.K. I'eiim, YOH, 178, 776 (2008).

52



N.O. Metreveli et al ... Nano Studies, 2, 53-64, 2010

UV-VIS AND FT-IR SPECTRA OF ULTRAVIOLET IRRADIATED
COLLAGEN IN THE PRESENCE OF ANTIOXIDANT ASCORBIC ACID

N.O. Metreveli ', K.K. Jariashvili ', L.O. Namicheishvili %,
D.V. Svintradze 2, E.N. Chikvaidze 2, A. Sionkowska 3, J. Skopinska 3

' Tlia State University

nunumetreveli @ yahoo.com

? 1. Javakhishvili Tbilisi State University
3 Nicolaus Copernicus University

Accepted January 30, 2010
1. INTRODUCTION

Collagen is one of the main components of skin and connective tissue [1,2], which consist of
tree polypeptide a-chains wound together in a rod-like helical structure. Each molecule is 300 nm
in length and 1.5 nm in diameter with a molecular weight of 300,000. The sequence of amino acid
residues in the chains is very specific: glycine is every third residue in repeating sequence;

Gly — X — Y and proline and hydroxyproline imino acids are X and Y, respectively, with a high
probability. The molecular structure is stabilized by a net of intra- and inter-chain hydrogen bonds

between — NH group of glycine and carbonyl group C = O of residues from another polypeptide

chain or by hydrogen bridges with water molecules [3—5]. Collagen is the primary target of
external factors such as ultraviolet (UV) radiation, which induces various physical, chemical and
physical-chemical processes in living organisms. Deleterious UV light absorption is responsible for
skin tanning and has been implicated as a causative factor in many kinds of skin cancer. Therefore,
the study of UV radiation on a collagen molecule — to illustrate the structural changes in radiated
macromolecules, to discover the possible damages after radiation and to search the effective means

against the damages — attracts a special interest [6—9].

Many studies have considered the effect of UV radiation on collagen. It has been shown that
the solution of collagen, after radiation, loses the ability to form natural fibrils [10]. The
fluorescence observed after UV radiation is due to the presence of phenylalanine and tyrosine in
this protein [11,12]. Photocrosslinking [13,14] and photodegradation [8,15] of collagen may also
occur during exposure to UV radiation.

This paper is a collaboration of Georgian and Polish groups, financially supported by a NATO
CLG grant. Both groups have considerable experience studying the effect of UV radiation on
collagen. It has been shown that UV radiation changes the thermal helix-coil transitions of collagen
samples [16,17]. In addition, the relative viscosity and fluorescence of collagen decreased, whereas
the absorption / scattering of collagen solution increased during the radiation of the sample [18].

The Electron Spin Resonance (ESR) method shows that after UV radiation, the generation of
primary free radicals (hydrogen atoms and acetic acid radicals) takes place in the water surrounding
the acid soluble collagen. The free radicals destabilize proteins, causing the appearance of the
secondary free radicals on proline and glycine residues [19,20]. Some molecular compounds, such
as melanin, B-carotene and ascorbic acid, have been revealed as photo-stabilizers against
photochemical changes in collagen using various techniques [18,19,21-23].

Using UV-Vis and FT-IR spectroscopy, we demonstrate that ascorbic acid, one of the
effective antioxidants, acts as a photo-protective system against UV radiation.
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2. MATERIALS AND METHODS

Rat tail tendon collagen was selected for investigation. Rat tails were obtained from Poznan
University of Medical Sciences (Poland). Each of animals (rats) was before used in another
biomedical research according the agreement done by Bioethical Commission working at Medical
University in Poznan.

After washing in distilled water the tendons were dissolved in 0.04 M acetic solution [24].
Samples for investigations were prepared as in the form of solutions, as in the form of films,
0.015 mm thick. The films were dried at 35 °C and preserved at room temperature and humidity
equal to 60 %.

The samples (films and solutions) of pure collagen (0.9 mg/ml) and collagen containing
ascorbic acid (with concentrations of 0.0015, 0.003 and 0.006 mg / ml) were irradiated under air at
room temperature using a mercury lamp, Philips TUV - 30, which emits light of mainly 254 nm
wavelength. The intensity of radiation during 1 h exposition was 16 J/cm”. The intensity of the
incident light was measured using an IL 1400 A Radiometer (International Light, USA). Irradiation
experiments were carried out in a quartz cuvette at a distance of 3 cm from the light source.

The UV-Vis absorption spectra of the collagen solution, before and immediately after
irradiation were recorded with Shimadzu Spectrophotometer (model UV — 1601 PC). Data
collection and plotting were accomplished by the UVPC program and the computer data station
supplied by the manufacturer.

The infrared spectra of films, before and immediately after irradiation, were recorded using
spectrophotometer Mattson Genesis I (USA). Spectra were recorded by absorption mode at 4 cm™
interval and 16-times scanning.

3. RESULTS

3.1. UV-Vis absorption spectra

Fig. 1 shows the UV-Vis spectra of pure collagen solution before and immediately after
irradiation. Due to the aromatic residues (tyrosine and phenylalanine) absorption in the range of
(250 — 300) nm with a maximum at 275 nm takes place for each spectrum. This is consistent with
the results obtained in prior studies [16,18]. The authors offer the following explanation: under UV
irradiation, the turbidity of the solution increases due to the radiation causing changes in the
structure of the collagen molecule (helix-coil transition). After 1 and 2 h irradiation, the maximum
of absorption / scattering is almost the same. This fact shows that after 1 h of irradiation, collagen
molecules completely change their conformational state.

Fig. 2 shows the UV-Vis spectra of non-irradiated and irradiated collagen solution in the
presence of ascorbic acid, with a concentration of 0.0015 mg / ml. The conformation changes in the
collagen — ascorbic acid system during irradiation occur much more slowly than in pure collagen.

In the collagen — ascorbic acid system, the difference between the maxima of absorption
(AA=A-A,)) slightly decreases (Fig. 3, curve with circles) with the increasing dose of radiation.

This is in contrast to AA of pure collagen (curve with squares).

When the concentration of ascorbic acid was higher (0.003 mg/ml), the sample had no
distinctly separate absorption with maximum at 275 nm before irradiation (Fig.4). Under UV
radiation, the absorption at (250 — 300) nm takes place again, although the process connected to the
conformational changes of collagen is impeded.

Increasing the concentration of ascorbic acid (0.006 mg/ ml) curves only after 45 min of
irradiation have typical peak of absorption (Fig.5) and the above mentioned process is further
slowed.
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Fig. 1. UV-Vis spectra of pure collagen solution before and after increasing
dose of radiation (numbers indicate the times of irradiation in min).
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Fig. 2. UV-Vis spectra of collagen solution in the presence of ascorbic acid (0.0015 mg / ml)
before and after increasing dose of radiation (numbers indicate the times of irradiation in min).
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Fig. 3. Dependence of the difference (AA) due to the absorbance of radiation at 275 nm of collagen
(curve with squares) and collagen with ascorbic acid (curve with circles) on the time of radiation in
min (A — absorbance for irradiated sample, A, — absorbance for non-irradiated sample).
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Fig. 4. UV-Vis spectra of collagen solution in the presence of ascorbic acid (0.003 mg / ml)
before and after increasing dose of radiation (numbers indicate the times of irradiation in min).
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Fig. 5. UV-Vis spectra of collagen solution in the presence of ascorbic acid (0.006 mg / ml)
before and after increasing dose of radiation (numbers indicate the times of radiation in min).

3.2. FT-IR spectra

Fig. 6 shows IR spectra of pure collagen films before and after UV radiation. Each spectrum
represents the complex of many of the overlapping vibrational bands. Though it is not difficult to
separate spectral regions of the amide A, B, I and II bands appearing at the frequencies of 3330,
3082, 1658 and 1558 cm_l, respectively, and amide A and B are shifted to lower frequencies for
irradiated samples.

The broad band at 3330 cm_l, amide A, is due to the NH-stretching vibration. It is also due
to the OH component, which confirms the active participation of water in the collagen molecule.
This band is distinct from other proteins (their amide A is observed at comparatively lower
frequency (3300 cm™), and it is more stable due to the unchangeable distance of N - - - O, even
when the a-chains are disordered. The higher the dose of UV radiation, the lower the intensity of
absorption and the more narrow the band. There is a noticeable width of amide A band in the range
of (3400 — 3600) cm ™", which sharply narrows during irradiation.

The amide B band is observed at around (3050 —3180) cm™', with a maximum at
3082 cm™'. This band also shifts to a lower wavenumber and becomes less in intensity.

The amide I band appears in the range of (1600 —1700) cm™ with a maximum near
1658 cm™. It is produced mainly by the peptide bond C = O stretching vibration, with intensity
slightly decreasing under UV radiation. This band is used for secondary-structure analysis of the
polypeptide [25]. Under UV radiation, the dose does not change the position of the band.

The amide II band with a maximum at 1558 cm™ is connected with CNH groups, the
intensity of which also decreases under UV radiation. Band position is not shifted to a lower
frequency.

The data at the frequencies of the amide bands of pure collagen before and after 8 h UV
radiation is shown in the table on Fig. 6.
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Fig. 6. FT-IR spectra of pure collagen before (0 min)
and after (30, 60, 120, 240 and 480 min) radiation.

Figs. 7 and 8 show the IR spectra of collagen films in the presence of ascorbic acid with
different concentrations of and 0.003 mg / ml, respectively. Under UV radiation, the intensities of
amide bands in both samples decrease as compared to non-irradiated ones, though not as sharply as
it occurs in pure collagen. The amide A and B are shifted to a lower frequency at both
concentrations of ascorbic acid, though far weaker than in case of pure collagen (changes in
frequencies Av are less than those for pure collagen). The amide I and II bands do not change their
positions (Tables on Figs. 7 and 8).
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Fig. 7. FT-IR spectra of collagen with ascorbic acid (0.0015 mg / ml)

before (0 min) and after (30, 60, 120, 240 and 480 min) radiation.
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Fig. 8. FT-IR spectra of collagen with ascorbic acid (0.003 mg / ml)
before (0 min) and after (30, 60, 120, 240 and 480 min) radiation.

Fig. 9 shows collected IR spectra of non-irradiated samples: pure collagen (curve 1),
collagen and ascorbic acid with its 0.0015 mg/ml concentration (curve 2), and collagen and
ascorbic acid with its 0.003 mg / ml concentration (curve 3). The intensities of all bands are sharply
decreased in the presence of ascorbic acid, and the effect depends on the concentration of the
ascorbic acid. All amide bands (A, B, I, and II) are shifted to lower frequencies in the same time
(table on Fig. 9).
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Amide A 3330 3323 3318
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Amide I 1658 1658 1657
Amide II 1558 1556 1556

Fig. 9. FT-IR spectra of non-irradiated samples: collagen — curve 1, collagen with ascorbic
acid (0.0015 mg / ml) — curve 2, collagen with ascorbic acid (0.003 mg / ml) — curve 3.

4. DISCUSSION
4.1. UV-Vis absorption spectra

Under UV radiation the conformational changes in collagen — ascorbic acid system occur
much more slowly than in pure collagen (Fig. 3). It is likely due to the ascorbic acid’s antioxidant
feature. Under UV radiation, collagen with ascorbic acid is not as sensitive as collagen alone.

The changes of UV—Vis absorbance profile in the range of (250 — 300) nm (Fig. 4 — 0 min
irradiation and Fig. 5 - 0, 5, 10, 15, 30 and 45 min irradiation) might be due to the additional effect
of ascorbic acid. We suggest that ascorbic acid connects to collagen with its C = O group. It is
possible that OH groups of collagen molecules (mainly of tyrosine amino acid aromatic ring)
combine with C = O of ascorbic acid (Scheme 1) to form a hydrogen bond. Another aromatic amino
acid is phenylalanine, aromatic ring of which is like that of benzene. It is very hydrophobic and
chemically reactive only under extreme conditions. That is why we exclude it from participation in

61



N.O. Metreveli et al ... Nano Studies, 2, 53-64, 2010

the mentioned binding reaction. Our previous studies [16,20,22] have been connected with free
radicals appearing in collagen water solutions under UV radiation and evoking photodegradation of
macromolecule. The aromatic amino acids found in collagen are the primary source of free
electrons that form the free radicals. Ascorbic acid, a perfect antioxidant, either donates its electron
to restore deleterious free radicals, thus itself becoming a non-toxic free radical, or it impedes
aromatics to transit in an excited state under UV radiation, or both. In any case, it is beyond doubt
that ascorbic acid changes the environment of a collagen molecule, and the effect depends of the
concentration of the ascorbic acid. When increasing the dose of radiation, more molecules of
ascorbic acid are hindered, and the antioxidant effect is diminished accordingly.

4.2. FT-IR spectra

Intensities of FT-IR bands have changed under UV radiation. The higher the dose of
radiation, the lower the degree of intensities of all bands (amide A, amide B, amide I and amide II)
as compared to those of the non-irradiated collagen sample (Fig. 6).

In a previous study [26], it was suggested that under UV radiation, the changes in the amide
A and B bands indicate the photodegradation of collagen along its main chains with scission of
— CH; — N = and = CH; bonds.

There is a noticeable width of the amide A band in the range of (3400 — 3600) cm™', which
sharply narrows during irradiation. It is likely due to the breaking of N — H - - - O = C inter-chains
hydrogen bond as well as losing the bonding water in collagen.

In the presence of ascorbic acid, the intensities of the amide bands of collagen also decrease
under irradiation (Figs. 7 and 8), though much more slightly than it occurs for pure collagen.
Positions of the amide A and B bands shift to lower frequencies, though in this case, changes in
frequencies Av are less (see tables on the Figs. 7 and 8) than those for pure collagen (table on
Fig. 6). When we have IR spectra of the non-irradiated collagen and the collagen — ascorbic acid
system (Fig. 9), intensities of all bands sharply decrease in the presence of ascorbic acid, and the
effect depends on the concentration of antioxidant. The reduction of the bandwidth of amide A is
presumably due to the restriction of conformational freedom of macromolecules in the presence of
ascorbic acid. All amide bands (A, B, I, and II) are shifted to lower frequencies at the same time
(table on the Fig. 9). The most remarkable is the amide A band, the shift of which might be due to
the formation of a hydrogen bond between N — H group of peptides and C = O group of ascorbic
acid (Scheme 1).

Scheme 1.
Coo ~
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TH3N C——H

/ CH2
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C \

-
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Results suggest that ascorbic acid increases the photo-stability of the collagen molecule; and
the ascorbic acid interacts with the collagen macromolecule as well.

S. CONCLUSIONS

Structural changes in the collagen molecule occur under UV radiation. Ascorbic acid
increases the photo-stability of the collagen molecule, and the molecule becomes less sensitive to
the UV radiation. Interaction between collagen and ascorbic acid possibly takes place as well.
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Technology based on the use of microbes for the synthesis of nanomaterials is a relatively new
and largely unexplored area of research in material synthesis, which has the potential to develop a
simple, practical, inexpensive ways to produce novel metallic nanoparticles possessing unique
chemical and physical properties.

Biological systems, masters of ambient condition chemistry, synthesize inorganic materials
that are hierarchically organized from the nano- to the macroscale. For example, multicellular
organisms produce hard inorganic—organic composite materials such as bones, shells, and spicules
using inorganic materials to build a complex structure [1,2]. These biominerals are composite
materials and consist of an inorganic component and a special organic matrix (proteins, lipids, or
polysasharides). The use of microbial systems is very promising approach for assembling
nanostructures. Microbial systems may be used as templates for organizing nanoparticles or be
programmed to express a set of worker proteins that can synthesize nanoparticles [3,4].Viruses
posses hundreds of unique sizes and shapes that may be useful as templates for organizing
nanoparticles. Viruses can also be genetically engineered to produce a set of recognition peptides
that can selectively identify nanoparticles based on their composition and lattice structure.
Microorganisms such as bacteria, fungy, and yeast are recently found as possible eco-friendly
nanofactories [5—7], even though they have many biotechnological applications such as remediation
of toxic metals [8]. Some microbial cells have developed specific mechanisms for interacting with
inorganic ions such as metal and metalloid ions in the surrounding aqueous environment, as a
means of protection against toxic metals and / or a means of scavenging trace essential nutrient ions
[9]. Sometimes these microbial processes result in metal precipitation, both intracellularly and
extracellularly. These mechanisms involved for example, direct redox transformation of ionic
species that result in the formation of less soluble species; microbial alteration of the environment
(e.g., change in pH) that results in precipitation; microbial excretion or secretion of metabolic
products (e.g. carbon dioxide, or sulfide, or phosphate ions) that interact with inorganic species to
produce precipitates; and the like. These biomineralization processes have the potential of leading
to materials with unusual and/or particularly desirable characteristics. A wide variety of
microbially-mediated precipitation mechanisms may be exploited, and wide range of nanoparticles
can be prepared. Additionally, by manipulations of key parameters, which control growth and other
cellular activities, controlled size and shape of nanoparticles can be achieved.

Below we provide a brief overview of the current research worldwide on the use of
microorganisms such as bacteria and actinomycetes (both prokaryotes), as well as algae, yeast, and
fungi (eukaryotes) in the biosynthesis of metal and semiconductor nanoparticles and their
application.

1. BIOSYNTHESIS OF SILVER (Ag) AND GOLD (Au) NANOPARTICLES

Among the microorganisms, bacteria have received the most attention in the area of
biosynthesis of nanoparticles. Biominerals have been formulated by using several bacteria such as
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Pseudomonas aeruginosa, E. coli, Citrobacter sp. [1]. Early studies reveal that bacterium Bacillus
subtilis 168 is able to reduce Au’* ions to produce octahedral gold particles of nanoscale
dimensions, (5 —25) nm, within bacterial cells by incubation of the cells with gold cloride under
ambient temperature and pressure conditions [6,10,11]. Another bacterium — Pseudomonas stutzeri
AG259 isolated from silver mines accumulates silver nanoparticles in the cell where particle size
ranges from 35 to 46 nm [12]. Larger particles (200 nm or more) are formed when P. stutzeri
AG259 is placed in a concentrated aqueous solution of silver nitrate (50 mM [13]).

Morphological control over the shape of gold nanoparticles has been achieved by using
Plectonema boryanum UTEX 485, a filamentous cyanobacterium. Expose of Plectonema boryanum
UTEX 485 to aqueous Au(S,03), 3~ and AuCly™ solutions resulted in the precipitation of cubic gold
nanoparticles and octahedral gold platelets (6 wum to 10 nm), respectively [14,15]. Another
cyanobacterium Schewanella algae can reduce Au’* ions in anaerobic environments [16]. In the
presence of S. algae and hydrogen gas, the Au ions are completely reduced, which results in the
formation of 10 to 20 nm gold nanoparticles.

Bacteria not normally exposed to large concentrations of metal ions may also be used to grow
nanoparticles. The exposure of Lactobacillus strains, which can present in buttermilk, to silver and
gold ions resulted to the large-scale production of metal nanoparticles within the bacterial cells [17].

Despite the success and simplicity of biosynthesis methods using bacteria, the resulting
silver / gold nanoparticles have large size distribution.

More by chance than by design, it was observed that alkalothermophilic (extremophilic)
actinomycete, Thermomonospora sp., when exposed to gold ions, reduces the metal ions
extracellularly, yielding gold nanoparticles with high polydispersity [18]. A complete reduction of
the 10° M aqueous HAuCly, solution at pH 9.0 and 50 °C results to spherical and reasonably
monodisperse nanoparticles (8 nm size). It was concluded that the monodisperse gold nanoparticles
synthesis could be due to extreme biological conditions such as alkaline and slightly elevated
temperature conditions used for the synthesis of nanoparticles. The exact reaction mechanisms
leading to the formation of silver nanoparticles by this microorganism are not be elucidated. Based
on this hypothesis alkalotolerant Rhodococcus sp. has been used for intracellular synthesis of good
monodisperse gold nanoparticles [19].

Previously, a few yeast strains (P. jadinii) have been tested for their ability to produce gold
nanoparticles, whereby controlling growth and other cellular activities controlled size (few to
100 nm) and shape of the nanoparticles was achieved [20].Conditions have also been standardized
for the synthesis of large quantities of silver nanoparticles, (2 — 5) nm size, by using silver-tolerant
yeast strain MKY3 [21].

Nanoparticles with good monodispersity have been obtained by using acidophilic fungus
Verticillum sp fungi [22]. This has been shown with an experiment where bioreduction of aqueous
AuCly ions was carried out using the fungus Verticillium sp. that led to the formation of gold
nanoparticles with fairly well-designed dimensions (20 nm) and good monodispersity. Further
experiments have documented that the trapping of AuCls™ ions on the surface of fungal cells could
occur by electrostatic interaction with positively charged groups (such as, lysine residues) in
enzymes that are present in the cell wall of the mycelia [23]. Here then gold ions were reduced by
enzymes within the cell wall leading to aggregation of metal atoms and formation of gold
nanoparticles. However, they could not find the exact mechanism of formation of gold
nanoparticles. Other species of fungus specifically, Fusarium oxysporum, Aspergillus flavus,
Trichothecium sp. are also able to produce gold and silver nanoparticles [24]. However, the
monodispersity of produced nanoparticles is much less than that of obtained by acidophilic
Verticillum sp. In [25] it has been demonstrated that a fungus Trichoderma asperellum can be
exploited to produce nanocrystalline silver particles with sizes in the range of (13 — 18) nm. It has
been established that process of growing silver nanoparticles comprises of two key steps:
(a) bioreduction of AgNO; to produce silver nanoparticles and (b) stabilization and/or
encapsulation of the same by suitable capping agents. These nanocrystalls are found to be highly

66



N. Tsibakhashvili. Nano Studies, 2, 65-70, 2010

stable and even after prolonged storage for over 6 months they do not show significant aggregation,
which undoubtedly establishes its commercial viability.

Towards elucidating mechanism of nanoparticles formation, an in vitro approach was
followed where species specific NADH dependent reductase, released by the Fusarium oxysporum,
were successfully used to carry out the reduction of AuCl,™ ions to gold nanoparticles [26]. This has
first time opened up a novel fungal / enzyme-based in vitro approach for nanomaterial synthesis.
Later a-NADPH-dependent nitrate reductase and phytochelatin isolated from Fusarium oxysporum
has been used for in vitro silver nanoparticle production [27].

Apart from individual metal nanoparticles, the bimetallic Au — Ag alloy can be synthesized by
F. oxysporum. Very recently, it has been shown that by controlling the amount of cofactor NADH,
synthesis of quite stable Au— Ag alloy nanoparticles of various compositions have been made
possible [28]’s approach can be further employed for producing various other composite
nanoparticles.

Nanoparticles have found applications in antibacterial effects [29]. It has been shown that
extracellularly produced silver or gold nanoparticles using Fusarium oxysporum, can be
incorporated in several kinds of materials such as clothes. These clothes with silver nanoparticles
are sterile and can be useful in hospitals to prevent or to minimize infection with pathogenic
bacteria such as Staphylococcus aureus.

Growth medium and conditions play an important role during the production of nanoparticles
while using the microorganisms. For example, when gold ions were incubated with the
Trichothecium sp. (fungus) biomass without shaking this led to the formation of extracellular
nanoparticles, while under shaking conditions, this was resulted in the formation of intracellular
gold nanoparticles [25]. The possible reason for this could be the enzymes and proteins responsible
for the synthesis of nanoparticles. It seems that these proteins did not release under shaking
conditions.

2. BIOSYNTHESIS OF SEMICONDUCTORS (QUANTUM DOTS)

In addition to gold and silver nanoparticles, there is much attention in the development of
protocols for the synthesis of semiconductor nanoparticles [1,24,30-33]. Semiconductor
nanoparticles are an extremely important class of materials. Semiconductor nanocrystalls, also
known as “quantum dots” (qdots), are defined as particles with physical dimensions smaller than
the Bohr excition radius. Qdots exhibit unique optical and electronic properties that are only
observed in an intermediate size region between the size of discrete atoms and that of bulk solids.

The Candida glabrata and Schizosaccharomyces pombe were used for the first time in the
biosynthesis of cadmium sulfide (CdS) nanocrystalls [31-33]. Feeding yeast Schizosacharomyces
pombe with Cd**-ions can lead to the expression of a family of proteins that assist in the
construction of (1 —3)nm CdS-nanoparticles intracellularly [32]. Once, the desired size of
nanoparticles is reached, yeast produces a glutathione-like protein to coat the surface of the
nanoparticles. This protein helps to stabilize the nanoparticle from aggregation inside the cell and to
direct the nanoparticles out of the cell. X-ray scattering data showed that the nanoparticles had a
hexagonal lattice structure. Further experiments have been conducted to improve the quantity of
semiconductor CdS nanocrystals production that was achieved by using Schizosaccharomyces
pombe cells [33]. New experiments suggested that the formation of CdS nanocrystals was
dependent on the growth phase of yeast. When these cells were incubated with 1 mM Cd during
their mid-log phase of growth, maximal nanocrystals were obtained. When Cd was added during
stationary phase, its uptake as well as production of CdS nanocrystals was decreased or resulted in
no CdS formation. The possible mechanism of decrease in CdS nanocrystals formation was also
proposed in this work: upon exposure to Cd as a stress, a series of biochemical reactions were
triggered to overcome the toxic effects of this metal. Firstly, an enzyme phytochelatin synthase was
activated to synthesize phytochelatins (PC) that chelated the cytoplasmic Cd to form a low
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molecular weight PC — Cd complex and ultimately transport them across the vacuolar membrane by
an ATP-binding cassette-type vacuolar membrane protein (HMT1). In addition to Cd, sulphide
could also be added to this complex in the membrane and that results in formation of high
molecular weight PC — CdS™ complex that also allow them to sequestered into vacuole.

According to recent studies [27,34], fungus Fusarium oxysporum produces different kinds of
semiconductor nanoparticles (CdS, CdSe), however the resulting nanocrystals have low quantum
yields (QY < 10 %) and large size distributions (relative standard deviation RSD > 15 %), resulting
in broad emission spectra (~ 50 nm full-width at halfmaximum). Exciting is the finding that the
exposure of F. oxysporum to the aqueous CdSOy solution yield CdS quantum dots extracellularly
[27]. However, reaction of the fungal biomass with the aqueous CdNO3 solution for an extended
period of time does not yield CdS nanoparticles, indicating the possibility of the release of a sulfate
reductase enzyme into the solutions.

Bacterium Clostridiumm thermoaceticum precipitates CdS at the cell surface as well as in the
medium from CdCl, in the presence of cysteine hydrochloride in the growth medium [35]. Most
probably, cysteine acts as the source of sulfide. When Klebsiella aeogenes is exposed to Cd** ions
in the growth medium, 20 to 200 nm CdS formed on the cell surface [30]. Intracellular CdS
nanocrystals, composed of a wurtzite crystalphase, are formed when E. coli is incubated with CdCl,
and Na,S [36]. Nanocrystal formation varies dramatically depending on the growth phase of the
cells and increases about 20-fold in E. coli grown in the stationary phase as compared with that
grown in the late logarithmic phase. The CdS nanoparticles produced within E. coli bacteria range
in diameter from (2 —5)nm. Although moderately polydisperse, it was estimated that each
bacterium generated greater than 10 000 CdS nanoparticles. Later it was demonstrated that this
strain of E. coli is able to produce ZnS semiconductor nanoparticles, (20 — 100) nm, as well [36]. In
a remarkable investigation, Labrenz et al [37] has shown that spherical aggregates of 2 to 5 nm-
diameter (ZnS) particles are formed within natural biofilms dominated by sulfate-reducing bacteria
of the family Desulfobacteriaceae.

In last years PbS semiconductor nanocrystalls were also synthesized using yeasts and bacteria
[38]. It was shown, that Torulopsis sp. is capable of synthesizing PbS nanocrystals intracellularly
when challenged with Pb**. Biosynthesized crystalls are (2 — 5) nm in size. In 2007 Gong et al [39]
synthesized the uniform nanoparticles PbS with diameters about 13 nm using extremophilic
microorganism — thermophilic sulfate-reducing bacterium Desulfotomaculum sp. Bacterial cells
were exposed to Pb(NOs), action at 15, 25, 35, 40 °C as a batch culture with pH 5-9 for two days.
According to experimental observations, Pb** could directly react with S~ produced by
Desulfotomaculum sp. and produced PbS nanoparticles immediately. The results also revealed that
the PbS crystallites were identical in structure, shape and size under different temperatures while
their morphology changed from rod to spheroidal with pH increasing.

3. BIOSYNTHESIS OF METAL OXIDE MATERIALS

Recently the first publications appeared on the synthesis of TiO, and ZrO, metal oxide
materials [40—42]. Bansal et al showed that hexafluorozirconate ions can be reacted with Fusarium
oxysporum to yield zirconia nanoparticles of average size (3 —11) nm [40]. Later, they have
extended their findings through a detailed study of the reaction of the fungus Fusarium oxysporum
with aqueous anionic complexes TiFs”~ [41]. The size of titanium particles produced was within the
range of (5 — 15) nm. The authors observed that exposure of the fungus to the titanium complexes
induced the secretion of proteins of molecular weights 21 and 24 kDa. The molecular weights of
these proteins are quite close to those observed on zirconia formation with the same fungus
implying that they are the same proteins or their post-translationally modified variants.
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4. BIOSYNTHESIS OF MAGNETIC NANOPARTICLES

It is well known that unicellular organisms such as magnetotactic bacteria produce magnetite
nanopaerticles. For example, Magnetospirillum magneticum produce two types of magnetite
nanoparticles; some bacteria produce magnetic (Fe;O4) nanoparticles in chains and some produce
greigite (Fe;S4) nanoparticles [43,44]. Single-domain, uniform magnetic particles (~ 12 nm size) are
formed exclusively outside of the bacterial cells by a thermophilic fermentive bacterial strain
Thermoanaerobacter ethanolicus (TOR-39) [45]. Transition metals such as Co, Cr and Ni may be
substituted in thesemagnetic crystals by way of electrochemical processes [46]. In the presence of
exogenous electron donor, sulphate reducing bacterium Desulfovibrio desulfuricans NCIMB 8307
has been shown to be synthesizing palladium nanoparticles [47].

Overall, the literature suggests that a case for the serious investigation of microorganisms has
been made as a possible alternative to the more popular physical and chemical methods that are
currently prevalent. Biological methods are simple, practical, and unexpensive for producing novel
metallic nanoparticles possessing unique chemical and physical properties. However, number of
issues need to be address from the nanotechnology and microbiology points of view before such
biosynthetic procedures can compete with the traditional protocols. The surface chemistry of
biogenic nanoparticles should be properly recognized (i.e. nature of capping surfactants / peptides /
proteins). The elucidation of biochemical pathways leading to metal ion reduction in the different
classes of microbes is necessary to develop a rational microbial nanoparticle synthesis procedure.
Genetic engineering techniques can potentially be used to improve the particle properties and to
control their composition. At present, microbial methods in the synthesis of nanomaterials of
varying composition are extreme limited and confined to some metals, semiconductors and very
few oxides. Most importantly, the monodispersity of the nanoparticles produced either intra- or
extracellularly by tested microorganisms is not very high and far inferior to that obtained through
conventional chemical methods. Significant improvement in the monodispersity has been achieved
using extremophilic microorganisms.

This work was funded by Grant # STCU-GNSF 5002 from the Ukrainian Science and
Technology Centre (STCU) and Georgian National Science Foundation (GNSF).
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1. INTRODUCTION

The theory of specific heat of solid state, as is known, was created by Einstein [1,2] and then
by Debye. Einstein’s theory is based on Einstein’s model of solid state. According to this model, all
the atoms of the solid state have the same oscillation frequency, but in Debye’s model atoms’
oscillation is presented as the frequency spectrum of isotropic continuum elastic oscillations. So, in
the low temperature range the results of Einstein’s and Debye’s theories do not differ very much
from each other, though in some cases Debye’s theory is very close to experimental results. In high
temperature ranges, the results of Einstein’s and Debye’s theories are similar, and both turn into
Deulong’s and Petit’s rules (Fig. 1).
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Fig. 1. Temperature-dependence of the crystal lattice heat capacity
according to Debye’s and Einstein’s theories (7, is the Debye temperature).

According to many experimental data [1,3-5], we can agree to the very important results that
in low temperature, as well as in high temperature ranges, in general Deulong’s and Petit’s rules for
three-dimensional crystal states (3D systems) do not work. Neither do Einstein’s and Debye’s
theories in 2D quantized systems [4,6—8]. Heat capacity of any substance depends on the frequency
of atomic oscillations. This frequency depends on the interatomic bonding energy. In 1984 a group
of some authors offered a conception, which says that interatomic bonding energy depends on the
correlation of bonding and anti-bonding quasi-particles (quasi-free electrons and holes in
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semiconductors). Actually, this idea is the result of simplest hydrogen molecule analogy: bonding
energy in hydrogen molecule is maximal, when it is performed by two, different in spin, electrons.
These electrons are called bonding electrons. They are located in the singlet level (bonding level) of
molecule. If we transfer one of them to the triplet level (anti-bonding level), then the molecule will
collapse. Or if we add third electron to this molecule, (it will take the anti-bonding level, because
bonding level is full) bonding energy will decrease. If we view solid as one huge molecule, then,
according to type of interatomic bonding and correlation of bonding and anti-bonding quasi-
particles we can speak about bonding force. According to the given conception melting, diffusion,
defects precipitation, photomechanical and photo-stimulated diffusion occurrences in covalent
crystals were investigated successfully in [9-12]. Let us calculate the heat capacity for covalent
crystals.

2. CONCEPTION OF COLLECTIVE BONDING FORCE DECREASING IN COVALENT
CRYSTALS AND ITS CLARITY

In covalent crystals chemical bonding between neighbor atoms is realized with sp’ hybrid
bonding. Separately, in one atom of covalent substance there are four electrons on the last orbit: two
of them are s electrons and the other two — p electrons. Fig. 2 presents a scheme of converting
molecular orbitals to zone pattern. There is AE, energetic difference between these s and p atoms.

There are 2 vacancies in s state and 6 in p state (Fig. 2a). If the molecule is made of atoms like this,
there appears virtual sp® hybrid level, where we have 8 places and all 4 (2 s and 2 p) electrons are
virtually situated in them (Fig. 2b). After electrical and magnetic influence, sp® hybrid level
collapses into bonding ¢ and anti-bonding o* levels. At each of them we have 4 places. All four
electrons of the given atom occupy o bonding level and o* anti-bonding level is empty (Fig. 2c¢).
These full o levels in the whole substance create a valence band which is full with bonding
electrons and o* levels create an empty conducting band. One part of the collapsed s state of atom
is the bottom of the conducting band and the other — bottom of the valence band, while one part of
the collapsed p state is the top of the conducting band and the other part — top of the valence band
(Fig. 2d). These results are known from [13].

p(6) a {4)

—00

l';L

Ex

When one o electron moves to the anti-bonding level, there appears another anti-bonding
particle: anti-bonding hole. As the top of the valence band is one part of p state, the wave function
of the electron in this part has p symmetry and at the bottom of the conducting band the function
has s symmetry. So, electron’s movement from bonding level to anti-bonding level causes not only
a decrease of the interatomic bonding force, but change of bonding symmetry. This means
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increasing part of symmetry in linked electrons’ wave function (we will consider this question in
detail in the next section). According to the conception which was offered by authors of [14],
decrease of bonding force and change of bonding symmetry take place between these atoms, where
the anti-bonding quasi-particles “travel”. Based on this conception, melting of the substance will
begin when the concentration of anti-bonding quasi-particles is so great that during one cycle of
atomic vibrations, anti-bonding quasi-particles will “travel” in all the atoms of the substance. We
think that this conception is essentially valid, but it needs freeing from some inconsistency, which is
caused by the conditions listed below: at a given temperature the quasi-impulse of anti-bonding
quasi-particles is p ~~/3m kT , where m’" is the effective mass of the quasi-particle. Based on the

given conception d ~ 1/ N'?. According to the Heisenberg principle, pd > 27 i which means that
N3m kT / 27 N'? >1 condition must be met, but even for the highest melting temperature

T=T,, e.g. for silicon \/3m*kT/ 27 N'? <0.1. So, the Heisenberg principle isn’t met. This

means that it is unable to use even the classical rules of statistics. As we remain in the frame of
conception of collective decreasing of bonding force by anti-bonding quasi-particles [14], our
method is based on the wave nature of quasi-particles. In semiconductors quasi-free particles
(electrons and holes) wave function in effective mass approximation may be expressed by
de Broglie wave instead of Bloch’s function. In terms of this, one quasi-particle decreases the
bonding force and changes the symmetry not only of one atom but a whole group of atoms that are
placed in a definite part of de Broglie wave length. De Broglie wave lengths for quasi-free electrons

and holes are A,, = 27£h/ W and 4, = 27[71/ W , respectively. Here m, is effective
mass of quasi-free electron and m, — effective mass of quasi-free hole. The volume of spheres with
diameters A, and A, are V, =47, /3 and V, =474, /3. As we are focused on
semiconductors, so n=p =n,. 2n,V is the number of all anti-bonding quasi-particles in the entire
V volume, and n,V (V +V, )= @r/ 3)114(/13 + A )V is the sum of volumes of all the spheres
with diameters 4, and A, . At melting temperature q,(T )= (4x/3)n,(T )( (T,)+ 2 ( ))>1
e.g. in silicon ¢, (T, )= 30 in germanium ¢, (7, )= 52 and in GaAs ¢, (T, )= 52. It’s definite that
nAV(VDe + VDP)> V . If we consider that anti-bonding quasi-particles decrease interatomic bonding
force and change symmetry of wave function in atoms which are located on A, =4, /¢, (T,) and
A, =2, 1qp (T,) distances, then the value g =(47/3)n, (ﬂi +/1§,) will change at the melting
temperature like this:

olt,)= " (T, 220, )+ 2(T,)= 1. m

We think that this is the melting condition. It means that the influence of anti-bonding quasi-
particles spreads everywhere in the entire crystal. When anti-bonding quasi-particles are not created
by thermal energy but in a different way, e.g. by light or pressure etc, then 7 # 7, , which means

that conditions of changing bonding force and symmetry of wave function look like this:
?nk( 2(1)+ A (T))=1. )

So, if melting is caused by heat transfer, then critical concentration of anti-bonding quasi-
particles is the number of these particles at the melting temperature in a given crystal. If melting is
caused by light (laser) etc, then the concentration of quasi-particles must be given with (1)
condition:
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47°h m,” " +m,
So,
nk (T) T 3/2 T 3/2
vaylr) =nomnafz)
As is known, in pure semiconductor:
. fmymy k1, }° e,
n=n=p= P xp(—%j (5)

and €, ()= £,(0) -aT; (T,+T,), m, and m 4 are effective masses density-of-states of
electrons and holes density.

3. CHANGE OF WAVE FUNCTION SYMMETRY AND DECREASE OF BONDING
FORCE BY ANTI-BONDING QUASI-PARTICLES IN COVALENT CRYSTALS

As we said above, the bonding between atoms in covalent crystals is affected with sp’
hybrid wave function. First, let’s calculate the energy of covalent bonding in an ideal covalent
crystal. When it isn’t excited, calculation can be made using the LCAO method. We choose only
one direction, because all the other directions are the same. The function of this sp” hybrid bonding
in direction, which is given in Fig. 3 looks like this [15]:

1 V3
¢1,2("‘)=5l11s (r)+7lppx(r)' (6)
Covalent bonding energy between 1 and 2 atoms is [16]:
1
VC(O) =< q)l (11H|q)1 (2) >= _Z (Vvso‘ - 2\/§va6 - 3Vppo‘ )’ (7)

Voo =<y, (}Hly,(2)>,
V. =<y, ()H|y, 2)>=-<y, ()Hy, (2)>;

Vppo‘ :< l//px (1MH|I//1)X (2) > *
These matrix elements are given in [11].

b {1} th (2]
Fig. 3. One of the sp” bonding orbital shapes.

Now let’s consider the case when an electron tears off the sp> hybrid bonding (Fig. 4), moves
to interatomic space (in conducting band), and a hole appears in its place. Symbolically, we can call
this transition sp® — sp”s”, which means that one of the 4 bonding electrons is moved to anti-
bonding orbital, which has s symmetry. If we choose the general sp° hybrid bonding function (6) as
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the basic function (as it was in the previous case), we will provide the principle of bonding
maximality and the fact that in this state, from where the bonding electron comes, the probability of
catching another electron, rises twice. Using the LCAO method, sp’s~ bonding wave function is
given as:

1
M () — _
> (r)= 2\/5{(\/5+3)‘Ps(r)+\/§(\/§ ), (n}- )
The s and p functions’ coefficients can be considered as “parts of state”, when sp’ hybrid
bonding is changed with sp’s~ one. Generally, in sp> hybrid bonding part of p state is 3 times greater

than part of s state, but in the case of sp°s~ bonding, part of s state is ((\/5 + 3)/ (\/5 (\/5 - 1)))2 =40
times greater, than the part of p state. So this is isotropization of bonding.

a1y Wy 12y
Fig. 4. Shape of sp°s~ orbital in one of directions.

In regard to covalent bonding energy, for the given state it looks like this:

v =< (1)[H|®" (2) >=%{(11+6J§)VM —2V3(2v2-1)v, +3(3—2\/§)VM} .9

spo

4. HEAT CAPACITY CALCULATION

We will calculate the heat capacity for covalent crystals in Einstein’s model of solids
according to the given results. In this model, in a substance which is built with N number of atoms,
the oscillation energy is:

F-_ Nmw (10)

ex [th—l
Pl

In this equation zero-point oscillation energy is ignored, because only these oscillations take
part in the interaction with electrons that are caused by energy higher than zero point energy.
Generally, atomic oscillation frequency depends on covalent bonding energy [16,17]:

-3/2
V, V,
w=8 |—C— |1+ | (11)
3d*M V.

where V, =(¢" —£®)/2 is ionic bonding energy on hybridized orbital, £"and &' are

terms of the atoms, which have s electrons on the last orbital (in Ge and Si, V, =0), d is the

distance between atoms, M 1is the mass of atom. The distance between atoms insignificantly
depend on the concentration of anti-bonding quasi-particles [18], but V. and oscillation frequency

depend on it significantly. If 7 =0K, @ = @, then
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3/2

Vo
1+
oln) _ |Vem)| V(0 (12)
0)0 Vc(o) 1+L .
Ve(n)

The probability of the fact that the atoms of the given covalent crystal will bond with each
other with decreased bonding force is:

3 /1 3
HORE
T
W, = ==+ ). 13
! V/N)N 6( A hn (13)

And the probability of occurrence of ordinary bonding is:

W, =1-W, =1—4?”(/13+/1;)ni. (14)

It means that
Ve =(1= 2 e o G v s
Let’s say that

— 11—y O = 1+V, [V 3/2,
r=ime et 14V, /v

=] =)

3 (Tm ) m m

e p
According to this we get:

T
w, =0)0\/1—4Tﬂ'7§(/13+/1;)ni :wo\/l_é‘j/exp(— gg( )] .

2kT
Based on the definition of heat capacity, its expression will be:

C=3Nk (ha)(n)J2 p kT +lha)(n) Sg(0)+ aTT, y
kT [ (ha)(n)j Jz 4 kT kT k(T+T,)
L Ve

£,(T) ha(n)
O _
yfexp( 21<T] L how exp( kT j

X
] £,(D) exp(h"’(”)J kT [ha)(n)J Y
\/ -0 exp( T J kT exp T 1

Other constants for some covalent crystals are given in Table 1.

As for the results of this formula for Si, Ge, and GaAs, they are given in Fig. 5. Light dots are
the experimental results for Ge and black dots for Si [5].

In the case of low temperatures, when 7@ >> kT, and then @, = @,, formula (16) will
change like this:

ha, ? ha,
C=3Nk T exp| — T ) (17)

(16)
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This result is similar to that of Einstein’s theory for low temperature range. In case of high
temperature, when 7@ << kT, , according to (16) formula we get:

oyé exp(— il (T)j

c sl i), 1(20) aTT, 24T ) | (18)
kT 4\ kT k(T +T) |_sye _£,(T)
Yo T ok

Table 1. Covalent crystals’ physical constants.

Constants Ge Si GaAs
£,(0), eV 0.74 1.17 1.519
a,eV/K 477 - 107 473107 54-107
T,.K 235 636 204
m,, | m, 0.57 1.08 0.85
my, I m, 0.37 0.59 0.53
m, /'m, 0.18 0.26 0.067
m, I m, 0.25 0.38 0.15
VP, eV -5.6 - 6.1 -5.56
v, ev -24 -26 -24
w,,s” 5-10"° 910" 4.7-10"
w,,s" 3.4-10" 6-10" 2.3-10"
q(T,) 52 30 52
n(T,),cm™ 1.84 - 10" 3.2-10" 74-10"
T,,K 1210 1690 1511
4 0.57 0.57 0.57
C(T,), cal / mole - K 9.5 10 7.14

91



Z. Gogua & G. Kantidze. Nano Studies, 2, 85-94, 2010
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Fig. 5. Dependence between heat capacity and temperature in
3D crystals in Ge and Si according to formula (16) and [5].

In the case of nanostructures, these formulas work well, excepting those in which
concentration of charge carriers in pure semiconductors takes place. As all parameters are same,

except n., we get [19]: n’® = [N2’N2” exp(- g, (T)/2kT), where NZ” =m kT /7xh*W and
N’ =m wkT / zh>W are densities of quantum states at the edges of conducting and valence bands

in 2D systems and W is the thickness of the sample. According to this data, the dependence
between temperature and oscillation frequency is:

£,(T)
exp| — -

ao(T) =w,\|1-0 _—, (19)
0 175 W\/ﬁ
where
S = 47[3\/mdemdp ( -3/2 —3/2)
= \m, +m, .
93 ¢(T,)

The final formula for heat capacity will be:

exp(hw(n)j
(ha)(n) kT l[hm(n)j Eys (eg(O) aT T, J
C=3Nk - + “1lx
kT )Jkrw\ kT k(T, +T)’

KT j 2 4
[exp(hf;n)J —1)
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_ &) ha(n)
eXp[ 2kT j 1 _[ha)(n)j eXp( kT j 20)
h KT 2
exp[gg (T)j exp[ i);n)j_l (exp(ha)(n)j_ 1]
-5 ye 2kT kT
: wkT
In high temperature range, when Z@ >> kT :
£, (T)
C=3Nk 1+(h‘”(”)j 11 €76 (80 aTT, | T 1)
B kT 4Jkrw\ kT k(T, +T) ( £, (T)J
exp| —
2kT
1=dr¢ JKT W

As it seems, in the case of low temperature range in 3D crystals, as well as in 2D systems,
dependence between heat capacity and temperature is described with the same equation, but in high
temperature range in 2D system, besides this dependence, there appears a dependence on
nanocrystal’s depth.

Let’s see how our equation complies with the first principle. In our calculations we used
results based on Maxwell-Boltzmann distribution function (rules of classical statistics). We can use
them if between Fermi level and corresponding band level energetic difference is ~ (2—-3) kT . We
consider the semiconductors where location of Fermi level, according to classical statistic rules is
given as follows:

pofeB  3yppm _Ec—Ey
2 4 T m 2

P
Even at the highest temperature in Ge and Si A(T,) ~ 2kT and A(T, ) ~ 3kT . This means that
we can use rules of classical statistics. As to using basic criteria of a kinetic equation it looks like:
EAt>>h=d>>A,/2rx, where d is the average distance between anti-bonding quasi-particles.

- A(T)

d ~ ﬂD/qm(Tm) , because ¢'°(T,) ~3-3.6, d/A, >1. So, using kinetic equation criteria is met
approximately.

S. SUMMARY

The interatomic bonding energy was calculated in covalent crystals in the conditions of
sp3 — spzs' excitement (when sp3 bonding electron takes anti-bonding position). It is shown that
part of s state increases and p state’s part decreases many times in sp3 hybrid bonding in this state.
This causes an increase of the degree of freedom of atoms, so this means that the state becomes
“fluid” or “soft”. Besides, interatomic bonding force decreases and based on this conception, we
considered melting process and defined the critical concentration of anti-bonding quasi-particles.
This anti-bonding particles form not only by heat transfer, but by any external excitement (light,
injection of charge carriers, pressure etc.). The heat capacity in Einstein’s model of solid state is
calculated according to the dependence between phonon spectrum of atoms and concentration of
anti-bonding quasi-particles. These calculations are made for 3D crystals as well as for low-
dimensional nanocrystals. Calculations, performed using this method show that, as is seen in Fig. 5,
in usual crystals, calculated heat capacity agrees with experimental data better than the calculation
results using previous methods. Our method is not very precise but it has other positive sides: this is
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a methodologically new principle which can be used in the case of states with different type of
chemical bonding in 3D systems, as well as in low-dimensional systems.
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1. INTRODUCTION

Thermo-stimulated luminescence of aluminoborosilikate glass doped with CdSe quantum dots
(average radii R ~ 28 and 47 A) and irradiated by ionizing radiation was studied first in [1].
Compound peaks at 100 and 150 °C, respectively, were observed on thermo-stimulated
luminescence (TSL) curves of these samples. The intensities of these peaks increased with
irradiation dose growth so, that dose-effect linear correlation was revealed. Consequently there is a
prospect of CdSe QDs-doped glass application as a dosimetric material.

One of the severe requirements to such materials is high stability of properties, which is
expressed on the one hand in the possibility of long-term storage of dosimeteric information [1] and
on the other hand in reproducibility of results during repeated irradiation — reading cycles. The last-
named question will be studied in the article presented.

Optically stimulated luminescence (OSL) [2] is even more sensitive method for solution of
similar tasks, but in the case under investigation application of this method for samples containing
semiconducting CdSe was hampered and available thermo-optical luminescence (TOL) method [3]
was used only for studies of photoluminescence and its temperature quenching [4].

Results of ultraviolet light (UV) effect on the material under investigation are also given.

2. SAMPLES AND METHODS

Measurements of TSL and photoluminescence temperature quenching were performed on the
modernized unit [1] that performs selective measurements of CW—-OSL (a constant illumination
intensity mode) and high-temperature TSL, ((300 — 775) K, a constant heating rate) as well as TOL.
The luminescence was recorded by photoelectric multiplier integrally over all wavelengths. The
source of exiting light is blue LED, A =447 nm.

The investigated samples were prepared by growth of quantum dots in glass [5]. The average
radii (28 A) of CdSe nanoparticles were determined by the transmission electron microscope. For
comparison, along with the activated samples the “pure” ones i.e. samples not doped with
nanoparticles were studied.

The samples in the presented paper were the same as in [1]. Previously they underwent
repeated cycles of ionizing radiation action and high-temperature TSL measurement. In the
experiments with application of UV were also used the same samples.

Irradiation was carried out at room temperature by X-rays on the URS-55M device with
X-ray tube BSV-2Cu with a copper anticathode (50 kV, 20 mA).

The UV light irradiation was performed by the mercury-quartz lamp DRT-220 application.
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3. RESULTS AND DISCUSSION

TSL curves of irradiated samples with CdSe QDs having radii of 28 A (curves 3-8 [1]) are given
in Fig. 1a. An intensive compound peak in the temperature range (50— 300) °C (with maximum at
150 °C) as well as a low intensity peak at 375 °C was observed. With irradiation time growth the
intensities of both peaks rise with constant rate. Prior to TSL detection spontaneous post-radiation
luminescence was also observed — very intensive signals that extinct exponentially with time.
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Fig. 1. TSL curves of CdSe quantum dots (28 A) doped glass irradiated by X-rays
(curves 3 — 8) and UV light (curve 2). Irradiation time: curve 2 -5 h; 3 -10; 4 — 15; 5 — 20;
6 —40; 7 — 60; 8 — 80min. Curve 1 refers to the undoped glass after X-irradiation (30 min).

Intensities of TSL curves obtained this time (sample exposure times are 30, 40 and 60 min)
are almost by (20 — 25) % lower than similar curves in Fig. 1a. However linear correlation between
TSL peak intensity and exposure time is retained. Consequently, possibility to measure doses of
ionizing radiation with samples of CdSe QDs doped glass does not vanish.

For investigated samples irradiance responsivity decrease for repeated cycles of “irradiation-
reading” is possibly due to internal changes that are caused by thermal load in the process of high
temperature TSL measurement. It is encouraging that temperature location of the main peak in
Fig. 1a is considerably remote from the high temperature zone and fatigue effect will have a little
impact on dosimetric memory of the material.

UV light effect in TSL of investigated samples is negligible compared with X-ray impact.

After 5 h irradiation one negligible peak is observed at ~ 250 °C (curve 2, Fig. 1b), i.e. in the
temperature range that is overlapped by intensive TSL peak (150 °C) of X-rayed samples (see
Fig. 1a). Curve 1 refers to the undoped glass after X-irradiation (30 min).
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Fig. 2. TSL curve of X-irradiated sample — curve 1 (the same as curve 7, Fig. 1) and
components of its resolution (curves 3, 4, 5, 6 and 7) and summed curve of components — curve 2.
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In Fig.2 the result of formal resolution of TSL peak at 150 °C (curve 7, Fig. la) into
elemental components is given. Curves 3, 4, 5 and 6 display presence of spectrum of trapping sites
for charge carriers that are released at temperatures 90 (3), 141 (4), 190 (5) and 262 °C (6). In our
opinion, it is real to isolate the most low-temperature peak (3) from this peak group by combined
TSL + OSL (TOL) method and “develop” operating peak of prospective detector on its basis.
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Fig. 3. Luminescence quenching curves of CdSe quantum dots (28 A) doped glass before (curve 1)
and after irradiation by X-rays (irradiation time: curve 2 — 15, 3 — 30 and 4 — 45 min) (a)
and photoluminescence intensity dependence on sample exposure time (b).

Curves, shown in Fig. 3a were formally obtained by TOL method, but actually they are
curves of photoluminescence temperature quenching, as it was noted in Introduction. Curve 1
applies to glass sample with CdSe QDs before irradiation; curves 2, 3 and 4 refer to the same
sample after X-raying (exposure times are 15, 30 and 40 min, correspondingly). In all the cases,
both before and after irradiation the effect of temperature quenching of photoluminescence prevails
(charge transfer between energetic levels of CdSe), and weaker TSL effect (charge transfer between
CdSe luminescence centers and glass trapping centers) does not become apparent.

Luminescence quenching curve lies progressively lower when increasing irradiation dose.
This, evidently is caused by the fact that the more X-ray intensity is, the more charge carriers leave
QDs and are captured by glass traps. As a result the efficiency of photoluminescence processes
should decrease (that is actually observed in Fig. 3a), whereas TSL which is caused by the process
of carriers return to QDs, should increase (see Fig. 1a). Proceeding from such pattern of charge
carriers’ behavior and from the radiation growth trend of TSL intensity, photoluminescence
intensity should decrease with exposure time growth, which is actually shown in Fig. 3b.

4. CONCLUSIONS

The investigation of glass samples doped with CdSe nanoparticles and X-rayed showed that:

e Peak at 150 °C on the TSL curve is a compound one and originates from superposition of
at least four elemental peaks.

e When repeating cycle “irradiation-reading” multiply possibility to identify dose of
ionizing radiation is retained.

e Photoluminescence efficiency decreases with irradiation dose increase.

UV radiation effect on the specified samples is negligible.
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1. HEKOTOPBIE BOITPOCBHI PABBUTHUS HAHOTEXHOJIOT'UA

B nmocnenHee BpeMsi BO BCEM MUpPE CTPEMUTEIBHO Pa3BUBAETCS HOBOE HANPABICHUE HAYKU U
TEXHUKH, HA3BAHHOE HAaHOTEXHOJIOTUEH.

HaHOoTexHONMOruI0 MOKHO ONpEeNnTh Kak HaOOp TEXHOJOTHM M METOAOB, OCHOBaHHBIX Ha
MaHUITYJSIUSAX C OTACTBHBIMU aTOMaMH M Mosiekynamu B Macmtabax (1 — 100) nm (1 Hanometp =
107 MeTpa). DTH METOJIbl, PETYIUPYsl CTPYKTYPY M COCTaB BEIIECTBA MO3BOJISIOT CO3JaBaTh HAHO-
Marepuaibl, HAHOCTPYKTYpbl, HAHOXJIEMEHTbl U HAHOHOCHUCTEMBI [JIsi MPUMEHEHUS] B Pa3HBIX
OTpacisix HayKH, TEXHUKH U IPOMBIIUIEHHOCTH.

A TepMUH HaHOHAyKa, MO OMPEACIICHUIO MEXIYHAPOJIHONW OpraHU3alui MO CTaHIAPTU3ALNU
“ASTM International” o3Ha4aeT ‘“W3ydyeHHE MaTEpPUAJIOB, MPOIECCOB, SIBJICHUN WM YCTPOWCTB B
HAaHOMETPOBOM JAMaIa3oHe”.

HecMoTpst Ha MajeHbKHMI CPOK pa3BUTHS, HAHOTEXHOJOTHUS, OCHOBBIBAsACh HA JOCTHUIKEHHUSX
Gu3MKM, XUMUHU, OMONOTMH W JPYruX (pyHZAMEHTATbHBIX HAyK, HaMeuyaeT HEBHJAHHBIC paHee
MEPCTIEKTUBBl U HEBEPOSTHBIE BO3MOXHOCTU €€ NMPUMEHEHHS BO MHOTUX cdepax NesTeIbHOCTH
yenoBeka (puc. 1). I1o nporuo3y, HAHOTEXHOJOTH PaIuKaIbHO H3MEHHUT >KU3Hb YEJIOBEYECKOT0 00-
IECTBA M TIOBJIUSIET HAa MPOIECCHI, MpoTekatomue B mpupone. Ilo mannsim skcneproB CIIIA
pa3BUTHE HaHOTEeXHOJOruu yepe3 10 — 15 yer mo3BoNMUT cO34aTh HOBYIO OTPACIb SKOHOMHUKH C
o6opoTroM | TPUIUIMOH AOUTAPOB U MUJUIMOHBI pabounx MecT, a Kk 2030 roay mojloBHHA TTPOU3BO-
JMMOM MPOIYKIIMU B MUpe OyJIeT U3rOTOBJICHA C MIPUMEHEHHEM HaHOTeXHoJoruu. MHoroe u3 cep
MIPUMEHEHHNSI HAHOTEXHOJIOTMM HEM3BECTHO JaXKe YUEHBIM.

Hcxonst U3 3TOro, HAHOTEXHOJIOTUSL MOXKET OBITh OmpeseneHa emeé Kak COBOKYIMHOCTb MpPH-
KJIaIHBIX MCCJIEIOBAHUM HAHOHAYKH M MX MPAKTUYECKUX MPUMEHEHUH, BKJIIOYasl MPOMBIIIJICHHOE
IIPOU3BOJICTBO U COLIMAIIbHBIE TPHIIOKEHHUS.

HanoTexHosorust mpu3HaHa CIieUaIMCTaMU BCEX CTpaH Hanbosee BCeoObEMITIONIEH OCHOBOM
JambHEHIIero pocTa MaTepUaIbHOTO MIPOU3BOICTBA M 0JIATOCOCTOSHUS JIIOJCH.

O nonynspHOCTH HAHOTEXHOJIOTUHU YKA3bIBAET TO, YTO B HACTOSIIIEE BpEMs €XKETOJHO IMPOBO-
JSTCSL COTHU KOH(EpEeHIHi, MOCBSAIIEHHBIX Pa3IMYHBIM acTieKTaM HaHOTeXHouoruu. OnyOiImnKoBa-
HbI COTHU ThICAY CTaTheil 1 MOHOrpaduii, CO3AaHbl CIIEIHAIBHBIE CAlThl B UHTEPHETE, UJIET UHTEH-
CUBHAsl TIOJITOTOBKA K CO3JaHHUI0 HAHOXJIEKTPOHHBIX JJIEMEHTOB M PA3IUYHBIX (DYHKIIMOHAIBHBIX
YCTPOMCTB OT MPOCTEUIINX O HAHOKOMIBIOTEPOB.

MosHO yOeauTensHO CKa3aTh, 4To X X[ Bek — 3T0 BEK HAHOTEXHOJIOTUU U 3Ta TEXHOJIOTHS BO
MHOI'OM OINPEIEIUT HE TOJBKO HAYYHO-TEXHUYECKHI MPOrpecc, HO U COLHUAIBHO-DKOHOMHYECKOE
O6marococtosiHue obuiectBa. HanoTexHOMOrus paguKkanbHO Mpeodpa3yeT 4eloBEUYECKYIO >KHU3Hb B
1IEJIOM, U 3TO TIO MTPOTHO3aM dKcrepToB Beero 3a 30 — 50 mer.

Heo6xoauMo OTMETHUTH, YTO BOSHUKHOBEHHE HAHOHAYKH M HAHOTEXHOJIOTUU HE 00YCIOBJICHO
TOJNBKO YMEHBIIEHHEM TIE€OMETPUYECKUX pa3MEPOB MaTepHaloOB (4acTUL) [0 HAHOMETPOBOIO
ypoBHsI. OCHOBHBIM (DaKTOPOM SIBIISICTCS MOSBICHUE Y 3TUX MAaTEPUATIOB COBEPIIEHHO HOBBIX, YHU-
KaJIbHBIX CBOMCTB, KOTOpbIE HE OOBSICHSIIOTCS B paMKax KJIaCCUUECKON (PU3MKU U TpeOYIOT MpHUBIIe-
YEeHUs1 KBAaHTOBOW (Pu3MKHU. J[1s1 OOBSICHEHUS W MCCIIEAOBAHUS MPOIECCOB U SBJICHUHN, MPOTEKAIO-
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X B HAHOOOBEKTaX MOHAJO00MINCH HOBBIE HJIEH, TTOAXO0/bI, HOBasl U3MEpUTENbHAs annaparypa u
TEXHOJIOTUYECKOE 00eCrieueHre OTyuYeHUs HAHOMATEePHAJIOB K HAHOCTPYKTYP.

Pazmepnbie 2 (HeKThI, MPOSBIAIONIMECS B HAHOMACIITAOHBIX 00BEKTAaX pa3HOOOpa3HbI (M3Me-
HCHUC BHCKTpI/IquKOﬁ MpOBOAUMOCTHU, MArHUTHBIX CBOﬁCTB, MeXaHUYECKOUI IMPOYHOCTH, U3JIy4da-
TEIbHOU CIIOCOOHOCTH, ONTHYECKUX XapaKTEPUCTUK, XUMUYECKUX CBOMCTB, OMOJIOTHYECKON aKTUB-
HOCTH U JIp., @ TAK)KE XapaKTep UX U3MEHEHUI) U OHU OIPENEIISIOT CBOMCTBO U MPUMEHEHUE ITUX
HAaHOOOBEKTOB. BakHO OTMETUTH, UTO MpPH MEepexoie Ha HAHOPa3MEPhl MEHSIETCS CTPYKTypa TBEp-
IbIX TN (B T.4. MOJYIPOBOAHMKOB), MEHSETCS IIMPUHA 3alIPEIEHHON 30HBI, NHOTJIA U XapakTep
XUMHUYECKOHN CBA3U.

HanobuoTexsono-

(I)ynnepeim, e o
' B MCAHLHKE,

dynnepHTsl,

XuMuyeckue

TEXHONOTHH, HaHOTDYGKH, Guomnoruw,
KOMTO3HTEI HA CENBCKOM
KaranH3arephbl -
P HX ocHOBE xozAiicTse,
S _KOJIIOTHH
A

Hanocrpyk -

burT,
TYpHbIE _ OTaRBIX, Asdauns v |
:;l;leg:;g; passiedeni, | KOCMOHABTHKa [§
HA3HAYEHHA

CHopT

1

Kommstoteproe
MOZIENAPOBAHME

BHOXUMUA

. Buosorus

Puc. 1. ®yngamenranbHble OCHOBBI U 00JIaCTH MPUMEHEHHS] HAHOHAYKH U HAHOTEXHUKHU.

Cpenu pasmepHbIX 3P ¢heKToB BechbMa BaKHBIM 3(D(PEKTOM, OMpPEaesSIonuM TEXHOJIOTHIO U
,Z[H3aI>'IH CO3aHrsI HAHOIIPOAYKIHHU, SABJIACTCA PC3KOC YBCIMYCHHUC NOJIUM MOBCPXHOCTHU HAHOYACTUIL]
M0 CPaBHEHHIO C OOBEMOM, T.€. JIOJII aTOMOB, HAXOMSIIMXCS B IOBEPXHOCTHOM CJIO€ PAcTET C
YMCHBIICHUCM pPasMEpa YacCTull BCHICCTBA. I/I3BCCTHO, YTO MOBCPXHOCTHBIC ATOMBI 06J'IaI[aIOT
CBOWCTBaMH, OTIMYAIOIIMMHUCS OT «BHYTPEHHHX», TOCKOJIBKY OHU CBSI3aHBI C COCEISIMH MHAYE, YeM
BHYTPH BellecTBa. B pesynbrare, Ha IMOBEPXHOCTH BEJIMKA BEPOATHOCTH NMPOTEKAHUS IMPOLIECCOB
aTOMHOW PEKOHCTPYKIIMM W BO3HUKHOBEHHUS IPYTUX CTPYKTYpP PACHOJOXKCHHS aTOMOB M HX
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cBOMCTB. COBPEMEHHBIC METOMBI MO3BOJISIIOT CO3[aBaTh Pa3HBIC HAHOCTPYKTYPBI M3 OTACIBHBIX
aTOMOB U MOJIEKYIL.

Marepuansl, B OCHOBE KOTOPBIX JIEKAT Pa3IMYHbIE HAHOPA3MEPHBIE CTPYKTYPbI, BO MHOTIMX
ciry4yasx 00JIaJal0T KOMIUIEKCOM YHHMKAJbHBIX CBOWCTB, CYHIECTBEHHO OTJIMYAIOIIMXCSA OT XapaKTe-
PHUCTHK OOBEMHBIX MaTEPHAJIOB C TAKUM e XMMUYECKUM cocTaBoM. Hanpumep, 301010 mprodperaet
CIIOCOOHOCTH M3JTydaTh CBET, CIIOM cepedpa TonmuHoN 10 nm MpoBOIUT BUAUMBINA CBET M OTpPaXKaeT
uH(ppaKkpacHble JTyud U T.1. Takum oOpa3zoM, 4TOOBI MOJYYUTh MaTepHUal C CYIECTBEHHO HOBBIMU
CBOMCTBaMH, IPUMEHSEMBIMHA B HAHOTEXHOJIOTUH, €r0 HEOOXOJMMO HAaHOCTPYKTYPHPOBATh.

Knaccugukanus HaHOMaTepualoB B OCHOBHOM cieaytomas. [lo cocraBy HaHOMaTepuallbl
NENATCS Ha HEOpraHuyecKue (KepamuKa, METajulbl M CIUIaBbl), OpraHMYEcKHe (B TOM 4YHUCIIE
MOJIUMEPHBIE ¥ OMOJIOTMUECKUE HAaHOCTPYKTYpPHI), a TaKXkKe OpraHO-HEOpraHW4YecKue (B TOM 4YHuCIIe
METaJUI0-OpraHuYeCcKUe U METaJUI0-MIOJIMMEPHBIE) (puc. 2).

HanoxoMmo3uTel

O0neMHbBIE
HAHOCTPYKTYpDHEIE
MaTepHaIbl

Hauxonopucreie
MaTepHansl

DynnepeHs! H
HX NIPOM3BOJHEIE,
HaHOTPYOKM

Hanoxnacrtepsi,
HAHOYACTHIBI,
HaHOMOPOIKH

Hanomarepuaist

Hanornuenky,
HaHOMOKPHITHS,
MHOTOCJIOHHBIE

TeTepOCTPYKTYPBL

buonoruyeckue u
OHOCOBMECTHMBIE
Marepuansl

HanoctpykrypHsie
AHAKOCTH (KOSLTOHIB!
renu, B3BecH,
MOTHMEPHBIE
KOMIIO3HTHI)

DyHKIHOHANBHEIE K

“ymubIe”

HaHOMaTepHAJIBI

Puc. 2. OcHOBHBIE TUIIBI HAHOMATEPUAJIOB.

[To pa3zoBOMY COCTOSIHHIO OHU JCINATCS Ha:

— ogHO(a3HbIe (HAHOKPUCTAIITUTHI, OCTPOBKOBBIE TUIEHKH U T.J.);

— IByx(}a30Bble OJJHOKOMIOHEHTHBIE CHUCTEMBI (aMOP(HO-KPUCTAIIIMYECKUE, MHUKPOIOMEH-
HBIE CTPYKTYPBI).

[Momapnstomniee GONMBIIMHCTBO HAHOCTPYKTYPUPOBAHHBIX MATEPHAIOB BKIIOYAET /(B WK 0O-
Jiee KOMIIOHEHTa M HOCSAT Ha3BaHHWE HAaHOKOMITO3UTOB. OHM OOBIYHO COCTOSIT U3 CIUIOIIHON TBEPIOM
MaTpULbI (TOJIMMEPHON, METAJUIMUECKOH, YTIIEpOAHON, KEPAMUUYECKON U Ap.), HAIIOJHEHHOU TBEp-
IBIMU K€ HAHOYACTHULIAMHU, COCTaB, pa3Mepbl U GopMa KOTOPBIX MOTYT OBITh pa3iauuHbiMH. HaHo-
KOMIIO3UTHI KJIacCU(DUITUPYIOTCA 1O (ha30BOM CTPYKTYpE CIECAYIOUIMM 00pa3oM:

— nByx$a3Hble OMKOMIOHEHTHBIC CHUCTeMBI (Hampumep, metai—okucen (Fe/Fe,03) nmm
oJ1ynpoBoHUK—oKucen (Si/ S10;,));

— MHOro(asHble CUCTEMbI (MHOTOCIIONHBIE HAHOTOIIIMHHBIE TIEHKH, CIIJIABbI U T.J.).
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B HacTosi11ee BpeMsi HHTEHCUBHEE BCETO MCCIENYIOTCS M MPEACTaBISIIOTCA Hanbosiee nepere-
KTUBHBIMHU TPEXKJIE BCETO:

— HAHOCTPYKTYpPUPOBaHHbIE METAJUIbI U CIUIABBI;

— HAHOKEPaMHKa,;

— yIJIepOJHbIE MaTepHalibl, KOMIOHEHTAMH KOTOPBIX CIIy’KaT aJlJIOTPOIHbIE (POPMBI yIiaepoa
— (ymiepeHsl WM HAaHOTPYOKH (puc. 3), UMEIOIIUE BechMa MHUPOKYI0 chepy NPUMEHEHHUsS B HAHO-
TEXHOJIOTUH (3aMETUM, YTO Yriepoj OydeT MMETh B HAHOTEXHOJIOTUH TAKOE€ XK€ 3HAueHHUE, Kakoe
UMeeT KPeMHUN B MUKPO3JIEKTPOHHUKE);

— HaHOCTPYKTYpPUPOBAHHbIE MOJUMEPHBIE MaTepuaibl (B T.4. HauOoyiee BBICOKOMOJIEKYJIISP-
HBINM TUHENHBIN noaumep — Mostekyna JJHK).

Puc. 3. ®ynepeHs! 1 HAHOTPYOKH.

Mounblii Hay4HBIH QyHIAMEHT, CO3IaHHBIN B TIocieaHen TpeTu XX BeKa, MO3BOJIHII BCETO 3a
HECKOJIBKO JIET pa3paboTaTh COTHU HAaHOCTPYKTYPHBIX MPOAYKTOB U PEATU30BaTh AECSITKH CIOCO-
00B MX MOJIY4YEHHUS U IPOMBIIUIEHHOT'O IPOU3BOJICTBA.

Pa3zpabotka, cozmanue, ucciaenoBanre u 3GHEKTUBHOE MPUMEHEHHE Pa3HOOOpa3HBIX HAHO-
CTPYKTYpP HEMBICIMMO 0e3 OOJIBIIOro apceHalia CpesicTB, METOAOB U TEXHOJIOIMYECKHX MPOLIECCOB,
MO//IEPKUBAEMBIX COOTBETCTBYIOIIEH armapaTypor U mpuoopamu.

Mo1HbIM, MHOTO(YHKIIMOHATIBHBIM, TOYTH YHUBEPCATLHBIM CPEICTBOM HCCIIEIOBAHUS HAHO-
CTPYKTYpP, MAaHUITYJIMPOBAHMUS aTOMaMU M MOJIEKYJIaMH, CO3/IaHUsI U3 HUX CTPYKTYP U IO3BOJISIO-
IIUM BU3YaJIM3alMI0 U KOHTPOJb CO3JaHHBIX HAHOCTPYKTYD, SIBISIETCA CKaHUpYHOLIas 30HI0Bas
MHUKPOCKOTIHS.

B mnocnennee Bpemsi cO30aHO MHOXECTBO TAaKMX MHKPOCKOIOB, OCHOBAHHBIX Ha Pa3HbIX
¢busnueckux sBiaeHUsX. OCOOEHHO HAaJ0 OTMETHTHh TYHHENIbHYI0 MUKPOCKOMHIO, aTOMHO-CUJIOBYIO
MHUKPOCKOIHIO U ONTHYECKYI0O MUKPOCKOIHIO OJIMKHETO MOJIS.

N3 TeXHOJOTMYECKUX METOJOB MOIYYEHUsI HAHOCTPYKTYP (B OCHOBHOM IOJIYIIPOBOXHUKOBBIX
CTPYKTYp AJISi HAHODJICKTPOHHUKH ) HEOOXOIUMO OTMETHTD:

— MOJIEKYJIIPHO- JIYYE€BYIO SIIUTAKCHIO;

— )XHUIKO(DA3HYIO TEXHOIOTHIO;

— XMMHUYECKOE OCAXKIECHUE PA3MHOKEHUEM.

N3ydyenne HaHOpa3MEpHBIX ABJIECHUN U KOHKPETHBIX HAHOCHUCTEM Ha MPOTSIKEHUU TOCIETHUX
JIET MOATBEPKIAET HEBEPOSITHBIE MEPCIEKTUBY U 3HAYMMOCTh HAHOTEXHOJIOTUH 1Ji OyAyIIero ye-
JIOBEUECKOM KU3HMU.

CoBpeMeHHOE COCTOSHUE Jesl MOXKHO IO MpPaBy MOKHO Ha3BaTb HAHOTEXHOJIOTMYECKUM Oy-
MOM, KOTOPBI 0XBaTHJI OOJIBITMHCTBO 00JacTell e TeNbHOCTH 00IIECTBA.

Bo3HUKIIM HOBbIE MOHSATHUS: «HAHOAJIEKTPOHUKA», «HAHO(PHU3UKa», «HAHOXUMUS», «HAHOOUO-
JIOTUS», <HAHOMEAULIMHAY.

OdeHb BaXHBIM (DAaKTOPOM DPA3BUTHUS HAHOTEXHOJIOTMM SIBJISIETCS SKOHOMHKA HAHOIMPOMBI-
IUJICHHOCTH. Jlel0 B TOM, YTO TEXHOJOTMS CO3JaHHs JI000H MPOAYKIIMH HMMEeT JABa MOAXOAa:
TEXHOJIOTUSI «CBEPXy—BHM3», KOTJa IOJydaeM u3Jenue u3 Oosee KPYIMHBIX 3aroTOBOK IyTEM
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OTJIeTICHUS HEHY)KHBIX YacTeH W TEXHOJOTHS «CHHU3y—BBEpPX», KOT/Ia U3TOTOBJICHHE W3JICTHUS OCY-
IIECTBIIICTCS U3 AJIIEMEHTOB «HU3IIETO MOPSAKa» (ATOMOB, MOJIEKYJ, (parMEHTOB OMOIOTUYECKUX
KJIETOK U T.II.), pacroiyiaraeMbix B Tpedyemom mnopsake. [lo stomy npuHImuny padortaer mpupoaa
IIpU TOCTPOCHUU CJIOKHBIX 6I/IOJIOI‘I/I‘-I€CKI/IX CHUCTCM.

CoBpeMeHHOE TPOU3BOJCTBO PabOTAET MO MPUHIUIY «CBEPXY—BHU3», KOTOPOE OYEHb HEI(D-
(EKTUBHO IO CPABHEHUIO C MPHPOTHBIMU IPOIIECCAMH KaK IO JI0JIE TI0JE3HO UCTOIb3yeMON MacChl
MEPBUYHOTO CHIPbS, TaK U IO 3aTpaTaM >Hepruu. B KOHEUHbIN MOTPEeOUTENbCKUN MPOAYKT MpEBpa-
maercst ~ 1.5 % macchl H0OBIBAEMOTO CBHIPhS, a JOJS IMOJIE3HO HCIOJIb3YEeMON SHEPrHH M TOTO
MEHBIIIE.

[Ipupona aeiicTByeT Hem3MepuMo SKOHOMHee. OHa MIMPOKO HCIIONIb3YyeT 0€30TX0IHYI0 cOop-
Ky U caMOCOOpPKY OYE€Hb CIIOXKHBIX CUCTEM U3 MPOCThIX MoseKya. CaMmocOopka U caMOOpTraHu3aIus
UTPAIOT KIIIOUEBYIO POJIb B YKU3HU BCETO )KMBOTO.

HanoTexHOJIOTHS UACT 10 MYTH TEXHOJIOTHH «CHU3Yy—BBepX». [locieHue UCCIe0BaHUS T10-
Ka3ajin BO3MOXKHOCTb PC€aJibHO CO34aBaTh MPOMBINUICHHBIC TCXHOJIOTMU TTOJIYUYCHUSA HAHOCHUCTCM.
DKCcnepThl MPOTHO3UPYIOT, uTo 4yepe3 10 — 15 jeT ycnexu HaHOTEXHOJIOTHH TO3BOJIAT CO3/1aBaTh
pobOTHl — acceMmOiephl, KOTOpble OyIeT co3aaBaTh HAHOCHUCTEMY M COOHMpATh CBOW aHAJIOT IO
3aJlaHHOM MporpaMMe, 6€3 HeOCPEICTBEHHOTO BMEIIATEIbCTBA YeJIOBEKA.

HpI/IHI_II/IHI/IaJIBHaSI [CJIb HAHOTCXHOJIOTHUU COCTOUT B CO3JaHUU W NPUMCHCHHUU CTpaTeFI/II\/'I,
HAalOMHMHAIOIIUX T€, KOTOPbIE CYLIECTBYIOT U JEHCTBYIOT B IPUPOE, YTO MIPHUIAET HAHOTEXHOJIOTHH
oco0oe 3HaueHne. HaHOTeXHOMOTUS (PaKTHUECKU CTHPAET TPAHUIBI MEXy UCCKYCTBEHHBIM U MPH-
POJIHBIM.

I/IHTepGCHO OTMCTUTL, YTO JIIOAW H3JaBHA HCTOPUYCCKU MPUMCHSAIN HAHOTCXHOJIOIMH (Ha-
npuMep., U3BeCTHBI J[aMacKCkuii Meub, coaep Kaliuii yriepojHbie HaHOTpyOku, KyOok Jlukypa
IV Beka, MOKPBITHIN YacTHIIAMU 30J710Ta U cepedpa pazmepom 70 nm, UMEIOMIUNA CIIOCOOHOCTH pas-
HOIIBETHOTO OpakeHHs U 1p.). M3BecTHBI, Takxke, B mpupoje HaHod((DEKTh (Hampumep, J0TOC-
3G peKT — caMOOUHUIIAIOUINCS CIO0H, (PeHOMEH sAulepullbl [ ekoH, cBOOOJAHO XOIUTH MO MOTOJKY,
BEPTUKAIBHOU CTEHE, CTEKITy (pHc. 4)). Bee 310 Hanuio oObsICHEHUE.

Puc. 4. Simepuna «['exkoH» U ee anka.

HanoTtexHonorusi, HaHOHayKa SIBIISICTCS MEKIMCIUILTMHAPHOW 0071acThi0 M TpeOyeT mpoBejie-
HUE MEXIVMCIUIUTMHAPHBIX UCCIIEI0OBaHUI Ha OCHOBE CPACTAIOIIUXCS U B3aUMHO JOMOIHSIOMINX IPYT
Jpyra HayK ¥ TEXHOJIOTUH, B PE3YJIbTATE YETO HEOKUAAHHO MOSIBIISIIOTCS. HOBBIE IPOAYKThI U METOJIBL.

TakuMm 006pa3oM, HAHOTEXHOJIOTHSI CUCTEMHO CBSI3aHAa C MHO>KECTBOM HayYHBIX JUCLMILIMH U
YK€ CYIIECTBYIOIINX TEXHOJIOTUH, U 3Ta Crienu(pUKa OTPAXKaeTCsl KaK Ha UCCIEIOBAaHUU CTPYKTYp U
SBJICHUH HAa HAaHOMETPUYECKOM YpPOBHE, TaKk M Ha Mpollecc oOyuyeHUss M MOJITOTOBKU KaJpOB B
00JIaCTH HAaHOHAYKH U HAHOTEXHOJIOTHH.

Hecmotpss Ha Manblif CpOK pa3BUTHUS, HAHOTEXHOJIOTHS BIUIOTHYIO IMOJOLUIA K 3aJadaM
MPAKTUYECKOTO KOHCTPYWPOBAHUS U CO3JaHUS MPUOOPOB, MAIllMH, MHTETPHUPOBAHHBIX CHUCTEM C
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HAHOMETPOBBIMHU pa3MepamMu JeTajieid, KOMIIOHEHTOB W Yy3J10B. JlJIsi OCBOEHHUSI 3TOT0 HOBOTO A
WHXCHEPHOW TPAKTHKU OIS JIEATEIHbHOCTH HYXKHBI Oosnee (yHIaMEHTAIbHBIE OCHOBAHUS H
MOJXO0/Ibl, YeM TPATULIMOHHBIE TIPU MPOU3BOJCTBE MAKPONPOAYKIMU. OHU JOJKHBI OCHOBBIBATCSA

Ha 3aKOHAX KBAaHTOBOW (hU3HUKH, OMOXUMHUH, MOJIEKYISIPHONH OMOJIOTHH U Jp.

IToxa B 3TOM HalpasJICHUU CACJIIaHbI TOJIBKO CaMbIC IICPBBIC IIIaru. OI[HaKO TpaHAUO3HBIC

K OBICTpeiilieMy HCIIOIB30BaHUIO TIOYTH
0e3rpaHUYHOrO MOTEHIMAla, 3JI0)KEHHOT'0 IPUPOJION B HAHOCTPYKTYPHI, AJISl PEUICHHs ITUPOKOTr0
CIIEKTpa KU3HEHHO BAXXHBIX 33/1a4 pa3BUTHS 0OIIECTBA.

HaHOTEeXHOJIOTHSI OTKPBIBAET MEPEN YETOBEYECTBOM BO3MOKHOCTh MPHUHIMIIUAIBHOTO U3Me-
HEHUS1 COBPEMEHHOT'O COCTOSIHUSI HAYKU U TEXHUKHU U CO3JAaeT MPEAIOChUIKM HOBOM HAayYHO-TEXHHU-

MIEPCIEKTUBBl CTUMYJIUPYIOT YYEHBIX U WHXKEHEPOB

YECKOW pEeBOJIIOIIHUH.

Pesxoe
CHIDKCHUE ChIPBEBOI H

SHEPreTUHECKOH

TPRINUHOHHBIX 32024 JABUCHMOCTH,

HOBBLIMH CPEACTBAMM

Hosble pyHKumMn ¥
BOIMOMKHOCTH

punounuansuo
HOBBIE PORYKTHI

VYckopeHHoe
Pa3BHTHE IKOHOMUKH H

COUMANBHOI
“_ Cdepn

Yeeanuenne
MPOH3IBOAXTECALHOCTH
TPYAR H JA0JIM
©€8060HOT0 BPEMEHH

Hoshle BHABI
" BOOPY>KEHHS ¥ CPEICTBR
JAMMTHL

Yxpemenue
oboponocnocofHacTH
M HAIMOHANGHOH
GelonacHOCTH

BrimecHenne
Qu3nUecKoro Tpysa
YMCTBEHHLIM HA
NpoMIBOICTE

CTHMyHpoBaHNe
NOIHABATENLHOM
AKTHBHOCTH B OCBOCHHH
KOCMOCA H OKpyXajoueit
REHCTBHTEILHOCTH

HaHotexHonorus

Paisimne A
KYALTYPEL CTIOPTA,

obpasosanusi, Jocyra u
orpBIXA.

Pacwmpesine
CrieKTpa H ofiheMa
GBImoBbIX YRoGcTn
u ycenyr

Mporpece B
OGIACTH MCAHLESHL! K
IAPABOOXPAHEHHR

Peaxoe
YMCHbIICHIE
JArPRINEHUA

OKPYXAroUIeH

cpensi

Puc. 5. [Iporno3upyembie COUATBHO-9KOHOMUYECKUE
IIOCIICACTBUA HAHOTECXHOJIOTHYECKOM PCBOJIIOINH.

q)aHTaCTquCKHM, IMOYTHU CKA30YHBIM ABJIACTCA IMCPCIICKTUBA PASBUTHUA HAHOTCXHOJIOTHU U €€
BJIMAHHA Ha BCE C(bepbl YeJI0OBEUYCCKOM ACATCIIBHOCTH, 4 UMCHHO, Ha pPa3BUTUC HAYKH W TCXHUKH,

BOCHHOM TEXHUKH, COLMAIBHON Cdephl,
KYJIbTYpPBI, YJIYYIIEHHUE SKOJOTMYECKOTO COCTOSHUS OKPYKAIOIEH Cpenbl, MHTEUICKTyalIn3alyuy

9KOHOMUWKH, NPOMBIIIICHHOCTHU, CCIILCKOI'O XOSHﬁCTBa,

obmiecTBa u Ap. (puc. 5).
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bnarogapsi HaHOTEXHOJIOTMH MOCTOSHHO Oy/eT MOJHUMATHCS YPOBEHb KU3HU M 0JarococTo-
STHUE YeIIOBEKa.

Bonbiine BO3MOXKHOCTH 00€IaeT HAaHOTEXHOJIOTUS B Pa3BUTUN OMOTEXHOJIOTHH U MEIULIUHBI,
ANEKTPOHUKH ¥ HHPOPMAIIMOHHON TEXHOJIOTHH, SHEPTETUKHU, TPAHCIIOPTA, BOOPY>KEHUS U T.1I.

[TpuBeneM HEKOTOpBIE HaNOOJIEE BEPOSITHBIE HAYYHBIE IPOPHIBBI HA HAHOTEXHOJIOTUU:

— YBEJIHMYEHUE MPOU3BOJUTEILHOCTH KOMIIBIOTEPOB, YBEIWYCHHE OBICTPOACUCTBUS (IO He-
CKOJIBKHX Teparepiy (1012 Hz) u namatu (mo Heckonabkux Tbit (1012 bit) Ha cmz), pe3Koe YMEHb-
IIICHHE Pa3MepoB;

— CO3/1aHH€ KBAHTOBBIX KOMIIBIOTEPOB;

— BOOCTAHOBJICHHE YEJIOBEUECKHX OPTaHOB C HKCIIOIH30BAHHMEM BHOBH CO3JIaHHOW TKaHHU.
CoznaHue UCKYCCTBEHHBIX OPraHOB, 3aMEHA OPTaHOB U «PEMOHT OpraHU3Max»;

— co3aanue JIHK-uunoB, mo3BONSIONMX OCYIIECTBUTh aHAIN3 T€HETHUECKOW MHPOpPMALUU U
MIPOBEJICHUE JICUCHUST;

— OCYILECTBJICHHE «aJpPECHON» JOCTAaBKH JICKAPCTB B OpPraHW3ME, MO3BOJISIIONIAS YCTPAHUTh
Oompiue (HampuMep, PaKoOBbIE) KIETKH, yOUBATh HX;

— CO3JaHME CIECNHUATBHOW UArHOCTUYECKOW ammaparypbl, KoTopas OydeT oOHapyXHBaTh
00J1€3HU B OPraHMU3Me YeJIOBEKa Ha CaMbIX Pa3HbIX CTaAMSIX;

— MOJICKYJISIpHbIE HAHOPOOOTHI HEMOCPEICTBEHHO M3 aTOMOB M MOJIEKYJ OyayT CO31aBaTh
mo0oi mpeaMer (MPOAYKTHI MUTAHUS, OJSKAa W JAp.), OyIyT BO3HUKATh HaHO(AOPHUKH BMECTO
COBPEMEHHBIX 3aBOJIOB;

— OynyT co3manbl JIETKUE U O60JIee MPOYHBIC MaTepUAIbI;

— Oonee 3¢ (heKTUBHBIMU M O€30MTACHBIMU CTaHYT TPAHCIIOPTHBIE CPECTBA;

— Tepexoji Ha BOJOPOAHYIO SHEPreTHKy, Ooyiee 3(PEKTUBHOE HCIIOIB30BAHWUE COJIHEYHOM
suepruu (KII ~ 90 %);

— CHU)KEHHE YPOBHS MOTPeOIeHHs] UCKOMAaeMOro TOIMBa (HeTH U yriisl), 3HAYUT U BPEIHBIX
BBIOPOCOB B aTMOCdepy;

— 3HAQUUTEIBHO MOBBICUTCS YPOKaHHOCTh CEJIBCKOTO X03s5IiiCTBa MyTEM BBIBEIEHUS pPAaCTEHUIA,
YCTOWYHMBBIX K BPEAUTEISIM, 000OTaIl[EHUE MAJIOYPOIKANHBIX 3€MEb;

— CO3/l1aHuE BBICOKOKAaYECTBEHHBIX (PUIBTPOB AJII OYUCTKU BOJIbI U BO3yXa OT MPOMBIILICH-
HBIX 3arpA3HEHUN;

— OyAyT co3/1aBaThCs «yMHbIE» MAIIMHBI, MUKPOHAHOZJIEKTPOMEXaHUYECKHUE CUCTEMBI;

— TIOSIBSITCSI CBSI3aHHBIE C MHTEPHETOM YCTPOMCTBA, BOZHUKHET INI00ANIbHAS CHCTEMA CBSI3H;

— PE3KO U3MEHUTCS TEXHUKA BOOPYKEHUS U CITOCOOBI OOPHOBI C TPOTUBHUKOM;

— TMOSBATCA KOCMHYECKHE HAHOAMMApaThl, MO3BOJSIONINE BBIMOIHATH HOBHIE 3aMBICIBI B
OCBOEHHUU KOCMOCA.

[IpuBeaEHHBIN TIEpeYeHD COACPKUT JTUIIH OTACIBHBIC ACTIEKTHI MPUMEHEHUS HAHOTEXHOIOTHH
B Pa3HBIX 00JIACTSIX YEJIOBEUECKOM JeATeNbHOCTH. VIMeroTes emmé MHOro MepCleKTUBHBIX (0TYaCcTH
(haHTaCTHUYECKUX ) BOIIPOCOB HCIIOIH30BAHUS HAHOTEXHOIOTHH.

Jlnst mpuMepa B Tabiuie 1 mokasaHa CBSI3b HAHOTEXHOJIOTUM ¢ OWOJIOTHEH M MEIUIIMHOM, a B
Tabuiie 2 — BO3MOKHOCTH MTPUMEHEHUSI HAHOTEXHOJIOTUH B CEITbCKOM XO3SICTBE.

OueBuHO, pa3BUTHE HAHOTEXHOJOTHM (KaK KaXKJIOW MHOBAIMU) COACPKUT MOTECHIHAIbHbBIC
OIMACHOCTH €€ MPUMEHEHUS B Pa3HbIX 00IacTAX (B MEIUIIMHE, BOGHHOW TEXHUKE U T.J.).

Bo3HuKaOT 1 ATHYECKHE BOIIPOCHI, KOTOPHIE TPEOYIOT AETATLHOIO OOCYKICHNUS, aHAIN3a U TIPU-
HSITHUS COOTBETCTBYIOLIMX PEILICHUH JUIS 3aIUThI JIFOAEH OT MOTEHIIMATILHO BOSHUKIIUX OIMTAaCHOCTEH.

Hecmortps Ha 9T0, B HacToslee BpeMsi HAHOTEXHOJIOTHsL cTpeMutcs Brepén. EE Bo3aencTaue
Ha OOIIECTBEHHYIO KM3HBb OOCIIaeT UMETh BCEOOIINN XapaKTep M 3aTPOHYTh BCE CTOPOHBI JKHU3HH,
ObITa, COITMATBHBIX OTHOIIICHHN.

HanoTtexHonorusi — 3T0 He MPOCTO HOBasi COBOKYMHOCTh MPUEMOB. DTO HOBBIE KOHIICMIIMS,
napagaurma u punocopus NPaKTUIECKOH e TeTbHOCTH.

Kak nmumryT HeKoTOpble aBTOPBI «T€, KTO BJIAJE€IOT METOJaMH HAaHOTEXHOJIOTMH, BIAJCIOT
MUDPOM>.
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Taoauna 1. CBsA3p HAHOTEXHOJIOTUH ¢ OMOJIOTHER U MEUIINHON
(no nanubM MHCTHTYTA «XUTaT COKIHY).

COllHﬂJIBHHe, IKOHOMHYECKHE

O6nacts BoamoxHble IpaKTHYECKHE
HCCeq0BaHHI NPHMeHeHHA BAHOTEXHOJIOTHI H TeXHHYEeCKHe OCAeICTBHA
3ppaBooxpaHeHue | CoslnaHue HAHOYCTPOICTB Hogrle napasiurMsl B MeIHUMHE
¥ MeTUIIMHA (aBTOHOMHBIX H BBOIUMBIX | Co3IaHHe JONTOCPOYHBIX
B OpraHnaM) 1 3P EeKTHBHBIX CHCTEM
Buonatumku (coziaHue KOHTDOJIS 310POBbS
OPTaHUYECKUX UsMepeHus ypoBHS
Y HEOPTaHHYECKHX 3arpA3HEHHA OKpyXalolei
MaTepHanoB, PEBOCXOAIINX | Ccpeabl
TKaH#M OpraHH3Ma PeBoioLlHOHHbIE H3MEHEHHA
110 PYHKIMOHANLHBIM B MEJMUIMHCKOM OBCTYKHBAHHH
BO3MOXHOCTSAM) {BOSHMKHOBEHHE MeAMUKHDI
Co3naHue 6MOMEXaHH3MOB, «MaJIOTO» BMelaTeNLCTRa
CIIOCOGHBIX OCYLIECTRIATD U JlaXe MEAHLMHbI
M3MEpCHUA U TpebyeMble «Be3 BMELIATENLCTBAR)
MEAMILHHCKHE ICHCTBHA M3MepeHHe colepxaHus
Pa3IMYHBIX BEIICCTB
B OpraHuname, geuebusie
oliepalliK IMPH HeoOXOTMMOCTH
(meTeKTHpOBaHHe
H YHHYTOXEHHE
PaKoBbIX KNETOK U T. II.)
JlekapcTBeHHBIE: IMpakTHyeckoe HCIONL30BaHHe| Peanu3aius uaei
FpenapaTsi Pe3YNLTaTOB NPOEKTa <UHIWBUAYAN5HOM» METMUHBI
«[EHOM 2eNIoBeKa» Opranu3aims ToNHOro Kypca
«AlpecHas IOCTaBKa» JIEKAapCTH JiCUCHUS HA OCHOBE IHYHOM
Ilonyyenue HOBBIX reHeTHdeCckoi HHGOPMaLUH
fruoMaTepHanoB O MatenTe
HckycctenHbie pepMeHTH | 3HAYHTENBHbIH TIporpecc
U aHTUTeNa B 3ApaBOOXPaHEHHH
HckyccrBeBHEE H dhapMaticBTHKE
GbYHKUMOHATBHBE NoAUMepbl | HenpepbiBRbIH KOHTPONb
(3aMeHUTENH TKAHEH 32 COCTOHUEM OPTaHW3Ma
OpraHH3Ma M T. I1.) TlonHast moGeaa Haf pakOBEIMH
3aGonesaHHamHu, CITNdom
HTIL
Pa3paboTka neKapCTBEHHEIX
NpenapaToB € HOBbIM
MEXaHHIMOM JICHCTBUSA
(HanpHMep, Ipenaparos,
AKTHBH3APYIOMHXCS
TIpY TIOBBIICHUM TEMIIEPATYphI
y MaljHeHTa)
Boccranasnusatowias | IlpouaBoacTso GHonorndecku | Peanusauus mach
MeIHLHHA AKTHBHbBIX HaHOBELIECTB BOCCTaHAB/MBAIOILICH
MeTOZaMH caMocGOpKU MEIHLHHBI
IpoussoacTso
HCKYCCTBEHHLIX TKaHeH

H OpTaKOB, He BbI3BIBAIOIIHX
PEaKLHI0 OTTOPXEHHS
Pa3BuTHe phiHKa
MEIHIHHCENY YCIYT
(no 50 MURIBAPAOB HeH)
K 2020 romy
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Tadauna 2. Bo3aMoxHOCTH TpUMEHEHNS HAHOTEXHOJIOTUI B
cenbCKOM Xo3sicTBe (1o nanHbIM UHeTtutyTa «Xutatu CoKaH») .

PocT HaceneHHA MaHeTH K Npo6aeMa HEJOCTATKA MPOXYKTOB NATaHMsI!

Hacenenne 3emin B 1999 rony coctapisuio 6 MWUIMApAOB YeNoBek!
K 2050 rony HaceneHue 3eMIH MOXeT COCTABHTH 100 MHITHAPIOB YENOBEK!
Kax oGecneduTs Xutesiell wiaHeTs! NPOLYKTaMH ITHTaHHA?

|
L]

Ipobnemor Bo3aMoXKHBIE IPAKTHIECKHE Couganbhsie, 3K0HOMHICCKHE
CeJILCKOTO X03siCTBa | NpHMeHEHHA HAHOTeXHONOTHE M TeXHHYECKHe NOCeCTBHA
Henocrarok MeTonB! reHeTHYECKOI PeiteHue npobNeMbl HEXBaTKH
MPOAYKTOB MUTAHHS | MONHU(HKALHH: HUTaHNA

* co3fiaHue Gonee ycroitunpbix| Co3fiaHHe CTabGHILHOMO
K COpHSIKAM H BpeAMTeAsM | U ZOCTATOYHOTO
COPTOB pacTeHuil CeNBCKOXO34HCTBEHHOTO

* yBeIHYECHHE YPOXAHHOCTH | NMPOH3BOACTBA

* MoBHIlICHHe NMHTaTeAsHOH  HIIHMpoKoe pHMEHEHME
uenHocTH (kanopuiinoctr) | Texuuku THK-unnos
TIONy4YaeMBiX POIYKTOB u JHK-anannaa

* aHaIK3 FeHETHYECKOH
HHGOopMaLHK pacTeHHIL,
reHHad MoXudHUKaLrs

* npuMeHeHHe JIHK -yunos
HT.IL

HecmoTpss Ha Manblii Cpok pa3BUTHS, HAHOTEXHOJIOTHS YK€ Halllla CBO€ NpPHUMEHEHHE B

pasHbIX oOjacTax  xo3siictBa. Hmke mpUBOAMM — HEKOTOpPHIE  IPUMEPHI

MNPUMCHCHUSA
HaAHOTCXHOJIOI'HUH.

Kynonosckoe
OTTANKMBAHUE

Puc. 6. OTHORIEKTPOHHBIN TPAH3UCTOP.

B ob6mactu HaAHOPIEKTPOHWUKH CO37IaH OJHOIIEKTPOHHBIM TpaH3ucTop (puc. 6), paboraromui
pu KOMHATHOH Temriepatype. Co3aHre OJHO3JIEKTPOHHOTO TPAH3UCTOPa MMEET OTPOMHOE 3HAue-
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HHUE Ui JaJIbHEHUIIEero pa3BUTHs IEKTPOHUKHU, T.K. OH MO3BOJIAET CO3/1aTh MHTErPAJIbHBIE CXEMBI
(nanpumep, cxemy namsaTh) ¢ 1000-pa3 GosbIeil eMKOCTBIO, YEM COBPEMEHHBIE CBEPXOOIIBIINE UHTE-
rpaigbHbIe cXeMbl. T.e. mamsTh Takou cxembl Oymet 1 Thit ( 10" OuT) M 3alMeT IIomanb ~ 6 cm?>. BhI-
CTPOAEUCTBHE CXEM Ha OJTHOBJIEKTPOHHBIX TPAH3UCTOPAX COCTABUT 10" ornepauuii B cekyHay (!).

Co31aHbl HAHOMETPUYECKHUE MOPOIIKHU cepedpa, UMEIOIUE YHUKAIbHEE CBOWCTBA, KOTOPHIE
MOTYT HCIIOJIb30BaThCSl B PA3NUYHBIX BUAAX MpoayKiuu. HanocepeOpo sBnsercs BbICOKOI(Ddek-
TUBHBIM aHTUOAKTEPULMIHBIM cpelcTBOM. CHEKTp NeHCTBUA YacTHIl cepedpa paclpoCTpaHsIeTCs
Ha 650 BumoB OakTepuil U MHKPOOPTaHU3MOB (Ul CPAaBHEHHMS — AHTUOMOTHKHU MOJABISIOT HE
6omne 10 BUIOB M JaXke JUId HUX CO BPEMEHEM HAcCTyNaeT NPUBBIKaHUE U TPeOyeT CO3/1aHusl HOBBIX
npemnaparoB). Mmes HanocepeOpo, monydaeM aHTHUOMOTHK, K KOTOPOMY HET NPHUBBIKAHUS U HET
OTPULIATEJILHOTO BIMSHUS Ha yesoBedeckuil oprann3Mm. HanocepeOpo He3amMeHnMoO U1l Ipoduiiak-
TUKA U O0pbOBI C MHPEKIIMOHHBIMU MPOIECCAMH, BKIIOYAIOIUMH aHTUCENTHUYECKYIO TPOMBIBKY,
anIIMKaIuio, 00e33apakxuBaHue BOJbl, COXPAaHEHHE MUILEBBIX MPOAYKTOB, QMIBTPALUIO BO3AYXA,
AHTUMUKPOOHYIO 3aIIUTY OJIEXK/Ibl, 00YBHU, IIPEAMETOB OBITA.

Ha ocHoBe HanocepeOpa ¢ KOHIIEHTpaUsIMH ( 107 = 107%) % moxHO MPOU3BOAUTH MHOXKECT-
BO TOBApOB HAPOJHOTO MOTPEOJICHUS C SIPKO BBIPAKEHHBIMH aHTHOAKTEPUIMIHBIMU CBOHCTBAMHU
(3yOHBIE TAcThbl, KPEMBI, LIAMITYHH, CTUpPAJIbHbIE MOPOIIKH, JIAKH, KPACKH, TKaHU, THTHEHUYECKHUE
MIPUHAJIEKHOCTH U T.J.

OnHoit u3 00acTel MPaKTUIECKOTO MPUMEHEHNSI HAHOTEXHOJIOTHH — 3TO CIEIUaIbHas OeXK-
na. Co3naHHas U3 MaTepUAJIOB HA OCHOBE HAHOBOJIOKOH OJIeKJa HE MPOIMYCKAeT yIbTpaduoIeTo-
BbI€ JIy4H, IPAKTUYECKU HE MPOMOKAET MOA A0XKIEM M NMOUYTH He nadkaercsd. Takas onexna obia-
JaeT aHTUOAKTepUAIbHBIMU M aHTUTPUOKOBBIMU CBOHCTBAMU.

OOmmpHOE NMpUMEHEHHE Hallllla HAHOTEXHOJIOTHSI B CO3JJaHMM CaMbIX Pa3HOOOPA3HBIX JAKO-
KpPacOYHBIX MaTE€pHaJIOB. Y HUKaJIbHOE CBOMCTBO HAHOMATEPHAJIOB IO3BOJMJIO CO34AaTh KPACKU CO
CBOWCTBaMM, OTJIMYHBIMU OT CylIeCTBYIOINX. OHU OKa3aluCh O4€Hb YPPEKTUBHBIMU AJISI OKPACKU
aBTOMOOWJIEH, MOE3/10B, 3MaHUi U Ap. JIakoKpaco4yHble MHOBAIMOHHBIE MaTepUaibl, pa3paboTaH-
HbI€ HA OCHOBE NPUMEHEHUSI HAHOTEXHOJIOIMU O0JIafialoT YHUKAIbHBIMU XapakTepucTukamu. bia-
rojapus CBEpXMaJIbIM pa3MepaM YacTHUIL[ JOCTUIaeTCsl BbICOKAsl aAre3usi, MPOYHOCTb U CTOMKOCTH
MOKPUTHS K BHELTHBIM BO3JIEHCTBHSIM, YCTOMUMBOCTD K YIbTparoaeToBOMY n3nydeHuo. Koapdu-
LIMEHT BJIArOINOIJAIIEHUS TapaHTUPYET 3aLIUTY OT N0XKIs. [IOKpBITHS ABISIOTCS TPSA3€0TTAIBKUBA-
IOIUMH, 00Ja1a0T camoourIarmumMcs dpdexkromM. [IoBepXHOCTh CTAHOBUTCS HACTOJIKO TIIAIKOMH,
YTO HUKAKUE APYrue Kpacku He MOTYT 3aKpenuThcs. HOBbI HaHOMaK 00ECIeYrBaeT BBHICOKYIO U
JUTUTENIbHYIO IPOYHOCTh MOKPBITHS, a TaKkKe 00pa30BYI0 COXPAHHOCTh aBTOMOOMIIEH.

Hcnonp3oBaHre NPUHIMIIOB HAHOTEXHOJIOTHH B (hopMe BBEACHUS B MOTOPHOE TOIIJIMBO HAHO-
pa3sMEpHBIX YaCTHIl OKCHJA Lepusi, MO3BOJIMIO YMEHBIIUTh BPEIHbIE BHOPOCHI B OTPabOTAaBIIUX
razax aBToMoOmsi. COOTBETCTBYIOIIAs TEXHOJOTHS pa3paboTaHa aHIIIMHCKON ¢pupmoit “Oxonica”.
Paboyas KOHLIEHTpaLus OKCUAA Liepusl B TOIJIMBE — 5 MUJUIMOHHBIX JIOJI€H Ha JIUTP, T.€. Ha XKeJe-
3HOJIOPOKHYIO LUCTEpHY TomuBa aoctoToyHo (150 —200) g nanomopomka. Dddexr or mpu-
MEHEHHsI HAHOYACTHUIl — SKOHOMHMSI TOILIUBA ~ 15 % U pe3koe CHIKEHHE BHIOPOCOB OKCHUJIOB a30Ta.

VYike mostyueHHbIE Pe3yNbTaThl U MEPCIEKTUBBI pabOT B 007aCTH HAHOTEXHOJOTHI TPUBEIH K
TOMY, YTO B pa3HBIX CTpaHax Ha YPOBHE IPABUTEIBCTBA M YACTHBIX KpyMHEHIUX (upm
(OM3HECMEHOB) NMPHUHSTHI U YCIEUIHO BBIMOJIHAIOTCS MPOTrPaMMBI 110 IMPAaKTUYECKOMY HCIOJIb30Ba-
HUIO PE3YylbTaTOB HAYYHO-IPAKTUUYECKUX HCCIENOBAHUN [UIsl HYXKJ HE TOJIBKO HAyKH, HO
rocygapcTBa M oOLIeCTBa B LEIOM. OTH IpOrpamMMbl IPEJICTAaBIAIOT cO00Il HalMOHAJIbHBIE
CTpaTEruy M0 HAHOTEXHOJIOTUH.

[TpaBuTENBECTBEHHBIE CTPYKTYpHI Oojiee ueM 35 cTpaH MHpa, OCO3HaBas pOjb HAHOTEXHOJO-
ruu B XXI Beke, BBIIEIAIOT 3HAUUTENBHBIE pECYpChl HAa (POPMUPOBAHUE YETOBEYECKOTO KanuTasia,
pa3BUTHE HAYYHOTO MOTEHIMAla, YCKOPEHNE KOMMEPLUAIN3ALUU HayYHbIX UCCIIEIOBAaHUH, BBIBOA
HAy4YHBIX PE3yJIbTaTOB HA PHIHOK U 3aHATHE OTAEIbHBIX CETMEHTOB MUPOBOI'O HAHOPBIHKA.
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ITnonepom paszButusi HaHOTexHOoruu sBisiercss CLIA, koropeie B 2000 r. mpoBO3riacuiin
nporpammy — «HanroHnanbHasi HAHOTEXHOJOTUYECKAsT MHUIIMATUBA», KOTOpas sIBJIsIach CTUMYJIOM
U1 pa3pabOTKU aHAJIOTUYHBIX MPOTPaMM B JIPYTUX CTpaHaX MHpA.

Ceronus CIIA sBnstorca nuzaepoM B HaHoTexHojoruu. B 2007 r. mpasButensctBo CIIA
BJIOXKUJIO B €€ pasutue 1.3 mupa. nomtapos. YHuepcuteTbl CIIIA mmpoko roToBST CTYIEHTOB
quist HaHouHaycTpun. CIIA 3aHUMAIOT JTUAUPYIONIYIO MO3UIMIO U HA MUPOBOM HAHOPBIHKE.

Crpanbl EC, oco3HaBass BaXHOCTb HAHOTEXHOJIOTHH NJisi 00€CTIeUeHUs] KOHKYPEHTOCIIOC00-
HOoCcTH U Oe3omacHocTH B EBpome, pazpaboTanu CTpaTeruio pa3BUTHs HAHOTEXHOJOTHUHU, KOTOPAs
(bUHAHCHpYETCS KaK M3 CpeACTB EBpOINENWCcKO KOMHCCHHM, TaK M W3 OIODKETOB OTHEIBHBIX
roCcyJapcTB, a TAKXKE MO Pa3IMYHBIM POrPaMMaM.

SnoHus siBiseTcs JUAEPOM BO MHOTHUX HaHOOOJACTSIX. 3/1€Ch HAHOTEXHOJIOTUSI HAXOAUTCS B
[IEHTPE BHUMAaHUS KaK BIAcTel, Tak u OuzHec-coodmiecTBa. B 2005 1. ToNbKO U3 OIOKETHBIX HCTO-
YHUKOB OBLIO BBIAENEHO MOYTH 1 MIp. JO/UIapoB. B msTHiIeTHEM M1aHe pa3BUTHS HAYKH U TEXHO-
noruii Ha nepuog 2006 — 2010 rr. HAHOTEXHOJIOTUSL paccMaTpPUBAETCAd KaK OJUH M3 KIIHOYEBBIX
MIPUOPUTETOB.

3a mupepctBo B oOnactu HaHoTexHosoruu Oopercst Kutaii. B 2003 r. Kuraii nmocraBun psia
CTpaTEernyecKux Iejied, B YUCIe KOTOPBIX SBISETCS aKKyMYJIUPOBaHUE YCUJIMI N7l MpeBpalleHus
HAaHOTEXHOJIOTHUH B OCHOBY KUTalWCKOW IIPOMBIIIJIEHHOCTH.

Kwuraiickoe mpaBuTenbCTBO Takke kKak npaButenbcTBo CIIA, cuntaer uro 060pOoHOCIOCO0-
HOCTh CTpaHbl B 3HAYUTEIHHOW CTENEHU OyIeT MPenompeeNsaThCs Pa3BUTHEM HAHOTEXHOJIOTHH.
Ceromgns Kutait nuaep mo Konw4ecTBy MaTeHTOB, a Takxke ¢upMm (6osee 800), paboTaromux B
00JacTi HAHOTEXHOJOTHH. BHYTpeHHMI PBHIHOK HAHOMPOAYKIMU B KHTae cocTaBisieT HECKOIbKO
MJIPJ. 10JIJIApOB M HEYKJIOHHO PacTET.

Ha a3marckom xoHTHHEHTe, kpome Kurtas u SImoHuu, mpoABUHYTHIMH CTpaHaMU B O0JAcTH
HaHoTexHoJioruu sBisitores FOxnas Kopes, TaiiBanb u Cunramyp.

Oco3HaBasi BaXXHOCTh HAHOTEXHOJOTHHU, KaK OCHOBBI TEXHOJOTHYECKOro pa3BuTusi B XXI
Beke, ctpanbl JlatuHckoit Amepuku (bpaswnusi, ApreHTnHa, MeKkcuka) Hadajau NpeanpuHUMATh
KOHKPETHBIE LIArv JJI1 aKKYMYJIHPOBAHMS PECYPCOB TOCYAApPCTBEHHOTO CEKTOpPa U KOPIOPALMH C
LEeNbl0 Pa3BUTHA HAYYHOrO TMOTEHIMala, KOONEpUpysachb HpU 3TOM ¢ Oosiee MNPOABHUHYTHIMH
crpanamu, npexie Bcero ¢ CIIA. Dtu cTpansl pazpaboTaid mporpaMMmy M BeIpaOOTaIN CTPATETUIO
Pa3BUTHS HAHOTEXHOJIOTUH, BBIJEIISAS JECATKN MIIH. JOJIAPOB 32 3TH LIEJH.

B 2001 r. B U3paune Obina pazpaborana HannoHanbHas HHULIMATHBA Pa3BUTHS HAHOTEXHO-
jgorud. 3a 2001 — 2005 rr. OromKeTHbIE aCCUTHOBAHWASA HAa HAHOTEXHOJIOTHMH COCTaBMJIM 45 MIIH.
JI0JUTApOB, KOTOPBIE OBLIM HAIIPABJICHHI TIABHBIM 00Pa30M Ha CO3/IaHUE IIEHTPOB U OCHAIICHHUE UX
MEPBOKIIACCHBIM 000PY/JOBaHHEM.

B IOxnoit Adpuxe Ilporpamma pa3Butus HaHoTexHosnoruu craproBana B 2003 r. O6mue
pacxojpl Ha HAHOHAYKY OLICHUBAIOTCS B 3 MJIH. JIOJUIapOB.

[IpumMeuaTenbHO, YTO HAHOTEXHOJIOTUS MOAHSATA 10 TOCYJAPCTBEHHOIO MPHOPUTETA JaKE B
TaKUX MAJICHbKUX CTpaHax Kak Jlanus, @unnsaaaus u ['omnangus.

Haunnaer akTUBHM3HpPOBATHCS B 00JIACTH HAHOTeXHOJOTUM WMHIUs, 00magaromas XopounMe
BO3MOKHOCTSIMU €€ Pa3BUTHSL.

Pacmmpenue pabotr Bo BcéM Mupe B 00JacTH HAHOTEXHOJIOTMH, MPHUHITHE HalMOHAJIbHBIX
MporpaMM U yBelndeHue (pruHaHCUpOBaHHS O0YCIOBICHO TOHUMAHUEM TOTO, YTO HAHOTEXHOJIOTHH
ABIIAIOTCS 0a3ucHbIMU TexHojorusmu XXI Beka.

OTnUYUTENBHON OCOOEHHOCTHIO BCEX HAIMOHAIBHBIX MPOTPAMM Pa3BUTHS HAHOTEXHOJIOTHUU
SBIIAETCS TO, YTO pa3BUTHE MH(OPACTPYKTYPHI BBIIEISETCS B HUX OTJENIbHBIM 0sIokoM. Bee cTpanbl
CO3JAI0T CIEUUANIbHBIE MEXIAUCHUIUIMHAPHBIE IEHTPbl HAHOTEXHOJOTUU U YUPEXKAAIOT LEHTPHI
KOJUJIEKTUBHOT'O TIOJIb30BaHUSI.

Cpenu 1pyrux 0COOEHHOCTEH 3TUX MPOrPaMM OTMETHUM CJIeIYIOIIHE:
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— BBIJIETIEHHE MPOOIeMbl (OPMUPOBAHUS YEIOBEUECKOro KaluTalda B KauecTBE MPUOPUTET-
HOTro, (POPMHPOBAHKE KAJAPOBOTO MOTCHLMANIA JJISI IPOBEACHUS MEXIUCIUITIMHAPHBIX UCCIIEI0Ba-
HUMH;

— MapTHEPCTBO C YACTHBIM CEKTOPOM, KOTOpOE OOYCIOBIEHO HEOOXOAWMOCTBIO OBICTpOM
KOMMEPILHOHAIU3AIMN HayYHbIX pa3padoToK;

— BKJIIOUYEHUE B KAuecTBE OTIEIbHOW 3aJayd H3y4eHUs IOCIEACTBUM MCIOIb30BaHUS
HAaHONPOJAYKLIMH M HAHOYCIYT, OIPEACIICHHE BO3MOXXHOTO OTPULATEIBHOIO BO3JACHCTBHUS Ha
3JI0pOBbE YEJIOBEKA U IKOJIOTHIO.

Hakoner, mpakTHueckd BO BCEX HAIlMOHAIBbHBIX IporpamMmmax cOpMHUPOBAHBI HAIPaBIICHUS
MEX1YHapOAHOIO COTPYIHUYECTBA.

Poccuiickoe mpaButenbcTBo, pacnopspkeHueMm 2006 r. om1o0puiio mporpamMMmy KOOpAMHAITUN
paboT B 00JIACTH HAHOTEXHOJOTMHM W HaHOMaTepuaioB B P®D, XoTd Hay4dHO-HCCIEIOBATEIbCKHE
paboTHl TIPOBOJUIUCH HAMHOTO paHbIE B HAay4YHO-HCCIAeAOBaTeNbcKuX MHCTUTYTax AH PD u B
BY3-ax P®. ®yHnameHTanbHble Hay4YHO-HUCCIEIOBATEIbCKAE pabOTHl IO HAHOTEXHOJIOTHU
MIPOBOASATCS 10 HECKOJIBKUM IporpamMmam, HauOojee KPYMHbIMU U3 KOTOPBIX SIBIISIOTCS MPOTpaM-
Mbl: «DH3UKa HAHOCTPYKTYp» IOJ PYKOBOACTBOM Jjaypeata HoOeneBckoil mpemuu, akageMuKa
K.MN. AndepoBa u «llepcrieKTUBHBIE TEXHOJOTUHA U YCTPOHWCTBA B MHUKPO- MU HAHOAJIEKTPOHHUKE»
nox pykoBoactBoM akagemuka K.A. BammueBa. Kpome Toro, B Poccum ans pa3BuTHsS HaHO-
TEXHOJIOTUU OpTraHM30BaHa Kopropauus «PocHaHOTeX» U BbIIeTIEeHO (PUHAHCHPOBAHUE.

B kon1e /s npuMepa npuBeaeM 0030p PIHOYHBIX (P U MPOrHO30B 110 HAHOTEXHOJIOTUU
(Tabmuma 3).

Tabauua 3. O630p perHOUHBIX (P U TporHo30B 1o HT.
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O6®eM mponax Ha Bug nmpoxykra

MHPOBOM DHIEKe (rofx)

493 miuH Aoanapoe Heopranuueckue HaHOYACTHIBI
CIIIA (2000) u nopowkH (Si0g, TiOy, MeTas-
900 muH monnapos JBI M T. X.)

CIIIA (2005)

40 Mapa gonnapos CunreTryecKue HaHOYACTHIIRI
CIIA (2002) KaK noxyhadpHKaTsl

23 MnpA KONNAPOB Hanomarepuainl

CIIIA (2003)

73 Mapa KoJIIApOE HHCcTpyMeHTRI; KOMIIOHEHTH! Ha-
CIIIA (2003) HOGMOTEXHOJIOrHH

54 mapg espo (2001)
100 mxpa espo (2005)

HT npozyxTtel (o yOpIBaroInei):
HAHOMATEPHUATHI, HAHOCIOH, Ha-
HOQHAJIUTHYECKHE TIPenapaTel,
cBepxTouHas o6paboTka moBep-
XHOCTH, JATePAIbHbIE
HaHOCTPYKTYDhI

66 Mupn AoaAapor
CIITA (2005)

148 mapa roanapos
CIITA (2003)

HT nponyxTsi

no 200 mapg eepo
(2005)

HT oponyrTsl

225 Mypa K01IapoB
CIIIA (2005)

700 Mmapa nonaapos
CIHA (2008)

HT npoaykTsr

1 TPHJLIHOH J0JNApOB
CIIIA (2015)

HT npoayxThl BoobIie
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TakuMm 006pa3oM, HAHOTEXHOJIOTHS B MEPCIIEKTUBE BHIPUCOBBIBACTCS KaK OJHA U3 CyAbOaHOC-
HBIX TEXHOJIOTHH JJIs YEJIOBEUECTBA.

2. BOITPOCBHI CO3JAHUA HEHTPA HAHOTEXHOJIOT'YM B I'PY3UN

AHanu3 pa3BUTUSI HAHOTEXHOJTOTUHU B Pa3HBIX CTpaHaX MUpPa, OCOOCHHO B MalbIX, ciladopas-
BUTBHIX M Pa3BUBAIOIIMXCS CTpaHaX MOKa3bIBaeT, 4To ['py3us HU B KOEM cilydae He MOXET (U He
,Z[O.H)KHa) 0601>'ITH PAa3BUTHUC HAHOTCXHOJIOTMH, C€CJIM HC XOYCT HABCCTZa OCTAThCA B YHCJIC CaMbIX
OTCTaJIbIX U 0€3 MEPCIIEKTUBHBIX CTPaH.

He YBUACB YXKC OIMYTUMBIC PE3YJIbTAThl PA3BUTHUA HAHOTCXHOJIOTMU W UTHOPHUPOBAHUC
BIIUSIHUSL HAHOTEXHOJIOTMYECKOM PEBOJIOLUMK Ha OOMIECTBO NMPHUBEIET K 0OE3BO3PAaTHOMY YIMAIKY
HAy4YHO-TEXHUYECKOI0 YPOBHS U YXYALIECHUIO COLIMAIBHO-3KOHOMHYECKOT0 cOcTOsIHUSA CTpaHBbl.

HeoOxonumo, B mepByio ouepelb, Kak MPOM3OLLIO B IPYIMX CTpPaHAaX — Ha BCEX YPOBHSX
(ocoOeHHO, Ha MapiIaMEHTCKOM, MPaBUTEIHCTBEHHOM YpPOBHE) MpPHU3HATH HAHOTEXHOJOTHIO, OCO-
3HaTh €€ KaK OCHOBHYIO TexHoJyioruio XXI Beka, ompenensionyro pa3BUTHE OOIIECTBA U MOHSITH
HE00XO0AUMOCTh CPOYHOMN MOATOTOBKU COOTBETCTBYIOUIMX KAJPOB.

B cBs13u ¢ 0kmMaeMbIM MOCTYIUUIEHMEM M HapacTaHHEM KOJIMYecTBa HaHOMPOAYKIHMH B ['py-
31U, HCEMAJIOBA)KHBIM SBJISICTCSA TaAKXKEC H€O6XOI[I/IMOCTI> KBaJII/I(bI/II_[I/IpOBaHHO Pa3bACHUTL HACCIIC-
HUIO HE TOJBKO MOJIOKUTENbHbIE, HO U OTPHULATENIbHbIE CTOPOHBI OJI30BaHUSI HAHONPOAYKIIUEH U
HaHOYCIIyTOH.

[IpoBeneHNE MEPONPUATHNA IO PA3BUTHIO HAHOTEXHOJOrMW B ['py3mm Oe3ycimoBHO Oiaro-
MNPUATHO CKAXKCTCA HA MOBBIICHUC HAYIYHO-TCXHUYCCKOI'0 YPOBHA CTPAHbI, OKUBJICHUC (byH,Z[aMeH-
TaJbHBIX HAayK (OCOOEHHO MPUOPUTETHBIX HAIMpPABICHUN) U YIYULIICHUH COIMAIbHO-3KOHOMHYEC-
KOT'O COCTOsIHUA CTPAHBIL.

Heobxomumo oTMeTuTh, uTo B ['py3un umeercs psaa GakTOpoB, CIIOCOOCTBYIOIIMX Pa3BUTHIO
HAHOTCXHOJIOT'UHU, 4 UMEHHO:

— UMeeTcsl MOKa elle JOCTaTOYHO BBICOKMM HAay4HBIH MOTeHIuan (pyHIaMEHTAIbHBIX HAyK
(pu3ukm, XuMHH, OMOJIOTHH) SBIISIONINECS OCHOBOUM Pa3BUTHSI HAHOTEXHOJIOTHH;

— COXpaHWJINCh KaJpbl, IMEIOIINE MHOTOJIETHUI OMBIT B 00JIACTH MUKPOAJIEKTPOHUKHU (KaK B
HAayKC, TaK U B MNPOHU3BOACTBC NOJIYHNPOBOJHUKOBBLIX HHTCIPAJIBHBIX CXEM MU OHNTO3JICKTPOHHBIX
pUOOPOB).

3I[GCB K€ OTMCTHUM, UTO MHUKPOIJICKTPOHHAA TCXHOJIOTUSA SBJISACTCA OCHOBOH Pa3BUTHUA HAHO-
ANEKTPOHUKU. MOXKHO CKa3aTh, YTO caMa HAHOAJIEKTPOHHUKA, UCIOJIb3YSl TEXHOJIOTUYECKHE METOIbI
M3TOTOBJICHHUSI MUKPORJIEKTPOHHBIX MPUOOPOB, MPEACTABISAET COOOW MPOJOIKEHUE Pa3BUTHS MU-
KpPO2JIEKTPOHUKH:

— B (bH3HK€, XUMHHU U 6I/IOJIOFI/II/I BCAYTCA MHTCPCCHBIC HAYYHBIC UCCICAOBAHUSA, ABJIAIOMUCCA
MEPCTIEKTUBHBIMU IS UCIIOJIb30BaHUSI B HAHOTEXHOJIOTHYECKHUX pa3padoTKax;

— B TOummcu UMeroTcs OTAEIbHBIC HaydyHbIE TPYIIBI B UHCTUTYTaX, padoTaromue B 006JacTu
HAHOTEXHOJIOTUU U MOIYYHUBIINE UHTEPECHBIE PE3YIbTaThI;

— HEMAJIOBAXKHBIM (DaKTOPOM, SIBIISIOLIMMCS CTUMYJIOM pa3BUTHS HAaHOTeXHOJOruu B I py3um,
SBJIAETCS €€ T€ONOJIUTHUECOE TIOJI0KEHNUE;

— MUMEIOTCS ONPEICTICHHBIE CBSI3W HAIIMX YYEHBIX C MHCTUTYTaMH Pa3BUTHIX CTPaH, MOJOKU-
TCJIbHO BJIMAIOMIUC HA ITPOBCACHUC UCCIICIOBAHUUN B 06HaCTI/I HAaHOTCXHOJIOI'nu.

CaMbIM 3(p)(peKTHUBHBIM M BAKHEHIIIUM MEpPONPHUSITHEM JIJISI PA3BUTHS HAHOTEXHOJIOTHU
B I'py3un u peajmu3anuy BO3MOKHOCTEH € y4eTOM 3THX (aKTOPOB fABJSIETCH CO3JaHHE KOJI-
JIEKTMBHOI'0 IEHTPAa HAHOYJIEKTPOHUKH B I'py3uu.

OCHOBHO# 11€/IbI0 HAHOIIEHTpa SBISETCS CO3/laHue Oazuca HaHOTEXHOJNIOTUH B ['py3uu 1uis
JAJTbHEUIIIETrO €ro pa3BUTHSL.

OcHoBHBIE 337]a41 HAHOILIEHTPA MOXKHO COPMYITUPOBATH CIEIYIOIINM 00pazoM:

— TMpOBEIECHHWE HAYYHBIX HCCIEeNOBaHUII B 00JacTM HAHOHAYKM M HAHOTEXHOJOTHHU 10
BbIOpPaHHBIM IPUOPUTETHBIM HAIPABJICHUSAM, UMEIOIIMM caMoe BayKHOE 3HaueHue Juist [ py3un;
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— MOJATOTOBKA HAayYHBIX KaJpOB B 00JaCTH HAaHOTEXHOJIOTUH, OCOOEHHO 0O0JbIIOE BHUMAHUE
Oyner yaeneHo (pOpMHPOBAHUIO KaJIpOBOTO MOTEHIIMANA ISl MPOBEACHUS MEXIUCIUITMHAPHBIX
uccienopanui. Okazanue nmoMouy 1 ycayr BY3-am cTtpanbl B 3TOM HalpaBiieHUU;

— MPEeAOCTaBIEHUE BO3MOXKHOCTU IMPOBEACHUS MCCIEIOBAHUI MO HAHOTEXHOJIOTMH Pa3HBIM
UCCIeoBaTeNsIM (B TOM YHCIIe 1 MHOCTPAHHBIM) IO COTJIACOBAHHBIM TapudaM (HUHAHCUPOBAHUS;

— YCTaHOBJICHHE W Pa3BUTUE HAYYHOI'O COTPYJHUYECTBA U MAPTHEPCTBA C LEHTPAMU MHUKPO-
ANEKTPOHUKHU B PAa3HBIX CTPaHaX;

— ompeJielIeHue BO3MOXHOCTH BHEAPEHUS Pe3yIbTaTOB UCCIIEIOBAHUM B MPOMBIILIEHHOCTb;

— U3Yy4YEHHUE MOCIEACTBUI HCIOIb30BaHUS HAHOMPOAYKIIMH ¥ HAHOYCIYT, BBIMOJIHEHUE POJIU
JKCIEepTa B 3TOM HAIPABJICHUH;

— OKa3aHue KOHCYJIbTALUN MO BOMIPOCaM MPUMEHEHHUSI HAaHOIIPOyKTOB;

— ydJacTue B pa3padOTKe pa3HbIX (B TOM YHWCIE MPABUTEIBCTBEHHBIX) MPOrpaMM IO HAHO-
TEXHOJIOTUSIM;

— IOMYJISIpU3ALMS HAHOTEXHOJIOTUH, IPUBJICUEHUE MOJIOJICKHU K HAHOHAYKE;

— pa3paboTKa MIaHOB PadOTHI HAHOIICHTPA.

Ucxons u3 aHanu3a COCTOSHMS Pa3HBIX OTpaciell HaAyKM M MX 3HAYUMOCTU JUIsI CTPaHBI,
KQKETCS ONTUMAIbHBIM COCPEIOTOYUTh YCWJIMSI LIEHTpa Ha CIEAYIOIUX MPUOPUTETHBIX
HaIPaBJICHUSX HAHOTEXHOJIOTUHU (CM. pHC. 7):

— HaHORJIEKTPOHMKA (BKJIIOYAsl MOJTYMPOBOAHUKOBBIE MpeoOpa3oBaTesid COTHEUHON SHEPTruu
BBICOKOM 3()(PEKTUBHOCTH);

— HAaHOXUMHUS (BKJIIOYas MOJIyYeHHUE HEKOTOPBIX HAHOMATEPUAJIOB);

— HaHOOMOJIOTHS (B TOM YHCJIE BOIIPOCHI HCIIOIH30BAHMSI PE3YJIbTATOB B MEIUIIUHE);

— DKOJIOTHUS (BBIOPOCHI, CETLCKOXO03IUCTBEHHBIC BPEUTEH ).

HaHoanekT-
pOHMKa

TOunucckunin LeHTp

HaHoOwuonorus

HaHOXNMUNA
HaHOTEXHONornn

SKonorusg

Puc. 7. [IpennonaraeMple MPUOPUTETHBIE HAIPABIECHUSI HAHOTEXHOJIOTUH B ['py3un.
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I[J'I}I KBaJII/Iq)I/IL[I/IpOBaHHOI‘O BBIITOJIHCHHA IMOCTABJICHHBIX 3a7a4 HAHOLCHTP OOJIZKCH HUMCTH
BO3MOYKHOCTb:!

— KOMaHJIUPOBaTh COTPYAHUKOB IIPU OCTPON HEOOXOJMMOCTH B pa3Hble CTPaHbI, B TOM YHCIIE
IUIsl y4acTusl B KOH(pepeHLIUsX, BEICTABKAX;

— BEpHYTb U3 Pa3HBIX CTPAH MOJIOJBIX CHELHATUCTOB, rpaxkaaH ['py3un nns padotsl B Hano-
LEHTPE;

— IpUIJIAIIATh YYEHBIX Ha KPAaTKOBPEMEHHBIN NepuoJl (KOHCYJIbTallUH, JOKIIa/bl);

— BBI3BIBATh CHEIHMAIMCTOB U3 (pUPM I peMOHTA TOCTABIEHHOTO UMM 000pyI0BAHUS;

— TIPOBOJIUTH paboUYne CEMUHAPHI, KOH(PEPECHITNH;

— Hare4araTh HeOOXOIMMYIO HayYHO-TEXHUYECKYIO JIUTepaTypy (MalbIM THPAKOM);

— 3aKIIIOYUTh OOroBopa € pasHbIMU OpraHU3allUsIMU 110 BOIPOCAM, KaCarOMUMCA OCATCIIb-
Hoctu Hanonentpa.

3. OCHALIIEHUE HEHTPA

LeHnTp nOomKeH OBITh YKOMIUJICKTOBAaH COBPEMEHHBIM IMEPBOKJIACCHBIM O0OPYIOBaHHUEM IIO
BCEMY TEXHOJIOTHYECKOMY LIUKITY.

Kpome TOro, B CBA3M ¢ HEOOXOAUMOCTHIO MPOBENEHUS MPEABAPUTEILHBIX U3MEPEHHH, 00Y-
YeHHs KaJ[POB, MPOXOXKACHUS MPAKTUKU W BBIOJHEHUS JUIJIOMHBIX Pa0OT MO0 HAHOTEXHOJOTHH,
Tpebyetcst obopymoBaTh HaHoueHTp Oosiee AEmIOBBIM OOOPYJOBAaHHEM IO BCEMY MHKITY (€CTh
(bUpMBI, KOTOPBIE MMPOTAIOT UCIIOJIB30BAaHHOE, HO padoTaroliee 000pyI0BaHUE IO HU3KUM IICHaM).

Crpykrypa LleHTpa B OCHOBHOM OIIpPEAEISAETCS KOJINYECTBOM IPUOPUTETHBIX HallpaBiieHuil. B
MPEIJIOKEHHOM BapHaHTE PacCMATPUBACTCS YETHIPE OT/ENa: HAHOAJIEKTPOHUKU, HAaHOOWOJIOTHH,
HAaHOXMMUU U KOJIOTUU U BCIOMOTaTEIbHBIE MTOAPA3ACIICHHUS.

Hns co3znanua HaHoueHTpa BO3MOKHO NPHUBJICYEHUE MHBECTOPOB (B T.4. BHYTPHU CTPaHBI).
I'maBHOE — 4TOOBI HE MPOM3OIIO PACIBUICHUE CUIT; 3TO OyaeT TyOUTenbHbIM. CMEN0 MOXKHO YT-
BEpXKJaTh, YTO PA3BUTHE HAHOTEXHOJIOTMH B ['py3uM BHECET 3HAUMUTENBHBIN BKJIAJ B BO3POKICHUE
SKOHOMUKH (CEJIbCKOTO XO034KlCTBa, MPOU3BOJACTBA HA OCHOBE HOBBIX TEXHOJOTWMH) W YTO CaMoOe
TIIaBHOE, B (popMHUpOBaHUE OCHOBAaHHOTO Ha 3HaHUE oOmiecTBa B [ py3un.

Kpome ocHoBHOM nuteparypsl [1—12], mpuBeaeHHOW B KOHIE, B CTaTh€ MCIOJIb30BAHBI
HCECKOJIBKO ACCATKOB pPa3HbIX MAaTCPHUAIIOB, B3ATBIX U3 I/IHTepHeTa.
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VYHUKaJIbHBIE CBOMCTBA HAHOMATEPHUAJIOB IOCTABUIM BOMPOC B MOBECTKY JHA 00 HCIOJbB30-
BaHUU ATUX CBOMCTB ISl CO3JJaHUS Pa3HBIX MMEPCIEKTUBHBIX TPUOOPOB HAHOAIEKTPOHUKH.

OfHBIM W3 MHTEPECHBIX HAIPaBICHHH B OOJOCTH HAHODJIEKTPOHHKH OTKPHIBACTCS MEpen
pa3paboTuuKaMu B CBS3M OOHApY)XCHHEM y HaHOKpeMHHUS 3(P(HEKTUBHON ITIOMHUHECICHIIMH. DTO
MO3BOJISICT UCIONB30BaTh KPEMHHMI HapsIy MUKPOIEKTPOHUKU M B ONTOAIEKTpoHUKE. OcoOeHHO
3aMaH4YMBBIM M IEPCHEKTUBHBIM IMPEJICTABISACTCS HCIOJb30BAaHUE HAHOKPEMHBII B CTPYKTYpE
«KpeMHbIit Ha canpupe» (KHC).

KonkpeTHo mpeanaraercss U3roTOBJIEHHE CTPYKTYPhI C HCIIOJIB30BAaHHEM candupoBOM MOJ-
noxku. Ha ogHOM cTOpoHe camndupa W3roTaBiInBaeTCsi MUKPOCXeMa Ha OCHOBE AMOJHOM MaTpHIIbI,
umu MOII TpaH3uCTOpOB, KOTOpBIE CiIyX)aT (POTOMpHEMHUKAMH CBETOBOTO H3IydeHus. Ha
MIPOTOBOMOJIOKHOM CTOpOHE camdupa HAHOCUTCS HAHOKPEMHHUH, CHOCOOHBIA H3ITy4yaTh CBET,
KOTOPBIM MPOXOIUT Yepe3 canpupoByIO MOMI0KKY U peructpupyercs ¢portonpuomuukamu. Co3a-
HUIO TaKOH CTPYKTYpHI CIIacOOCTBYET CBOICTBO M mapameTpsl camoro candupa. OH mpeacTaBiser
co00l ONMTHYECKH MPO3PAYHBIA MaTEpHaIl, MPEKPACHBINA U30JIATOP, XUMHUYECKH WHEPTHBIN, MEXaHU-
YeCKM IMPOYHBI M paJualliOHHO CTOWKUH, 3TO OYEHb BaXHO M5 (YKIMOHMPOBAHUS PA3HBIX
OIITORJIEKTPOHHBIX MTPHUOOPOB.

Bo3MOXHOCTB cO371aHMs ONITORJIEKTPOHHBIX 3JIEMEHTOB HA OCHOBE IIPENJIOTaEMBIX CTPYKTYpP —
HaHOKPEMHBIN (M3nydarenb) — candup (CBETOBOM) a MHETpayibHas cxema ((hOTONMpUEMHHK), 00Y-
CJIOBJICHA CIIEYIOIUMH (PaKTOpaMu:

— ObGHapyxeHre y HaHOCTPYKTYPUPOBAHHOTO KPEMHHUS CIIOCOOHOCTH M3JIydaTh CBET CIeaj
€ro MEpCIEKTUBHBIM OINTO3JEKTPOHHBIM MaTepuaioM. MccienoBaHus B 3TOM HallpaBJIEHUU
Pa3BUBAIOTCS MPEUMYIIECTBEHHO B O0JIACTH KOMIIOHEHTOB JJIi HAHO-ONTO3JIEKTpOHUKU. Cyas 1o
ony0nuKoBaHHBIM pabotam [1], a Taxxke myOnukauusMm B MHTepHETE MPOTHO3UPYETCS pasHOE
MIEPCIEKTUBHOE NPUMEHEHUE HAHOKPEMHHUS M TIPOLECCOB HA €ro OCHOBE: HCIIOJIb30BAHUE
KPEMHUEBBIX M3JIy4aTesIeil il MHTETPAIbHBIX ONTHYECKBIX CXEM, B 3alIOMUHAIOLINX YCTPONCTBAX,
B KQUE€CTBE CBETOBOJIHOBBIX KOMIIOHEHTOB, MATPUYHBIX U3JIydaTelIeld U ONTOMap, Ja3epoB U JIp.;

— B I'py3un, B uHctutyte «Muon» Obuia nposenena cepuss HUP u OKP mo co3mganuio
JUOJIHBIX MHTErPAIBHBIX CXEM ISl 3alIOMUHAIOLIET0 YCTPOUCTBO HA OCHOBE CTPYKTYpP KPEMHHUU Ha
carndupe.

CxemMbl OBLITH BBITIOJTHEHBI HA OCHOBE BEPTUKAIBHBIX THOMHBIX CTPYKTYp [2], KoTOphIe 00ec-
[IEYUBAIOT MUHUMU3ALUIO ITapa3UTHOM EMKOCTH, CTOMKOCTb K paJUallMOHHOW, TeMIIepaTypHOH,
XUMHUYECKON M JIPYTMM BO3MOXKHBIM BO3JeHCTBUSAM. Kak ciencTBue 3Toro o0CToATEIbCTBA CXEMBI
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XapPaKTUPHU3YIOTCS MaJjioil TOTPEOJIIEeMO MOIITHOCTBIO, BBICOKMM OBICTPOJICHCTBHEM W HAJICXK-
HocThlO. Ha puc. 1 mokaszana IIOCIIEA0BATCIIBHOCTE OCHOBHBIX TCEXHOJOTHYCCKHUX onepaunﬁ npu
coznannu KHC-11om0B ¢ TOPIIEBBIM pP-N MEPEXOIOM.

L n 7<\St m 7] r_\\
? Lanpup ‘( L

)

Puc. 1. ITocnenoBaTenbHOCTL OCHOBHBIX TEXHOJIOTHUECKUX
onepanuii cozganuga KHC-a1nom0B ¢ TOpLEBbIM p-n MEPEXOI0M.

HUUN «Mwuon» 0b11 pa3zpaboTaH Bech TexHonorudeckuid 1uki noaydenuss KHC nHaTerpanpux
CXeM U B TE€YEHHUE paja JIET OCYIIECTBISIIOCh M3TOTOBJICHUE SJIEKTPUUYECKU MPOrPAMMHPYEMBIX
muonHblx Matpull (712 BB 1 m ap.), KOoTopble HCMOIL30BaIMb B OJIOKaX TOCTOSHHOW IaMsITH
PaaNO3JIEKTPOHHOM anmnaparypbl B KOCMUUYECKHX amniaparax, a TAakKe B MOJIBOJHBIX JIOAKAX. 3/1€Ch-
K€ OTMETHUM, UYTO CPEJ aBTOPOB JIaHHOM CTAaThbU SBIIAIOTCSI OCHOBHBIE CO3JAaTENH YKa3aHHBIX BbIIIE
CXEM (B T.4. U pYKOBOJUTEID).

ITo ykazanupiM KHC unTerpansapiM cxemam HUM «MuoH» ObUT TOJTIOBHBIM UCTIOJTHUTEIIEM.

— B cBoe Bpemuss B8 HUM «MuoH» ObIIM NPOBEEHBI MHTEPECHBIC HCCIECIOBAHUS UCIIONb-
30BaHMS JTUOMHOW MaTpHIlbl, chopMUpOBaHHON Ha ocHOBe CTpYKTyphl KHC B kadyecTBe MaTpHIlbI
¢dotouyBcTBUTENBHBIX dneMeHTOB [3]. Co3nanue marpuil (POTOYYBCTBUTEIHHBIX JJIEMEHTOB B WH-
TerpajbHOM UCIOJHEHUH CUUTAETCS MEePCIEKTUBHBIM HANPABICHUEM B ONTOXJIEKTPOHUKE, TaK Kak
OHO TO3BOJIUT KOHCTPYUPOBATh KOOPAMHATHO-YYBCTBUTEIBHBIE YCTPOMCTBA BBICOKOTO pa3perie-
HUSI, pacrio3HaBaHus 00pa3oB, IU(POBOIL 3aMMCH TOJIOTPAMM U T. 1.

B pabote [3] uccrienoBaHo crieKTpajabHOE pacnpezencHre poToToka KOPOTKOTO 3aMbIKaHUS U
($0TO-3.11.C CTPYKTYpBI IPH pa3HbIX TemnepaTypax. K coxxaneHuto u3-3a OTCyTCTBHS U3ITyYalOLIEro
KpeMHUs1, paboTa He HalluIa pa3BUTHS (IPUMEHEHHE PYTHX U3ITYyYaIOIIbIX MAaTEPUSIIOB, HAIPUMED,
coenuuennst A" BY wm A"BY! ne sBmsmcs peaIbHBIM M3-3a CJI0KHOCTU TEXHOJIOTMH ITPUMEHEHNUS
ux B KHC ctpykrype).

Nmenno oOHapyxeHue H(G(PEKTUBHOTO H3Iy4eHUsS Y HAHOKPEMHHUS MaéT BO3MOXKHOCTH
BEPHYTHCS K BoIpocy co3nanus ontodsieMenToB Ha KHC crpykTypax.

— Wmeercss BBICOKMI Hay4YHbH TIOTEHIIMAT M Kaapbl B 00JacTH pa3paOdOTKH pPa3HBIX
OTITORJIEKTPOHHBIX MPUOOPOB (CBETOAMOIBI, U3ITyYAIONINE MATPHIIBI, 3HAKO-IIU(POBBIE WHIUKATO-
pBI IIKAJIBI M ZIp.). DTO TMO3BoJsAeT coBMecHO co crnenuanuctamu nmo KHC crpykrypam Oosee
3¢ (HEeKTHBHO BECTH padOTY MO CO3aHUI0 ONTOAIEKTPOHHBIX dNeMeHToB Ha KHC.

OueBuHO, PEIICHUE YTOW MEPCIEKTUBHON 3a/1aui TPpeOyeT 3aHOBO OCMBICIUTh U OTpabOTaTh
LENBIA PNl TEXHOJOTHUYECKUX MporeccoB. [loTpedyeTcss KOPPEKTHPOBKA TEXHOJIOTHH IMOTYICHUS
KHC wuHTEerpambHuMX cXeM, MNpPOBEACHUE COOTBETCTBYIOIIBIX HCCICAOBAHUN W YCTAaHOBJIEHUE
HEU3BECTHBIX JI0 CHX MOP PEKUMOB OTACIbHBIX TEXHOJIOIMUYECKUX MPOLIECCOB MOMYUYCHHS KPEMHHUS
(kak HaHO-, Tak U Mukpokpemuus) Ha KHC ctpykrypax.
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OTmeTHM, YTO MPOBEACHHUE MPEAYCMOTPEHHBIX PAa0OT MO HCIOJIb30BAHHUIO HAHOKPEMHUS B

ctpykrype KHC Oyner cnoco6cTBOBaTh BOZHUKHOBEHUIO HOBOU c(hephl UX MPUMEHEHHUSI.

N =
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Electroless metallization technology which allowed replacing adequately Au and Ag with
Ni—P or Ni-B alloys and simplifying significantly the metallization process was developed
[1-6].

The proposed patentable nanomethods for the first time allow one to produce nanochips and
photomasks with nano-sized adjacent elements by single optical UV photolithography [7].

The proposed nanomethods are much more advantageous and simpler than other expensive
and complicated methods such as e-beam, X-ray lithography or fabrication of nanoelements using
light-phase-shift photomasks.

The proposed methods of metallization are widely used in electronics, piezoengineering and
instrument-making. As a result Au, Ag and Pd were replaced with the alloys of non-precious
metals; usage of toxic substances was eliminated [1-6].

1. INTRODUCTION

The term “electroless plating” denotes the method of deposition of metals and alloys without
using the external electric current source. This method could find a wide application in
accomplishment of the above mentioned tasks and resolution of other problems in various fields of
industry such as nanoelectronics, microelectronics, fabrication of ICs, printed circuit boards, hard
memory discs, instrument-making, machine-building, plating of plastics, etc.

The first edition of T.N. Khoperia’s monograph — Electroless Deposition of Nickel on
Nonmetallic Materials (in Russian). Moscow: Metallurgiya, 144 pages (1982), edited by
K.M. Gorbunova — was distributed in a very short time. The research and development results
presented in this monograph facilitated the implementation of new methods of metallization [1].

A new monograph has been prepared for publishing [8]. In our opinion, this monograph will
promote reaching a new level of nanotechnology.

The present monograph contains new data on the proposed nanotechnologies for fabrication of
fine-grained powder-like particles, films, bulk materials, nanocomposites, nanochips, devices for
microelectronics, nanoelectronics, photonics and photocatalysis.

The development of a competitive nanotechnology for fabrication of nanochips is compared to
“building the first atomic bomb or sending a person to the Moon” (Scientific American, April 2004,
p. 49).

In this monograph, there is presented the technology providing the replacement of precious
metals by nonprecious ones and the exclusion of the use of toxic substances and some undesirable
production processes. The mechanism, the kinetics and the thermodynamics of reactions of
electroless nickel deposition on various materials are described. The results of systematic
investigations of the mechanism and kinetics of sensitization, activation prior to electroless
metallization of nonmetallic materials are presented. The monograph can help the readers to use
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efficiently wide possibilities of electroless deposition for fabrication of powder-like particles, bulk
materials and films with specified properties.

This book will be helpful for scientists and engineers involved in the investigation and
application of nanoelectronics, microelectronics, catalysis, photocatalysis, instrument-making,
medicine etc.

The proposed monograph [8] consists of the following chapters:

Chapter I. Problems of the electroless nickel deposition on the various materials;

Chapter II. Reaction mechanism and kinetics of electroless nickel deposition using
hypophosphite as reducing agent;

Chapter I1I. Some factors affecting the kinetics of electroless nickel deposition and properties
of the coatings (using hypophosphite as reducing agent);

Chapter IV. Electrochemical investigations of the mechanism of electroless nickel deposition
and the corrosion resistance of coatings;

Chapter V. Investigation of kinetics of the reactions and magnetic properties of electrolessly
deposited Ni, Ni — P and Ni — Re — P coatings by using hydrazine or hypophosphite as reducing
agents;

Chapter VI. Electroless metallization of nonmetallic materials;

Chapter VII. Industrial application of electroless nickel deposition in microelectronics,
nanoelectronics, piezoengineering and instrument-making;

Chapter VIII. Nanotechnologies for fabrication of semiconductor powder-like photocatalysts
with a uniform size distribution and their spectrophotometric investigation.

The developed methods of metallization of various materials have been widely used at the
enterprises of the NIS for production of quartz resonators and filters, monolithic piezoquartz filters,
photomasks, piezoceramic devices for hydroacoustics and delay lines of color TV sets (several
hundreds million devices were produced), casings of integrated circuits and semiconducting
devices, ceramic microplates, precise microwire and film resistors, capacitors, catalysts, etc.

As a result of usage of the developed technology Au, Ag and Pd were adequately replaced
with non-precious metal alloys; a time for production of piezoquartz and piezoceramic devices was
reduced by a factor of 4 (in the case of fabrication of piezoquartz devices).

2. SPECIFIC FEATURES OF ELECTROLESS METALLIZATION
OF NONMETALLIC MATERIALS

The process of electroless deposition of nickel alloy using hypophosphite as a reducing agent
is characterized by the following specific features revealed experimentally [1-6,8—18]:

1) The reduction of metal ions with hypophosphite proceeds on the surface of metals
belonging to group VIII of the Periodic Table, which are capable to catalyze this process;

2) The rate of the process depends sharply on the solution temperature, obeying the
exponential law;

3) In the acid solutions, the acidity and buffer properties of the solution affect significantly the
rate of the process;

4) In alkaline solutions, the rate of the process depends on the concentration of hypophosphite,
while in acid solutions such dependence manifests itself only under specific conditions;

5) The reduction of nickel ions is always accompanied by the release of gaseous hydrogen;

6) The concentration of the components of the solution for electroless nickel deposition is low,
about (0.1 —0.2)m/1;

7) The layer formed as a result of reactions does not consist of pure metal, but always contains
phosphorus, the amount of which depends on the process conditions, in particular, on the pH value
of the solution.
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For electroless deposition of metals on nonmetallic materials, it is often necessary to give
them the catalytic properties that would provide the initiation of the reaction of the metal ion
reduction on nonmetallic surfaces. This is usually done with the help of two sequential processes
(nowadays, often combined) called sensitization and activation [1-6]. The sensitization is generally
performed by immersion of nonmetallic materials into the acid solution of bivalent tin. The
activation is generally carried out by immersion of nonmetallic materials in the solution of
palladium chloride.

Both the formulations of the solutions for surface treatment — sensitization and activation and
the conditions of electroless nickel deposition depend on the nature and structure of the materials to
be coated.

It is possible to increase the amount of the products remaining on the surface by rinsing the
sensitized samples with sodium carbonate or ammonia solutions; in this case the hydrolysis
proceeds faster and more completely. The activation can be carried out together with the
sensitization with “conjugated” solutions containing salts of tin and palladium, platinum or gold.
The solution suggested for this purpose contained salts of palladium and tin. The solutions prepared
separately were combined immediately before the activation.

Metallization of disperse and porous materials by the electroless method at low temperature
can be of a practical significance for obtaining, for example, the powder-like catalysts.

3. THE MECHANISM OF SENSITIZATION AND ACTIVATION

It is shown that the existence of adsorbed tin ions on the surface provides both a greater
number of palladium ions on the glass and a greater strength of bonding of palladium to the surface
at subsequent activation [1-6].

The experimental results show that the application of sensitization becomes less essential in
the case of electroless metallization of non-metallic materials with greater surface roughness. With
the increase in the substrate roughness (ground surface), the surface concentration of the adsorbed
Sn and Pd ions increases.

The conditions of activation such as the pH value of palladium chloride solution, the
concentration, temperature and surface roughness determine whether the sensitization is necessary
or not.

The sensitization reduces the induction period of the nickel deposition reaction, promotes
complete coverage of the surface and improves the coating quality [1-3].

At adding HCI (1 milliliter of concentrated acid per gram of PdCl, - 2H,0), chloropalladic
acid is formed according to the reaction:

2HCI + PdCl, = H,PdCl4 (1)
which affects favorably the activation process.

The mechanism of sensitization and activation was established, involving the concept of an
equilibrium shift towards formation of complex palladium anions and predominance of the number
of palladium ions over tin ions on the surface [1,2,8].

It was established that the part of palladium ions not reduced by sensitization-activation:

Sn(Il) + PA(II) = Sn(IV) + Pd (2)
can be partially reduced at subsequent interaction with hypophosphite in the solution of electroless
deposition according to the reaction:

PdCl,* + H,PO,” +H,0 = Pd + H,POs™ + 2H' + 4Cl. 3)

The investigation results showed for the first time that, when the aqueous-alcoholic solution is
used as a solvent for tin chloride at the sensitization, at subsequent activation the amount of
adsorbed palladium ions increased as compared with the application of the aqueous solvent for tin
chloride. This can be referred to the fact that the addition of the organic compound to water changes
the solvent configuration and the solvation degree of dissolved substances. Under these conditions,
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dissolvation of Sn ions is simplified, because the ion-solvent (dipole) interaction is stronger in a
water solvent than in a water—spirit solvent. Besides, it is more difficult for ethyl alcohol molecules,
than for water molecules, to displace the tin ions at the interface. The small size of water molecules
makes their presence at the interface energetically favorable.

A new mechanism of sensitization and activation in the mixed solvent, the effect of the
solvent and the possibility of obtaining the nanometer-scale pore-free films can be explained by the
interpretation with consideration of the reduction in the ionic strength in the mixed solvent and the
increase in the ionic-activity coefficient.

As is known, the composition of the solution and the origin of the solvent affect the ionic
strength I of electrolyte and, the ionic-activity coefficient. Taking into consideration this
circumstance, the increase in the adsorption of palladium ions and the deposition of a denser film of
palladium clusters after using a water—spirit solvent for sensitization could be explained on the basis

of the Debye—Hiickel theory. The relation between the ionic-activity coefficient ¥, and the ionic
strength is expressed by the Debye—Hiickel equation:
lgy, =—Az 1 . (4)
The use of the water-spirit solvent for the sensitization solution reduces the total number of
ion charges ziz in the solution and the ionic strength as compared to the water solvent. The decrease

in the total number of electric charges in the solution is likely to promote a decrease in the force of
attraction between the ions and the solvent, a decrease in the interaction between the ion and the
dipole and an increase in the ionic-activity coefficient. It was established that the addition of NaCl
to palladium chloride solution was favorable for the activation process.

To investigate the influence of chlorine ion concentration on the sign of the charge of complex
palladium ions, a series of experiments was performed on the transfer of ions in the electric field.
PdCl, - 2H,0 was dissolved in water with the minimum amount of HCI. The obtained solution was
poured into the electrolyser divided into several compartments by porous glass diaphragms. In other
series of experiments, electrolysis was carried out in 1 g/1 solution of PdCl, - 2H,O with some
amount of NaCl added. In both cases, after electrolysis, portions of the solution taken from the
cathodic, anodic and middle compartments of the electrolyser were subjected to polarographic
analysis for palladium content. The results of the investigation showed that palladium was present
in the form of a complex anion in the solution with minimum amount of hydrochloric acid with or
without NaCl. But in the solution containing sodium chloride, Pd (I) was completely transformed
into complex anions. As a result of the electrolysis, the concentration of palladium ions in the
cathodic compartment was found to be much lower than that in the anodic compartment of the
electrolyser.

The effect of addition of sodium chloride to the palladium chloride solution on the
enhancement of adsorption of palladium ions and the increase in the activation effectiveness can be
explained as follows. At adding NaCl to the PdCl, solution, small palladium cations (Pd*")
transform into the palladium complex anion PdCly. In this case, the energy of interaction between
the palladium anion and the solvent molecules, and the number of solvation molecules decrease.
The reduction in the attraction forces between the palladium ion and the surrounding solvent
molecules promotes an increase in the ion activity coefficient. As a result, the palladium ions easily
get rid of their solvation shield. Under these conditions, the adsorption of palladium ions and the
efficiency of activation increase. The application of the abovementioned methods allowed us to
establish the mechanisms of sensitization and activation.
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4. REPLACEMENT OF AU AND AG WITH THE NI - P AND NI - B ALLOYS IN
ELECTRONICS

A new method of production of precise piezoelectric quartz resonators and filters, and
monolithic piezoquartz filters with electrodes, made of electroless nickel-phosphorous alloy, for
spacecraft, hydroacoustics and communication devices was developed [1-8]. Electrical
characteristics of quartz resonators with the deposited Ni — P coating are better than when gold and
silver were used as electrode layers. It is owing to the fact that:

1) For assembling the quartz oscillator at Ni — P plating, preliminary fusing of the silver
sublayer (made from paste), causing undesirable changes in piezoquartz physical properties, is not
necessary;

2) The improvement in the frequency characteristics of piezoquartz resonators is owing to the
fact that the specific weight of the Ni — P alloy (7.8) is less than that of Ag (10.5) and Au (19.3).
Therefore, the Ni—P electrode film does not deteriorate the oscillation properties of the
piezoelement.

3) Adhesion between Ni — P electrode and piezosubstrate is higher than that between Ag or
Au and the piezosubstrate. This decreases the electrical resistance between the electrode and the
piezosubstrate and consequently the quality of the resonator increases.

A method of electroless deposition on polished quartz, glass and other nonmetallic polished
materials was developed. The optimal conditions of metallization were established and the
technology of electroless nickel deposition on piezoelectric quartz elements with smooth surfaces,
including polished ones, was developed [8]. This technology for the first time provided high
adhesion of Ni deposited by the electroless method to polished nonmetallic substrates and high
ductility, deposition of thick films on polished piezoquartz being the most important for obtaining
the monolithic quartz filters, in which the effect of energy capturing is necessary.

Bulk and miniature resonators of piezoquartz and lithium niobate manufactured on the basis of
the developed technology of electroless deposition of a nickel-phosphorus alloy, instead of gold and
silver plating, were successfully used in communication equipment, microprocessor devices, TV
and video devices, quartz balances, ultrahigh frequency (UHF) equipment, UHF transducers of
surface acoustic waves, watch industry, etc.

Basic advantages and innovations of the developed technologies in the field of electroless
nickel deposition on piezoquartz and lithium niobate as compared to silver and gold plating are the
following: 1) Frequency stability of piezoquartz devices increases by a factor of 1.8; 2) The
absolute value of dynamic resistance of piezoquartz resonators decreases by 30 %, and the
resistance scattering decreases by (40 — 50) %, as compared to the resonators with silver-plated
piezoelements; 3) The quality and the long-term stability of piezoquartz devices improve.

The technology was developed for the production of piezoceramic and ceramic devices by
electroless deposition of electrode layers made of Ni—P or Cu for hydroacoustic equipment of
submarines and ships, delay lines of colour TV sets, capacitors, etc. As a result of using the
developed technology, the time for production of the piezoceramic and ceramic devices was
reduced by a factor of 60 as compared to high-temperature fusing of silver-containing paste, and Ag
was adequately substituted with non-precious metals. The developed electroless methods allow
producing films with specified electrical, mechanic, magnetic, optical and chemical properties.

The proposed methods of metallization of various materials are widely used at the enterprises
of the Commonwealth of Independent States (CIS) for production of quartz resonators and filters
(several tens of millions piezoquartz devices were produced), monolithic piezoquartz filters,
photomasks, piezoceramic and ceramic devices for hydroacoustics and delay lines of color TV sets
(several hundred of million piezoceramic and ceramic devices were produced), casings of integrated
circuits and semiconductor devices, ceramic microplates, precise microwire and film resistors and
other devices. The application of the proposed technologies has given a large economical effect. As
a result of the use of this method, the technology was significantly simplified; the labor intensity of
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the process decreased sharply; the production volume per square meter of production increased 8
times as compared to metallization by fusing the silver paste; the reliability, the quality and
operational characteristics of photomasks produced by deposition of the semitransparent masking
elements improved significantly and the accuracy of fitting precise microwire resistors, increased
10-fold.

Many companies produce various devices on the basis of ceramics and piezomaterials with
gold and silver plating. To produce the same devices by the developed technologies, precious
metals have already been adequately replaced with non-precious ones.

S. NEW NANOTECHNOLOGY FOR FABRICATION OF NANOCHIPS AND
PHOTOMASKS WITH NANOSIZED ELEMENTS BY OPTICAL
PHOTOLITHOGRAPHY

The proposed patentable nanomethods for the first time allow one to produce nano-sized
adjacent elements of different thickness made of various materials (particularly of Si) by single
optical UV photolithography (Fig. 1). These advantages significantly extend the functional
capabilities of the devices and simplify the removal of undesirable gases and heat dissipation.

The proposed patentable nanomethods are much more advantageous and simpler than other
expensive and complicated methods such as e-beam and X-ray lithography or fabrication of nano-
sized elements by a light phase shift photomasks. The proposed method allows us to eliminate
surface treatment by e-beam. It can save about 4 000 000 USD (the price of e-beam exposure
equipment). It also eliminates the application of X-ray masks with gold masking elements.

Scientific basis of the new method of fabrication of photomasks with semitransparent
elements and devices with nano-sized elements consists in the fact that the technology is carried out
in such a way that the difference between boundary properties of the modified materials and bulk
properties of the same materials are revealed to the utmost.

The proposed nanotechnology helps to solve one of the main problems of the modern
microelectronics. It simplifies and makes cheaper the technology of microfabrication of the devices
with the nano-sized elements [4,5,7].

4 5 4 3
3 3
1 = 1
Z
rd A

Fig. 1. Photomask with nano-sized semitransparent elements of different thickness fabricated
by single conventional optical photolithography: (a) intermediate sample, (b) final product.
1 — transparent substrate; 2 — semitransparent masking elements of the first group;

3 — boundary layers of the masking elements of the first group; 4 — semitransparent
masking elements of the second group; 5 — nano-sized transparent sections.

For application of this nanomethod, the elements of the first group, having the micron-sized
value, are fabricated by conventional optical photolithography after deposition of the first masking
film of semitransparent materials — transparent in the spectral region of visible light and non-
transparent for UV exposing radiation.

The upper and lateral boundaries of the first group elements are oxidized in the nano-sized
depth equal to the lateral nano-sized dimensions of the transparent elements of the photomask,
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obtained afterwards. After the oxidation of the boundaries of the first-group masking elements, the
secondary masking film is deposited on the intermediate sample. The secondary film is deposited
on the part of the transparent substrate between the oxidized sections of the first-group elements and
on the upper layer of the oxidized sections of the first-group elements.

The unnecessary upper layers of the second deposited masking film are removed selectively
by chemical-mechanical polishing (CMP) or subsequent selective etching for exposing the lateral
oxidized sections of the first-group elements.

Then the oxidized sections of the fist-group elements selectively etched. The remained part of
the secondary layer is to be used for fabrication of masking elements of the second group between
the masking elements of the first group.

Thus the first- and second-group masking elements and nano-sized lateral transparent
elements between them are fabricated. The masking elements have a semitransparent character
because they are transparent in the spectral region of visible light and non-transparent for UV
exposing radiation. Owing to the transparency of the masking elements in the visible light, the
precision of elements alignment significantly improves.

As a result of high-productive group method of single optical photolithography, by means of
modification of the element boundaries and their subsequent selective etching, the sizes of masking
elements and transparent sections are changed. This allows us to fabricate the photomask with
nano-sized elements by using a standard photomask with micron-sized elements.

The proposed invention differs from the prior art, for example, in the following.

In the prior art:

L. It was not disclosed clearly how to fabricate the photomask with nano-sized transparent and
nano-sized masking elements, moreover with the nano-sized adjacent masking elements of different
thickness by conventional UV optical single photolithography;

I1. It was not disclosed how to fabricate the working copies of the photomasks with nano-sized
masking and transparent elements using a standard photomask with the element size more than a
micron by conventional UV optical single photolithography;

III. It was not clearly explained how to break the contact between the layers of the secondary
masking film deposited on the transparent substrate and at different levels. In the proposed
International Application, five alternative solutions of this problem are described for the first time
(see [7]);

IV. The formation of the layers of different chemical nature on the boundaries of the
semitransparent masking elements of the first and second groups was not proposed;

V. The method of increasing the reliability of CMP and decreasing the damage to the thin
layer by CMP and the method of thinning of the secondary masking film were not disclosed;

VL. In the prior art, the method and the conditions of increasing the strength of adhesion and
the wear resistance of the deposited masking elements were not disclosed.

6. THE INDUSTRIAL APPLICATION OF ELECTROLESS NI FOR FABRICATION OF
TWO-LAYER PHOTOMASKS WITH SEMITRANSPARENT EDGES OF MASKING
ELEMENTS IN THE LOWER LAYER

A method of production and a new design of defect-free two-layer (Si — Ni) photomasks with
semitransparent edges of the Si masking elements in the lower layer of the pattern based on single
conventional optical UV photolithography is proposed (Fig. 2). This photomask has a number of
advantages over the existing ones: 1) much less porosity; higher optical density; less thickness and
higher wear resistance of the masking elements, and 2) semitransparence of the masking elements,
which simplifies and enhances the alignment precision [18]. These photomasks were widely
introduced in the microelectronic industry with a large economical effect.
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Fig. 2. Two-layer photomask metallized by the electroless method: 1 — glass substrate;
2 — semitransparent Si layer; 3 — opaque masking layer of Ni — P alloy.

7. FABRICATION OF PHOTOCATALYSTS

By means of selective local electroless deposition of nanocrystals having specified properties
on high-dispersive powder-like semiconductor photocatalysts, many problems of solar energy
applications and photocatalytic splitting of water can be overcome or mitigated [19]:
I. Recombination of the photoexcited electrons and holes; II. Simultaneous proceeding of oxidation
and reduction reactions at the same sites of photoelectrodes. III. The possibility of using the low-
energetic visible-light irradiation; IV. Low quantum efficiency of energy conversion; V. Difficulty
in deposition of nano-sized clusters on nano- and meso-sized particles.

The following methods are used for overcoming the problems in this field: 1) Electroless
deposition of nanoclusters with specified properties on semiconductor photocatalysts; 2) Reduction
in the recombination of photoexcited electrons and holes by means of nanotraps; 3) Separation of
the active centers of reduction and oxidation reactions; 4) Changing the solvent structure and the
increase in the ionic-activity coefficient in the mixed solvent.

We developed a local electroless method of deposition of amorphous and crystalline quantum
dots and also nanocrystals on high-dispersive powder like nanoparticles. The method provides both
low and high degree of covering of nanoparticle surfaces. The high-dispersive particles with low
surface covering with nanocrystals are characterized by high catalytic activity.

It was established for the first time that the irradiation with y-rays increased sharply the light
absorption ability of semiconductor powders.

It was demonstrated that the selection of optimal sizes of powder particles could also enhance
the optical absorption over the specified wavelength range. By using purposefully the above
mentioned factors, it is possible to shift the optical absorption spectra of high-dispersion NiB / TiO,
(anatase) powders to the visible light region, i.e. to the wavelength range of (400 — 800) nm. This
allows bringing the optical properties of Ni— B/ TiO, powders closer to the requirements of
photocatalytic reaction, which will promote the production of hydrogen and oxygen from water by
using the light energy, the conversion of light energy into electric power, the destruction of
undesirable bacteria, for cancer treatment and other applications.

The comparison of the peaks of optical absorption spectra of the obtained photocatalysts
revealed the following. We obtained the photocatalysts having the peak of optical absorption
spectra 3 times higher than that of ordinary TiO, photocatalysts (St-01 and P-25).

A new method of size selection of pure TiO, particles and micro-, meso- and nanocrystal-
coated powder-like semiconductor photocatalysts with aim obtain of a uniform size distribution was
developed. This method is important because the quantum size effect is a challenge.

134



T.N. Khoperia & T.I. Zedginidze. Nano Studies, 2, 127-138, 2010

A patentable method of fabrication of self-cleaning tunnel-lamps, windows and automobile
screening windows from exhaust (organic contaminants and fumes) is being developed. The
proposed method blocks the diffusion of Na* cations (or removes them) from the glass substrate
into titanium, which have an adverse effect on photocatalytic-cleaning activity of TiO,. The
proposed layer also provides the enhancement of glass transparency. Coated glass stays transparent
much longer and can be cleaned by rainfall.

8. FABRICATION OF MESO- AND NANO-SIZED MAGNETIC PARTICLES FOR
CANCER TREATMENT

The competitive method of fabrication of thermo-absorbing meso- and nano-sized magnetic
particles (coated with biologically compatible material) was developed. Applications of high-
dispersive magnetic particles could include information storage systems, biomedical fields, targeted
delivery of drugs for cancer treatment, sensors, etc.

In the magnetic field with specific frequency, the magnetic nano- and meso-particles can
absorb energy. As a result, an increase in the local temperature around the high-dispersive powder-
like particles takes place. This effect could be applied to selective destruction of cancer tumors at
42 °C by means of irradiation (their selective heating) with infrared light or with an alternating
magnetic field, while leaving nearby tissues unharmed.

The possibility of electroless deposition of metals on nonmetallic, high-dispersive dielectric
and semiconductor particles without their preliminarily activation by palladium chloride,
demonstrated in our works, could be explained theoretically in the following way. In the boundary
layer, at the solid-water interface, the following factors manifest themselves:

1. The dielectric constant of water in the thin boundary water layer adjacent to the solid
surface is lower by an order of magnitude than in the bulk water;

2. The configuration of solvent changes;

3. The ion—dipole interaction changes, owing to which the ions attract water dipoles;

4. The activity coefficient of the ions dissolved in the solution increases;

5. On the surface of fine-grained particles, the wettability increases and the attraction and the
ion adsorption are stimulated under the influence of the surface molecular field and the non-
saturated surface forces;

6. The degree of hydration decreases with the decrease the size of particles;

7. The above mentioned factors could lead to reduction in the energy, which is necessary for
adsorption and introduction of metallic ions into the surface monolayer of oriented molecules of the
solvent at the solid surface—solution interface;

8. There exists the quantum size effect of high-dispersive semiconductor particles and nano-
sized clusters on the reaction;

9. Under the effect of the large surface area of high-dispersive particles, the presence of a
large number of unsaturated surface forces and defects on the surface, the adsorption and the
breaking of bonds among the reductant atoms happen more readily, which is essential for the course
of heterogenic catalysis reaction of electroless metal deposition.

9. METALLIZATION OF THE INTERNAL PORCELAIN SURFACE
OF THE VACUUM CHAMBER OF ELECTRON SYNCHROTRON

It is possible to deposit the Ni — Re — P coatings with specified electrical surface resistance by
the electroless method. The results of this investigation were used for metallization of the internal
porcelain surface of the vacuum chamber of electron synchrotron “Pakhra”, installed at the
Laboratory of Photomeson Processes of P. Lebedev Institute of Physics, Moscow (Fig. 3). As is
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well known, one of the main parts of the electron synchrotron is the porcelain vacuum chamber, the
internal surface of which is metallized for removal of static charge, which deteriorates the process
of acceleration of elementary particles in the electron synchrotron. The requirements to the electric
resistivity of the conducting layer deposited on the internal surface of the vacuum chamber of
electron synchrotron are defined, on the one hand, by the possibility of rapid discharge of the static
charge and, on the other hand, by the admissible value of eddy currents. Based on these
requirements, the estimated value of the surface resistance is about 2 kOhm / sq. cm. Until recently,
for formation of the conducting layer of ceramic chambers of electron synchrotrons, the methods of
baking or thermoelectric deposition were used. Those methods involved the use of expensive
equipment and took quite a long time.

Fig. 3. The ceramic vacuum chamber of electronic synchrotron at P. Lebedev Institute of Physics,
Moscow, Russia. Inner surfaces of ceramic pipes were metallized with Ni — P — Re alloy
(for removal of electrostatic charge) by the electroless method developed by T.N. Khoperia.

The results of testing of the vacuum chamber of electron synchrotron metallized with the
Ni — Re - P alloy by the method developed by T.N. Khoperia were quite good. The tests verified
the high efficiency of the proposed method of metallization with the specified surface resistance, its
simplicity and the reliability of adhesion of the conducting layer to the internal surface of the
vacuum chamber of electron synchrotron. The tests pointed to one more of its advantages — its high
productivity. For example, it took a few minutes to metallize a porcelain section, whereas it took
several hours to deposit the conducting layer by the method of burning. Besides, it should be noted
that the application of the proposed method made simpler the operation of the vacuum chamber as
compared to the method used before, due to the deposition of the conducting layer with low gas
emission and the elimination of the need in long-time pumping to vacuum of the chamber before its
operation each time.

10. CONCLUSIONS

1. The present work contains new data on the nanotechnologies for fabrication of fine-grained
powder-like particles, films, bulk materials, nanocomposites, devices for microelectronics,
nanoelectronics, photocatalysis and photonics.

2. The nanotechnologies using the electroless deposition are much more advantageous and
simpler than other expensive methods of nanotechnology and allow the fabrication of photocatalysts
and catalysts by means of deposition of nanocrystals having the specified properties on high-
dispersive semiconductors.

3. The developed methods of metallization of various materials have been widely used at the
enterprises of the Commonwealth of Independent States for production of quartz resonators and
filters, monolithic piezoquartz filters, photomasks, piezoceramic devices for hydroacoustics and
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delay lines of color TV sets (several hundreds of millions of devices were produced), casings of
integrated circuits and semiconductor devices, ceramic microplates, microwire and film resistors,
capacitors and catalysts.

4. As a result of application of the developed technology, Au, Ag and Pd were adequately
replaced with non-precious metal alloys; the time for production of piezoquartz and piezoceramic
devices was reduced by a factor of 4 —60; labor intensity of the technology was reduced
significantly; the frequency stability of piezoquartz devices was increased 1.8 times; the absolute
value of dynamic resistance of piezoquartz resonators became lower by 30 % and the resistance
scattering became lower by (40-50)% as compared to resonators with silver-plated
piezoelements.

5. A new patentable nanotechnology of production of photomasks and microdevices (with
nano-sized adjacent elements of different thickness made of various materials) on the basis of single
conventional optical photolithography was developed.

6. Theoretical interpretation of the increase in the amount of palladium ions adsorbed during
the activation after preliminary sensitization in aqueous-alcoholic solution is presented.

7. The possibility of electroless deposition of metals on nonmetallic, high-dispersive dielectric
and semiconductor particles without their preliminarily activation is explained theoretically, taking
into account various physical-chemical phenomena.
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1. INTRODUCTION

Boron nitride with the chemical formula BN can be found in form of one-dimensional
diatomic molecule, two-dimensional nanotubes and fullerenes, three-dimensional crystals like the
layered hexagonal h-BN and rhombohedral r-BN, cubic zinc-blende c-BN and wurtzite w-BN
modifications etc. Boron and nitrogen atoms are tetrahedrally surrounded in both denser c-BN and
w-BN crystals. However, unlike the zinc-blende case, in the wurtzite structure there are two
different types of nearest-neighbor bonds: one perpendicular to the hexagonal atomic planes and
three equal bonds forming these planes. For a stable wurtzite-type structure ratio of the lattice
constants and internal parameter value are correlated in such a way that all bond lengths are almost
equal, whereas the tetrahedral angles are distorted.

Any constituent atom of h-BN crystal, which corresponds to the boron nitride ground state,
may be considered as a 3-coordinated because the strong chemical (covalence with deal of ionic)
binding occurs only within the layers. Weak van der Waals forces are mostly responsible for
interlayer binding. h-BN crystal has a “graphitic” structure with two-layer stacking sequence, while
r-BN is characterized by a three-layer stacking (Fig. 1). The layers in these layered structures
consist of regular hexagons (i.e. 6-membered atomic rings) with vertexes alternatively occupied by
B and N atoms. In h-BN crystal, B atoms are placed directly above N atoms and on the contrary.
Hence, it would be possible to think that in interlayer bonding there is a deal of ionicity. However,
actually electrostatic component is insignificant due to the large interlayer distance. It is argued also
by the existence of layered r-BN crystal in which each subsequent layer is turned on angle of 7/3,
and also by the isolated plane defects and their bundles included in real h-BN crystals, in which any
given atom can be placed above the like atom. Besides, it is possible to obtain turbostratic t-BN and
amorphous structures in form of mixes of the various boron nitride crystalline phases, and multi-
walled nanotubular and multi-shelled fullerene-like BN structures. Strong chemical bonding
between atoms in given layer and weak interlayer interaction in layered boron nitrides specify an
opportunity of the physical and chemical intercalations by the various atoms and molecules.

(1) (2)
Fig. 1. Two- (1) and three-layer (2) stacking sequences in h-BN and r-BN layered crystals.
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Based upon the similarity of structures of the above specified boron nitride phases with
graphite, it was assumed [1], that alongside with carbon C nanotubes and fullerenes, it should be
stable BN nanotubes and fullerenes, the fragments of hexagonal or mixed BN layers wrapped into
cylinders or spheres, respectively. A modified-neglecting-of-diatomic-overlap (MNDO) study of
BN analogues of C fullerenes was presented in [2] and B3pN3yp molecule was predicted to be stable
and, consequently, relatively simple to synthesize. And in fact, by means of arc-discharge BN
nanosystems had been obtained both from carbon nanotubes [3] and in carbon-free plasma [4].

Classification scheme of the 3D nanostructures useful for boron nitride was suggested in [5].
It is based on crystallite and grain boundary forms and chemical composition. According to the
extended classification [6], ID, mD, and nD structures may serve as building blocks for any kD
structure if kK >/[,m,n (k,l,m,n=0,1,2,3 are dimensions of the nanostructures).

2. BORON NITRIDE MOLECULES
2.1. Diatomic molecule

Diatomic molecule BN (Fig. 2, (1)) can be considered as a simplest (degenerated) form both
for boron nitride nanotubes and boron nitride fullerenes. In general, electronic theory of substance
considers a diatomic molecule as a special problem for its intermediate structural and, consequently,
electronic properties between mono- and polyatomic systems [7]. Peculiarities mainly are related
with the system axial symmetry and uniqueness of the structural parameter — interatomic distance
d . Unlike the solid state and nanoscale boron nitrides, which are materials with a diversity of
technical and industrial applications, BN molecule existing under the extreme conditions is only of
special scientific interest being the “building block™ for two- and three-dimensional boron nitride
structures. From the standard thermochemical data, the energy of B—N bond at the equilibrium
length is known to be considerably higher in comparison with those of B-B and N-N bonds.
Besides, any stable regular BN structure is a network of atomic rings with alternating atoms such
that the nearest-neighbor environment of both B and N atoms consists of only B-N bonds.
Therefore, B—N bond length is a key interatomic distance in the analysis of boron-nitrogen binding.

6 —
® O s 4r
B d N [,
0 1 ]
1.5 1.6 1.7
d,A
) (2)

Fig. 2. BN diatomic molecule (e — B; o — N), the isolated B—N bond (1) and quasi-classically

calculated [15] B—N binding energy versus interatomic distance in the vicinity of equilibrium (2).

There are known some first principles and semiempirical investigations for boron-nitrogen
interaction (see [8,9]). Applying a self-consistent-field (SCF) procedure to the BN molecule in [10],
it was calculated molecular orbitals (MO) in order to minimize total energy of the diatomic system.
Then using the spectroscopic data available for the corresponding ground state, the BN molecule
dissociation energy value E was found as 4.6 eV. According to the original theoretical approach of
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[11], equilibrium interatomic distance in this molecule equals to 1.307 A. At the same time,
spectroscopic parameters characterizing the calculated boron-nitrogen interaction potential curve
lead to the dissociation energy estimation of 5.05 eV. Nearly the same bond length theoretical value
of 1.320 A was suggested in [12]. In [13] a short-ranged classical-force-field (CFF) modeling of BN
modifications was performed on the basis of experimental and first principles solid-state and
diatomic-molecular data. In particular, assuming that CFF can be correctly determined by a sum of
only two-body interaction terms, the B—N potential energy had been expressed analytically via
Morse potential, what gave d = 1.32521 A and E =5.50007 eV. However, it was noted [14] that
standard forms of the pair interatomic potentials, like the Morse, Mee—Griineisen, Buckingham, and
others, converge slowly and hence a cutoff procedure should be used. But, in such case non-
physical jump on the potential radial function can arise. To eliminate this problem, based on the
embedded atom method it was elaborated new B—N interatomic potential, which fulfills the
conditions for smooth end: the potential function and its derivative (i.e. interatomic force) vanish at
the cutoff radius. The equilibrium bond length of 1.4457 A and binding energy of 4.00 eV were
found to reproduce correctly relative stabilities of the boron nitride layered structures.

We also suggested [15] the theoretical, namely, quasi-classical method of calculation of the
B-N interatomic binding energy E in dependence on the bond length d. The constructed
E =E(d) curve was shown to be useful for estimations of BN crystalline structures cohesion

parameters as well. This function reveals standard behavior characteristic for the central pair
potentials. E(0) =—c, and E(d)=0 if d is equal or more than sum of B and N quasi-classical

atomic radii 75, =2.30 and ry, ~1.704, ie. d 21y +r,, (note that quasi-classical B-N

interatomic  potential automatically fulfills the conditions for the smooth end at

d =rg + 1y =400 A), while within the intermediate region 0<d < I t Iy, it 18 an oscillatory

function with several maxima. Among them only one is kinetically available and, therefore,
corresponds to the equilibrium. Piece of the quasi-classical E = E(d) curve for BN diatomic

molecule, in the vicinity of this maximum, is presented in Fig. 2, (2). Its analysis yields the values
of bond length of 1.55 A and binding energy of 4.51 eV. Same dependence determined earlier [16]
within the frames of another quasi-classical parameterization scheme (for this purpose the screening
factor of the potential affecting the given electron in interacting atom was approximated by the
radial polynomial, not by the constant) is relatively flat and leads to estimations of 1.58 A and
4.79 eV.

Thus, the spread in theoretical and semiempirical values for BN molecule binding energy is
(4.0 = 5.5) eV, which overlaps with the recommended [17] experimental dissociation energy value
of (4.0 £0.5) eV. The available first principles and semiempirical calculations and thermochemical
experimental data lead to the binding energy values of about (4 — 7) eV per B—N bond for various,
differently coordinated, BN modifications (for sheet and layered structures see below). Such kind of
estimations may be considered to be in qualitative agreement with quasi-classically calculated B-N
bond energy as the ground state energetic parameters are quite sensitive to the atomic coordination.
By reason of this, we focus our attention on the differences in the bond length values between BN
molecular and crystalline phases. Isolated B—N bond length quasi-classical values and other
concerned theoretical and semiempirical data, which lie over the range (1.307 — 1.580) A, are
overestimated in comparison with 1.281 A measured in ''B"*N molecule [18]. The explanation may
be that this molecule has a triplet ground state, but with a low-lying singlet state with longer bond.

Theoretical estimates show some redistribution of the valence electron density between B and
N atoms bonded in diatomic molecule. Calculation of the quasi-molecular minimal unit cell of
h-BN crystal within the two-dimensional approximation, i.e. the B;N; system, yields following
occupancies for the valence electron states: s(B) — 0.88, p,,(B) — 0.23, p.(B) — 0.69, s(N) — 1.12,
Pw(N) — 1.77, and p.(N) — 1.31 [19]. Therefore, for B and N atoms one can find charges of
3—-(0.88+0.23+0.69)=+120 and 3—(1.12+1.77+1.31)=-1.20, respectively, i.e. B*'2N~'%
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configuration. From the electronegativity scale, charge transfer direction is valid, but ionic charge
value of 1.20 seems to be overestimated. There are known wave-function calculations [20,21]
leading to the B™*'N™%" configuration with physical meaning for transferred charge of 0.47.
These discrepancies seem to be arisen from the ambiguousness of an ionicity scale [22,23].

According to all available theoretical studies, BN molecule ground state identifies with X °IT
triplet-state [10-13,18,24]. However, molecular spectra [25] verifying this ground state at the same
time reveal low-lying A'S" singlet-state. Applying SCF MO method at the experimental bond
length, the 10, 20, 30, 40, 17*, 50, 60, and 27" electron-states energies in BN molecule were
found [10] as —425.1769, —-209.320, -28.9767, —12.251, —10.970, +0.1001, +21.527, and
+0.25772 eV, respectively. Consequently, the first ionization potential (IP) is estimated as
10.970 eV. Using the extended Slater basis, the MO configuration of BN molecule in frames of
SCF approach also was considered in [25]. Our non-self-consistent quasi-classical calculations [26]
gave two upper occupied electron levels: =31.66 and —10.93 eV, i.e. IP = 10.93 eV. Another quasi-
classical value of the B-N bond IP of 6.2 eV we obtained [15] self-consistently — at the equilibrium
bond length of 1.55 A calculated within the same approach.

Work function (WF) is known as a solid-state counterpart of the molecular IP. To the best of
our knowledge, there are no experimental data neither for boron nitride crystalline modifications
WF, nor for BN diatomic molecule IP itself. It were suggested only semiempirical WF values of
11.8 [27], 11.5 [28], and 10.6 eV [29] predicted for BN sheet; and theoretical estimations of 11.0
and 10.9 eV determined for BN molecule using SCF MO method [10] and quasi-classical approach
within the another parameterization scheme [26], respectively. All of these values have the same
order of magnitude > 10 eV, but somewhat more than IP found in [15]. In this connection, it would
be noted that the earlier quasi-classical calculations [26] were performed employing the
experimental values of B—N bond lengths in h-BN crystal layers or in BN molecule, i.e. non-self-
consistently. However, according to the Harrison interpolative conception [30], the bond-length-

dependence of any energetic gap in substance electronic structure may be approximated as ~1/d°.
Consequently, non-self-consistent IP of BN molecule should be corrected by the ~ (d__/d)’

exp

factor, where d_, =~1.28 A is the experimental length of the isolated B-N bond. For the case of

another quasi-classical parameterization scheme with d ~1.58 A and IP = 10.9 eV it leads to the IP
of 7.1 eV, which is in better agreement with the new quasi-classical result of 6.2 eV.

Quasi-classically calculated interatomic vibration energy in B-N diatomic system of
0.178 eV / mole (corresponding vibration quantum equals to 1435 cm™") was found by fitting quasi-
classical B-N potential curve with parabola [16,31]. This value is in good agreement (with deviations
of ~ 5 %) with the values experimentally obtained for neutral BN molecule of 0.187 (1514.6) [18] and
0.188 eV /mole ((1519.0 £0.2) cm™", from the absorption spectra Fourier analysis for laser-induced
molecular fluorescence) [25]. According to the SCF theoretical method of [11], the ground state
vibration energy in molecular BN estimated as 0.179 eV / mole (1446 cm™), which is almost the
quasi-classical result. In [12] it was suggested the higher theoretical value of 0.217 (1750), what is
close with 0.216 eV / mole (1740 cm_l) measured in ionized molecule BN* [32].

2.2. Polyatomic molecules

Studies on the complex molecular clusters of B and N also are of interest for deeper insight
into the defect formation processes in boron nitride nanosystems. High-temperature Knudsen cell
mass spectrometry was used to study the equilibria involving the B,N molecule [33]. Thermal
functions needed in the evaluation of the mass spectrometric equilibrium data had been calculated
from available experimental and theoretical molecular parameters. In particular, the enthalpy
changes in some reactions with B,N formation had been measured. Room temperature atomization
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and formation enthalpies were determined as 10.84 and 5.71 eV, respectively. At the same time, the
first principles calculations were performed to estimate BN electronic parameters, like the
ionization energy and electron affinity. Mixed clusters of B and N atoms — B,N, BN,, B3N, B4N,
B,N,, and B3N, — can be produced by sputtering of a solid state BN [34]. Atom ordering in assumed
linear species had been derived from measurements of the mass distribution of both the positive and
negative products from the fragmentation of the anionic clusters in a gas target. The neutral
configurations were calculated as BB OUINT17 NOOIB-006\+0.03 " p+0.08p+0.14p-0.03\-0.19
B OB TR gHO0INOI g BTOYTBHOOINTONOO It was found tendency that the structure
with the most number of B—N bonds is most stable both in neutral and anionic species (exception is
BN, molecule). In the contrast with this, the specie with the most number like atoms adjacent to
each other (except for triatomic chains) has the largest electron affinity.

First principles ground-state calculations of the infinite one-dimensional chain of alternating
B and N atoms were performed [35] using the restricted Hartree—Fock (HF) approach, while the
many-body effects were taken into account by second-order perturbation theory and coupled-cluster
model. Both at the HF and the correlated levels boron—nitrogen chain exhibits equidistant bonds.
Structural, electronic, and transport properties of atomic chains of a groups III-V binary compound
were studied [36] using the first principles plane-wave (PW) pseudopotential (PP) method.
Compound wires of BN revealed semiconductor or insulating properties. It was proposed [37] that
BN polymers, with the same structure as organic polymers, will allow the idea to be a cheap
alternative to inorganic semiconductors for designing of the modern electronic devices, and
demonstrated some related potential innovations, including band gap tuning.

3. BORON NITRIDE SHEETS
3.1. Structure

The facts that boron nitride layered crystals, nanotubes, and fullerenes may be prepared urge
on analysis of hypothetic isolated infinite hexagonal layer, i.e. BN sheet. Corresponding two-
dimensional BN crystal is represented as a planar layer composed of regular hexagons with vertexes

alternately occupied by B and N atoms (Fig.3, (1)). In this crystal, 7, =a(l/ 2,737/ 2) and
fz =a(-1/ 2,\/5 /2) are the basis vectors, where a is the lattice constant determined as the shortest
distance between like atoms. Unit cell contains one B and one N atom with radius vectors of
67(3) = a(O,l/\/g) and ci(N) =a(0,— 1/\/5) with respect to the center of a hexagon (Fig. 3, (2)).
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Fig. 3. BN hexagonal sheet (1) and its unit cell (2).

Classification and consideration of the BN haeckelite sheet structures consisting of not only
hexagonal atomic rings, but also other even-membered rings, one can find in [38].
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3.2. Binding

For the first time, the truncated crystal approach in form of two semiempirical (standard and
extended iterative Hiickel) methods was employed [28] to the two-dimensional hexagonal boron
nitride structure and found bond length to be equal to 1.48 or 1.50 A. But, when semiempirical
calculations were performed on two-dimensional periodic small cluster of the h-BN layer the
equilibrium B—N distance was computed as 1.441 A [29]. In [39] the 3-coordinated B,N;, network
of 6-membered atomic rings was examined theoretically. Namely, the total energy calculated using
HF approach and density functional theory (DFT) in local and gradient-corrected forms was
minimized with respect to B-N bond length. But, “graphitic” isomer Bj,Nj, is only a fragment of
the BN sheet and its geometry appears to be somewhat distorted because of finite sizes. As should
be expected, the smallest deviations of the bonds angles from the ideal value of 120° were observed
for the bonds of atoms forming the central hexagon: —(2.52 -2.65)° for B atoms and
+(2.52 -2.65)° for N atoms. There were also obtained number of unequal bond lengths:
(1.266 — 1.283), (1.371 -1.378), (1.427 -1.442), (1.434-1.444), (1.520-1.536), and
(1.553 — 1.576) A. The finiteness of the quasi-classical atomic radii allowed us to obtain the B-N
bond length for infinite boron nitride sheet within the initial quasi-classical approximation [40]. The
calculated dependence of the molar binding energy on the lattice constant (Fig. 4) exhibits a
maximum of 23.0 eV at the 2.64 A, which should correspond to the equilibrium state for an isolated
hexagonal layer (analytical optimization [41] of the lattice parameter using the binding energy
calculated in quasi-classical approximation, which is possible only neglecting by the vibration
energy, yields slightly different values: 23.2 eV and 2.66 A, respectively). The lattice constant of
2.64 A means B-N bond length of 1.52 A. Correction introduced by zero-point vibrations was
estimated as 0.242 eV / mole [31,40].
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Fig. 4. Quasi-classically calculated [40] dependence of the
molar binding energy on the lattice constant for BN sheet.

The quasi-classical bond length of 1.52 A in isolated BN sheet is in reasonable agreement
(with deviation of 4.6 %) with the bond length of 1.45 A observed in layers of real h-BN crystals.
At first glance, the surprising thing is that the theoretical result for the isolated layer is in better
agreement (deviations of (2.6 —3.8) %) with the bond lengths in tetrahedrally coordinated
modifications ¢-BN (1.57 A) and w-BN (1.56 and 1.58 A). However, it is worth nothing that in
some respects two-dimensional boron nitride looks like three-dimensional crystals c-BN and w-BN:
these three structures do not contain weak interlayer bonds, which occur in the h-BN layered
modification. The lengths of (1.52 — 1.54) and (1.55 — 1.58) A obtained in [39] for the bonds of
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atoms forming the central (almost undistorted) hexagon in B{,N;, plane-fragment are also in good
agreement with the quasi-classical result found for an idealized infinite BN sheet. Another quasi-
classical approach using different scheme of parameterization, employed for the calculation of
h-BN binding and zero-point vibration energies, somewhat underestimates the intralayer bond
length [42]. The plausible reason may be that the crystalline equilibrium configuration was selected
maximizing its static binding energy with respect only to the layer lattice parameter, while the
interlayer distance was fixed.

Summarizing other theoretical and semiempirical results concerning intralayer bond lengths in
h-BN (and r-BN) one can state that all of them are in agreement with the experimental value of
1.446 A [43]. For instance, in [44] the total energy of h-BN crystal as a function of unit cell volume
V' had been calculated using orthogonalized linear-combinations-of-atomic-orbitals (LCAO)
method within the local-density-approximation (LDA). The equilibrium was found at
VIV,,=0998, where V. is the experimental value of V. Such result corresponds to the

exp
intralayer B—N distance of 1.438 A. The calculations of [45] were also based on DFT within LDA,
but PW expansion was used both for PP and wave-function. Computed total energies and,
consequently, the intralayer bond lengths in h-BN and r-BN were nearly the same: 1.441 and
1.439 A, respectively. The short-ranged CFF modeling of boron nitrides leads to exactly the same
intralayer B-N bond lengths in both of layered structures: 1.454 A [13]. The results presented show
satisfactory accuracy for the quasi-classically determined boron-nitrogen binding characteristics:
accuracies of quasi-classical approaches to determination of isolated B—N bond length and length of
bonds in solid state structure make up a few percents, 7.2 and 5.1 %, respectively. Thus, the
obtained B—N binding curve and its parameters (namely, equilibrium bond length, binding energy,
and vibration frequency) would be useful for investigations of compounds containing B—N bonds
and, especially, BN nanosystems.

As for the BN sheet binding and vibration energies, it is also expedient to analyze correctness
of the given predictions by comparing them with data available on the cohesion characteristics of
h-BN layered crystals. As follows from standard thermochemical data, the binding energy of h-BN
equals to 13.0 eV /mole [46]. The binding energies of 14.5, 16.0, and 14.4 eV /mole were
determined from semiempirical calculations performed using two variants of the semiempirical
LCAO method and an approach based on a periodic small-sized cluster [28,29]. Within a CFF
potential model, the lower semiempirical estimate of 11.5 eV /mole was obtained [13]. In the
framework of DFT, optimization of the structural parameters led to the theoretical binding energy
of 12.5 eV / mole [45]. Therefore, it should be expected that the molar binding energy for h-BN
layered crystal lies in the range from 11.5 to 16.0 eV. The binding energy of 23.0 eV / mole found
by the quasi-classical method for the isolated layer is considerably higher. However, when
comparing these energies, it should be taken into account that interlayer bonds are substantially
weaker than intralayer ones and that each atom in layered BN structures is involved in the formation
of 5 bonds, of which only 3 are intralayer bonds. Consequently, if the interlayer energy is ignored as
compared to the intralayer energy, we can assume that the molar binding energy of similar
modifications is equal to 3 /5 of the molar binding energy of the isolated layer. With use result
23.0 eV / mole for layer, we find the molar binding energy of 3/5x23.0eV =13.8 eV. Indeed,
this energy is close to the midpoint (13.75 eV) of the aforementioned energy range. On the other
hand, the vibration energies of the isolated layer and layered crystals can be directly compared
because the atoms of the low-dimensional system can execute vibrations in three independent
directions in physical space. Quasi-classical result of 0.242 for two-dimensional BN agrees well
with analogous calculations of 0.266 [31], with the semiempirical estimate of 0.225 for zero-point
vibrations energy in h-BN [13], and coincides in order of magnitude with the estimate of
0.350 eV / mole from the theoretical phonon spectrum [45].

Let take a quick look at defects in BN layer. Using methods of model PP and expanded unit
cell, it was found that N-vacancies in BN sheet, as well as di- and trivacancional clusters including
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neighbor defects in BN layer, are characterized by small binding energies [47]. Calculated spectra
and oscillator strengths allow interpreting local bands of the optical absorption in real (pyrolitic)
layered h-BN crystals before and after irradiation by fast-neutrons, protons, and C-ions. Charge
contour maps of defects also were given. By first principles calculations the 20 structures B,C,N_,
derived from a hexagonal layer by placing B, N, or C atoms on each site, were considered [48] to
investigate their relative stabilities. First principles simulations on the interaction of molecular
hydrogen H, with the native and substitutional defects of single hexagonal BN sheet were
performed in [49]. The adsorption of H, on structures found to be endothermic with respect to
dissociation. In planar sheets, vacancies reduce the barriers for H, dissociation.

The geometries of the haeckelite BN sheets were constructed by DFT [50]. Their molar
energy of cohesion is higher (by ~ 0.6 eV / mole) than for regular one.

3.3. Electronic structure

The first Brillouin zone of two-dimensional boron nitride (like its unit cell in configuration
space) is hexagonal in shape (Fig. 5, (1)). There are known number of calculations performed to
obtain BN sheet electronic structure. In [51] parameters of the electronic structure of two-
dimensional BN were calculated in the framework of standard HF method, HF method with
inclusion of the weighting function in the exchange part of the Fock matrix, and DFT. The band gap
equals to 13.7 for both HF variants and 4.30 eV in the case of DFT. It was emphasized that the DFT
systematically underestimates the band gap. This circumstance is most likely one of the two
possible reasons for the discrepancy in results. The second reason is that the value of 13.7 eV
determined by the HF methods seems to be extremely overestimated for the band gap in any BN
modification. When calculating the electronic structure of two-dimensional BN by the LCAO
method within the initial quasi-classical approximation [40], the piecewise constant approximations
of the 2s and 2p valence orbitals of B and N atoms served as the basis set. The lattice constant was
taken equal to 2.64 A. Within the approximation under consideration, this value should correspond
to the equilibrium state. The calculated densities-of-states (DOS) in the valence and conduction
bands are depicted in Fig. 5, (2) with respect to the Fermi level. According to these results, two-
dimensional boron nitride, like its three-dimensional crystalline modifications, is a dielectric: the
band gap is determined to be 6.22 eV.
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Fig. S. First Brillouin zone of BN sheet (1) and its quasi-classically calculated [40] DOS (2).

DOS obtained for the isolated BN layer should be compared with the corresponding data for
the h-BN layered modification: the DOSs in the valence and conduction bands were calculated by
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the orthogonalized-plane-wave (OPW) method [52,53], in the tight-binding approximation [54], by
the full-potential linear augmented-plane-wave (APW) method [55], and in the framework of LDA
with the use of orthogonalized LCAOs [44]. Moreover, the theoretical results were corrected with
due regard for the experimental data on X-ray photoemission [56] and X-ray photoelectron
spectroscopies [57]. In [26], the DOS for h-BN was also calculated by the quasi-classical method,
but with a different from [40] parameterization scheme. A comparison of the above results suggests
that, in general terms, the DOS for two-dimensional BN is similar to that for h-BN crystals.
However, the data available for h-BN three-dimensional crystals do not allow to interpret specific
features of the DOS for the two-dimensional BN layer or to estimate characteristic energy gaps. The
calculated electronic structure of two-dimensional BN can also be compared with the electronic
structure of nanotubes, which are characterized by their own specific features (see below).
According to calculations, multi-walled BN nanotubes are also dielectrics [4]. For example, within
the LDA their band gap was estimated at 5.5 eV. One more class of BN structures somewhat related
to the isolated layer is represented by fullerene molecules B,N,, (m=123,..), which are

approximately spherical in shape and are faceted by flat rings comprising B and N atoms (see
below). With an increase in the number m of atoms the so-called HOMO-LUMO band gap, which
is defined as the energy interval between the highest occupied MO and the lowest unoccupied MO,
is stabilized at approximately 9 eV [14]. This estimate is larger than that obtained for isolated layer.
However, the former band gap should be overestimated, because, when changing over to the infinite
periodic structure, the HOMO and LUMO levels are split into the valence and conduction bands,
respectively. Furthermore, the error introduced in such an assignment of molecular states to
crystalline ones is associated with the fact that not only 6-membered atomic rings serve as faces of
the B,,N,, fullerenes. Finally, it should be noted that all the above calculations of the electronic
structure of h-BN, BN nanotubes, B,N,, fullerenes, and BN sheet were performed using the
intralayer bond lengths d corresponding to the real h-BN structure. This bond length is
approximately 5 % shorter than the bond length obtained in two-dimensional BN by the quasi-
classical method. According to the above mentioned Harrison interpolative scheme [30] for energy

parameters of solids, we can assume that band gap E, ~ 1/d*. Then, substitution by the quasi-

classical bond length leads to a decrease in the aforementioned estimates by ~ 10 %.

Some electronic and magnetic properties of hexagonally bonded honeycomb ribbons
consisting of B and N with zigzag edges terminated by H atoms had been studied [58] using first
principles total-energy electronic structure calculations within the local-spin DFT. The energy gap
of BN ribbons is dominated by the edge states and it decreases monotonically with increasing
ribbon width.

Using methods of model PP and expanded unit cell, it was calculated deep electron levels
series for N-vacancies, and small di- and trivacancional clusters including neighbor defects in BN
layer [47]. Calculated spectra allow interpreting luminescence and photoconductivity in real
(pyrolitic) layered h-BN crystals before and after irradiation by fast-neutrons, protons, and C-ions.
The magnetic properties of vacancies in a BN sheet were calculated in [59]. Applying a full spin-
polarized description to the system, it was demonstrated that both B vacancy (V) and N vacancy
(Vn) can induce spontaneous magnetization. Using first principles calculations the 20 structures
B,C,N; derived from a hexagonal layer by placing B, N, or C atoms on each site were considered
[48] to investigate their electronic structures. In general, structures with large values of the band gap
were observed to have a B/ N (i.e. x/z) ratio of ~ 1. In [60] it was performed first principles
calculations to investigate the possible magnetism induced by different concentrations of
nonmagnetic impurities and vacancies in a BN sheet. Atoms of Be, B, C, N, O, Al, and Si were
used to replace either B or N. The changes in the DOS as well as the extent of the spatial
distribution of the defect states, the possible formation of magnetic moments, the magnitude of the
magnetization energies, and the exchange energies were discussed. It was shown that the
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magnetization energy tends to increase as the concentration of the defects decreases in most of the
defect systems, which implies a definite preference for finite magnetic moments.

The electronic properties of the haeckelite BN sheets were considered by DFT [50]. They are
dielectrics with band gaps less than that for hexagonal sheet. The DOSs were given for various
plane structures including hexagonal sheet.

4. BORON NITRIDE NANOTUBES
4.1. Synthesizing

For the first time, the arc-discharge methods were used to produce B,C,N, nanotubular
structures [3] identified by the high-resolution transmission-electron-microscopy (TEM) together
with K-edge electron-energy-loss-spectrometry (EELS) determining the local atomic composition.
Multi-walled pure BN tubes with inner diameters on the order of 1 to 3 nm and with lengths up to
200 nm were produced [4] in a carbon-free plasma discharge between a BN-packed W-rod and a
cooled Cu-electrode. EELS of individual tubes yielded B / N ratio of approximately 1. At present
time various methods of synthesis of the BN nanotubular structures are developed.

The arc discharge under the atmosphere of molecular nitrogen N, between electrodes from
graphite and refractory boron compounds, for example, from hafnium diboride HfB, forms BN-C
nanotubes with strong phase separation between BN and C layers along the radial direction [61,62].
If both of electrodes are made from HfB, rods, there are formed single- or double-walled
chemically pure BN nanotubes with the structure close to stoichiometric B/ N ~ 1 [63]. Most
obtained tube ends are closed by flat layers perpendicular to the tube axis. A closure by a triangular
facet, resulting from three 120°-disclinations was proposed to account for this specific shape. In a
greater part, the multi-walled BN nanotubes are formed at use as electrodes zirconium diboride
ZrB; [64,65]. In this case, most of the nanotube had diameters from 3 to 40 nm and lengths on the
order of 100 nm. Single-layer tubes with diameters of 2 to 5 nm were also formed as a minority.
The morphology of the tube tips suggests the presence of pentagons and heptagons, which are
energetically less favorable compared with squares.

A laser melting of the solid-state boron nitride (of any crystal structure, not only layered, but
also amorphous) at high nitrogen pressure, (5 — 15) GPa, forms nanotubes free from inclusions,
containing from 3 up to 8 walls, and having a characteristic outer diameter of (3 — 15) nm [66]. BN
nanotubes have been also obtained by pyrolysis of the molecular precursor at use of Co catalysts
[67]. Bundles of single-walled (or containing few layers) BN nanotubes of almost stoichiometric
structure can be formed in substitution reactions — by thermal treatment of a mixture of boron
trioxide or trichloride and bundles of single-walled C-nanotubes at high-temperatures,
(1250 — 1350) °C, in a nitrogen flow [68,69]. BN nanotubes also grow in solid-state process that
involves neither deposition from the vapor phase nor chemical reactions [70]. The nanotubes were
produced by first ball-milling layered h-BN powder to generate highly disordered or amorphous
nanostructures and followed by annealing at temperatures up to 1300 °C. The annealing leads to the
nucleation and growth of hexagonal BN nanotubes both of cylindrical and bamboo-like
morphologies. Multi-walled BN nanotubes have been obtained by carbothermal reduction of the
ultra-dispersive amorphous boron oxide B,O; at simultaneous nitriding at the high temperatures,
(1100 — 1450) °C [71,72]. For large tubes it was found dependence of the factor of form on radius.
Besides of arc-melting, pyrolysis, and chemical reactions, boron nitride nanotubular structures were
created by means of ballistic nuclear displacements caused in h-BN layered crystal structure by an
electron irradiation in TEM [73,74].

High growth temperatures (above 1100 °C), a low production yield, and impurities have
prevented progress in applications of BN nanotubes in the past decade. Relatively recently, it was
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shown that these tubes can be grown on substrates at lower temperatures (of about 600 °C) [75]. It
was constructed high-order tubular structures, which can be used without further purification.

Boron nitride fiber-like clusters and nanotubes were synthesized by evaporation of the layered
BN under the nitrogen atmosphere [76]. Their diameters and lengths equal to (0.05 —200) and
(100 — 3000) wm, respectively. Applying TEM, there were obtained their associations in tree- and
coral-like aggregates.

4.2. Structure

Elementary form for BN nanotube is a wrapped closed hexagonal surface inscribed in the
cylinder. Such BN nanotubes (Fig. 6, (1-3)) can be found in regular, i.e. zigzag (n,0) or armchair
(n,n), and also in chiral (n,m) forms. Here n and m are the tube indexes. Their symmetry operators
have been identified in [77]: each type belongs to different family of the non-symmorphic rod
groups; armchair tubes with even n are found to be centrosymmetric. The types and structures of
the non-carbon, in particular, BN nanotubes were overviewed in [78]. Besides, the deformed regular
or haeckelite nanotubes can exist (Fig. 6, (4-5)). Concerning the haeckelite structures of BN tubes, a
variety of chiral angles, including zigzag and armchair types, were observed. Depending on the
structure formation kinetics characteristic for given technology, BN nanotubes quite often take the
bamboo-like morphology, forms of a nanoarch (i.e. half-tube at the ends closed by planes) etc. Real
nanotubular structures are not infinite in length: they are definitely truncated.

@) 2 3 C))

Fig. 6. Zigzag (1), armchair (2), chiral (3), and deformed
(stretched) (4) hexagonal, and haeckelite (5) BN nanotubes.

The three main different possible morphologies of the cylindrical tube closing with flat [65]
(Fig. 7, (1)), conical, and amorphous ends, as observed in experiments, were shown [79] to be
directly related to the tube chirality. There are also possible rectangular BN nanotubes with linear
defects on edges and with tips in the form of triangular flags [65] (Fig.7, (2)). Such kind
morphologies suggest presence of the energetically unfavorable odd-membered atomic rings (i.e.
pentagons and heptagons) in addition to favorable even-membered rings (e.g. squares).
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Fig. 7. BN cylindrical nanotube with flat end [65] (1) and
rectangular nanotube with tip in form of truncated flag [65] (2).

As the growth of BN nanotubes cannot be directly observed and, consequently, the underlying
microscopic mechanism is a controversial subject, in [80] it was performed first principles
molecular dynamical (MD) simulation of the single-walled nanotube edges. The behavior of
growing BN nanotubes was found to be strongly depending on the nanotube network chirality. In
particular, open-ended zigzag tubes close rapidly into an amorphous tip, preventing further growth.
In the case of armchair tubes, the formation of squares traps the tip into a flat cap presenting a large
central even-membered ring. This structure is metastable and able to revert to a growing hexagonal
framework by incorporation of incoming atoms. These findings are directly related to frustration
effects, namely that B—N bonds are energetically favored over B-B and N-N bonds.

For purposeful designing devices based on nanotubular BN it is important to be able to predict
reliably the sizes of the nanotubes with given indexes. This task was solved for the most stable
forms. Namely, the expressions of radiuses and lengths of the zigzag and armchair BN nanotubes in
terms of B—N bond length were obtained. The formulas determining (n,0) and (n,n) BN nanotubes
radii R, and R, ,and lengths L, , and L, have been derived in [81]:

a

R =
"0 Asinz/2n
NS5+4cosz/2n a
R(n n) = . ’
' 4\/§sm7[/2n

L(n,()) = \/gka ,
L ka .

(nn) =

Here parameter a corresponds to lattice constant of the boron nitride layered crystals, i.e.
intralayer B-B or N—N bonds lengths. Therefore, B-N bond length d equals to a/ /3 . Nanotube
index n=1,273,... determines the number of atoms as nanotube unit cell consists of 2n formula
units BN; and k =1,2,3,... is the number of unit cells in a finite-length nanotube. On basis of this,
sizes of the small single-walled BN nanotubes (1,0), (1,1), (2,0), (3,0), ..., (17,0), (10,10) were
estimated and also their most stable aggregates in form of double-walled nanotubes predicted
(assuming d =1.4457 A what is the experimental value of the B-N bond length in h-BN layers):
(1,00@(9,0), (1,00@(10,0), (1,1)@(10,0), (1,1)@(6,6), ..., (8,00@(17,0), (5,5 @(17,0),
(5,5)@(10,10). Therefore, the estimations of radii of the single-walled BN nanotubes, from its part,
can be used for a prediction of their most probable combinations in multi-walled structures. At the
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analysis of the given problem, it is necessary to take into account that basically it is a question of
the average radii, as the detailed research [79] performed by a generalized tight-binding MD
method revealed that dynamic relaxation (similar the reconstruction at atomically clean surfaces of
III-V crystalline semiconductors) results in a wave-like or “rippled” surface, in which B atoms
rotate inward and N atoms more outward. But, a general feature of BN nanotubular systems is that
the stronger surface potentials are associated with regions of higher curvature [82]. Thus, interlayer
interaction in BN nanotubes differs from bonding in three-dimensional layered crystals. However,
most likely, the distinctions are weak enough to change essentially the equilibrium interlayer
distances, which are observed in h-BN and r-BN crystals. Given conclusion is also argued by the
results of an experimental study of the multi-walled nanotubes applying high-resolution electronic
microscopy [83]. In these structures, like the three-dimensional layered BN crystals, hexagonal and
rhombohedral stacking sequences in nanotube wall-assembly can freely coexist. There are also
possible some different cross-section flattening, as well as ordering of layers in non-spiral zigzag.
According to first principles total-energy calculations [84], the most favorable double-walled BN
nanotubes are structures in which the interwall distances are about 3 A, i.e. as interlayer distances in
layered BN crystals. So, because of weakness of the interlayer van der Waals forces various types
of multi-walled BN nanotubes can exist. From here follows, that there is more probable formation
of such multi-walled boron nitride nanotubes in which adjoin regular tubes with difference in radii
close to interlayer distance in layered boron h-BN crystal, i.e. to half of height of the hexagonal unit
cell ¢ =6.6612 A [85]. Thus, the type of next nanotube has no crucial importance.

In view of these factors, from above calculated single-walled nanotubes it had been chosen the
listed pairs most suitable for formation of the stable double-walled BN nanotubes. Remaining small
divergences in sizes of the neighboring regular nanotubes can be compensated by defects and small
chiral distortions. Such transformations of the zigzag and armchair nanotubes into chiral one will be
accompanied, respectively, by increase and decrease in their radii. Hence, if the difference in radii
between regular nanotubes is more (less) than ¢/2, the realization of structure in which the internal
wall will be zigzag (armchair) and external — armchair (zigzag) is more probable. Based on
estimations of sizes of the single-walled BN nanotubes, it is possible to predict successfully the
most stable double-walled forms. But, how it will be solved the same problem for multi-walled
nanotubes? Let shortly stop on the given problem. In this case, all over, it will be necessary to
calculate radii of nanotubes with high indexes to choose sequences of single-walled nanotubes,
whose radii are close to terms of arithmetical progression with arithmetic ratio of ¢/2. However,
now only geometrical consideration will be insufficient. The matter is that unlike double-walled
nanotubes in multi-walled ones there are also medial layers. For this reason, the choice of the most
stable structure should be made on the basis of comparison of reduction in energy caused by
deviation from the equilibrium interlayer distance with its gain caused by the chiral distortions.

Finally, about the detailed regular geometries of the zigzag and armchair BN nanotubes
described in [86] using cylindrical coordinates (0, @, z), which are useful in electronic calculations.

Unit cell of the zigzag (n,0)-nanotubes consists of 4 atomic rings in parallel planes
perpendicular to the axis. There are 2 pairs of rings and each consists of 2 planes with n boron or n
nitrogen atoms. Evidently, cylindrical coordinate p for all atomic sites equals to tube radius:

Py =Px =R 0
As for the coordinates @ and z in the first and second pairs of atomic rings, they equal to
Qs =@y =2r/n,
2y = (6m+1al2y3,
2y =(6m—1)al 243,
and
Py =@ =Ql+Dz/n,
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s =Bm—1al+3,
2y =Gm+Dal3,
respectively. Here [ =0,1,2,...,n—1 and m =0,£1,£2,... number atomic pairs in given pair of the
atomic rings and these rings themselves, respectively. Unit cell of the armchair (n,n)-nanotubes
consists of 2 atomic rings in parallel planes perpendicular to the tube axis. From its part, each ring
consists of n boron and n nitrogen atoms. Coordinate p for all atomic sites equals to tube radius:
Py =Px =R,
while the rest cylindrical coordinates in the first and second atomic rings equal to
@y =@, +2r/n,
Oy =—¢ +2r/n,
g =2y =Mma,
and
Oy =—@,—2¢0,+27/n,
Oy =@ +20,+2rx/n,
g =2y =(2m+1al?2,
respectively. Here
2sinz/2n

Sln¢ = )
' J5+4cosx/2n

) sinz/2n
sing, = )
VS5+4cosz/2n
and /=0,1,2,...,n—1 and m =0,£1,£2,... number B or N atoms in atomic rings and these rings
themselves. On the basis of this, it was found the distances between given atomic site and sites in

so-called central atomic pairs in zigzag (I=m=0: ¢, =@, =0, z= a/2\/§, and z = —a/2\/§ ),
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and armchair (/=m=0:¢, =@,, ¢y =—¢,, and z; =z, =0) tubes,
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4.3. Binding

We can specify some theoretical results on binding properties and stabilities of BN nanotubes.
Stabilities of the boron nitride nanotubular structures were studied by means of non-orthogonal
tight-binding formalism [87]. The radii and energies of the BN nanotubes also were estimated [14]
by MD simulation within the embedded atom model in which parameter d took the experimental
value 1.4457 A of the intralayer B-N bond length in real h-BN crystals. In [38] binding energy of
the regular BN nanotubes had been calculated within frames of DFT in generalized gradient
approximation (GGA). By search of equilibrium values of B-N bond length and radii, the geometry
of the tubular supercell consisting of 32 atoms was optimized. For (8,0), (10,0) and (4,4) tubes, it
has been found d = 1.46 A, and for (5,5) tube, d = 1.45 A. Within frames of semiempirical MNDO
calculations of the nanotubular piezoelectric characteristics [88], their radii also were determined. In
this case energies in dependence on bond length were calculated for the molecular fragments
containing 3 or 4 elementary layers. Most likely, in this work for d the empirical value known for
h-BN crystals was fixed as equilibrium value too.

The deal of ionicity of binding in boron nitride structures is important in explaining the
electronic differences between BN tubes and similar C tubes [1]. To help understand and predict
nanotube interactions in multi-walled structure the electrostatic potentials on both outer and inner
surfaces of some single-walled BN nanotubes had been calculated at a HF Slater-type-orbital level
[82]. Structures were optimized computationally. Fictitious hydrogen atoms were introduced at the
ends of the open tubes, to satisfy the unfulfilled valences. It was found that BN tubes have stronger
and more variable surface potentials than graphitic ones. There are characteristic patterns of positive
and negative sites on the outer lateral surfaces, while the inner ones are markedly positive.

The binding and vibrations in small-radius single-walled BN nanotubes in [89] were studied
by DFT using LDA. The results show that the chirality preference observed in experiments may be
explained from the relative stability of the corresponding BN strips: the zigzag strips have larger
binding energies and thus may be more easily formed. The smallest stable BN nanotube is found to
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be the (5,0) zigzag nanotube. Dependence of the tube deformation energy on its radius R was
approximated by the formula AE [eV / mole] =5.82 /(R [A])*. The phonon dispersions of BN
nanotubes were calculated and the frequency of the radial breathing mode is found to be inversely
proportional to the nanotube radius. The geometries of the BN nanotubes were also constructed in
DFT [50]. Molar energy of cohesion is higher (by ~ 0.6 eV / mole) then for sheet. It was found

similar relation for deformation energy dependence on tube radius ~ C/R*with different C and
a =2 for different structures.

Using the symmetry properties in [77] it was determined the numbers of Raman- and
IR-active vibrations in single-walled BN nanotubes. In contrast to the regular carbon nanotubes,
zigzag boron nitride tubes possess almost twice vibrations as armchair ones. An extensive first
principles study of the phonons in BN nanotubes using perturbation DFT in the LDA was
performed in [90]: based on the non-symmorphic rod group symmetry of the tubes, the Raman- and
IR-active modes at the point of the one-dimensional Brillouin zone were evaluated. For zigzag and
chiral nanotubes, the set of IR-active modes is a subset of the Raman-active modes. In particular,
the radial breathing mode is not only Raman-, but also IR-active. However, for armchair tubes, the
sets of IR- and Raman-active modes are disjoint. The frequencies of the active modes of zigzag,
chiral, and armchair tubes were presented as a function of the tube diameter and compared with the
frequencies obtained by the zone-folding method (i.e. by rolling of a BN sheet into a tube). Except
for the high-frequency tangential modes, the zone-folding results are in very good agreement with
the first principles calculations. The radial breathing mode frequency can be derived by folding a
sheet of finite width. Finally, the effects of bundling on the phonon frequencies are shown to be
small. First principles calculations of the nonresonant Raman spectra of zigzag and armchair BN
nanotubes were presented in [91]. In comparison, a generalized bond-polarizability model, where
the parameters are extracted from first principles calculations of the polarizability tensor of a BN
sheet, was implemented. For light polarization along the tube axis, the agreement between model
and first principles spectra is almost perfect, but for perpendicular polarization, depolarization
effects have to be included in the model in order to reproduce Raman intensities.

Based on the analytically described nanotubular geometries, binding energies (including both
electrostatic and zero-point vibration terms) per mole of the ultra-small-radius BN nanotubes (1,0),
(1,1), (2,0), (3,0), (2,2), (4,0), (5,0), and (3,3) were calculated within the quasi-classical approach
[86]. It was found out the molar binding energy oscillatory-dependence on the tube radius (Fig. 8).
According to obtained values, the formation probabilities for BN tubes with indexes (5,0) and (3,3)
and higher are almost same that for the layered BN crystals. Ultra-small-radius BN nanotubes (1,1),
(2,0), (2,2), and (4,0) seem to be a metastable as their molar binding energies are positive, but less
than that for layered BN crystals, while smallest (1,0) tube structure degenerated in zigzag atomic
strip should be instable (with negative binding energy). Exception is the (3,0) tube, formation of
which was predicted energetically preferable than layered crystal growth.

154



L. Chkhartishvili. Nano Studies, 2, 139-174, 2010

v“—d’ 15
£
>
(]
w10
<
5 -
0 |
_5 T T T 1
0.5 1 1.5 2 2.5

R, A
Fig. 8. Energy difference between infinite- (dashed line) and ultra-small-radius
BN nanotubes calculated by quasi-classical method [86] (heavy solid line) and
by the extrapolating formula [89] (regular solid line).

The possible dislocation dipoles as defect nuclei under tension in BN nanotubes were
identified by dislocation theory and MD simulations [92]. Formation energies of the dipoles
evaluated by gradient-corrected DFT are high and remain positive at large strains, thus suggesting
great yield resistance of BN nanotubes. The dipole appears to be more favorable in spite of its
homoelemental B-B and N-N bonds. The resonant photoabsorption and vibration spectroscopy
combined with scanning tunneling microscopy unambiguously identify the presence of Stone—
Wales defects in BN nanotubes [93]. Based on extensive time-dependent DFT calculations, it was
proposed to resonantly photoexcite such defects in the IR and UV regimes as a means of their
identification. Intrinsic defects in zigzag BN nanotubes, including single vacancy, divacancy, and
Stone—Wales defects, were systematically investigated using DFT calculation in [94]. It was found
that the structural configurations and formation energies of the topological defects are dependent on
tube diameter. The results demonstrate that such properties are originated from the strong curvature
effect in BN nanotubes. The scanning tunneling microscope images of intrinsic defects in the BN
nanotubes also were predicted. The defected BN tubes with C-substitutions were considered in [88].

Based on DFT calculations [38], it was found that energies of haeckelite BN nanotubes exceed
by ~ 0.6 eV / mole that for corresponding hexagonal nanotubes. They are less stable in comparison
with corresponding haeckelite sheets as well, but they are stable and can be synthesized. Energy of
deformation (i.e. energy needed to wrap nanotube from its sheet prototype) for large haeckelite BN

tubes extrapolated by the formula ~ 1/R* where R is the tube radius.

The theoretical studies carried out using a total-energy non-orthogonal tight-binding
parameterization on the elastic properties of single-walled BN nanotubes were reported in [95]. It
was considered tubes of different diameters, ranging from 0.5 to 2 nm, and found that in the limit of
large diameters the mechanical properties of nanotubes approach those of the graphite-like sheet.
The stiffness and plasticity of BN nanotubes was investigated [96] using generalized tight-binding
MD and first principles total-energy methods. Due to B—N bond rotation effect, the compressed
zigzag nanotubes were found to undergo anisotropic strain release followed by anisotropic plastic
buckling. The strain is preferentially released toward N atoms in the rotated B—N bonds. The tubes
buckle anisotropically toward only one end when uniaxially compressed from both. Based on these
results, a skin-effect-model of smart nanocomposite materials is proposed, which localizes the
structural damage toward the surface side of the material. B-N bond-rotation mode of plastic yield
in BN nanotubes in [97] was investigated combining first principles computations with a
probabilistic rate approach to predict the kinetic and thermodynamic strength. BN nanotubes yield
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defects have low activation, but high formation energies. Elastic characteristics of BN nanotubes in
[88] also were calculated applying MNDO method.

4.4. Electronic structure

Tunneling spectroscopy indicates that band gap of BN nanotubes grown on substrates ranges
from 4.4 to 4.9 eV [75]. The photoluminescence decay process in multi-walled BN nanotubes is
characterized by 2 time-constants that are attributed to intra- and interwall charge recombination,
respectively [98]. A comparison of the photoluminescence of BN nanotubes to that of h-BN is
consistent with the existence of a spatially indirect band gap in multi-walled BN. Optical absorption
spectra of small-radius single-walled BN nanotubes obtained by first principles calculations in the
framework of time-dependent DFT were presented in [99]. They were compared with those
obtained for the BN layered structures and hexagonal sheet focusing on the role of depolarization
effects, anisotropies, and interactions in the excited states. The main features of the spectra are
reproduced well by the random phase approximation, when crystal local field effects are correctly
included. Results are relevant for the interpretation of experimental data obtained for nanotube
characterization, such as optical and fluorescence spectroscopes.

A systematic first principles study of the optical and electronic properties of BN nanotubes
within DFT in the LDA was performed in [100]. Specifically, the optical dielectric function and the
band structure of the single-walled zigzag (5,0), (6,0), (9,0), (12,0), (15,0), (20,0), and (27,0);
armchair (3,3), (4,4), (6,6), (8,8), (12,12), and (15,15); and chiral (4,2), (6,4), (8,4), and (10,5); as
well as the double-walled zigzag (12,0)@(20,0) nanotubes were calculated. The underlying atomic
structure of the BN nanotubes was determined theoretically. It was found that though the band gap
of all the single-walled nanotubes with a diameter larger than ~ 15 A is independent of diameter and
chirality, the band gap of the zigzag nanotubes with smaller diameters decreases strongly as the tube
diameters decrease and that of the armchair nanotubes has only a weak diameter dependence, while
the band gap of the chiral nanotubes falls in between. It was also found that for the electric field
parallel to the tube axis, the absorptive part of the dielectric function for all nanotubes except a few
with very small diameters, is very similar to that of bulk layered h-BN with the electric field parallel
to the layers. In other words, in the low-energy region, (4 — 9) eV, the absorptive part consists of a
single distinct peak at ~ 5.5 eV, and in the high-energy region, (9 — 25) eV, it exhibits a broad peak
centered near 14.0 eV. For the electric field perpendicular to the tube axis, the absorptive part of
spectrum of all the nanotubes (again except the ultra-small-diameter nanotubes) in the low-energy
region also consists of a pronounced peak at ~ 6.0 eV, while in the high-energy region it is roughly
made up of a broad hump starting from 10.0 eV. The magnitude of the peaks is in general less than
half of the magnitude of the corresponding ones for electric field parallel to the tube axis, showing a
moderate optical anisotropy in the nanotubes that is smaller than in h-BN. Interestingly, the static
dielectric constant for all the nanotubes is almost independent of diameter and chirality. For both
electric-field polarizations, the static polarizability is roughly proportional to the tube diameter,
suggesting that the valence electrons on the BN nanotubes are tightly bound. The calculated EELS
of all nanotubes studied for both electric field polarizations were similar to those of h-BN, being
dominated by a broad 7 +o0 -electron plasmon peak at ~ 26 eV and a small 7 -electron plasmon peak
at ~ 7 eV. Interwall interaction was found to reduce the band gap slightly and to have only minor
effects on the dielectric functions and EELS. The calculated dielectric functions and EELS were
found to be in reasonable agreement with the available experimental data. A systematic study of the
second-order nonlinear optical properties of BN nanotubes within DFT in LDA had been performed
in [101] (see also [102]) using highly accurate full-potential projector APW method. Specifically,
the second-harmonic generation and linear electro-optical coefficients of a large number of the
single-walled zigzag, armchair, and chiral BN nanotubes as well as the double-walled zigzag
(12,0)@(20,0) nanotube and the single-walled zigzag (12,0) bundle had been calculated. Though
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the interwall interaction in the double-walled BN nanotubes was found to reduce the second-order
nonlinear optical coefficients significantly, the interwall interaction in the single-walled tube bundle
has essentially no effect on the nonlinear optical properties. The prominent features in the spectra of
BN nanotubes were correlated with the features in the linear optical dielectric function in terms of
single-photon and two-photon resonances.

The EPR and ''B NMR studies of multi-walled BN nanotubes were reported in [103]. EPR
and x-ray photoelectron spectra are comparable to those of powder BN, while the quadruple
coupling constant and asymmetry parameter determined from the NMR are close of these
parameters in bulk h-BN. The spectra correspond to the axial symmetry of the boron site. The data
obtained reflect a very similar local symmetry of the B-site and charge distribution over the B-N
bond in nanotubes and bulk boron nitride. These facts explain why BN nanotubes hold the
electronic properties of the bulk compound.

At the first time, a simple Slater-Koster tight-binding scheme had been applied to calculate
BN nanotubes electronic strictures [1]. All examined nanotubes were found to be semiconductors:
the band gaps were larger than 2 eV for most tubes. Depending on the chirality, the calculated band
gap can be direct or indirect. In general, the larger radius corresponds to the larger band gap, with a
saturation value corresponding to the band gap of h-BN. Within the special semiempirical approach
[104] pure BN nanotubes were shown to present a very stable quasiparticle with band gap around
(5.5-6.0) eV, nearly independent of the tube radius and chirality. The electronic properties of
small-radius single-walled BN nanotubes were studied using DFT method with the LDA [89]. The
energy gap of small zigzag BN nanotubes was showed decreasing rapidly with the decrease of
radius. The electronic properties of the BN nanotubes also were constructed in DFT [50]. They are
dielectrics with band gaps of (3.2 —4.2) eV that is less than for hexagonal sheet. Within DFT
employing self-interaction-corrected PPs in [105] it was investigated dependence of electronic
structure on BN nanotube diameter and compound ionicity. The calculated band gap energies of
zigzag tubes vary much stronger for small and medium diameters than those of their armchair
counterparts showing a significant narrowing of the band gaps. The collective x-electronic
excitations in individual BN single-walled nanotubes with a zigzag wrapping were investigated in
[106], treating the dynamic dielectric response within a SCF approach and using the one-electron
states derived from a simple two-band tight-binding model. Explicit analytic expressions for the real
and imaginary parts of the frequency- and wave-number-dependent dielectric function of the system
were obtained, whereby the EELS-function can easily be calculated. In good agreement with the
experiment, each tube was found to support only one branch of the wave-number-dispersed
collective sz-plasmon mode for each transferred quantum angular momentum. Band-gap
modification by radial deformation in BN nanotubes through first principles PP DFT calculations
was investigated in [107]. In zigzag BN nanotubes, radial deformations that give rise to transverse
pressures of about 10 GPa decrease the gap from 5 to 2 eV. The band gap of armchair nanotube was
found to be insensitive to radial deformations. This different behavior between zigzag and armchair
nanotubes was attributed to the different characteristics of states near the gap.

First principles calculations providing by the electronic structures of double-walled BN
nanotubes had been performed in [84]. The electronic energy bands around the Fermi energy found
to be depend interestingly on the tube radii due to the hybridization between o - and 7=states. The
nearly-free-electron-states of the nanotubes can induce peculiar charge redistribution in the
interwall region. According to available calculations, multi-walled BN nanotubes also are
dielectrics [4]. Within LDA their band gap was estimated at 5.5 eV. It was noted that it only slightly
depends on the tube radius, chirality, and number of layers. DFT calculations [38] showed that
haeckelite BN nanotubes are dielectrics with gap in range of (3.24 — 4.09) eV. Band gap depends on
tube radius tending (reducing) to that for corresponding haeckelite sheet as radius increases.

Modeling of the electronic structure of B,N,C, nanotubes (x,y>0) with various atom

dispositions in the hexagonal lattice points on cylinder surfaces had been fulfilled in [108].
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Electronic spectra of such systems with a quasi-one-dimensional superlattice had been investigated
in the topological and valence approximations supposing that such mixed nanotubes consist of
alternating C and BN ring-like or chain-like structures. These systems with different extent of
minizones in the electronic spectrum can be produced by means of a change of belt-like fragment
width. Quasi-localized nanotubular states were found out too. In [109] the C-substitutionals,
antisites, and vacancy defects in BN nanotubes had been investigated by first principles total-energy
calculations based on a DFT spin-polarized method. All these defects introduce localized energy
levels inside the band gap. For some open-shell systems, like the C-substitutionals and vacancies,
the levels present an exchange splitting > 0.5 eV. The Cg and Np defects in N-rich growth condition
and Cy in B-rich growth condition are the ones that present the lower formation energies. The
binding energy of H atoms to a (10,0) single-walled BN nanotube was calculated at 25, 50, 75, and
100 % coverage using the DFT [110]. The average binding energy is highest at 50 % coverage,
when H atoms are adsorbed on the adjacent B and N atoms along the tube axis and the value is
—2.34 eV / mole, which is similar to 1/2 of the H-H binding energy. The band gap of 4.29 eV of
the pristine (10,0) tube is decreased up to 2.01 eV for the H-adsorbed one with 50 % coverage. In
[111] it was performed first principles calculations to study the effect of molecular oxygen O,
adsorption on the electronic properties of (5,5) pristine and C-doped BN nanotube. The binding
energies of oxygen molecules physisorbed at different sites were determined by considering both
short- and long-range interactions. Spin-polarized calculation within the DFT yielded the triplet
ground state for oxygen physisorbed on pure BN nanotube; the large energy gap between the
unoccupied oxygen levels and the top of the valence band indicates the absence of hole doping. The
introduction of substitutional C impurity increases the reactivity of BN nanotube toward molecular
oxygen and stable O, chemisorption states exist on both C-substituted Cy and Cg defect sites.
Chemisorbed O, on the Cy defect is found to impart metallicity on the BN nanotube.

4.5. Applications

At once behind synthesizing BN nanotubes, for them it was offered a number of probable
applications in techniques [4]. For example, the system of the collinear BN nanotubes forms a
boron nitride fiber. At the same time, the theory [112] developed for structural and electronic
properties of nanotubular heterojunctions, in which one of layers is nanotubular boron nitride
(namely, for C/ BN and BC,N / BN systems), leads to a conclusion that on basis of it a different
electronic devices can be elaborated. In particular, sandwich nanostructures with C-layers both in
the center and at the periphery separated by a few BN-layers may allow creation of nanotubular
electronic devices [61]. Within the special semiempirical approach [104] C /BN superlattices and
isolated junctions had been investigated as specific examples by the wide variety of electronic
devices that can be realized using such nanotubes. The bottom of the conduction bands in pure BN
nanotubes is controlled by a nearly-free-electron-state localized inside the tube suggesting
interesting electronic properties under doping.

Other opportunities of application of the BN nanotubes are connected with features of their
phonon spectrum [14]. Such dielectric tubes without inversion center can be used as phonon laser in
GHz — THz range or hypersound quantum generator. Because of presence special nanotubular
oscillatory modes, there is strong enhancement of electron-phonon interaction in comparison with a
bulk material and it is not excluded that close-packed one-dimensional BN nanotubes will serve as
high-temperature superconductors.

The band gap progression with BN nanotube diameter, which is of crucial importance for
device applications, was presented and analyzed in detail in [105]. In zigzag BN nanotubes, radial
deformations that give rise to transverse pressures decrease the gap from 5 to 2 eV, allowing for
optical applications in the visible range [107]. Importantly, both the zigzag and chiral tubes are
found [101] (see also [102]) to exhibit large second-order nonlinear optical behavior with the
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second-harmonic generation and linear electro-optical coefficients being up to 15-times larger than
that of bulk BN in both denser zinc-blende and wurtzite structures, indicating that BN nunotubes are
promising materials for nonlinear optical and optoelectronic applications. Electronic structure of
BN nanotubes can be tuned in a wide range through covalent functionalization [113] (see also
[114]). The UV and visible absorption spectra indicate that their electronic structure drastically
changes under functionalization. First principle calculations revealed that the covalently
functionalized BN nanotubes can be either n- or p-doped depending on the electronegativity of
molecules attached, and their energy gap can be adjusted from UV to visible optical range by
varying concentration of functionalizing species.

BN from C distinguishes partial heteropolarity of the chemical bonding and for this reason
one more sphere of the possible applications for BN nanotubes can become elaboration of new
piezoelectric materials. The 3-fold symmetry of BN sheet, the III-V analog to graphite, prohibits an
electric polarization in its ground state. But, this symmetry is broken when the sheet is wrapped to
form of a BN tube. It was shown [115] that this leads to an electric polarization along the nanotube
axis which is controlled by the quantum-mechanical boundary conditions of its electronic states
around the tube circumference. Thus, the macroscopic dipole moment has an intrinsically nonlocal
quantum-mechanical origin from the wrapped dimension. Combining first principles and tight-
binding methods, and analytical theory, the piezoelectricity of a heteropolar (in particular, BN)
nanotube was found [116] to depend on its chirality and radius. Effect can be understood starting
from the piezoelectric response of an isolated sheet, along with a structure specific mapping from
the sheet onto the tube surface. It was demonstrated that a linear coupling between the uniaxial and
shear deformations occurs for chiral nanotubes, and the piezoelectricity of nanotubes is
fundamentally different from its counterpart in bulk material. First principles calculations of the
spontaneous polarization and piezoelectric properties of BN nanotubes showed [117] that they are
excellent piezoelectric systems with response values larger than those of piezoelectric polymers.
The intrinsic chiral symmetry of the nanotubes induces an exact cancellation of the total
spontaneous polarization in ideal, isolated nanotubes of arbitrary indexes. But, the breaking of this
symmetry by the intertube interaction or elastic deformations induces spontaneous polarization
comparable to that of wurtzite bulk semiconductors [88].

Multielement nanotubes comprising multiple SiC-core, an amorphous SiO,-intermediate layer,
and outer shells made of BN and C layers separated in the radial direction, with diameters of a few
tens of nm and lengths up to 50 um, were synthesized by means of reactive laser ablation [118].
This resembles a coaxial nanocable with a semiconductor-insulator-semiconductor geometry and
suggests applications in nanoscale electronic devices that take advantage of this self-organization
mechanism for multielement nanotube formation.

A theoretical description of electron irradiation of single-walled BN nanotubes was presented
in [119]. In a first step, the anisotropy of the atomic emission energy threshold was obtained within
extended MD simulations based on the DFT tight-binding method. In a second step, total cross
section for different emission sites as a function of the incident electron energy was numerically
derived. Two regimes were then described: at low irradiation energies (below 300 keV), the atoms
are preferentially ejected from the upper and lower parts of the tube while at high energies (above
300 keV) the atoms are preferentially ejected from the side walls. Typical values from a fraction of
barn (at side wall for 150 keV electron) up to around 20 barn (for 1 MeV electrons) are obtained for
the total cross section of knock-on processes. In BN nanotubes, the emission energy threshold maps
were reported to show B sputtering to be more favorable for low irradiation energies, while N
sputtering is more favorable at high energies. These calculations of the total knock-on cross section
for nanotubes can be used as a guideline for TEM experimentalists using high energy focused
beams to shape nanotubes, and also more generally if electron irradiation is to be used to change
nanotube properties such as their optical behavior or conductivity.

One-dimensional crystals of potassium halides, including KI, KCI, and KBr, were inserted
into BN nanotubes [120]. High-resolution TEM and energy-dispersive X-ray spectrometry were
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used to characterize their microstructures and compositions. The fillings are usually single crystals
with lengths up to several um. The wetting properties (static contact angles of the liquids and
surface tension) of individual BN nanotubes were studied [121] experimentally using a nanotube-
based force to measure the interactions between nanotubes and liquids in situ. First principles
simulations on the interaction of molecular hydrogen H, with the native and substitutional defects
of small-diameter (8,0) BN nanotubes were performed in [49]. The adsorption of H; on structures
found to be endothermic with respect to dissociation, with the small-diameter nanotube possessing
the smaller barrier. Although chemisorption along the tube axis is energetically preferred, the
barrier for dissociation is lower for chemisorption across the tube axis, implying that chemisorbed
hydrogen can be kinetically trapped in a higher energy state. Dopants that maximize the localization
of the HOMO and LUMO states maximize hydrogen binding energies. C-dopants do not enhance
H; binding, whereas Si-dopants for N provide H, binding energies of 0.8 eV, at the upper end of the
range required for hydrogen storage. The formation energy of most defects is reduced with
increasing curvature except for the C-substitutionals. Vacancies do not reduce the barriers for H,
dissociation for strongly curved nanotubes. The surface stress induced by nanotube curvature boosts
the hydrogen storage capabilities of vacancies, with the nitrogen vacancy chemisorbing 4H and
allowing a H, molecule to enter the interior of the tube. The hydrogen binding properties of BN
systems are strongly dependent on the defects and dopants present. Pretreating of these systems so
as to partially remove nitrogen should enhance H, adsorption properties. The hydrogen absorption
capacity of Ti-covered single-walled BN nanotube was investigated using first principles PW
method [122]. The weak interaction of H, molecules with the outer surface of bare nanotube can be
significantly enhanced upon functionalization by Ti atoms: each Ti atom adsorbed on tube can bind
up to four H, molecules with an average binding energy suitable for room temperature storage.

5. BORON NITRIDE FULLERENES

As alternative nanostructures to tubular boron nitride serve the boron nitride cages having
form of the fullerene-like molecules. However, from consideration of a corresponding geometrical
problem it is known that, in contrast to tubes, such closed structures cannot be faceted only by
hexagons. Terms “fullerene” and “fullerite”, as well as “fulleride”, have been introduced and
affirmed for a designation of carbon cage-molecules and corresponding molecular crystals. It was
offered [14] that the similar structures constructed of atoms of boron and nitrogen, be called
“fulborenes” and “fulborenites”. But, during discussion at 13th International Symposium on Boron,
Borides and Related Compounds (5-10 September, 1999, Dinard, France) it had been drawn
attention on the inadmissibility of such terminology breaking the surname of individual as Fuller is
inventor of a geodetic dome. It seems preferable do not introduce the new terms, but to expand the
contents of concepts “fullerene” and “fullerite” that they be characterizations of the atomic
structures instead of their chemical composition.

5.1. Synthesizing

Polyhedral “graphitic” nanoparticles made of C and BN layers were obtained in the soot
collected on the anode deposit formed by arching an HfB, rod with graphite in N, atmosphere [14].

It was demonstrated that from boron nitride it can be synthesized fullerene-like hollow
nanoparticles with polyhedral morphology [123]. Together with BN nanotubes the Zr-compound
nanoparticles encapsulated in BN cages were formed by arc-discharge between ZrB, electrodes in
an N, atmosphere [64]. By the carbothermal synthesis there were obtained multi-shelled fullerenes
— BN onions [14]. Boron nitride fullerene materials like the clusters, onions, intercalations,
nanopolyhedra, and nanocapsules also can be synthesized by polymer pyrolysis, various chemical
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reactions, arc-melting, electron-beam irradiation etc [74]. Corresponding fullerene clusters and
atomic nanoclouds formed on the surface of BN fullerene material provided angular and spherical
nanocage structures, which consist of 4-, 5-, 6-, and 7-membered atomic rings bonding.

In [124] it was described in situ synthesis and characterization of single-walled BN nanotubes
terminated by fullerene-like structures onto polycrystalline W-substrates using electron-cyclotron
resonance nitrogen and electron-beam boron sources. Analysis of the structures as a function of film
thickness indicated that they were grown by addition of atoms to the exposed ends of single sheets,
not at the substrate / nanostructure interface.

BN polymorphic modification with diamond-like structure with B;;N;» molecules instead
atomic sites has been obtained [125] by synthesis in the supercritical flow. Prismatic BN nanorods
have been grown [126] on single-crystal Si-substrates by mechanical ball-milling followed by
annealing at 1300° C. Growth takes place by rapid surface diffusion of BN molecules, and follows
heterogeneous nucleation at catalytic particles. Growth terminates with a clear cuneiform tip.
Growth, structure, and dominating facets were shown to be consistent with a system which seeks
lowest bulk and surface energies.

5.2. Structure

For any structural analysis of BN fullerene-like systems it is obligatory presence certain model
of the atomic structure. Modeling of the BN fullerene structures as well as fullerites and fullerides
constructed of them are based on several empirically established rules [14]. By comparison of the
measured values of formation enthalpies it yields that B-N chemical bonds are essentially stronger
than B—B and N—N bonds. For this reason, it is believed that structure of the stable BN fullerenes is
close with stoichiometric one, i.e. ratio B/ N = 1. But, such systems can be built up only from
atomic rings with even number of vertexes, which are alternatively occupied by atoms B and N. The
stated is the Rule 1. Further, the structures of spherical BN fullerenes are searched among
Archimedean polyhedra, all vertexes of which lie at a sphere surface, under the additional condition
that for each atom 3 nearest neighbors are available. It is essence of the Rule 2. Search of the BN
fullerite structures is governed by two additional rules. Rule 3: the coordination and type of
molecular lattices are determined by a number and orientation of faces of the constituent molecules.
Rule 4: the number of covalent double-bonds on both conjugated faces equals to a necessary
number of intermolecular single-bonds between two adjacent faces. Conditions of formation of
covalence crystals from the binary fullerene-like molecules, in particular, B,N,, recently have been
more detailed [127]: these clusters should be the hollow convex polyhedra satisfying Euler’s rule;
their faces should be constructed only by even-membered rings and satisfy so-called isolated ring’s
rule; the number of the isolated faces should be coincided with the symmetry of the forming crystal;
it should exist only alternating chemical bonds (i.e. B-N bonds). In case of 4, 6, 8 or 12 isolated
faces, these conditions lead to tetrahedral, cubic, and hexagonal symmetries. Thus, bonding of the
clusters with similar faces form close-packed crystal structures with sphalerite-like, rock salt, bcc,
fcc, and hep lattices. For experimental determination of structure of the nanometric hollow BN
spheres it can be applied a technique of the electron inelastic scattering cross-section analysis
developed in [128] for a layered crystal h-BN. During the growth, the structures of BN onions are
observable by means of TEM and x-ray microstructural analysis [14]. Atomic structures and the
mechanisms of formation for various BN fullerene systems (clusters, onions, nanoinclusions,
nanocapsules etc) in [74] were studied by means of high-resolution TEM and EELS. On this basis a
number of structural models of similar systems have been offered. In particular, B3sNse cluster
should be built up from 6 4-membered and 24 6-membered rings. Besides, it has been noticed that
BN nanocages possess more acute-angled form and specific internal structure in comparison with
carbon cages. Listed methods also allow detecting of the impurity atoms in boron nitride metal-
fullerides. Particularly, it has been found out Ag nanoparticles packed in BN spherical capsules. On
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surfaces of similar materials there are formed fullerene clusters and atomic clouds in the form of
nearly spherical and faceted nanocage structures consisting of 4- and 6-membered rings. Images of
the fullerene-like kinks and bends terminating substrate-grown BN nanotubes can be obtained by
high-resolution TEM [124]. High-resolution TEM together with nanobeam electron diffraction
allowed determining of the orientation of BN hexagons in cone-shelled particles [129].

The structures of some regular (determination see below) BN fullerenes and predicted [14]

fullerite species are shown in Figs. 9, 10, and 11.

1) 2 3)

Fig. 10. Predicted [14] inorganic polymeric chain consisted of B¢Ng fullerenes.
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3 C))

Fig. 11. Unit cells of predicted [14] B,4Ny4 fullerites with sc (1), bee (2), and fec (3) lattices;
and B,N; coordination tetrahedron (4), the building block of zinc-blende and wurtzite lattices.

Concept of a regular boron nitride fullerene has been introduced in [130]. Structure of the
BN fullerene is considered as regular if it meets certain conditions: (1) structure consists of equal
numbers of B and N atoms; (2) only 3-fold chemical bonds are realized (i.e. analogs of the bonds in
layers of h-BN, r-BN, and t-BN layered crystals, as well as in regular BN nanotubes, but with
distinguished valence angles); (3) atomic rings represent plane or broken (along diagonals between
B and N sites) regular polygons with even number of vertexes alternatively occupied by B and N
atoms. Given definition yields equal B—N bond lengths. Let denote this only structural parameter
for n-fullerene (n=123,...) by d,. The chemical formula of a regular BN fullerene should be

Bonm+1)Nonm+1)- As the regular fullerene is inscribed in sphere, the spherical or, more precisely,
geographical (r,¢, 1) coordinates are useful to describe atomic sites positions.

Evidently, the geographical coordinate r for all atomic sites equals to fullerene radius r, ,
Ty =Iy =T,.
The latitudes ¢ are determined as

r
@y = @y =SgN m arccos —-,
R

n

while longitudes A as

d _ _1\m
Ay = arcsin Bom +7£(4l 3+CD —lj,

r 2n

n,m
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d A1\

2n

Ay = arcsin
t(n+1) and / =1,...,n number atomic rings in parallel planes and B

r

nm

Here indexes m ==1,...,
and N atoms in planes, respectively. Radius r,, of the ring in m -plane can be calculated from

following relation
dgm+2dy, . dy,,cosTln+dy,

2 Bn,m Bnm*“Nn,m
rn,m -2
4sin“zw/n
For planes with m # *1, dy,, and d,, are certain interatomic distances in m -plane,

which equal to one of a diagonals d,, ; between certain B and N vertexes in regular 2k -gon

(k=123,... and j=1,...,k) with vertexes alternatively occupied by B and N atoms and side d,:

dn,k,j _ smﬂ']/Zk

d, sinz/2k
But, if m =z1, i.e. in planes adjacent or coincident with equatorial plane, one from the

parameters dy,,, and dy,, equalsto d,, while another equals to parameter D, expressed as

n
9

d sinz/ 2k, sin 7w/ 2ky

n

where j, and j are the j-values in planes with m =12
And finally, radius of regular n -fullerene is determined as

D, _sinzjy I2k; sinzjy /2%y

% I (sinzjy /2K, singjy /2K, ’
d’ 8sin’ z/n\ sinz/2k,  sinz/2ky |
In particular, in case of n = 20.2' 22 ... ie. for fullerenes B4N4, BoNj2, B2yNoy etc, planes

with m = =1 coincide with equatorial one and one can obtain simplified formula:
r’ 1 (3 cosx/ 2nj

n_ _ 4
d? sin’z/2n\4 V2
On basis of the stated relations, the explicit expressions (in term of B—N bond length d, ) of

the interatomic distances in regular boron nitride fullerene have been obtained:
Bnm',I'-Nnm",[") =
=2r} —2sgnm'm" \/(rnz —rl ol =rl) -
- (dB n,m' dN n,m" + dN n,m' dB nm"' )X
. cos (4@ =1y + (=)™ + (D" r/2n N
4sin” 7 /2n
+ (dB n,m' dB n,m'' - dNn,m' dNn,m"
| sin (@@ =1y + )" +(=1)" Jr/2n
2sinzw/n ’
(Nnm',l'-Bn,m",1") =
= 2rn2 —2sgnm'm"' \/(rnz — rnz,m,)(rn2 — rf,m,.) —
- (dN n,m' dB nm" + dB n,m' dN nm"' )X
cos [4(1'=1") = (=)™ = (=1)" " Jz/2n
X — +
4sin” 7/ 2n

Jx
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+(dNn,m'd _dBn,m'dBn,m")><
| sin (@@ =1y = =n" = (=)"" )z /2n

2sinz/n
Bn,m',l'-Bn,m'",l") =
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5.3. Binding

At the first time, it was calculated [131] B3¢No4 fullerene which is the boron nitride structural
analogue of the well-studied carbon Cg fullerene. It is very difficult for synthesizing, because of a
strong deviation from the stoichiometric composition: its traces are hardly observable by mass-
spectrometry. For this reason, the bonds lengths in BscN,s molecule were not measured. The
B(1) - B(1), B(2) - B(2), B(1) — N, and B(2) — N distances were only estimated by means of MD:
1.972, 2.016, 1.670, and 1.695 A, respectively. Here B(1) designates the sites constituent the pairs
of adjacent B atoms, which form sides of the 5S-membered rings; and B(2) are sites constituent the
pairs, which form common side of the adjacent 6-membered rings (unlike B sites, all N sites in this
structure are equivalent).

Semiempirical MO method calculation performed for the Bi,N;, of fullerene-like spheroid
geometry had led to the following values of structural parameters [132]. Valence angles B-N-B in
rhombuses and hexagons equal to 79.92 and 106.44 °, while bonds lengths equal to 1.504 and
1.418 A, respectively. The same lengths tested by first principles HF method fall in intervals
(1.475 -1.508) and (1.433 — 1.438) A confirming semiempirical results. These calculations testify
in favor of presence of stationary points on potential-energy-surfaces of (BN);, fullerenes. The
molar heat of formation is estimated as 0.86 eV /mole. HF test calculations also confirm a
conclusion about their stability: system total energy is negative and its absolute HF value ranged in
an interval from 945.77688 up to 950.56265 eV.

Atomic structures for various BN fullerene systems (clusters, onions, nanoinclusions,
nanocapsules etc) in [74] also had been optimized by means of MO method. Optimization of the
possible structures generated from the completely deformable B3;N3 and B4N4 graphs carried out by
DFT method shows [133] that these systems are competitive by stability with any final BN
structure, in particular, fullerenes. It had been noticed that boron nitride fullerene-like systems
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mainly obtained in experimental conditions are BssN3s molecules. The comparative analysis of
some possible structural models of BN fullerenes indeed leads to a conclusion [134] that unlike the
isolated atomic rings BssNsg cluster is a stable structure in spite of the existence of distorted 6- and
4-membered rings. It is an explanation for the other similar BN microstructures too [135]. Total and
cohesion energies of the smallest stoichiometric boron nitride fullerene-like clusters also were
considered by the HF method in Gaussian-orbitals basis [127]. Calculations revealed their stability.

The structure and the growth mechanism for BN fullerenes in [14] had been investigated
theoretically — by means of MD using original B-B, B-N, and N-N interatomic potentials. In
particular, the diameters of BN, B24Na4, and BgyNego molecules along the radial axes, which are
passing through tetragonal (or hexagonal) faces have been predicted as 4.089 (3.541), 6.382
(6.045), and 10.804 (10.609) A. It has been pointed that the difference between effective radiuses of
spheroid molecules B|;N;, and BgNgo equal to 3.36 A is close to interlayer distance of 3.33 A in
h-BN. The analogy extends on bonds between fullerene-surfaces: in calculations of parameters of
the fullerene molecules B,Nj2, B24Nos, and BeoNeo, interatomic B—N potential with equilibrium
distance of 1.4457 A (which corresponds to the intralayer bond length in bulk h-BN crystal) was
used with success. Semiempirical MNDO method predicts stability of Bi,Nj2, B24Na4, and BgoNeo
fullerenes as their total potential energies are negative. On magnitude they equal to 10.26, 11.12 and
11.26 eV / mole, respectively (at heats of formation of 6.857, 8.098, and 29.280 eV / mole).

Calculations of the boron nitride isomers performed within the frames of various variances of
HF method and DFT both in LDA and with gradient corrections show [136] that the small-sized
B, N, molecules are characterized by the one-dimensional geometry. At the average sizes, n <8,
they are more stable in the form of rings, but at the relatively high number of constituent atoms,
n2>11, when at least 2 from 4-membered rings from each other are separated by hexagons, they
prefer the form of a cage. As for BoNg and BoNjo cages, their structures by the stability are
comparable with corresponding ring-structures. In [39] the energy of B2Nj, fullerene-like cages
with respect that for isomer in the form of a ring had been obtained. By HF method variances it had
been given the values: —1.58, —1.06, and —0.88; by DFT within LDA: -8.21, —7.46, and —7.35; and
by DFT with gradient corrections: —1.93, —1.10, and —1.00 eV. Despite of essential discrepancies in
absolute values of energy-differences obtained their negative sign and hence stability of the BjoN»
fullerene does not cause any doubt.

In [137] the first principles DFT calculations within the GGA were applied to study structure
and relative stabilities of stoichiometric fullerenes BigNis, B3sN3zg, and BgsNes, as well as non-
stoichiometric ones Bi,Nig, B3:N3s, BgoNes, BisNi2, B3gN3o, and BgsNgo. Overall tendency for
formation of octahedrally faceted shapes as the atomic number increases, with more spherical
shapes being prevalent only for small nonstoichiometric cages, was obtained. BN fullerenes of
diameters of ~12 A or larger are expected to be polyhedrally faceted regardless of their
stoichiometry. For the small molecules (with a diameter of ~ 5 A) it was found that stoichiometric
B¢N¢ structure is more stable than nonstoichiometric ones with similar dimensions, in both boron-
rich and nitrogen-rich environments. For the larger sizes, the nonstoichiometric B3;N3¢ and BeoNes
are found to be more stable than their stoichiometric counterparts in a nitrogen-rich environment,
while the stoichiometric structures are most stable under the boron-rich conditions. These
conclusions remain largely unchanged when one considers the gas-phase limit of atomic reservoirs.
Following classification of BN fullerenes have been offered in [137]. As small, intermediate, and
large ones it should be considered the fullerenes with a diameters of ~ 5, 8, and 12 A, respectively.
Quantitatively the relative stabilities of BN fullerenes with nearly the same sizes were estimated
based on calculated molar energies of formation: B;;Nj¢ — 8.28, B1gNj¢ — 8.54, and B;¢Nj, — 8.08;
B32N36 — 8.77, B36N36 — 8.77, and B36N32 — 8.61; B60N64 — 8.89, B64N64 — 8.89 and B64N60 —
8.11 eV. Generalization of similar results leads to the conclusion that for large fullerenes (i.e. with
diameters more than ~ 12 A) dependence of the molar energy of formation on number n of B-N

pairs is expressed by the formula E/n=A+B/n+C/ Jn , where A is the energy of formation per
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B—N pair in isolated BN plane sheet with respect of layered h-BN crystal (it corresponds to a limit
of fullerene with infinite diameter); B/n describes contributions from the stresses caused by

presence of “wrong bonds”; and the term C/ Jn is caused by edges-formation after achievement
the sizes when polyhedral form becomes more suitable.

According to the semiempirical MO calculations [132], the lowest vibration frequency for
(BN);, fullerene spheroids is estimated as 340.3 cm™', while by another semiempirical method
MNDO frequencies of the vibration modes dominant over the BN fullerenes IR-spectra are found
[14] as following: B1oNj, — 1294 and 825; By4Nyy — 1356, 1336, and 772 cm™!. Studies of the B,N,*
ionized clusters at numbers of atoms n =3 — 10 performed within DFT had showed [138] that like
the case of their neutral analogues lower energies are characteristic for systems with even indexes.

Detailed comparisons between the experimental (high-resolution electron microscopy) images
of fullerene-like structures terminating single-walled substrate-grown BN nanotubes and MD
simulations showed [124] a dominance of kinks and bends involving 4- and 8-fold ring structures.
Sometimes there are also such hollow structures of boron nitride which in form strongly differ from
sphere. For example, in [129] it has been discovered nanoscale BN cone particles, which consist of
an ordered stacking of seamless conical shells. In all but one case, the results of structural analysis
confirmed with a model of orderly stacked 240 °-disclinations, which is the smallest cone geometry
ensuring the presence of B—N bonds only. One case of a nanoscale cone constituted of
300 °-disclination was found, implying that structures containing line defects of B—B or B—B bonds
may be formed. MD studies of the BN nanotubular structures by the tight-binding method show that
various experimentally observable fullerene-like morphologies, including conic, flat, amorphous etc
of their ends are directly connected with chirality of the given tube [79]. Optimization of the BN
cage molecules configuration by a gradient-search method specifies an opportunity of distortions in
real structures in bond lengths and valence angles from the regular geometrical values together with
“rippling” surfaces [127].

In [139] the two-dimensional lattice of BN shells was treated with a first principles method.
The demonstrated robustness of continuum elasticity up to very small length-scale allows one to
define and compute the in-plane stiffness and flexural rigidity moduli of the representative BN
nanoshells, including limit structure of the plane BN sheet. Only small deviations from the linear
elasticity are observed. BN shells can associate in systems of collinear spherical surfaces. Arising
interlayer interactions are much weaker than intralayer ones as they are caused by van der Waals
polarization forces. Correspondingly, interlayer bonds appear to be more than twice longer in
comparison with intralayer bonds. As it has been noticed [14], interlayer interactions in multi-
shelled BN cages, onions etc are almost the same as in three-dimensional layered boron nitride
crystals and multi-walled nanotubes.

It is possible to obtain some inequalities between total ground state energies of polyhedral
carbon clusters and their derivatives with substitution by boron and nitrogen atoms (BN),C,_».
(n—2x20), which do not depend on a used theoretical method of analysis, and on this reason are
suitable in first principles calculations as well as for semiempirical estimations [140]: difference
between these energies is expressed by the simple sign-variable sum over substituted sites. The
energetics and thermal stability of storing hydrogen in BN-based nanostructures had been studied
using first principles DFT formalism [141]. It was shown that H, molecule enters through the
hexagonal face of the B3sN3¢ cage and prefers to remain inside the cage in molecular form. The
energy barriers for the H, molecule to enter or escape from the cage are, respectively, 1.406 and
1.516 eV. As the concentration of hydrogen inside the cage increases, the cage expands and the
bond length of the hydrogen molecule contracts, resulting in significant energy cost. There were
performed first principles calculations for the interactions between transition metal atoms Fe, Co,
and W, as well as for FeO molecule with the B3Nz fullerene [142]. The stable structure of
complexes may have the dopant atom either at the center of the cage or making covalent bonds with
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the fullerene wall, with similar total energies. FeO molecule has a binding energy with the fullerene
2.5 eV larger than those of the transition metal atoms and produces larger distortions in the cage.

Molecular and solid forms of BN, based on stoichiometric and nonstoichiometric fullerenes,
were predicted in [143] by means of first principles calculations. Study of the energetics of dimmer
formation indicates that the reactivity of BN fullerenes depends strongly on the stoichiometry. The
stoichiometric fullerenes form strong covalence bonds between the tips of neighboring cages, while
the tips of nitrogen-rich fullerenes “repeal” each other. Calculations predict the large interstitial
channels (with diameters of (5—8) A), but the hardness comparable to that of hard metals. In
contrast, nitrogen-rich units (with the exception of Bj;2Nj¢) should form loosely bound molecular
solids (like the standard carbon fullerenes). Following values of binding energy per intermolecular
bond were predicted: BN and Bj¢Ni¢ dimmers — 0.47 and 0.45; and B;2Nj6, Bi¢Ni6, and B3¢Nie
fullerite-crystals — 0.34, 0.30, and 0.29 eV.

Consideration of B2Nj2, B24Nys, and BgoNgy molecules as analogues of carbon fullerenes
allows to predict [14,127,144,145] existence of inorganic polymeric chains and at least 10 boron
nitride fullerite crystals and calculate their lattice parameters and density. It have been constructed a
number small clusters B,N,, (with n =12, 16, 18, 14, 36, and 60) able to form zeolite-like covalence
crystals. Comparison between these structural calculations and available experimental data allows
identifying the fullerite with simple cubic symmetry constructed from B;,N;, molecules with BN
intermediate explosive phase. As for BN polymorphic modification with diamond-like structure
with the same molecules instead atomic sites [125], which structure earlier called by an E-phase, it
has been named [14] as “hyperdiamond” of B,Nj,. Experimental value for its lattice parameter,
11.14 A is in good agreement with predicted one, 11.52 A. Calculation of the bulk modulus of
elasticity leads to a conclusion that it should be a superhard semiconductor.

Analysis of the atomic orbitals population in nonstoichiometric molecule B3gNys (with
structure like the carbon Cg fullerene) carried out [131] by X,-method gives following values of the
atomic charges — B(1): +0.47, B(2): +0.41, and N: —-0.66 (for B sites determination see above).
Atomic charges in fullerene spheroids B|,Nj, were calculated by the MO method [132] and also
semiempirically using MNDO method [14]. The averaged charges on B (positive) and N (negative)
atoms constituent B;2Nj»2, BoaNos, and BgoNgy fullerenes have been estimated as +0.26, +0.31 and
+0.30, respectively [14]. Electron density distribution maps in diamond-like B;,N, fullerite have
been calculated in [125] by the full-potential APW method. Optimization of the smallest BN cage
molecules configuration by a gradient-search method also leads to the necessity to transfer certain
electron charge from B atoms to N atoms and, hence, to certain deal of ionicity in interatomic bonds
together with formation of “rippling” surfaces [127]. Because positive B ions leave inside, while
negative N ions leave outside, it results in formation of the thin dipole-layer.

5.4. Electronic structure

Electronic states in nonstoichiometric B3gNys4 cluster (structural analog of carbon Ce
fullerene) was calculated in HF X,-method MO approach [131]. Fermi level had appeared to be
located at 5.5 eV below the zero-level that specifies the electron-deficiency and, therefore, electron
affinity of the system. HOMO-LUMO gap has turned out to be equal to 1.9 eV, while valence band
width about 20 eV. The electronic structure, namely valence electrons energies, of the fullerene-like
spheroid with chemical formula B;;Nj, in [132] had been calculated by the semiempirical MO
method. HOMO-LUMO gap was estimated as 8.9 eV. First principles test-calculations confirm
presence of an energy gap, but overestimate its width, (13.5 —14.5) eV. Results of the first
principles calculations performed in [146] for B3sNse fullerene-like cluster (its form and sizes are
comparable with these of fullerene experimentally obtained by the electron irradiation of BN) show
that BN fullerenes should have wider energy gaps than BN nanotubes of similar diameter. This fact
emphasizes the stability property of such kind molecules as they have been formed. For B3sN3q
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cluster the electronic structure had been calculated by the discrete-variation X,-method [74]. The
energy gap is estimated as ~4 eV what is close to value for bulk BN. For B3Nz, B24No4, and
BsoNeo fullerenes, the HOMO-LUMO band gap (at B-N bonds lengths of 1.4457 A as it takes
place in h-BN layers) was calculated by the semiempirical MNDO method in [14]. They were equal
to 7.98, 8.34, and 8.73 eV, respectively. Therefore, the inference can be made that, with an increase
in the number m of atoms the HOMO-LUMO band gap is stabilized at approximately 9 eV.
Ionization bands and electron affinities of boron nitride B,N,, clusters of the average sizes (n =3, 4,
5) have been investigated in [147] within Green-function approach for external electrons. It was
found that B3N3™ anion is poorly stable concerning the electron loss, whereas for BsN4 and BsNs it
was observed negative adiabatic electron affinities.

As one would expect, the DOS distribution calculated for BsgN3g cluster is similar to that of
layered h-BN crystal [134]. Applying DFT within GGA, the band structure of various BN fullerites
had been calculated in [143]. For gap width of the simple cubic structures constructed from B,Nj»,
B1sNi6, and B3gN3e fullerenes, the estimations of (4.0 — 4.5), 4.5, and 3.8 eV were made. Thus, a
spread of gap value was estimated as ~ 0.5 eV. A zone-folding construction was applied [148] to
the honeycomb lattice band structure to yield explicit expressions for the Hiickel #type MO
energies and symmetries of trivalent polyhedra consisting of hexagons and squares with octahedral
symmetry. The numerical Hiickel calculations on a large set of cages also had been performed. A
clear distinction in electronic structure between leapfrog, nonleapfrog type 1, and nonleapfrog
type 2 cages was revealed. The results are relevant for attaining boron-nitrogen cages. Quantum-
chemical calculations on B3sNse confirm the results. Recently electronic structure of small B,N,
fullerene-like clusters, including forbidden gap width and DOS distribution map, has been
calculated by HF X, -method using Gaussian orbitals basis [127].

First principles calculations of the B3sN3¢ fullerene electronic structure show that doping by
the transition metals like Fe, Co and W, and also by molecule FeO can lead to occurrence of several
new forbidden states [142]. Fragments of carbon rings which can be placed on the ends of BN
nanotubes playing a role of the ending of a tube or connection of two tubes theoretically can be
considered as quantum dots [149]. Electronic spectra of these fullerene-like objects had been
calculated by Hiickel method using Bloch periodic boundary condition.

Band structure and DOS distribution of the boron nitride fullerite in diamond-like structure
with B|;Nj; molecules instead atomic sites in [125] had been calculated by first principles full
potential APW method. For the energy gap width the estimate of ~ 1.9 eV was found.

5.5. Applications

It was marked that cluster BN fullerene-like materials are intrigued both for scientific
researches and from the point of view of practical applications what are: cluster protection, cluster
separation, producing of nanoball bearings, catalysis, and biotechnologies [74]. Governing the sizes,
number of layers, cluster types, chirality, and structure, it is possible to achieve that non-magnetic
C-B-N nanocage structures with the gap in a range of (0 — 5) eV showed useful electronic, optical,
and magnetic properties such as Coulomb blocking, photoluminescence, supermagnetism etc.

A number of ideas regarding fullerene-like BN have been offered in [14]. On the basis of
B 2N, fullerite with zinc-blende lattice, it can be elaborated “hyperdiamond”, while on the basis of
Me;B,Nj; fulleride (Me is atom of an appropriately chosen metal) with bcc lattice — “superdense
diamond”. Boron nitride fullerites with nanoporous channels of molecular sizes in regular simple
cubic lattice are attractive as a molecular sieves or nanomembranes. Various encapsulated BN
fullerites (i.e. BN fullerides) can serve as new nanocomposite materials. BN fullerenes based
materials are capable to combine some such properties that is impossible in common crystals. For
example, as it is predicted by the DFT within GGA the stoichiometric fullerenes should form
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covalence-bonded low-dense crystals with channels with a diameters of (5 — 8) A, but on hardness
comparable with hard metals [143]. On the contrary, non-stoichiometric (nitrogen-rich) fullerenes
(except for B12Nj¢) should form more brittle molecular solids similar with usual carbon fullerites.

At zero temperature, up to 18 hydrogen molecules can be stored inside B3sNs¢ cage [141].
However, at room temperature high weight percentage hydrogen storage can not be achieved.
Doping of the B3sN3¢ fullerene by the transition metals etc can lead to several new forbidden states
[142]. But, there no additional cage magnetic moment: such kind hybrids possess the same
magnetic moments as the isolated dopants. Measurements of the photoluminescence and magnetic
properties of BN nanocapsules show significant energy shifts and supermagnetism [74].

6. CONCLUDING REMARKS

Description made for the various boron nitride nanosystems geometries, binding, electronic
structure etc may serve as basis for further investigations. In particular, with this purpose it planned
application of the quasi-classical approach (the physical theory see in [150-153], and for related
mathematical problems like calculations of matrix elements and solving of secular equation see in
[154—-158]), which with success has been realized for other structural modifications of boron nitride
— diatomic molecule, isolated plane sheet, hexagonal h-BN, cubic c-BN, and wurtzite-like w-BN
crystals [15,16,26,31,40-42,159—-165]. On the basis of geometry description for regular BN
nanotubes [81] recently by this approach it has been studied relative stability of the ultra-small
nanotubes and complex dependence of the molar energy from radius is found out [86]. Similar
calculations for BN fullerenes based on their geometry [130] should give answers to such questions
as: the spheroid form is stable or flattened BN fullerenes containing defects are energetically more
preferable; what are the maximal sizes of regular boron nitride fullerenes; in what combination they
can form multi-shelled fullerenes etc. Such consideration needs to take into account features
characterizing BN nanosystems, in view of general equations derived [166] for fluctuations in
energy of the small completely open systems, which show that the fluctuations should be unusually
large, because there are no restraints on the size of the system and fluctuations in total number or
partial numbers of atoms in binary systems indirectly contribute to the fluctuations in their energy.
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1. BBEJJEHUE

B Hacrosimiee BpeMsi MHTEHCHUBHO WM3Y4alOTCS CBOWCTBA MarHUTHBIX HAHOYACTHUII U MarHUT-
HBIX JKUJKOCTEH KOJUIOMAHBIX CYCIIEH3UW OJHOJAOMEHHBIX MArHUTHBIX YAaCTUIl B YKUJKOCTH.
dusnyeckrue CBOMCTBA MAarHUTHBIX KUAKOCTEH OMPEACISIIOTCS COACPKAHUEM TUCIIEPCHOU (askl,
arperaTUBHOM YCTOMYMBOCTBIO NUCIIEPCHBIX YACTHI] U HANPSHDKEHHUEM BHEIIHETO MarHUTHOTO IOJI,
C TIOMOIIbIO KOTOPOTro ¥ (hOPMHUPYIOTCS WX MAarHUTHBIE CBOMCTBA. [locieqHee mO3BOMISET IeIeHa-
MPaBJIECHHO U3MEHSITh CBOMCTBA MATHUTHBIX KUJIKOCTEH B COOTBETCTBUU C MPUKJIAAHBIMU 3aa4aMH
[1,2]. Umeercs B BuUIy NPUMEHEHHWE MAarHUTHBIX JKUJIKOCTEH B AaHTH(QPHUKIHUOHHBIX y3JaX H
nemrndepax, B yIbTPa3BYKOBOW Ne(EKTOCKOMIH, MATHUTHBIX CEMapaTropax pPeAKUX AJIEMEHTOB, B
MexXaHu3Max poOOTOB U T.I.

CHUHTE3 MAarHUTHBIX >KUJKOCTEH BO3MOXEH pazIWyHbIMU MeToaamu [l]: MeToaom u3Melnb-
YEHUSI MATHUTHBIX YaCTHII, SJIEKTPOXUMHUYECKUM METOAOM, ITyTEM KOHICHCAIIMH TTapOB METAJIOB B
KUJKOCTH, METOJAOM XMMHMUYECKOTO OCaXJIeHWs W Jp. Hamu s cuHTE3a HAaHOYACTHI] a-OKCHa
JKeJe3a MCIOIb30BAJICS METOT JIa3epHOU abisauu, B 3ToM citydae BO3MOXKHO MOTydeHHUE HaHOYAC-
THUII, CBOOOIHBIX OT MOCTOPOHHBIX mpumecei [3]. IMEHHO «4uCThIe» HAHOYACTHUIIBI HEOOXOIUMBI
JUTSI TIEPCTIEKTHBHOTO MX MPUMEHEHHS B 00J1IaCTH OMOMETUITMHBI (HAIpUMEp, aJpeCHON TOCTaBKH
JIEKapCTB B TEPANHK pakKa), 4TO OMPELIIsIeT 1eNb JaHHOW PaboThI.

2. OKCIIEPUMEHT 1 OBCYXJIEHHUE PE3YJIbTATOB

[Topomok a-Fe;O3 (remaTuT) momemancs B KBapLEBbI CTakaH ¢ JUCTUIIMPOBAHHOMN BOAOU U
noABepraics Bo3aehcTBHIO pyomHOBoro jnazepa OI'M —20 (694.3 nm). MomHoCTh HUMITyJICa
cocraisuia 3 - 10° W; umirensHoCTS Ha ypoBHe 0.5 MakcHMaabHOW UHTEHCUBHOCTH U3Iy4EHMs HE
6onee 3 - 107 5. Yacrora crienoBanus ummymscos — 1 Hz.

B pe3ynbraTe MHOTOKPATHOTO BO3EHCTBHS JIa3epHBIX UMITYJILCOB B IUCTUIUIMPOBAHHOMN BOJIE
ObUT TMOJYYeH B3BECh AOJIMPOBAHHBIX 4YacTHIl. Pa3Mepbl HAHOYACTHUI[ ONPEACISIINCH METOIAOM
Jebas—Illepepa, cormacHO KOTOpoMy, TU(GPAKTOMETP PETUCTPUPYET KPUCTALIUYSCKUN oOpasell B
napaieIbHOM ITyYKe MOHOXPOMATUYECKOTO PEHTT€HOBCKOTO H3JIy4eHUsI.

Ha puc. 1 npencrasiena qudpakrorpaMma UCCIeyeMbIX HAHOYACTHUIL.

CornacHo pacueTram, KOTOpbIe TPOBOIMINCH 110 (opMyIIe:

AB=KARLcos®é,

rae AB = B — B, — npUpOCT IIUPHHBI IUHUU, B — M3MepeHHas IUPHUHA JINHUK, B, — IupruHa

JIMHUM JUIsI KPUCTAJIJIOB ONITUMAJIbHBIX pa3MepoB (OKOJIO 10* A), L — nuneiinbiii pa3mep MOJIy4eH-
HBIX HaHOKpucTauioB, K — BenuwuwHa, Onu3kas Kk 1, R — paguyc kamepsl B mm [4], cpeaHuit
pa3Mep MONYy4EeHHBIX HaHOKpucTauioB He mpesbimaer (80 — 100) nm. OpHako wuccinegoBaHus,

175



V. G. Kvachadze et al ... Nano Studies, 2, 175-177, 2010

KOTOPBIC TTPOBOJMIMCH C MOMOIIBIO pacTpoBoro Mukpockorna (Nanolab — 7, OPTON), moka3zanu,
YTO B MAarHUTHOM XKMJIKOCTH Hapsily ¢ KPYNHBIMH arioMepaTamy HaOJIONAIOTCS HAaHOYACTHUIIBI C

pa3mepamu nopsaka 20 nm (puc. 2).

Bl T a1y B TE 0
B
—

"

e h]

B L YL

T )

Puc. 2. Hanouactuns! a-Fe,O3, o0pa3oBasiuecs mpu J1azepHoi adnsaiuu (MukpodoTorpadun
MOJIYYEHBI C TOMOILBIO 3JIEKTPOHHOT'O PacTpoBOro Mukpockomna Nanolab — 7).

AHaJIOTUYHbIE UCCIIEOBAHUS, IPOBEJCHHBIE C TOMOIIBIO TPAHCMUCCHOHHOIO MHKPOCKOIA
(JEM 100 — Sx), noaTBepAnuan pe3ynbTaTbl, OTMEUEHHBIE BbIIIE: HAa PUC. 3 BUJHO, YTO pa3MepbI
IIOJyYEHHBIX HAHOYACTUL[ M3MEHSIOTCS B IIUPOKOM J[MAaNa3oHe, HAUMEHbIIME M3 KOTOPBIX
~ (10 — 20) nm. Takum 0Opazom, Ha HAII B3I, METOA JIA3EPHOM aOJSAIUH MOXKET OBITh MEPCIIeK-
THUBHBIM METO/IOM JUIs TOJydeHHs HaHovyacTul a-Fe,Os.
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20 nm

Puc. 3. Hanouactuns a-Fe,03, o0pa3oBasimecs npu JiazepHoi abnsauuu (Mukpodotorpadpuu
MOJYYEHBI C MOMOIIBIO AIEKTPOHHOTO TPAHCMUCCHOHHOTO MUKpockona JEM 100 — Sx).

[IpoBeneHHBIC HWCCAEAOBAHUS TOKAa3aIM TaKXkKe, 4TO 0€3 MPUMEHEHHS TOBEPXHOCTHO-
AKTUBHOI'O Bf€IIECTBa IJIA CT&6H.HH33.I_[I/II/I HCBO3MOXKHO HO.HY‘-II/ITB OI[HOpO,Z[HYIO MaI‘HI/ITHYIO
JKUJIKOCTh ¢ HaHouacTuaMu a-Fe,Os.

3. BAKJIIOYEHUE

Pe3ynbrarel naHHOM pabOThl MOKa3adM MEPCHEKTUBHOCTh METOJA JIa3epHOM alusiiuuu uis
noiydyeHus: HaHoyactul a-Fe,Os;. llenenanpaBiieHHbIM BapbHUPOBAHMEM MapaMeTpPOB IMpollecca
Ja3epHON abyALKU U BBIOOPOM COOTBETCTBYIOIIMX MOBEPXHOCTHO-aKTHBHBIX BELECTB B AalbHEH-
[IEM MOXHO 3HAUUTEIBHO COKPATUTh JOJII0 arJIOMEPUPOBAHHBIX YACTHI] U MOJYyYUTh HAHOYACTHUIIBI
C ONTUMAJIbHBIMH XapaKTEPUCTUKAMH.

BJIATOJAPHOCTH

BeipaxkaeM HCKpeHHYIO OJIar0JJapHOCTh 332 OKa3aHHYIO TOMOINb B IMOJYYCHHH MHKPOQO-
Torpaduii HAHOYACTHUI] HA PACTPOBOM M TPAHCMHUCCHOHHOM 3JIEKTPOHHBIX MHUKPOCKOIAX JOKTOpam
nayk H. JIxxamabanze u I'. LlepuBan3e.
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1. INTRODUCTION

The development of reliable experimental protocols for the synthesis of nanomaterials over a
range of chemical compositions, sizes, and high monodispersity is one of the challenging issues in
current nanotechnology. New methods to produce nanoparticles are constantly being studied and
developed. It is important that physical and chemical methods are low-yield, energy intensive,
difficult to scale up, often produce high levels of hazardous wastes, and may require the use of
costly organometallic precursors. Besides, chemical synthesis may still lead to the presence of some
toxic chemical species adsorbed on the surface that may have adverse effects in medical
applications. Hence, there is an ever-growing need to develop inexpensive, clean, nontoxic, and
environmentally benign synthesis procedures. Consequently, in last years researchers in
nanoparticle synthesis have turned to biological systems for inspiration [1].

Microorganisms are recently found as possible eco-friendly nanofactories, even though they
have many biotechnological applications such as remediation of toxic metals [2]. Formation of
silver nanocrystallites in microorganisms including bacteria, yeasts, fungi has been reported [3,4].
However, screening of different classes of microbes as possible “nano-factories” has not been done
so far. The purpose of this work was to monitor production of silver nanoparticles by cianobacteria
Spirulina platensis and actinobacteria Streptomyces spp. 211A.

2. EXPERIMENTAL PROCEDURE
2.1. Model bacteria and their cultivation

All chemicals were ACS-reagent grade and purchased from Sigma (St. Louis, MO, USA).

Sp. platensis was cultivated in the Zarrouk growth media at constant shaking at (30 — 31) °C,
at pH 5. The bacterial cells were harvested after (5 — 6) days and then were washed twice in
distilled water. Silver nanoparticles formations were carried out by taking 1 g of wet biomass in a
250 ml Erlenmeyer flask with 10° M aqueous AgNOs; for different times (2, 4, 7, 8 days) and
incubated at room temperature. The pH was checked during the course of reaction and it was found
to be 5.6.

The alkaliphilic (extremophilic) actinobacteria — Streptomyces spp. 211A have been isolated
from solonetz soil of Sagarejo Region (Georgia). The strain develop at pH 7 — 11, with optimum
growth temperature at (28 — 30) °C. Bacterial cells were grown aerobically in 500 ml Erlenmayer
flasks. The cells were grown in a liquid medium Gauze — 1: K;HPO, (0.05 %), MgSO4 (0.05 %),
NaCl (0.05 %), KNO3 (0.1 %), FeSO., - 7TH,0 (0.001 %), starch (2 %), east extract (0.03 %), pH 7.5.
The culture was grown with continuous shaking on a shaker (200 rpm) at 30 °C for 9 days. After
cultivation, mycelia (cells) were separated from the culture broth by centrifugation (4500 rpm) for
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20 min and then the mycelia were washed thrice with sterile distilled water under sterile conditions.
The harvested mycellial mass (16 g of wet mycelia) was then resuspended in 100 ml of 10° M
aqueous AgNOjs solution in 500 ml Erlenmeyer flasks. The whole mixture was put into a shaker at
30 °C (200 rpm).

For X-ray analysis bacterial cells were harvested by centrifugation at 12000 rpm for 20 min.

2.2. Methods

Silver nanoparticles exhibit striking color (light yellow to brown for silver) due to excitation
of surface plasmon vibrations in the particles, and thus provide a convenient means of visually
determining their presence in samples [S]. The UV—Vis spectra of the solution were recorded on a
spectrophotometer “Cintra 10e” (GBC Scientific Equipment Pty Ltd, Australia, with digital data
acquisition system, wavelength range (190 — 1100) nm).

XRD measurements of bacterial biomass were made on a “Dron —2.0” diffractometer
instrument. X-ray tube BCV-23 with Cu anode (Cuka — A =1.541781 A) was used as a source of
irradiation; Ni grid with a width of 20 um was used for filtration of irradiation; the rate of detector
was 2° / min, the interval of intensity was 1000 impulse / min and the time constant was 35 s.

3. RESULTS AND DISCUSSION

Addition of Sp. platensis biomass to 10~ M aqueous AgNOj; solution led to the appearance
of yellowish brown color in solutions after 2 days, indicating the formation of silver nanoparticles.
Fig. 1 shows the UV—-Vis spectra recorded from the aqueous silver nitrate — Sp. platensis reaction
medium, as a function of time of reaction. The presented spectra exhibit the appearance of an
absorption peak at 425 nm, which progressively increases in intensity as a function of time of
reaction without any shift in the peak wavelength. The presence of the absorption peak at 425 nm is
characteristic of silver nanoparticles [5].

Spirulina+Ag

Abscrbance (a.u)

Jeoontrol .-

=l "
b = .

—— v+ 77—
400 200 G600 700 800 200
Wavelength (nm)
Fig. 1. UV-Vis spectra recorded as a function of time
of reaction of aqueous solution of silver nitrate with Sp. Platensis.
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In Fig.2 UV-Vis spectrum recorded from the Streptomyces spp. 211A — silver nitrate
aqueous solution at 9 days is presented. Fig. 2 also shows the strong absorption peak characteristic
to silver nanoparticles.

The observation of peak at 425 nm in the aqueous silver nitrate — Sp. platensis and silver
nitrate — Streptomyces spp. 211A reaction medium indicates the extracellular synthesis of silver
nanoparticles. Our further experiments confirm this result. Really, we applied X-ray analysis to
detect silver nanoparticles in bacterial biomass. We observed silver nanoparticles in biomass of Sp.
platensis treated with silver nitrate (Fig. 3).

biomass 211A+Ag
=-==-=- control

Absorbance (a.u)

T v T ' T T T Y ' v
300 400 500 600 700 800 800

Wavelength {nm)
Fig. 2. UV—Vis spectra of biomass of Streptomyces spp. 211A
treated with 10~ M AgNOj aqueous solution for 9 days.
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Fig. 3. Diffractogram of Sp. platensis biomass after
exposure to 10° M AgNOj3 aqueous solution for 2 days.
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In Fig. 3, as an example, the XRD patterns of silver nanoparticles synthesized by treating of
Sp. platensis with silver nitrate aqueous solution for 2 days is presented. The obtained diffractogram
corresponds to amorphic structure of the sample. However patterns of nanoparticles are also
visualized. It should be noted that the content of crystalline silver was not high in tested samples. It
was no more than 1 %, suggesting that silver nanoparticles were produced, in general,
extracellularly. The grains of silver nanocrystalles had small size which caused the broadening of
peaks. We estimated the size of silver grains by this broadening using the Debye—Sherrer equation:

AQ20) =mA /Dcos6 . (1)

Here A(26) is the half-width of interference maximum (in radians); m is the factor of shape
of crystal, which corresponds to 1 for centered cubic phase; A is the wave length (Cuka —
A=0.154178 nm); D is the size of grain (nm); & is the Bregg’s angle.

According to (1), D is in the range of (10 — 15) nm. The obtained result corresponds well
with the result reported recently in [6]. Specifically, interaction of single cell protein of Sp. platensis

with aqueous AgNO; caused extracellular synthesis of Ag nanoparticles with sizes in the range of
(7 -16) nm.

4. CONCLUSION

In this study, we have demonstrated that the use of cianobacteria Spirulina platensis and
actinobacteria Streptomyces spp. 211A offers a means of developing “nanofactories” for production
of silver nanoparticles simply and inexpensive. Silver nanoparticles have a great number of
applications such as in non-linear optics, spectrally selective coating for solar energy absorption,
biolabelling, intercalation materials for electrical batteries, as optical receptors, high-sensitivity
biomolecular detection and diagnostics, antimicrobials and therapeutics, catalysis and micro-
electronics.
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1. INTRODUCTION

Boron nitride with the chemical formula BN can be found in the form of one-dimensional
diatomic molecule, two-dimensional nanotubes and fullerenes, three-dimensional crystals like the
layered hexagonal h-BN and rhombohedral r-BN as well as turbostratic t-BN, cubic zinc-blende
c-BN and wurtzite w-BN modifications as well as their nanostructures etc. Boron and nitrogen
atoms are surrounded tetrahedrally in both denser c-BN and w-BN crystals.

Any constituent atom of an h-BN crystal, which is believed to correspond to the boron nitride
ground state, may be considered as a 3-coordinated atom because the strong chemical binding
(covalence with some deal of ionic) occurs only within the layers, while weak van der Waals forces
seem to be responsible mostly for interlayer binding. The h-BN crystal has a “graphitic” structure
with a two-layer stacking sequence (r-BN is characterized by a three-layer stacking). These layers
consist of regular hexagons (i.e. 6-membered atomic rings) with vertexes alternatively occupied by
B and N atoms. In the h-BN crystal, B atoms are placed directly above N atoms and vice versa.
Therefore one might suppose that the ionicity contributes to interlayer bonding as well. However,
actually the electrostatic component is insignificant due to the large interlayer distances. It is argued
also by the existence of a layered r-BN crystal, in which each subsequent layer is turned around an
angle of x/3, and also by the isolated plane defects and their bundles included in real h-BN
crystals, in which any given atom can be placed above the same atom. In addition, it is possible to
obtain turbostratic t-BN and amorphous structures in the form of mixes of various boron nitride
crystalline phases, and multi-walled nanotubular and multi-shelled fullerene-like BN structures.
Strong chemical bonding between atoms in a given layer and weak interlayer interaction in layered
boron nitrides specify an opportunity of physical and chemical intercalations by various atoms and
molecules.

Based upon the similarity of structures of the boron nitride layered phases with graphite, it
was assumed [1] that, along with carbon C nanotubes, stable BN nanotubes — the fragments of
hexagonal or mixed BN layers wrapped into cylinders — could also exist.

Indeed, by means of arc discharge BN nanotubes had been obtained both from carbon
nanotubes [2] and in carbon-free plasma [3]. The arc discharge methods were used to produce
B.C,N; nanotubular structures identified by the high-resolution transmission-electron-microscopy
(TEM) together with K-edge electron-energy-loss-spectrometry (EELS) determining the local
atomic composition, while in a carbon-free plasma discharge area between a BN-packed W-rod and
a cooled Cu-electrode it was produced multi-walled pure BN tubes with inner diameters on the
order of 1 to 3 nm and with lengths up to 200 nm; EELS of individual tubes yielded B / N ratio of
approximately 1.

At present various methods of synthesis of the BN nanotubular structures are developed.

The arc discharge in a molecular nitrogen atmosphere between electrodes made of graphite
and refractory boron compounds, e.g., hafnium diboride HfB,, forms BN—C nanotubes with strong
phase separation between BN and C layers along the radial direction [4,5]. If both electrodes are
made of HfB; rods, single- or double-walled chemically pure BN nanotubes are formed with a
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structure close to stoichiometric B/ N ~ 1 [6]. Most obtained tube ends are closed by flat layers
perpendicular to the tube axis. A closure by a triangular facet resulting from three
120°-disclinations was proposed to account for this specific shape. For the most part, the multi-
walled BN nanotubes are formed with electrodes made of zirconium diboride ZrB, [7,8]. In this
case most of the nanotubes have diameters from 3 to 40 nm and lengths on the order of 100 nm.
Single-layer tubes with diameters of 2 to 5 nm are also formed rarely. The morphology of the tube
tips suggests the presence of pentagons and heptagons which are energetically less favorable
compared with squares.

A laser melting of the solid-state boron nitride (of any crystal structure, not only layered but
also amorphous) at high nitrogen pressure, (5 — 15) GPa, forms nanotubes free from inclusions,
containing from 3 up to 8 walls, and having a characteristic outer diameter of (3 — 15) nm [9].

BN nanotubes have been also obtained by pyrolysis of the molecular precursor with the use of
Co catalysts [10].

Bundles of single-walled (or containing few layers) BN nanotubes with almost stoichiometric
structure can be formed in substitution reactions — by thermal treatment of a mixture of boron
trioxide or trichloride, and bundles of single-walled C-nanotubes at high temperatures,
(1250 - 1350) °C, in a nitrogen flow [11,12].

BN nanotubes also grow in solid-state process that involves neither deposition from the vapor
phase nor chemical reactions [13]. The nanotubes were produced by first ball-milling of the layered
h-BN powder to generate highly disordered or amorphous nanostructures and followed by the
product annealing at temperatures up to 1300 °C. The annealing leads to the nucleation and growth
of hexagonal BN nanotubes both of cylindrical and bamboo-like morphologies.

Multi-walled BN nanotubes have been obtained by carbothermal reduction of the ultra-
dispersive amorphous boron oxide B;0Os; at simultaneous nitriding at high temperatures,
(1100 — 1450) °C [14,15]. For large tubes, it is found that the ratio of length to radius is preserved.

Besides of arc-melting, pyrolysis, and chemical reactions, boron nitride nanotubular structures
were created by means of ballistic nuclear displacements caused in a h-BN layered crystal structure
by electron irradiation in TEM [16,17].

High growth temperatures (above 1100 °C), a low production yield, and impurities have
prevented progress in applications of BN nanotubes in the past decade. Rather recently, it has been
shown that these tubes can be grown on substrates at lower temperatures (of about 600 °C) [18].
High-order tubular structures were constructed, which can be used without further purification.

For synthesizing BN nanotubular material, some methods were inspired from carbon. In
particular, these include techniques such as laser ablation and non-ablative laser heating [19].
Transformation of the compressed powders of the fine-grained h-BN into nanotubular form can be
induced [20] by the concentrated light energy in nitrogen flow. Fiber-like clusters synthesized by
evaporation of the layered BN in a nitrogen atmosphere and obtained in powders formed on
substrate or chamber surfaces contained nanotubes with diameters and lengths equal to (0.05 — 200)
and (100 — 3000) wm, respectively. Applying TEM, there were obtained their associations in tree-
and coral-like aggregates.

BN nanotubes can be grown from a nanococoon seed as well [21].

Recently the development of a new method for producing long, small-diameter, single- and
few-walled, BN nanotubes in macroscopic quantities has been reported [22]. The pressurized
vapor / condenser (PVC) method produces highly crystalline, very long, small-diameter nanotubes
without catalysts. Their palm-sized, cotton-like masses of raw material were grown by this
technique and spun directly into centimeters-long yarn. Nanotube lengths were observed to be
~ 100 times that of those grown by the most closely related method.

Soon after synthesizing the first BN nanotubes, it was proposed a number of their possible
applications in technique [3]. For example, a system of the collinear BN nanotubes forms a boron
nitride fiber. At the same time, the theory [23] developed for structural and electronic properties of
nanotubular heterojunctions, in which one of the layers is nanotubular boron nitride (namely, for
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C /BN and BC,N /BN systems), leads to a conclusion that on basis of it a different electronic
devices can be designed. In particular, sandwich nanostructures with C-layers both in the center and
at the periphery separated by a few BN-layers may allow the creation of nanotubular electronic
devices [4]. Within the special semiempirical approach [24] C/BN superlattices and isolated
junctions have been investigated as specific examples by the wide variety of electronic devices that
can be realized using such nanotubes. The bottom of the conduction bands in pure BN nanotubes is
controlled by a nearly-free-electron-state localized inside the tube suggesting interesting electronic
properties under doping.

Other opportunities of application of the BN nanotubes are connected with the features of
their phonon spectrum [25]. Such dielectric tubes without inversion center can be used as a phonon
laser in GHz — THz range or hypersound quantum generator. Because of the presence of special
nanotubular oscillatory modes, there is a strong enhancement of electron—phonon interaction in
comparison with a bulk material. It is not excluded that close-packed one-dimensional BN
nanotubes will serve as high-temperature superconductors. The GHz oscillatory behavior of double-
walled BN nanotubes was also predicted [26,27]. The same system can also be employed for
making good shock absorbers because application of low pressure leads to its significant
compression.

The band gap progression with BN nanotube diameter (which is of crucial importance for
device applications) was presented and analyzed in detail in [28]. In zigzag BN nanotubes, radial
deformations that give rise to transverse pressures decrease the gap from 5 to 2 eV, allowing for
optical applications in the visible range [29]. Importantly, both the zigzag and chiral tubes are found
[30] (see also [31]) to exhibit large second-order nonlinear optical behavior with the second-
harmonic generation and linear electro-optical coefficients being up to 15-times larger than that of
bulk BN in both denser zinc-blende and wurtzite structures. This indicates that BN nanotubes are
promising materials for nonlinear optical and optoelectronic applications.

The Electronic structure of BN nanotubes can be tuned within a wide range through covalent
functionalization [32] (see also [33]). The ultraviolet (UV) and visible absorption spectra indicate
that their electronic structure undergoes drastic changes under functionalization. First principle
calculations revealed that the covalently functionalized BN nanotubes can be either n- or p-doped
depending on the electronegativity of molecules attached. Their energy gap can be adjusted from
UV to visible optical range by varying concentration of functionalizing species.

One-dimensional crystals of potassium halides, including KI, KCI, and KBr, were inserted
into BN nanotubes [34]. High-resolution TEM and energy-dispersive X-ray spectrometry were used
to characterize their microstructures and compositions. The fillings are usually single crystals with
lengths up to several um. The wetting properties (static contact angles of the liquids and surface
tension) of individual BN nanotubes were studied [35] experimentally using a nanotube-based force
to measure the interactions between nanotubes and liquids in situ.

First principles simulations on the interaction of molecular hydrogen H, with the native and
substitutional defects in small-diameter (8,0) BN nanotubes were performed in [36]. The adsorption
of H; in structures found to be endothermic with respect to dissociation, with the small-diameter
nanotube possessing the smaller barrier. Although chemisorption along the tube axis is energetically
preferred, the barrier for dissociation is lower for chemisorption across the tube axis. This implies
that chemisorbed hydrogen can be kinetically trapped in a higher energy state. Dopants that
maximize the localization of the higher-occupied-molecular-orbital (HOMO) and lower-
unoccupied-molecular-orbital (LUMO) states maximize hydrogen binding energies. C-dopants do
not enhance H; binding, whereas Si-dopants substituting for N provide H, binding energies of
0.8 eV, at the upper end of the range required for hydrogen storage. The formation energy of most
defects is reduced with increasing curvature except for the C-substitutionals. Vacancies do not
reduce the barriers for H, dissociation for strongly curved nanotubes. The surface stress induced by
the nanotube curvature boosts the hydrogen storage capabilities of vacancies with the nitrogen
vacancy chemisorbing 4H and allowing a H, molecule to enter the interior of the tube. The
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hydrogen binding properties of BN systems strongly depend on existing defects and dopants.
Pretreating of these systems so as to partially remove nitrogen should enhance H, adsorption
properties. The hydrogen absorption capacity of Ti-covered single-walled BN nanotube was
investigated using first principles plane-wave (PW) method [37]. The weak interaction of Hj
molecules with the outer surface of bare nanotube can be significantly enhanced upon
functionalization by Ti atoms: each Ti atom adsorbed on tube can bind up to four H, molecules with
average binding energy suitable for room temperature storage.

The morphology of BN nanotubes with a collapsed structure has been discovered by a metal-
catalyzed treatment [38]. The collapse causes the dramatic enlargement of a specific surface area of
BN nanotubes and remarkably enhances the hydrogen storage capacity of BN nanotubes.

It was reported [39] that proteins are immobilized on boron nitride nanotubes. There is a
natural affinity of a protein to BN nanotube: it can be immobilized on tube directly, without using
of an additional coupling reagent. Besides, boron nitride nanotubes may be dissolved in organic
solvents by wrapping them with a polymer [40].

It was proposed [41] that BN polymers, having the structures similar to organic polymers, can
serve as a cheap alternative to inorganic semiconductors in designing modern electronic devices.
Some related potential innovations, including band gap tuning, were also demonstrated.

The observed giant Stark effect significantly reduces the band gap of BN nanotubes and thus
greatly enhances their utility for nanoscale electronic, electromechanical, and optoelectronic
applications [42]. In particular, this effect may be important for tuning the band gap of BN
nanotubes for applications as a nanoscale field-effect-transistor (FET).

Boron nitride nanotubes have also manifested stable currents in field emission geometry and
may be more stable than carbon nanotubes at high temperatures [43,44].

As it was mentioned, boron nitride nanotubes exhibit many similarities with the carbon ones
(such as high Young modulus etc) and might have superior unique mechanical, thermal, and
electronic properties [45]. In addition, BN nanotubes are characterized by chemical inertness and
poor wetting [46].

The factor that distinguishes BN from C is partial heteropolarity of the chemical bonding. For
this reason, one more sphere of possible applications of BN nanotubes can be new pyroelectric and
piezoelectric materials promising for applications in nanometer-scale sensors and actuators. The
3-fold symmetry of a BN sheet, a III-V analog to graphite, prohibits an electric polarization in its
ground state. However, this symmetry is broken when the sheet is wrapped to form a BN tube. It
was shown [47] that this leads to an electric polarization along the nanotube axis which is controlled
by the quantum-mechanical boundary conditions of its electronic states around the tube
circumference. Thus, the macroscopic dipole moment has an intrinsically nonlocal quantum-
mechanical origin from the wrapped dimension. Combining first principles, tight-binding methods
and analytical theory, the piezoelectricity of heteropolar (in particular, BN) nanotubes was found
[48] to depend on their chirality and radius. This effect can be understood starting from the
piezoelectric response of an isolated sheet along with a structure specific mapping from the sheet
onto the tube surface. It was demonstrated that a linear coupling between the uniaxial and shear
deformations occurs for chiral nanotubes, and the piezoelectricity of nanotubes is fundamentally
different from its counterpart in a bulk material. First principles calculations of the spontaneous
polarization and piezoelectric properties of BN nanotubes have shown [49] that they are excellent
piezoelectric systems with response values larger than those of piezoelectric polymers. The intrinsic
chiral symmetry of the nanotubes induces an exact cancellation of the total spontaneous polarization
in ideal, isolated nanotubes of arbitrary indexes. But the breaking of this symmetry by the intertube
interaction or elastic deformations induces spontaneous polarization comparable to that of wurtzite
bulk semiconductors [50].

Multielement nanotubes comprising multiple SiC-core, an amorphous SiO;-intermediate
layer, and outer shells made of BN and C layers separated in the radial direction with diameters of a
few tens of nm and lengths up to 50 um were synthesized by means of reactive laser ablation [51].
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They resemble a coaxial nanocable with a semiconductor-insulator-semiconductor (SIS) geometry
and suggest applications in nanoscale electronic devices that take advantage of this self-organization
mechanism for multielement nanotube formation.

A theoretical description of electron irradiation of single-walled BN nanotubes was presented
in [52]. As a first step, the anisotropy of the atomic emission energy threshold was obtained within
extended molecular-dynamical (MD) simulations based on the density-functional-theory (DFT)
tight-binding method. As a second step, total cross section for different emission sites as a function
of the incident electron energy was numerically derived. Two regimes were then described: at low
irradiation energies (below 300 keV), atoms are ejected mostly from the upper and lower parts of
the tube while at high energies (above 300 keV) atoms are ejected mostly from the side walls.
Typical values of the total cross section of knock-on processes are obtained to vary from a fraction
of barn (at side wall for 150 keV electrons) up to around 20 barns (for 1 MeV electrons). In BN
nanotubes, the emission energy threshold maps were reported to show B sputtering to be more
favorable for low irradiation energies, while N sputtering is more favorable at high energies. These
calculations of the total knock-on cross section for nanotubes can be used as a guideline for TEM
experimentalists using high energy focused beams to shape nanotubes, and also, more generally, if
electron irradiation is used to change nanotube properties such as their optical behavior or
conductivity.

For purposeful design of devices based on nanotubular BN, it is important to be able to predict
reliably the binding energies and sizes of the nanotubes with given indexes and their relative
stability. In present work, this task is solved for the most stable — achiral (zigzag and armchair) —
single-walled forms. Paper is organized as follows. In Section 1, we have introduced methods of
synthesis of the boron nitride nanotubes and their technological applications. Section 2 is a brief
summary of the structural and binding data available on nanotubular boron nitride. In Section 3, the
theoretical approach based on the quasi-classical approximation to the binding energy calculation
and geometries is presented. In Section 4, results of the performed calculations are presented in the
form of curves “molar binding energy — structural parameter”. Section 5 is devoted to estimation of
the nanotube lattice zero-point vibration energy. And finally, Section 6 discusses relative stability of
the boron nitride nanotubes of various radii and makes an attempt to generalize the obtained results.

2. STRUCTURAL AND BINDING DATA

Let us start with a brief overview of the structural and binding data available on a boron
nitride diatomic molecule, isolated sheet, and nanotubular form.

2.1. Molecular boron nitride

The diatomic molecule BN can be considered as a simplest (degenerated) form for boron
nitride nanotubes. In general, electronic theory of substance considers a diatomic molecule as a
special problem for its intermediate structural and, consequently, electronic properties between
mono- and polyatomic systems. Peculiarities are related mainly with the system axial symmetry and
uniqueness of the structural parameter — interatomic distance d . Unlike the solid state or nanoscale
boron nitrides, which are materials with a diversity of technical and industrial applications, BN
molecule, which exists under the extreme conditions, is only of academic interest as a “building
block” for two- and three-dimensional boron nitride structures. From the standard thermochemical
data, the energy of B—N bond at the equilibrium length is known to be considerably higher
compared with those of B-B and N-N bonds. In addition, any stable regular BN structure is a
network of atomic rings with alternating atoms such that the nearest-neighbor environment of both
B and N atoms consists of only B—N bonds. Therefore, the B—N bond length is a key interatomic
distance in the analysis of boron-nitrogen binding.
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There are known some old first principles and semiempirical investigations for boron-nitrogen
interaction (see [53,54]). Applying a self-consistent-field (SCF) procedure to the BN molecule in
[55], it was calculated molecular orbitals (MOs) in order to minimize total energy of the diatomic
system. Then using the spectroscopic data available for the corresponding ground state, the BN
molecule dissociation energy value E was found to be 4.6 eV. According to the original theoretical
approach of [56], the equilibrium interatomic distance in this molecule equals to 1.307 A. At the
same time, spectroscopic parameters characterizing the calculated boron-nitrogen interaction
potential curve lead to the dissociation energy estimation of 5.05 eV. Nearly the same theoretical
value for the bond length of 1.320 A was suggested in [57]. In [58], a short-ranged classical-force-
field (CFF) modeling of BN modifications was performed on the basis of experimental and first
principles solid-state and diatomic-molecular data. In particular, assuming that CFF can be correctly
determined by a sum of only two-body interaction terms, the B—N potential energy had been
expressed analytically via Morse potential, which gave d ~1.32521 A and E =5.50007 eV.
However, it was noted [25] that standard forms of the pair interatomic potentials, such as the Morse,
Mee—Griineisen, Buckingham, and other potentials, converge slowly and, therefore, a cutoff
procedure should be used. But, in such a case a non-physical jump on the potential radial function
can arise. In order to eliminate this problem, based on the embedded atom method, a new B—-N
interatomic potential was designed which fulfills the conditions for smooth end: the potential
function and its derivative (i.e. the interatomic force) vanish at the cutoff radius. The equilibrium
bond length of 1.4457 A and binding energy of 4.00 eV were found to reproduce correctly relative
stabilities of the boron nitride layered structures.

We also suggested [59] a theoretical, namely, quasi-classical method of calculation of the
dependence the B—N interatomic binding energy E upon the bond length d. The constructed
E =E(d) curve was shown to be useful for estimations of BN crystalline structures cohesion

parameters as well. This function reveals standard behavior characteristic for the central pair
potentials. E(0)=—c, and E(d)=0 if d is equal or greater than the sum of B and N quasi-

classical atomic radii 7, =2.30 and ry, =1.70 A ie d=> Tgy T T = 4.00 A (note that quasi-

classical B-N interatomic potential automatically fulfills the conditions for the smooth end at
d =1y, + 1y, ), while within the intermediate region 0<d <rg, + 7y, it is an oscillating function

with several maxima. Among these maxima only one is available kinetically and, therefore, it
corresponds to the equilibrium. Analysis of the piece of the quasi-classical E = E(d) curve for BN

diatomic molecule, in the vicinity of this maximum, yields the values of bond length of 1.55 A and
binding energy of 4.51 eV. Same dependence determined earlier [60,61] within the frames of
another quasi-classical parameterization scheme (for this purpose the screening factor of the
potential affecting the given electron in interacting atom was approximated by the radial
polynomial, not by the constant) is relatively flat and leads to the estimations of 1.58 A and
4.79 eV.

Thus, the spread in theoretical and semiempirical values for BN molecule binding energy is
(4.0 —5.5) eV, which overlaps with the recommended [62] experimental dissociation energy value
of (4.0 £0.5) eV. The available first principles and semiempirical calculations and thermochemical
experimental data lead to the binding energy values of about (4 — 7) eV per B—N bond for various,
differently coordinated, BN modifications (for sheet and nanotubular structures see below). Such
kind of estimations may be considered to be in qualitative agreement with the quasi-classically
calculated B—N bond energy as the ground state energetic parameters are quite sensitive to the
atomic coordination. For this reason, we focus our attention on the differences in the bond length
values between BN molecular and crystalline phases. The quasi-classical values for the isolated
B-N bond length and other relevant theoretical and semiempirical data, which lie over the range
(1.307 — 1.58) A, are overestimated in comparison with 1.281 A measured in "'B"*N molecule [63].
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An explanation may be that molecular spectra [64] verify triplet ground state, but at the same time
reveal a low-lying singlet state with longer bond.

Quasi-classically calculated interatomic vibration energy in a B-N diatomic system of
0.178 eV / mole (the corresponding vibration quantum equals to 1435 cm™') was found by fitting
the quasi-classical B-N potential curve with parabola [60,65]. This value is in good agreement
(accurate within 5 %) with the values experimentally obtained for a neutral BN molecule of 0.187
(1514.6) [63] and 0.188 eV /mole ((1519.0+0.2) cm™!', from the absorption spectra Fourier
analysis for laser-induced molecular fluorescence) [64]. According to the SCF theoretical method of
[56], the ground state vibration energy in molecular BN estimated as 0.179 eV / mole (1446 cm ™),
which is almost the quasi-classical result. In [57], it was suggested the higher theoretical value of
0.217 (1750), what is close with 0.216 eV /mole (1740 cm_l) measured in ionized molecule
BN" [66].

Studies of more complex molecular clusters of B and N are also interesting to get deeper
insight into the defect formation processes in boron nitride nanotubes. High-temperature Knudsen
cell mass spectrometry was used to study the equilibria involving the B,N molecule [67]. The
thermal functions necessary to evaluate the mass spectrometric equilibrium data had been calculated
from available experimental and theoretical molecular parameters. In particular, in some B;N
formation reactions changes in enthalpy have been measured. Room temperature atomization and
formation enthalpies were determined to be 10.84 and 5.71 eV, respectively. At the same time, first-
principles calculations were performed to estimate the electronic parameters of B,N, such as
ionization energy and electron affinity. Mixed clusters of B and N atoms — B,N, BN,, B3N, B4N,
B,N,, and B3N, — can be produced by sputtering of a solid state BN [68]. Atom ordering in assumed
linear species had been derived from measurements of the mass distribution of both the positive and
the negative products from the fragmentation of the anionic clusters in a gas target. As for neutral
configurations, they were calculated. A tendency was found that a structure with the highest number
of B—N bonds is most stable both in neutral and anionic species (an exception is the BN, molecule).
In contrast to this, the species with the highest number of adjacent same atoms (except for triatomic
chains) had the largest electron affinity.

2.2. Boron nitride sheet

The facts that boron nitride layered crystals and nanotubes may be prepared suggest the
necessity of analyzing the hypothetic isolated infinite hexagonal layer, i.e. the BN sheet.
Corresponding two-dimensional BN crystal is represented as a planar layer composed of regular
hexagons with vertexes alternately occupied by B and N atoms. Classification and discussion of the
BN haeckelite sheet structures, consisting of not only hexagonal atomic rings but also other even-
membered rings, one can find in [69].

For the first time, the truncated crystal approach in the form of two semiempirical (standard
and extended iterative Hiickel) methods was applied to a two-dimensional hexagonal boron nitride
structure [70]. The bond length was found to be 1.48 or 1.50 A. However, when semiempirical
calculations were performed on a two-dimensional periodic small cluster of the h-BN layer the
equilibrium B—-N distance was computed as 1.441 A [71]. In [72], the 3-coordinated B;,N;, network
of 6-membered atomic rings was examined theoretically. Namely, the total energy calculated using
Hartree—Fock (HF) approach and DFT in local and gradient-corrected forms was minimized with
respect to the B-N bond length. But, “graphitic” isomer Bj,N; is only a fragment of the BN sheet
and its geometry appears to be somewhat distorted because of finite sizes. As is to be expected,
slight deviations of the bonds’ angles from the ideal value of 120° were observed for the bonds of
atoms forming the central hexagon: — (2.52 — 2.65)° for B atoms and + (2.52-2.65)° for N atoms.
There were also obtained number of unequal bond lengths: (1.266 —1.283), (1.371 —1.378),
(1.427 — 1.442), (1.434 — 1.444), (1.520 — 1.536), and (1.553 — 1.576) A. The finiteness of the
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quasi-classical atomic radii allowed us to obtain the B—N bond length for an infinite boron nitride
sheet within the initial quasi-classical approximation [73]. The calculated dependence of the molar
binding energy on the lattice constant exhibits a maximum of 23.0 eV at 2.64 A, which should
correspond to the equilibrium state for an isolated hexagonal layer (analytical optimization [74] of
the lattice parameter using the binding energy calculated in quasi-classical approximation, which is
possible only by neglecting the vibration energy, yields slightly different values: 23.2 eV and
2.66 A, respectively). The lattice constant of 2.64 A implies B-N bond length of 1.52 A. Correction
in energy introduced by zero-point vibrations was estimated as 0.242 eV / mole [65,73].

The quasi-classical bond length of 1.52 A in an isolated BN sheet is in reasonable agreement
(accurate within 4.6 %) with the bond length of 1.45 A observed in layers of real h-BN crystals. At
first glance, the surprising thing is that the theoretical result for the isolated layer is in better
agreement (with the accuracy of (2.6 — 3.8) %) with the bond lengths in tetrahedrally coordinated
modifications ¢c-BN (1.57 A) and w-BN (1.56 and 1.58 A). However, it is worth noting that to a
certain extent two-dimensional boron nitride looks like three-dimensional crystals c-BN and w-BN:
these three structures do not contain weak interlayer bonds, which occur in the h-BN layered
modification. The lengths of (1.52 — 1.54) and (1.55 — 1.58) A obtained in [72] for the bonds of
atoms forming the central (almost undistorted) hexagon in B1,N;, plane-fragment are also in good
agreement with the quasi-classical result found for an idealized infinite BN sheet. Another quasi-
classical approach using a different scheme of parameterization, employed to calculate h-BN
binding and zero-point vibration energies, slightly underestimates the intralayer bond length [75].
The plausible reason may be that the crystalline equilibrium configuration was selected to maximize
its static binding energy with respect only to the layer lattice parameter, while the interlayer
distance was fixed.

Summarizing other theoretical and semiempirical results concerning intralayer bond lengths in
h-BN (and r-BN), one can state that all of them are in agreement with the experimental value of
1.446 A [76]. For instance, in [77] the total energy of h-BN crystal as a function of unit cell volume
V' had been calculated using orthogonalized linear-combinations-of-atomic-orbitals (LCAO)
method within the local-density-approximation (LDA). The equilibrium was found at
VIV,,=0.998, where V,_  is the experimental value of V. Such result corresponds to the

exp
intralayer B—N distance of 1.438 A. The calculations of [78] were also based on DFT within LDA,
but PW expansion was used both for the pseudo-potential (PP) and the wave-function. The
computed total energies and, consequently, the intralayer bond lengths in h-BN and r-BN were
nearly the same: 1.441 and 1.439 A, respectively. The short-ranged CFF modeling of boron nitrides
leads to exactly the same intralayer B-N bond lengths in both layered structures: 1.454 A [58]. The
results presented show satisfactory accuracy for the quasi-classically determined boron-nitrogen
binding characteristics: accuracies of quasi-classical approach to determine isolated B—N bond
length and length of bonds in solid state structure amount a few percents, 7.2 and 5.1 %,
respectively. Thus, the quasi-classically obtained B-N binding curve and its parameters mentioned
above (namely, equilibrium bond length, binding energy, and vibration frequency) would be useful
for investigations of compounds containing B—N bonds and, especially, BN nanosystems.

As for the BN sheet binding and vibration energies, it is also reasonable to analyze correctness
of the given predictions by comparing them with data available on the cohesion characteristics of
h-BN layered crystals. As follows from standard thermochemical data, the binding energy of h-BN
equals to 13.0eV/mole [79]. The binding energies of 14.5, 16.0, and 14.4 eV /mole were
determined from semiempirical calculations performed using two variants of the semiempirical
LCAO method and an approach based on a periodic small-sized cluster [70,71]. Within the CFF
potential model, the lower semiempirical estimate of 11.5 eV /mole was obtained [58]. In the
framework of DFT, optimization of the structural parameters led to the theoretical binding energy
of 12.5eV / mole [78]. Therefore, it can be expected that the molar binding energy for h-BN
layered crystal lies in the range from 11.5 to 16.0 eV. The binding energy of 23.0 eV / mole found
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by the quasi-classical method for the isolated layer is considerably higher. However, when
comparing these energies, one should take into account that interlayer bonds are substantially
weaker than intralayer ones and that each atom in layered BN structures is involved in the formation
of 5 bonds, of which only 3 are intralayer bonds. Consequently, if the interlayer energy is ignored as
compared to the intralayer energy, we can assume that the binding energy per B—N bond of similar
modifications is equal to 3 /5 of the molar binding energy of the isolated layer. Making use of the
result 23.0 eV / mole for layer, we find the molar binding energy of 3/5x23.0eV =13.8¢V.
Indeed, this energy is close to the midpoint (13.75 eV) of the aforementioned energy range. On the
other hand, the vibration energies of the isolated layer and layered crystals can be directly compared
because the atoms of the low-dimensional system can execute vibrations in three independent
directions in physical space. The quasi-classical result of 0.242 for two-dimensional BN agrees well
with analogous calculations of 0.266 [65], with the semiempirical estimate of 0.225 for zero-point
vibrations energy in h-BN [58], and coincides in order of magnitude with the estimate of
0.350 eV / mole from the theoretical phonon spectrum [78].

A few words about the defects in BN layer. Using methods of model PP and expanded unit
cell, it was found that N-vacancies in BN sheet, as well as di- and trivacancional clusters including
neighbor defects in BN layer, are characterized by small binding energies [80]. Calculated spectra
and oscillator strengths allow to interpret local bands of the optical absorption in real (pyrolitic)
layered h-BN crystals before and after irradiation by fast-neutrons, protons, and C-ions. Charge
contour maps of the defects also were given. By first-principles calculations the 20 structures
B,C,N_, derived from a hexagonal layer by placing B, N, or C atoms on each site, were considered
[81] to investigate their relative stabilities. First-principles simulations of the interaction of
molecular hydrogen H, with the native and substitutional defects of a single hexagonal BN sheet
were performed in [36]. The adsorption of H; on structures found to be endothermic with respect to
dissociation. In planar sheets, vacancies reduce the barriers for H, dissociation.

The geometries of haeckelite BN sheets were constructed by DFT [82]. Their molar energy of
cohesion is found to be higher (by ~ 0.6 eV / mole) than that of regular one.

2.3. Nanotubular boron nitride

The elementary form of a BN nanotube is a wrapped closed hexagonal surface inscribed in the
cylinder. Such BN nanotubes can be found in regular — achiral, i.e. zigzag (n,0) or armchair (n,n),
and also in chiral (n,m) forms, 0<m <n. Here n and m are the tube indexes. Their symmetry
operators have been identified in [83]: each type belongs to different family of the non-symmorphic
rod groups; armchair tubes with even n are found to be centro-symmetric. The types and structures
of the non-carbon, in particular, BN nanotubes were reviewed in [84]. In addition, the deformed
regular or haeckelite nanotubes can exist. Concerning the haeckelite structures of BN tubes, a
variety of chiral angles, including zigzag and armchair types, were observed. Depending on the
structure formation kinetics characteristic for a given technology, BN nanotubes quite often take the
bamboo-like morphology, forms of a nanoarch (i.e. half-tube at the ends closed by planes) etc. Real
nanotubular structures are not infinite in length: they are definitely truncated.

The three main different possible morphologies of the cylindrical tube closing with flat [8],
conical, and amorphous ends, as observed in experiments, were shown [85] to be directly related to
the tube chirality. There are also possible rectangular BN nanotubes with linear defects on edges
and with tips in the form of triangular flags. Such kind of morphologies suggest the presence of
energetically unfavorable odd-membered atomic rings (i.e. pentagons and heptagons) in addition to
favorable even-membered rings (e.g. squares).

As the growth of BN nanotubes cannot be directly observed and, consequently, the underlying
microscopic mechanism is a controversial subject, in [86] first-principles MD simulation of the
single-walled nanotube edges was performed. The behavior of growing BN nanotubes was found to
strongly depend on the nanotube network chirality. In particular, open-ended zigzag tubes close
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rapidly into an amorphous tip, preventing further growth. In the case of armchair tubes, formation
of squares traps the tip into a flat cap presenting a large central even-membered ring. This structure
is meta-stable and is able to revert to a growing hexagonal framework by incorporating incoming
atoms. These findings are directly related to frustration effects, namely that B-N bonds are
energetically favored over B—-B and N—N bonds.

For purposeful designing devices based on nanotubular BN, it is important to be able to
predict reliably the sizes of nanotubes with given indexes. This task was solved for the most stable
forms. Namely, the expressions of radii, R,, and R of the zigzag and armchair, (n,0) and

(n,n)?
(n,n), BN nanotubes in terms of the index and the structure parameter a were obtained [87]. The
parameter a corresponds to the lattice constant of the boron nitride layered crystals, i.e., intralayer

B-B or N-N bonds lengths. Therefore, the B-N bond length d equals to a/ /3. The nanotube
index n =1,2,3,... determines the number of atoms as nanotube unit cell consists of 2n formula

units BN. The estimations of radii of the single-walled BN nanotubes, for their part, can be used for
predicting their most probable combinations in multi-walled structures.

Analyzing this problem, it is necessary to take into account that actually the question involves
the average radii. A detailed study using the generalized tight-binding MD method has revealed
[85] that, as a result of the dynamical relaxation, the structure acquires a wave-like or “rippled”
surface in which B atoms are displaced inward, while N atoms are displaced outward. This
relaxation is similar to the reconstruction occurring at clean surfaces of III-V type crystalline
semiconductors. However a general feature of BN nanotubular systems is that stronger surface
potentials are associated with regions of higher curvature [88]. Thus, the interlayer interaction in
BN nanotubes differs from bonding in three-dimensional layered crystals. However, most probably,
these distinctions for nanotubular BN are weak enough to change essentially the equilibrium
interlayer distances which are observed in h-BN and r-BN crystals. This conclusion is also
confirmed by the results of an experimental study of the multi-walled nanotubes by high-resolution
electronic microscopy [89]. In these structures, like in three-dimensional layered BN crystals,
hexagonal and rhombohedral stacking sequences can freely coexist in nanotube wall-assembly.
There are also possible some different cross-section flattening, as well as ordering of layers in non-
spiral zigzag. According to first-principles total-energy calculations [90], the most favorable
double-walled BN nanotubes are structures in which the inter-wall distances are about 3 A, 1.e., as
interlayer distances in layered BN crystals. Therefore, due to the weakness of the interlayer
van der Waals forces, various types of multi-walled BN nanotubes can exist. Consequently, it is
more probable the formation of such multi-walled BN nanotubes in which the difference between
the radii of adjacent regular nanotubes is close to the interlayer distance in a layered h-BN crystal,
i.e., to half of the height of the hexagonal unit cell ¢ = 6.6612 A [91]. Thus, the similarity between
types of the adjacent nanotubes has no crucial importance.

In view of these factors, from the calculated single-walled nanotubes [87] pairs most suitable
for the formation of the stable double-walled BN nanotubes have been chosen. Remaining small
divergences in sizes of the neighboring regular nanotubes can be compensated by defects and small
chiral distortions. Such transformations of the zigzag and armchair nanotubes into chiral one will be
accompanied, respectively, by the increase and decrease in their radii. If the difference in radius
between regular nanotubes is more (less) than ¢/2, the realization of structure in which the internal
wall will be zigzag (armchair) and external — armchair (zigzag) is more probable. Hence, based on
estimations of sizes of the single-walled BN nanotubes, it is possible to predict successfully the
most stable double-walled forms. But, how can be solved the same problem for multi-walled
nanotubes? A few words on the problem. In this case, all over, it will be necessary to calculate radii
of nanotubes with high indexes to choose sequences of single-walled nanotubes, whose radii are
close to terms of arithmetic progression with common difference of ¢/2. However, now only
geometrical considerations will be insufficient. The point is that unlike double-walled nanotubes in
multi-walled ones there are also medial layers. For this reason, the choice of the most stable multi-
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walled structure should be based on the comparison between the gains in energy, which are caused
by the deviation from the equilibrium interlayer distance, on the one hand, and by chiral distortions,
on the other hand.

We can mention some theoretical results available on binding properties and stabilities of BN
nanotubes. Stabilities of the boron nitride nanotubular structures were studied by means of non-
orthogonal tight-binding formalism [92]. The radii and energies of the BN nanotubes also were
estimated by MD simulation [25] within the embedded atom model in which parameter d took the
experimental value 1.4457 A of the intralayer B-N bond length in real h-BN crystals. In [69], the
binding energy of the regular BN nanotubes has been calculated within the DFT in generalized
gradient approximation (GGA). Seeking equilibrium values of B-N bond length and radii, the
geometry of the tubular 32-atom supercell was optimized. For (8,0), (10,0) and (4,4) tubes, it has

been found d ==1.46A, and for (5,5) tube, d =145 A. Within the frame of semiempirical

calculations of the nanotubular piezoelectric characteristics performed by the method of modified
neglecting of diatomic overlapping (MNDO) [50], their radii also were determined. In this case the
dependence of energies on the bond length was calculated for the molecular fragments containing 3
or 4 elementary layers (presumably, in this work for d the empirical value known for h-BN crystals
was fixed as an equilibrium value).

The possible contribution of ionicity of bonds in boron nitride structures is important to
explain the binding differences between BN tubes and similar C tubes [1]. In order to facilitate
understanding and prediction of nanotube interactions in a multi-walled structure, the electrostatic
potentials on both outer and inner surfaces of some single-walled BN nanotubes have been
calculated at a HF Slater-type-orbital level [88]. Structures were optimized computationally.
Fictitious hydrogen atoms were introduced at the ends of the open tubes to satisfy the unfulfilled
valences. It was found that BN tubes have stronger and more variable surface potentials than
graphitic ones. There are characteristic patterns of positive and negative sites on the outer lateral
surfaces, while the inner ones are markedly positive.

The binding and vibrations in small-radius single-walled BN nanotubes in [93] were studied
by DFT using LDA. The results show that the chirality preference observed in experiments may be
explained from the relative stability of the corresponding BN strips: the zigzag strips have larger
binding energies and thus may be more easily formed. The smallest stable BN nanotube is found to
be the (5,0) zigzag nanotube. The dependence of the tube deformation energy on its radius R was

approximated by the formula AE [eV/mole]=5.82/R*”[A]. The phonon dispersions of BN
nanotubes were calculated and the frequency of the radial breathing mode is found to be inversely
proportional to the nanotube radius. The geometries of the BN nanotubes were also constructed in
DFT [82]. Based on DFT calculations [69], it was found that the energies of haeckelite BN
nanotubes exceed by ~ 0.6 eV / mole those of corresponding hexagonal nanotubes. They are less
stable in comparison with corresponding haeckelite sheets as well, however, still they are stable and
can be synthesized. Energy of deformation (i.e. energy needed to wrap nanotube from its sheet

prototype) for large haeckelite BN tubes extrapolated by the formula ~ C/R”, where R is the tube
radius, with different parameters C and a = 2 for different structures.

Using the symmetry properties in [83], it was determined the numbers of Raman- and
IR-active vibrations in single-walled BN nanotubes. In contrast to the regular carbon nanotubes,
zigzag boron nitride tubes possess almost twice as many vibrations as armchair ones. An extensive
first principles study of the phonons in BN nanotubes using perturbation DFT in the LDA was
performed in [94], where, based on the non-symmorphic rod group symmetry of tubes, the Raman-
and IR-active modes at the point of the one-dimensional Brillouin zone were evaluated. For zigzag
and chiral nanotubes, the set of IR-active modes is a subset of the Raman-active modes. In
particular, the radial breathing mode is not only Raman-, but also IR-active. However, for armchair
tubes, the sets of IR- and Raman-active modes are disjoint. The frequencies of the active modes of
zigzag, chiral, and armchair tubes were presented as a function of the tube diameter. They were
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compared with the frequencies obtained by the zone-folding method (i.e. by rolling of a BN sheet
into a tube). Except for the high-frequency tangential modes, the zone-folding results are in very
good agreement with the first principles calculations. The radial breathing mode frequency can be
derived by folding a sheet of finite width. Finally, the effects of bundling on the phonon frequencies
are shown to be small. First principles calculations of the nonresonant Raman spectra of zigzag and
armchair BN nanotubes were presented in [95]. In comparison, a generalized bond-polarizability
model, where the parameters are extracted from first principles calculations of the polarizability
tensor of a BN sheet, was implemented. For light polarized parallel to the tube axis, the agreement
between model and first principles spectra is almost perfect, but for perpendicular polarization,
depolarization effects have to be included in the model in order to reproduce Raman intensities.

The possible dislocation dipoles as defect nuclei under tension in BN nanotubes were
identified by dislocation theory and MD simulations [96]. Formation energies of the dipoles
evaluated by gradient-corrected DFT are high and remain positive at large strains, thus suggesting
great yield resistance of BN nanotubes. The dipole appears to be more favorable in spite of its
homoelemental B-B and N-N bonds. The resonant photoabsorption and vibration spectroscopy
combined with scanning tunneling microscopy unambiguously identify the presence of Stone—
Wales defects in BN nanotubes [97]. Based on extensive time-dependent DFT calculations, it was
proposed to resonantly photoexcite such defects in the IR and UV regimes as a means of their
identification. Intrinsic defects in zigzag BN nanotubes, including single vacancy, divacancy, and
Stone—Wales defects, were systematically investigated using DFT calculation in [98]. It was found
that the structural configurations and formation energies of the topological defects are dependent on
tube diameter. The results demonstrate that such properties are originated from the strong curvature
effect in BN nanotubes. The scanning tunneling microscope images of intrinsic defects in the BN
nanotubes also were predicted. The defected BN tubes with C-substitutions were considered in [50].

The theoretical studies of the elastic properties of single-walled BN nanotubes, carried out
using the total-energy non-orthogonal tight-binding parameterization, were reported in [99]. Tubes
of different diameters, ranging from 0.5 to 2 nm, were examined. The study found that in the limit
of large diameters the mechanical properties of nanotubes approach those of the graphite-like sheet.
The stiffness and plasticity of BN nanotubes was investigated [100] using generalized tight-binding
MD and first principles total-energy methods. Due to the B-N bond rotation effect, the compressed
zigzag nanotubes were found to undergo anisotropic strain release followed by anisotropic plastic
buckling. The strain is preferentially released toward N atoms in the rotated B—N bonds. The tubes
buckle anisotropically toward only one end when uniaxially compressed from both ends. Based on
these results, a skin-effect-model of smart nanocomposite materials is proposed, which localizes the
structural damage toward the surface side of the material. B-N bond-rotation mode of plastic yield
in BN nanotubes in [101] was investigated combining first principles computations with a
probabilistic rate approach to predict the kinetic and thermodynamic strength. BN nanotubes yield
defects have low activation, but high formation energies. In [50], elastic characteristics of BN
nanotubes also were calculated applying MNDO method.

3. THEORETICAL BASIS

Our calculations are based on the quasi-classical expression for binding molar energy of a
substance, on the one hand, and on the geometric characterization of nanotubular boron nitride, on
the other hand.

3.1. Quasi-classical binding energy of substance

Under the term ‘substance’ we imply polyatomic structures at the ground state, i.e. molecules,
various clusters, and crystals. Consequently, any substance is considered as a non-relativistic
electron system affected by the static external field of nuclei, which are fixed at the sites in
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structure, and the averaged self-consistent field of electrons. Because of singularities at the points,
where the nuclei are located, and electron shell effects as well the inner potential of substance does
not satisfy the standard Wentzel-Kramers—Brillouin (WKB) quasi-classical condition of spatial
smoothness. Nevertheless, beginning from Bohr’s fundamental work ‘On the constitution of atoms
and molecules’ up to the present the semi-classical analysis of the electronic spectrum has been
widely used for light atoms and their small complexes. Besides, heavy atoms, large molecules, and
crystals can be treated within the LDA using the total energy functional in the form of quasi-
classical expansion. Success of quasi-classical approaches can be attributed to the diffuseness of
atomic potentials. The expression for bounded electron states energies obtained by Maslov yields
that precise and quasi-classical spectra are close to each other independently from the potential
smoothness properties if the characteristic values of potential @, and the radius of its action R,

meet requirement 2&,R; >>1 (here and below all relations are given in atomic units). For atomic

potential &, ~Z/R and R, ~ R where Z =1 is the atomic number and R is the radius of electron

cloud. Therefore, in case of atoms it is required that 2ZR >>1. Even for light atoms their radii are
several times larger than Bohr radius, R >>1. Thus atoms and all polyatomic structures indeed are
quasi-classical electron systems in the sense specified above and their structural and electronic
characteristics can be calculated based on the quasi-classically parameterized electric charge density
and electrical field potential distributions in constituent atoms.

The values of i-th electron classical turning point radii r/ and r, r/ <r”, are obtained by

l l
solving the equations
L +1)
2r?
where r denotes the distance from the center of atom, ®,(r) is the potential affecting the given

E, =—®.(r)+ (i=123,...2) (D

electron, E, <0 and [, are its energy and orbital quantum number, respectively.

In the ground state the inner classical turning point for relative motion of atomic nucleus and
electron cloud coincides with the center of system. As for the corresponding outer classical turning
point radius 7 , it is obtained by solving the equation

E=7(r), 2)
where E <0 denotes the energy associated with relative motion and
~ 1 (7% =z
O(r)=—F—| —— 2P, 3)
Z-1\ r =

is the electron cloud potential affecting the nucleus.
In particular, using the quasi-classical parameterization based on the Coulomb-like atomic

potentials @, (r) =Z,/r we are able to get exact formulas

r’,:ni(ni—w/nf—li(li+l)) )

i Z
WL ("i Ayl =L, +1)) ()
i Z, ’
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i=Z 2
Z{T—ZLJ
i=1
20Z-1)
Here Z, =n,\/—2FE, is the effective charge of the screened nucleus and n, is the principal

E=- (7)

quantum number of i-th electron. The numerical values of Z,, E , rl.', rl.” and 7 can be found by
fitting the quasi-classical energy levels E; to ab initio (for instance HF) ones.

Quasi-classical limit implies the truncation of electron states charge densities outside the
classical turning points and space-averaging within the range between them. In this case i-th
electron partial charge density is approximated by the piecewise-constant radial function

p;(r)=0 r<r
3 , ”
= - r<r<r
anGr’ =1 i i
=0 r<r. (8)
As for the nucleus charge density, it should be averaged inside the 7 -sphere:
p(r)= 32 O<r<r
4y’
=0 F<r. )

Consequently, the full atomic charge density is expressed by the step-like radial function

i=Z
p(r)=pr)+2 pi(r)=p, Fy <T<r (k=123....q), 10

i=1
where r, and p, denote known constants which depend on parameters r/, r/ and 7,

l
O=r,<n<r,<--<r,<e, g<27Z is the number of different homogenous-charge-density
spherical layers in atom.

Using the Poisson equation, the radial dependence of the full atomic potential also can be
approximated by the step-like function,

3a,(r>—r2) 3b,(r0-r)))

r)= + +c, = v, . <r<r k=12.3,...,
@(r) > (rk3 _ rk3—1) 5 (rk3 B 7}3—1) « =D k-1 k ( q)
_ N 4mp, (' =rl) _ 4o, T
g 3 307
2
)
3
i=q
C = zzzpi(’ﬁiz_rﬁl)-'_z”pkrkz’ (11)

i=k+1
if it is substituted by the space-averaged values inside each of the r,_, < r <r, intervals.
In the region r>r,, both the charge density and potential vanish identically, p(r)=0 and
@(r) = 0. Thus finite parameter r, acquires a meaning of the quasi-classical atomic radius.

Based on the presented step-like parameterization of the charge density and potential
distributions in an atom, its quasi-classical total energy can be expressed in the following form:

T
E yiom) zgkz;pk¢k(rk3_rk3—1)<0' (12)
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Note that it includes the non-physical energy of self-action, E ,,,.)si—acion >0 Which arises

from substituting the charge density for the probability density. Its value can be easily calculated in
the quasi-classical approximation and then excluded from the total energy.

When the molecular or crystalline charge densities and potentials are expressed by the
superposition of the step-like atomic charge densities and potentials, respectively, the molar (i.e.,
per chemical formula unit of the substance) ground state static energy and its zero-point vibration

correction are calculated as
(i)=N (k)=N J=4q:y I=q(x,

Eguic = Z Z Z Z mej%z Vi i Ty ) < (13)

r (=1 (k)=1 j=1 I=1

i o 2 i
_ 3(i\’ Z (IiN Ji) i) P(,-),-(r’)(k)z +/0(1<)l¢(i)j avik)jl(r(ik)f) >0. (14)

2 (= ()=t j=1 1=l 2M Vi 07

Here the primed summation symbol denotes the elimination of the terms with 7 =0 and
i = k ; indexes in parentheses (i) and (k) denote the atoms in the molecule or crystal unit cell, N is
the full number of atoms, M . is the mass of i-th atom, ¢ is the crystal translational vector — in

(i)

Vibration

case of a molecule 7 =0, 7, - is a distance between atomic sites and

Vi ji (r(ik)f )= V(r(i)j s T Tiirr )+ V(r(i)j—l > Yroyi-1 Vi)t )=
=V Ty Taoi= T ) =V Ry jt o> Tanyi ) - (15)
We have introduced an universal geometric function V(R,,R,,D,,) which expresses the
volume of the intersection of two spheres as a function of their radii R, and R,, and the inter-center

distance D,,. V(R,,R,,D,,) and its partial derivative dV(R,,R,,D,,)/dD,, both are continuous
piecewise algebraic functions as follows:

AnR}
V(R.R,,Dy,) = 31 D, <R, —-R,,
47R;
= 7;2 D, <R, —R,,
2 2 2 2
_FR +R, = Dyy)" (R, + R, + Dyy)” 4R —RiR, +Ry)) IR =R, IS D, SR, +R,.
12D,,
:O R +R <D12 s (16)
R.R,.D
dV(R,,R,,Dy,) -0 D, <R,—-R,,
oD,
=0 D, <R, —R,,
(R, + R,)* = DL)(D} — (R, —R,)?
TR H Ry)” = Dio)(Di =Ry = Ry )7) |R,~R,I<D, <R +R,,
=0 R +R,<D,. (17)

In the lowest quasi-classical approximation, the equilibrium structure of substance is obtained
by maximizing the molar binding energy of expected structures with respect to their structural
parameters:

(i)=N

Bmdmg Z (E(z) (z)Self—ACtion ) - (EStatic - ESelf—ACtion ) - EVibration > O . (1 8)
(i)=1
However, neglecting the insignificant redistribution of valence electrons arisen from

association of atoms into a molecular or crystalline structure, the quasi-classical self-action energy
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of the substance is approximated by the sum of quasi-classical self-action energies of constituent

atoms:
(i)=N
ESer—Action = ZE(i)Self—Aacrion . (19)
(i)=1
And consequently, the binding energy approximately can be calculated without excluding of
the self-action terms in advance:
(i)=N
EBinding = ZE(i) = Egic = Evipraion >0 - (20)
()=l
The expected errors of the quasi-classical approach can be estimated for the model inner
potential in the form of the analytical solution of the Thomas—Fermi (TF) equation for the
semiclassical atomic potential: structural and energy parameters of the electronic system determined
within the initial quasi-classical approximation are shown to differ from their exact values by

factors of (10/37)"° =1.02~1 and (37/10)*"° =0.96 ~ 1, respectively. Thus the expected errors

of the quasi-classical approach amount to a few percents. Even more, within the initial quasi-
classical approximation there are no uncontrollable calculation errors due the finiteness of quasi-
classical atomic radii — the pair interactions without series termination are truncated at the distances
exceeded the sums of atomic radii.

A complete quasi-classical theory of substance including calculation schemes for structural
and binding, as well as for electronic spectrum characteristics, one can find in [102,103]. These
schemes have been applied successfully for Na molecular and crystalline structures [104], various
diatomic molecules [60,61], boron nanotubes [105,106], and mainly for one-, two- and three-
dimensional structural modifications of boron nitride — diatomic molecule, isolated plane sheet,
hexagonal h-BN, cubic c-BN, and wurtzite-like w-BN crystals [59,60,64,73-75,107,108].

3.2. Geometries of the boron nitride regular single-walled nanotubes

Summarizing previous subsection, one can conclude that equilibrium structural and binding
parameters of the boron nitride nanotubes can be calculated quasi-classically based on analytical
expressions describing their geometries. This task has been solved in [87,108,109] for regular
(achiral), i.e., zigzag (n,0) and armchair (n,n) BN nanotubes. A model of regular nanotubes used
here assumes that all atomic sites are located on cylindrical surfaces at the vertexes of regular
hexagons broken along B-N or B—B and N-N diagonals, i.e., the expected small differences in
bond length distinguished by their orientation toward the tube axis are neglected.

Namely, radii R,, and R, of the zigzag and armchair nanotubes have been obtained

[87,108] in terms of the nanotube index n = 1, 2, 3,... and the structure parameter a:
a

R =) 21

™9 Asinz/ 2n @h

R, = NJS+4cosz/2n a . 22)
' f3sinz/2n

As it was mentioned, the parameter a corresponds to a lattice constant of the boron nitride layered
crystals, i.e., to an intralayer B—-B or N—N bond length. Therefore, the B—N bond length d equals
to a/ \/5 . The nanotube index n determines the number of atoms, as a nanotube unit cell consists

of 2n formula units, B,,N»,.
Detailed regular geometries of zigzag and armchair BN nanotubes have been described in
[108,109] using cylindrical coordinates (0, @, z) , which are useful for calculating binding energy.
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A unit cell of zigzag nanotubes consists of 4 atomic rings in parallel planes perpendicular to
the axis. There are 2 pairs of rings, each consisting of 2 planes with n boron or n nitrogen atoms.
Obviously, the cylindrical coordinate o for all atomic sites equals to the tube radius:

Ps =Pn =R, (23)
As for the coordinates ¢ and z in the first and second pairs of atomic rings, they equal to

@y =@y =2r/n, (24)

2y = (6m+1)a/ 23, (25)

2y = (6m—1)al 243, (26)
and

Pz =@y =Ql+Dx/n, (27)

2y = Bm—Dal~3, (28)

2y =Gm+Dal3, (29)

respectively. Here [ =0,1,2,...,n—1 and m = 0,£1,£2,... number atomic pairs in a given pair of the
atomic rings and these rings themselves, respectively.

The unit cell of armchair nanotubes consists of 2 atomic rings in parallel planes
perpendicular to the tube axis. For its part, each ring consists of » boron and n nitrogen atoms. The
coordinate p for all atomic sites again equals to the tube radius:

Py =Px =R (30)
while the rest cylindrical coordinates in the first and second atomic rings equal to

@y =@, +2r/n, (31)

Oy =—¢ +2r/n, (32)

g =2y =ma, (33)
and

Oy =—@, - 20, +27/n, (34)

Oy =@ +20,+2x/n, (35)

g =2y =(C2m+1al2, (36)
respectively. Here

sin g, = 2sin7z/2n ’ 37)

VS5+4cosm/2n
sinz/2n

sin @, = , (38)
P2 J5+4cosm/2n

and [=0,1,2,...,n—1 and m =0,£1,£2,... number B or N atoms in atomic rings and these rings

themselves.
Based on the above discussion, the distances between a given atomic site and the sites in the
so-called central atomic pairs in zigzag and armchair nanotubes have been found.

For zigzag (I=m=0: ¢, =@, =0, z=a/2/3, and z=—a/2+/3) tubes

(n0)Bl=.0)BD? _ sin’Iz/n LA 39)
a’  4sin’7z/2n ’

(n0)B2=(, 0 BD® _ sin®(21 +1)7/2n RECEV 40)
a’ ~ 4sin’7z/2n 4

(woyNI=, o BD®  sin’Ix/n +(3m—1)2 A1)
a’ B 4sin’ 7 /2n 3 ’ (
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(n0y N2—,0)BD)’ sin2(21+1)7r/2n+(6m+1)2

, 42
a’ 4sin’ 7 /2n 12 (“42)
mBl— N1 in2 2
((n.0y (zn 0) )’ _ s1‘n 2l?Z'/n N Bm+1) ’ 43)
a  4sin’7z/2n 3
B2- N1 in? —1?
Cony (n )’ _sin (glz+ Dz/2n , (6m-1) , 4
a 4sin” x/2n 12
N1-. “N1 in?
((n 0) ;n ,0) )’ _ Sl.n 2l7l'/n +3m2 45)
a  4sin’ 7/ 2n
(o) N2= o ND* _sin® (21 +)7/2n  32m+1)°
> — + (46)
a 4sin“ 7 /2n 4
For armchair (I=m=0:¢; =¢,, ¢, =—¢,, and z, =z, =0) tubes,
Bl-_ *BI in2
(O <2n YBI)? (5+4c057.[/22n)s1n Iz/n . 7
a 12sin” & /2n
((umy B2=(, ) BD? _ (5+4cosz/2m)sin® 2L -1)z/2n  (2m+1)*
> — + , (48)
a 12sin” 7/ 2n 4
mN1-, “Bl
o) (o) )’ _ (2sin2l =Dz /2n+siniz/n)® s 49)
a 12sin’ 7z /2n
(umN2=(, 2 BI)* _ (sin@l+ D7/ 2n+2sin Iz/n)* (@Qm+1)?
2 ) + > (50)
a 12sin” 7z /2n 4
(o Bl ND® _ 2sin(2l +1)7/2n+sinlz/n)*
2 +m”, (51)
a 12sin’ 7z /2n
(wB2-,"ND>  (sin(2 )7/ 2n+2sinlz/n)’ (2m+1)2
> = — + , (52)
a 12sin“ 7z /2n 4
NI-, “N1 in?
(O <2n SONI)? (5+4c0s7.[/22n)sm Iz/n o, 53)
a 12sin” & /2n
(o N2=(, IND)? _ (5+4cosz/2m)sin® 2+ 1)z/2n  (2m+1)°
- — + (54)
a 12sin” 7 /2n 4

4. BINDING ENERGIES IN DEPENDENCE ON STRUCTURAL PARAMETER

At first, based on the above stated relations (4 — 11) and HF values of the atomic electron
energy-levels tabulated in [110], the required quasi-classical parameters r,, p,, and ¢, for

constituent atoms B and N have been calculated. They are given in Tables 1 and 2, respectively.
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Table 1. Quasi-classical parameters of step-like redial distributions of
electron-charge-density and electric-field-potential in boron atom (in a.u.).

T, 2758476 E-02  5.098016 E-01  7.441219 E-01  4.021346 E+00  4.337060 E+00

0. 5.686514 E+04 -3.610951 E+00 -7.342212 E-03 -1.028341 E-02 -2.941197 E-03

¢, 2.105468 E+02  8.882329 E+00  3.652920 E+00  2.060720 E-01  6.135348 E-04

Table 2. Quasi-classical parameters of step-like redial distributions of
electron-charge-density and electric-field-potential in nitrogen atom (in a.u.).

T, 9.446222 E-03 3.577244 E-01  5.498034 E-01  2.909074 E+00  3.204489 E+00

o, 1982589 E+06 -1.044967 E+01 -1.939444 E-02 -4.126981 E-02 -2.187537 E-02

@, 8784581 E+02  2.022523 E+01  8.464698 E+00  5.096684 E-01  3.993358 E-03

Here the values are shown in atomic units with 7 significant digits in accordance with the
accuracy of input data (HF energies). Such high accuracy is useful in interim calculations. As for
the final results, they should be expressed in rounded figures with 3 or 4 significant digits (in A or
eV for structure or energy parameters, respectively) because it corresponds to the usual
experimental errors when determining structure and energy parameters of a substance, and the
relative errors of the semiclassical calculations aimed at finding theoretically these parameters for
polyatomic systems amount to a few percents.

Using these parameters and expressions (12 — 17, 20, 39 — 54) for the components of the
quasi-classical molar binding energy and squared inter-atomic distances in zigzag and armchair BN
nanotubes (Figs. 1 and 2), their binding energies were calculated versus the structural parameter a
with spacing of 0.001 a.u., i.e., within the accuracy of 4 significant digits. The vibration energy is
assumed to be zero when radicand in formula (14) becomes negative.
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Fig. 2. Structure of an armchair BN nanotube.

In order to carry out these massive calculations, a special computer code has been designed.
Calculations were carried out within the range of the structure parameter a which varied from 1 to
13 a.u. with a step Aa =0.001a.u. (that is quite enough to cover values having any physical sense).
The nanotube indices varied from n =1, covering zigzag and armchair nanotubes up to (18,0) and
(10,10), respectively. The radii of the largest calculated species are approximately equal. They are
sufficiently large for the tube molar binding energy to almost reach the ‘““saturation” value, which is
given by the binding energy of the planar hexagonal BN sheet. In order to make sure that such
“saturation” indeed takes place, test species with very large indexes (45,0) and (26,26) (again with
approximately equal radii) have also been calculated.

Figs.3 and 4 show E, .. (a) curves for some zigzag and armchair BN nanotubes,

respectively. One can see that at sufficiently small inter-atomic distances binding energy might take
a large negative value that implies that the structure is unstable, while at sufficiently large inter-
atomic distances the binding energy always equals to zero which reveals atomization of a structure.
As for the intermediate distances, the molar binding energy is positive that is a signature of
structural stability. In this case, general trend in binding energy value is decreasing. However,
E 44 (@) curves are not monotonous, but with several extremes. Such kind of oscillatory behavior

of the molar biding energy of any atomic structure against the inter-atomic distances reflects
electron-shell-structure of the constituent atoms (note that the interaction between particles of
matter with forces non-monotonously decreasing with distance was foreseen as early as in 18th
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century by Boscovich [111], whose atomic theory was based only on abstract philosophical
speculations).
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Fig. 3. Molar binding energy of zigzag BN nanotubes vs the structural parameter a .
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Fig. 4. Molar binding energy of armchair BN nanotubes vs the structural parameter a .

Table 3. Quasi-classically calculated radii and binding energies of BN nanotubes.

o

Nanotube Radius, A Binding Energy, eV / mole
(1,0) 0.673 12.26
(1,1) 0.868 26.08
(2,0) 0.951 23.17
(3,0) 1.345 29.72
(2,2) 1.537 27.59
(4,0) 1.758 26.40
(5,0) 2.177 24.74
(3,3) 2.260 24.62
(6,0) 2.599 24.19
(4,4) 2.993 23.94
(7,0) 3.023 23.92
(8,0) 3.448 23.76
(5,5) 3.729 23.68
(9,0 3.874 23.64
(10,0) 4.300 23.57
(6,6) 4.668 23.54
(11,0) 4.727 23.51
(12,0) 5.154 23.47
(7,7) 5.207 23.46
(13,0) 5.581 23.43
(8,8) 5.947 23.41
(14,0) 6.008 23.41
(15,0) 6.436 23.39
9,9 6.687 23.37
(16,0) 6.863 23.37
(17,0) 7.291 23.35
(10,10) 7.428 23.35
(45,0) 19.276 23.26
(26,26) 19.290 23.26
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Let us discuss which of the peaks in these figures correspond to the equilibrium structure. The
first peak from the left is lower than the successive one. This second peak for all tubes located at
a=5.085a.u. (2.691 A) seems to correspond to the realized stable BN nanotubular structures (the
detailed behavior of E, ;. (a) curves in its vicinity is shown in the foreground of Figs. 3 and 4).

The next peak, even being higher than this, can not been reached kinetically in standard laboratory
conditions because they correspond to lower interatomic distances. These two peaks are separated
by very deep and sufficiently wide minima, i.e., by high and wide potential barriers which can be
overcome only at ultrahigh temperatures or tunneled only at ultrahigh pressures.

The obtained equilibrium binding energies of BN nanotubes of both achiral types are
summarized in Table 3 together with their radii calculated from formulas (21) and (22) for
equilibrium value of the structural parameter a = 2.691A.
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Fig. 5. Molar binding energy of zigzag BN nanotubes for different indexes n .

28 [
I ®
27 [
~ 26L®
_.".‘r -
2
2 25f
& [ .
24 | °
[ ..
i ® Q@ g
23 [
i | | | | | | | | | 1

Fig. 6. Molar binding energy of armchair BN nanotubes for different indexes 7.

205



L. Chkhartishvili & I. Murusidze. Nano Studies, 2, 183-212, 2010

Thus, the molar binding energies of small-sized nanotubes, both zigzag, (3,0), and armchair,
(2,2), have peaks. Then for large indices the binding energies decrease toward the same constant

value (see Figs. 5 and 6).

30+ A Binding Energies of Boron Nanotubes
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Fig. 7. Molar binding energy of achiral BN nanotubes vs the nanotube radius R .

Fig. 7 presents the dependence of the molar binding energy of achiral BN nanotubes on their
radii R. It reveals pairs of minima at (1,0) and (2,0), and maxima at (1,1) and (3,0), i.e., all the
extremes are located in low-radii-region. At higher radii, the molar binding energy slowly decreases
to the value of 23.26 eV, which, apparently, corresponds to the value that of the plane hexagonal

BN sheet.

Fig. 8. Structure of a chiral BN nanotube.

The obtained dependence Ej,,,. (a) in its domain of monotonicity seems to be quite smooth.
It allows us to extrapolate this curve to chiral BN nanotubes (Fig. 8) too because the radius of a
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chiral tube R,

condition R, , <R, <R

O<m<n, and radii of the corresponding achiral tubes always meet the

(nn) *
5. ZERO-POINT VIBRATION ENERGIES

First, let us emphasize some features characteristic for the quasi-classical procedure of
estimation of the zero-point vibration energies.

On the one hand, within the above formulated quasi-classical approach, all binding energy
maxima are related with the onset of overlapping between certain regions of homogeneity of
electric charge density and electric field potential in interacting atoms, constituents of the structure
under the consideration. Namely, equilibrium point at a = 5.085 a.u. corresponds to the B-N bond
length of d =2.937 a.u. which is a sum of radii B r, = 0.028 a.u. and N r, = 2.909 a.u. (see Tables 1

and 2).

Table 4. Quasi-classically calculated vibration energies of BN nanotubes.

Nanotube Vibration Energy, Corrected Binding Energy,
eV /mole eV /mole
(1,0) 0.25 12.01
(1,1) 0.33 25.75
(2,0) 0.32 22.85
(3,0 0.33 29.39
(2,2) 0.32 27.27
(4,0) 0.32 26.08
(5,0) 0.32 24.42
(3.3) 0.32 24.30
(6,0) 0.32 23.87
(4,4) 0.31 23.63
(7,0) 0.31 23.61
(8,0) 0.31 23.45
(5.5) 0.31 23.37
(9,0 0.31 23.33
(10,0) 0.31 23.26
(6,6) 0.31 23.23
(11,0) 0.31 23.20
(12,0) 0.31 23.16
(7,7) 0.31 23.15
(13,0) 0.31 23.12
(8,8) 0.31 23.10
(14,0) 0.31 23.10
(15,0) 0.31 23.08
9,9) 0.31 23.06
(16,0) 0.31 23.06
(17,0) 0.31 23.04
(10,10) 0.31 23.04
(45,0) 0.31 22.95
(26,26) 0.31 22.95
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On the other hand, quasi-classical expression of the vibration energy (14) is based on the

parabolic approximation of the E,, . . (a) curve and formula (17) for the volume of the intersection

of two spheres, V(R,,R,,D,,), which is a continuously differentiable function of the inter-central
distance D,,. However, one can see readily from expression (18) of its first (continuous) derivative
that second derivative is not a continuous function.

That is the reason why the parabolic approximation of the E (a) curve in the immediate

Binding

vicinity of the binding energy peak is impossible. According to formula (14), E is identically

Vibration
zero at the equilibrium point and is assumed to be identically zero also on the left in the vicinity of
that point, where radicand in formula (14) becomes negative. As for the right side in the vicinity of
the equilibrium point, the binding energy can be estimated for nearest domain allowing parabolic
approximation. Its half, i.e., arithmetic mean of the vibration energy left- and right-sided values can
be considered as estimation for the vibration energy correction in the equilibrium. These values
together with the correspondingly corrected binding energy are presented in Table 4.

The dependence of the molar vibration energy on the BN nanotube radius qualitatively
reproduces that for the binding energy. However, this dependence is very weak and, thus, the molar
vibration energy can be considered as almost independent from the tube radius, ~ 0.3 eV / mole. Of
course, the vibration corrections to the binding energy are too weak to change character of the
E 4,4e (R) dependence.

6. CONCLUDING REMARKS

The quasi-classically calculated structure parameter a =2.691A of single-walled boron
nitride nanotubes is in satisfactory agreement with experimental value for the h-BN layered crystals
A, = 2.504 A [91], i.e., the difference is about 7 %. As is mentioned above overestimations in the

structural parameter is characteristic for the quasi-classical approach. However, at least partially this
overestimation seems to be related with expansion of lattice of the single hexagonal layer (plane or
cylindrical) if compared with that of the three-dimensional layered crystal.

It is also expedient to analyze obtained spread of the molar zero-point vibration energy of BN
nanotubes (0.25 —0.33) eV and, in particular, its limit for ultra-large-radius tubes 0.31 eV by
comparing them with the data available on the vibration characteristics of h-BN layered crystal,
because the vibration energies of an isolated tubular layer and layered crystals can be directly
compared as the atoms of the low-dimensional system can execute vibrations in three independent
directions in physical space. Our quasi-classical estimations made for BN nanotubes agree well with
analogous calculations (but in tight-binding approximation) for BN plane sheet of 0.27, the
semiempirical estimate of 0.23 for zero-point vibrations energy in h-BN, and the estimate of
0.35 eV / mole from the theoretical phonon spectrum (see Subsection 2.2.).

We have found that the binding energies of BN single-walled nanotubes corrected with zero-
point vibration energies lies within the interval (12.01 —29.39) eV. In particular, the calculated
corrected binding energy of the ultra-large-radius tube is predicted as 22.95 eV. Previous quasi-
classical calculations (but in tight-binding approximation) performed for BN isolated plane sheet
have given the binding energy 23.00 eV / mole, which coincides in order of magnitude with this
interval and agrees very well with present result obtained for large tubes. As it was demonstrated in
Subsection 2.2., for its part the binding energy ~ 23 eV /mole for single-layer boron nitride
structures should be in good agreement with binding energy data available for BN multi-layered
structures.

Summarizing the obtained results, it should be emphasized that a complex dependence of the
BN nanotube molar binding energy on its radius is found out, but all binding energy values are
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found to be positive, i.e., all tubes should be stable. However, they have rather different degrees of
stability.

On the one hand, ultra-small-radius BN nanotubes (1,0) and (2,0) seem to be meta-stable,
though their molar binding energies are positive, they are less than that for isolated hexagonal boron
nitride layer. Especially the smallest (1,0) tube structure degenerated in zigzag atomic strip should
be meta-stable because its binding energy is only about half of this value. Such a structure can be
realized only as an inner wall in a multi-walled tube.

On the other hand, the formation probabilities for BN tubes with indexes (1,1), (3,0), and (4,0)
should exceed that for isolated sheet. Among them the (3,0) tube is well pronounced, formation of
which is predicted to be energetically most preferable than the layer growth.

As for other BN nanotubes, their molar binding energies only slightly exceed that of sheet and
their formation probabilities should be almost same as for layered crystal growth.

Finally, it should be noted that, in addition to the energy considerations concerning the
relative stability of tubular structure, it is also necessary to take into account features characteristic
to BN nanosystems, in view of the general equations derived for energy fluctuations of small
completely open (incompressible) systems [112]. They show that the fluctuations should be
unusually large because there are no constraints on the size of a system and, in addition, the
fluctuations of the total or partial number of atoms in binary systems indirectly contribute to the
fluctuations in their energy.
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SUMMARIES

P.J. Kervalishvili. Spin transport properties of manganese doped nanostructured magnetic
semiconductors. Nano Studies, 2, 5-14 (2010).

Technology of periodic layer GaSb / Mn nanostructure getting, the structural and magneto-
transport properties of thin GaMnSb films with increased content of Mn, up to 10 at. %, grown by
use the laser dispersion in vacuum was studied. The structures of GaMnSb layers, regardless to the
Ga replacing by the Mn acceptors, contain ferromagnetic MnSb nanoclusters and shallow acceptor
defects controlled by the growth temperature were investigated.

In obtained double phase ferromagnetic GaMnSb films, regardless to the case of previously
studied single phase GaMnSb systems (Curie temperatures not exceeding 30 K), the anomalous
Hall effect (AHE) and the AHE hysteresis at temperatures up to 300 K, as stronger as more the hole
concentration, has been observed. The unusual properties of GaMnSb films have been interpreted as
interaction of magnetic nanoclusters in a semiconductor matrix, where the matrix has huge
concentration of free holes and magnetic ions, and which becomes stronger with increasing the
holes concentration.

It was investigated the magnetotransport properties of GaSb/Mn discrete alloys which
should be used as ferromagnetic contacts in process of formation GaMnSb / GaSb / GaMnSb and
GaMnSb / GaAs / GaMnSb three layered structures for observation of spin polarized current in
perpendicular geometry.

The model problem concerning the formation of a ferromagnetic cluster (magnetic polaron)
consisting of the free electron bound to a non-magnetic donor impurity in an antiferromagnetic
matrix was analyzed. It was shown that the magnetic polaron also produces rather long-range
extended spin distortions of the antiferromagnetic background around the core. Such a magnetic
polaron state can be favorable in energy in comparison to usually considered one. The studies of the
structure of magnetic polarons (nanoscale ferromagnetic droplets) in magnetic semiconductors were
performed with a special emphasis to frustrated lattices (square lattice with nearest-neighbor and
diagonal interactions and the triangular lattice) characteristic for layered heterostructures. It was
demonstrated that the magnetic polaron can produce rather extended spin distortions of the
antiferromagnetic background around its ferromagnetic core. The characteristic size of this ‘coat’
decreases for stronger next-nearest neighbor interaction or with increase of magnetic anisotropy.

L. Chkhartishvili, T. Berberashvili. Geometries of boron nitride multi-walled nanotubes
and multi-shelled fullerenes. Nano Studies, 2, 15-21 (2010) — in Russian.

Based on models of boron nitride BN regular nanotubes and regular fullerenes, the
interpolation formulas of their radii are constructed. Using them, the possible sequences of
nanotubular and fullerene-like layers, respectively, in multi-walled nanotubes and multi-shelled
fullerenes are predicted. Obtained results have revealed universal correlation between intra- and
interlayer bond lengths in all boron nitride layered structures.

A.A. Gachechiladze, A.G.Mikeladze, D.L. Gabunia, B.G.Margiev, R.V. Chedia,
T.A. Tsuladze, R.K. Zekalashvili, O.A. Tsagareishvili. Titan carbide based nano-crystalline solid
solutions: Production and compacting. Nano Studies, 2, 23-29 (2010) — in Russian.

Titan carbide based nano-crystalline solid solutions TiC + Ni (10 %) have been obtained by
the chemical synthesis method in reaction between titanium hydride compounds and carbide-
forming and binding components. Nickel has been chosen for the binding metal. Theoretical
thermodynamic analysis performed for the ternary system (Ti — C) — Ni (10 %) has shown that TiC
and TiNi compounds are able to be formed within the wide interval of concentrations,
(28 — 48) wt. %. On purpose obtaining of the TiC + Ni (10 %) nano-crystalline powders titanium
hydride, nickel chloride and soot were used as starting materials in charges molar-ratios as
Ti:C:Ni=1:1:0.1. Obtained product TiC + Ni was a black agglomerated nano-crystalline
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powder. Then, produced powders have been compacted in two stages applying specially elaborated
spark-plasma-synthesis plant. Full-stroke compacting of powders takes (3 —4) min. Proposed
method of synthesis allows to retain nano-crystalline structure even in compacted samples and
goods.

A.G. Danelyan, V.A.Danelyan, R.R.Kankia, S.A.Mkrtychyan, S.V.Shotashvili,
D.I. Gharibashvili, I.R. Lomidze. Some issues of precious linear measurements in nanometric
region. Nano Studies, 2, 31-44 (2010) — in Russian.

A.G. Danelyan, R.R. Kankia, C.A.Mkrtychyan, D.I. Gharibashvili, I.R. Lomidze.
Nanometrology: Topicality and problems. Nano Studies, 2, 45-52 (2010) — in Russian.

N.O. Metreveli, K.K. Jariashvili, L.O. Namicheishvili, D.V. Svintradze,
E.N. Chikvaidze, A. Sionkowska, J. Skopinska. UV-Vis and FT-IR spectra of ultraviolet
irradiated collagen in the presence of antioxidant ascorbic acid. Nano Studies, 2, 53-64 (2010).

The influence of deleterious UV radiation on collagen molecules in the absence and
presence of ascorbic acid using UV-Vis and FT-IR spectroscopy has been studied. Intensity of
UV-Vis absorption spectrum of collagen with a maximum at 275 nm due to the aromatic residues
(tyrosine and phenylalanine) increases with the increasing dose of UV radiation. This effect is
significantly hindered in the presence of antioxidant ascorbic acid. Intensities of FT-IR bands
(amide A, B, I and II) of collagen decrease with the increase of the UV radiation dosage. Intensities
of bands are also decreased in the presence of ascorbic acid.

Results suggest that increasing the concentration of ascorbic acid increases the photo-
stability of collagen, and the collagen becomes less sensitive to UV radiation. It is possible that
hydrogen bonds form between the groups N — H of collagen and C = O of ascorbic acid. It is
believed that under UV radiation free radicals appear in acid soluble collagen and resulting in
photo-degradation of the macromolecule restore due to the ability of ascorbic acid donating one or
two electrons. Increasing the dose of radiation causes more molecules of ascorbic acid to slow
down, and their antioxidant effect is diminished accordingly.

N. Tsibakhashvili. Microbial synthesis of metal and semiconductor nanoparticles. Nano
Studies, 2, 65-70 (2010).

In this work a brief overview of the current research worldwide on the use of
microorganisms such as bacteria and actinomycetes (both prokaryotes), as well as algae, yeast, and
fungi (eukaryotes) in the biosynthesis of metal and semiconductor nanoparticles and their
application is presented.

A.P. Bibilashvili. Carbon nanosystems. Nano Studies, 2, 71-83 (2010) — in Georgian.

Z. Gogua, G. Kantidze. Heat capacity of the 3D and 2D systems according to interatomic
chemical bonding. Nano Studies, 2, 85-94 (2010).

Values of bonding energies of sp> and sp’s” hybrid bonding are calculated in the paper.
These calculations are performed according to the conception of the influence of anti-bonding
quasi-particles on the interatomic bonding force when the bonding particle takes an anti-bonding
position. Melting process of covalent crystals is considered and the critical concentration of anti-
bonding quasi-particles, at which the melting process begins, is defined. It may be caused not only
by temperature, but by action of light, injection of charge carriers and in other ways. Within the
Einstein’s model of solid, the heat capacity is calculated for 3D crystal as well as 2D systems.
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K.D. Davitadze, T.A. Minashvili, G.N. lluridze. Doping of thulium, praseodymium
and neodymium sulfides thin films. Nano Studies, 2, 95-97 (2010) — in Georgian.

Pure rare-earth-elements sesquialteral sulfides are useless in microelectronic devices.
Present work deals with doping of such films. Namely, some dopants have been chosen and
appropriate doping technologies has been elaborated. Not once doping with lead or cadmium is
shown formation of an additional phase.

G. Dekanozishvili, D. Driaev, T. Kalabegishvili, V. Kvatchadze. Stimulated phenomena
in glass doped with CdSe quantum dots. Nano Studies, 2, 99-102 (2010).

Thermo-stimulated luminescence (TSL) of glass samples doped with CdSe quantum dots
(QDs) and irradiated with X-rays and UV light has been investigated. UV effect is negligible,
whereas between TSL intensity and sample exposure time to X-rays there is linear correlation.
Photoluminescence and its temperature quenching were studied by thermo-optical luminescence
method.

R.I. Chikovani. Proposals for formation of a nanotechnology center in Georgia. Nano
Studies, 2, 103-118 (2010) — in Russian.

Article is devoted to perspectives of the development of nanotechnology in Georgia.
Section 1 presents a brief overview of the nanotechnology development in general, its
characterization, already obtained results and actual perspectives. There are shown possibilities of
nanotechnological applications of in various fields of human activities. It is stated that
nanotechnology should radically change whole human life in future. It is emphasized that number
of nations has adopted their programs on development of nanotechnology.

In Section 2, there are considered issues of development of nanotechnology in Georgia. The
perspectives are shown and the factors are analyzed those favor the further development. In
addition, some proposals are expressed with regard to formation of the sharing nanotechnology
center in Georgia and training of its personnel.

R.E. Kazarov, R.I. Chikovani, D.I. Garibashvili, G.I. Goderdzishvili, T.I. Khachidze.
On elaboration of optoelectronic elements exploiting properties of nanosilicon formed in “silicon-
on-sapphire”-structure. Nano Studies, 2, 119-121 (2010) — in Russian.

Article is devoted to very interesting and perspective issue — formation of solid-state
optoelectronic elements based on light-emitting nanostructural silicon and heteroepitaxial structure
“silicon-on-sapphire”. There posed main technological problems, which should be solved for
making various optoelectronic elements.

A.B. Guchmazoyv, G.N. Iluridze, T.A. Minashvili, G.V. Rtveliashvili,
M.S. Taktakishvili. Photoelectric parameters determination for AlGaAs heterostructure-based
photo-cells by a conctacless method. Nano Studies, 2, 123-125 (2010) — in Georgian.

In the work, a conctacless method of investigation of the photo-cell heterostructures is
described. There is shown that in such semiconductor structures parameters, like the photogenerated
charge carrieers’ internal interassembly collection coefficient, can be estimated based only on
observations of their luminescence radiation.

T.N. Khoperia, T.I. Zedginidze. Competitive nanotechnologies for nanoelectronics,
piezoengineering, photocatalysis and composites particularly using electroless deposition. Nano
Studies, 2, 127-138 (2010).

Electroless metallization technology which allowed replacing adequately Au and Ag with
Ni — P or Ni — B alloys and simplifying significantly the metallization process was developed. The
proposed patentable nanomethods for the first time allow one to produce nanochips and photomasks
with nano-sized adjacent elements by single optical UV photolithography. The proposed
nanomethods are much more advantageous and simpler than other expensive and complicated
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methods such as e-beam, X-ray lithography or fabrication of nanoelements using light-phase-shift
photomasks. The proposed methods of metallization are widely wused in electronics,
piezoengineering and instrument-making. As a result Au, Ag and Pd were replaced with the alloys
of non-precious metals; usage of toxic substances was eliminated.

L. Chkhartishvili. Boron nitride nanostructures: Molecules, sheets, tubes, fullerenes (An
overview). Nano Studies, 2, 139-174 (2010).

An overview of the present state of studies in synthesizing methods, atomic geometry,
binding, stability, electron structure, and applications of boron nitride BN nanosystems is given. In
particular, the explicit expressions in term of B—N bond length are obtained for atomic sites
coordinates and intersite distances in regular boron nitride nanotubes and fullerenes.

V.G. Kvachadze, T.I. Pavliashvili, G.G. Abramishvili, T.L. Kalabegishvili,
V.M. Gabunia. Preparation of iron oxide nanoparticles by laser ablation method. Nano Studies, 2,
175-177 (2010) — in Russian.

The a-Fe,O3 nanoparticles are obtained in distilled water by the laser ablation method (using
Laser OGM - 20). Their sizes have been determined by the X-ray diffraction, scanning and
transmission electron microscopies. Alongside with large-scale agglomerates, product contains
nanoparticles with sizes about (10 — 20) nm.

N. Tsibakhashvili,  T. Kalabegishvili, V. Gabunia, E. Gintury, N. Kuchava,
N. Bagdavadze, D. Pataraya, M. Gurielidzse, D. Gvarjaladze, L. Lomidze. Synthesis of silver
nanoparticles using bacteria. Nano Studies, 2, 179-182 (2010).

A simple route for the synthesis of silver nanoparticles by Spirulina platensis (cianobacteria)
and Streptomyces spp. 211A (actinobacteria) has been demonstrated in this work. The silver nitrate
solution incubated with bacteria biomass changed to a yellowish color, indicating the formation
of silver nanoparticles. Spectroscopic analysis demonstrated that tested solutions yielded the
maximum absorbance peak at 425 nm due to silver nanoparticles. Also, X-ray analysis of the
bacterial biomass confirmed the formation of silver nanoparticles.

L. Chkhartishvili, I. Murusidze. On relative stability of single-walled boron nitride
nanotubes. Nano Studies, 2, 183-212 (2010).

Molar binding energy of the boron nitride single-walled zigzag and armchair nanotubes is
calculated within the quasi-classical approach. Its oscillation depending on the tube radius is found
out in the range of ultra-small-radii. Nanotubes (1,1), (3,0), and (4,0) are predicted to be more stable
species among single-walled boron nitride nanotubes.
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