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Ot pepakunu HOXM

27 wrwona 2011 wucnonHwiocs 75 €T  BBAAIOLIEMYCS MATEMATHKy YJEHY
PENAaKIMOHHON Kojuleruu Haumiero kypHana IlaBnoBy bopucy CepreeBudy. Bes ero xusHb
cBsA3aHa ¢ HamwuM ropogoM. OH poauics 27 urong 1936 roga B Kponmranre. B 1958 rony
3akoHYMI pu3ndeckuil pakynbreT JIGHUHrpaaCKOro rocyAapCTBEHHOTO YHUBEPCUTETA, 311€Ch
xe Havan paborate. Ilom pykoBoactBom mpodeccopa ML bupmana oH 3aHsIcs
CIIEKTPATLHBIMU 3a/1a4aMU JIJIs HECaMOCOTPsKEHHBIX omnepatopoB. B 1964 roxy b.C. Ilasnos
AT KaHAMJATCKyr0  Auccepranuio 1o  teme  «MccnenoBanume — crekTpa
HECaMOCONPsKEHHOro oneparopa —Y"+qy». JlaipHelnue ero ucciaeloBaHUs HaXOAUJIUCh

Ha CThIKe (DYHKIMOHAJIBHOIO aHAIW3a M KBAaHTOBO-MEXaHMUYECKOW TeopuM paccesHus. Emy
YAAJIOCh MOIY4YUTh MHTEPECHEMIINE PE3yJIbTaThl, CBA3ABIIME TEOPUIO OIIEpPAaTOpa CIBHUTra B
(GYHKIMOHAIBHOM  aHanmu3e C 3agadamu paccesHus. Co3ganHas Ha 9Tod  Oase
(GyHKIMOHANbHAST MOJENb Jajla MPEKPACHbI MaTeMaTHUECKUN ammapar AJs HccielOBaHus
KBaHTOBO-MEXaHW4Yeckoro paccesHus. B 1974 roxy oH Onectsiue 3amumiaeT JOKTOPCKYIO
auccepranuio  «Teopus unataMii M CHEKTPAIbHBIA  aHAIM3 HECAMOCOIPSKEHHBIX
onepatopoB». bopuc CepreeBud — BCEMUPHO M3BECTHBIM y4YeHbII B  00JacTH
MaTeMaTUYECKOro aHaiu3a M Maremarudeckod ¢usuku. Cpenu ero pesysbTaTOB MOKHO
OTMETHUTh TOCTPOEHHE CIEKTPAJIBHON TEOPUU HECaAMOCOIPSIKEHHBIX AU(QepeHInanbHbIX
OIIEepaToOpOB; JI0KA3aTeNbCTBO Oa3ucHOCTH Pucca ans cucTeM SKCHOHEHT Ha KOHEYHOM
UHTEpBaJie; ONEpPATOPHYI0 MHTEepHpeTaluio Hysed a3era-QpyHkuumu Pumana; noctpoeHue
CUMMETPUYHON (YHKLIMOHAIBHON MOJAEIM Ul JAWCCUIATUBHBIX ONEPAaTOPOB; MOCTPOCHUE
MOJIETIM TIOTEHIMAJIIOB HYJIEBOIO DPAJuyca C BHYTPEHHEH CTPYKTypoOMH; TEopusi olepaTopa
CIBHTa Ha pPUMAHOBOM MOBEPXHOCTH; MOJU(PHUKAIMA NTPOLEIYpPHl AHATUTHYECKOTO
BO3MYIICHUS JJIs1 OTIepaTopa ¢ COOCTBEHHBIMH 3HAYEHHUSIMU, TIOTPY>KEHHBIMH B HENIPEPBIBHBIN
CHEKTp; 0OOCHOBaHME MOJEIM MOTEHLMAIOB HYJIEBOIO paguyca AJs KBAHTOBBIX CeTe Ha
0a3e palMOHAJBPHOW anmpokcuManuu ortoOpaxenus «upuxiie-Heliman»; mnocrpoeHue
00OCHOBAHHOM SIBHO peLIaeMOM MOJENN HAINpPSKEHHBIX TEKTOHMUYECKUX IUIUT, CBSI3aHHOMU C
npefcKa3aHUEeM 3eMIICTPSACEHHH; pe3yibTaThl 10 MOOWUIBHOCTH 3JEKTPOHOB B CIOMCTBIX
CTPYKTypax M SMUCCUH U3 YIVIEPOJHBIX HAHOKJIACTEPOB.

bopuc CepreeBuu — OyecTSIIMIA TEAaror, BEIMKOJICITHBIA JICKTOP M HACTOSIIHMA
Yuurens. OH BOCIIHTan OrpOMHOE KOJIMYECTBO YYEHHKOB, Cpeau KOTOpbIX 10 mOKTOpOB
u 20 kauaunatoB Hayk. OH 3aHMMajl MHOTO BBICOKMX HAyYHBIX IIOCTOB (3aBEIYIOLIHH
Kaenpoil MaremMaTHYECKOro aHain3a MatMexa JICHUHIPaJCKOro YHUBEPCUTETA, MIPOPEKTOP
JleHMHTPAICKOTO YHUBEPCUTETA MO HAyYHOH pabote, 3aBeayrommii kKadeapoil MaTeMaTHKH
Oxnenackoro yHuBepcurera B HoBo# 3enannuu), nomydan 3aciay’KE€HHbIE Harpaabl, HO
IJIAaBHBIM JUIsI HETO Beerja ObUIM HE JOJDKHOCTH M Harpajbl, a cama Hayka M ero yueHuku. U
e1ie OH Bcerja OblUT U OCTaeTCs MPEKPACHBIM YETOBEKOM.

Penakimuss HOXM mno3apasnsier bopuca CepreeBuua ¢ 00WI€eM M KEIAET €My
CYACThsI, 3I0POBHS U HOBBIX HAYYHBIX JIOCTHKCHH!
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WKB-BASED SCHEMES FOR TWO-BAND
SCHRODINGER EQUATIONS IN THE HIGHLY
OSCILLATORY REGIME

J. Geier!, A. Arnold!

"nstitute for Analysis and Scientific Computing,
Vienna University of Technology, Wien, Austria

jens.geier@tuwien.ac.at, anton.arnold@tuwien.ac.at

PACS 02.60.Lj, 02.60.Lh, 85.30.De

An efficient and accurate numerical method is presented for the solution of highly oscillatory differential equations
in one spatial dimension. While standard methods would require a very fine grid to resolve the oscillations, the
presented approach uses first an analytic WKB-type transformation, which filters out the dominant oscillations. The
resulting ODE-system is much smoother and can hence be discretized on a much coarser grid, with significantly
reduced numerical costs.

Here we are concerned with stationary two-band Schrédinger equations employed in quantum transport applications.
We focus on the Kane-model and the two band & - p-model. The accuracy of the presented method is illustrated on
a numerical example.

Keywords: Schrodinger equation, Kane-model, two-band k - p-model, highly oscillating wave functions, higher
order WKB-approximation, asymptotically correct finite difference scheme.

1. Introduction

This paper deals with an asymptotically correct scheme for the numerical solution of
stationary, vector valued Schrodinger equations in the highly oscillatory regime. To fix the ideas
we first recall this procedure from [2], where the scalar Schrodinger equation in 1D is dealt with.
We consider highly oscillating differential equations of the type

e*¢"(z) + a(z)p(x) =0, (D

where 0 < ¢ < 1 is a very small parameter and a(x) > ao > 0 a sufficiently smooth function.
For very small ¢ > 0, the wave length A\ = 2% is very small, such that the solution ¢ becomes

V()

highly oscillating. In a classical ODE-scheme such a situation requires a very fine mesh in order
to accurately resolve the oscillations. Hence, standard numerical methods would be very costly
and inefficient here. The goal of the numerical WKB-scheme is to provide a method that uses a
coarse spatial grid with step size h > .

The strategy in [2] is to first analytically rewrite (1) as a “smoother” (i.e. less oscillatory)
problem that is then easier to handle numerically. In this analytic preprocessing, the dominant
oscillations are eliminated. This transformation is closely related to using a second order WKB-
approximation for ¢:

oa) = [ (Vatr) - £25() dr. e




8 Geier J., Arnold A.

Standard numerical methods for (1) (like in [8]) used to require a step size h = O(¢)
for accurate resolution. The WKB-based schemes from [2] or [18] reduce that limitation to
h = O(y/¢) (when using a forth order quadrature rule for the integration of the phase ¢ in (2)).
If this phase is explicitly integrable (for piecewise linear a(x), e.g.), the mesh size h can even be
chosen independently of € in the scheme from [2]. This scheme is then asymptotically correct
W.I.t. €.

The goal of this paper (and of [5]) is to generalize this procedure to vector valued
Schrodinger equations in one spatial dimension. Here we shall consider two-band Schrodinger
systems that are employed in quantum transport models, e.g. for simulating resonant interband
tunneling diodes (see [3,20]). In particular we shall focus on the Kane-model [13, 14] and the
k - p-model [19].

We remark that numerical integrators for oscillatory ODE-systems have been addressed
by several authors in the last decade (cf. Sec. 5 of [9], [11,18], Sec. XIV of [6]). Those methods
are closely related to wusing the zeroth order WKB-approximation, ¢(x) =~
C exp (ié fom Vva dr) to eliminate the dominant oscillations in (1). But the higher order trans-
formations employed below provide a refined asymptotic, with error estimates of higher order in
E.

This paper is organized as follows. In Sec. 2 we introduce the Kane-model and % - p—
model, along with their open boundary conditions that are needed in quantum transport appli-
cations. These boundary value problems (BVPs) are then transformed into equivalent initial
value problems (IVPs). In Sec. 3 we make an analytic preprocessing of these oscillatory IVPs.
This transforms them into “smoother” ODEs. In Sec. 4 we develop for these ODEs a sec-
ond order, asymptotically correct numerical scheme. The error of this method is of the order
O(min(eh? e?)). To achieve this, particular care has to be taken for the discretization of the in-
volved oscillatory integrals. In Sec. 5 we illustrate the effectiveness of our method in a numerical
example for the Kane-model and on an example from the literature [18].

2. Two-band Schrodinger models

For several novel semiconductor devices (like resonant interband tunneling diodes, see
[3,20]) single-band effective mass models become insufficient to simulate the quantum transport
through such a device. Hence, it is getting ever more important to include realistic band structures
in quantum transport models. In this section we shall discuss two independent, stationary two-
band Schrédinger models (Kane-model and two-band k - p—model) that are used for simulations
of one dimensional semiconductor devices like a resonant tunnel diode. We assume that the
considered semiconductor structure occupies the interval [a,b] and is connected to reservoirs at
x = a and x = b. We also assume that both reservoirs are homogeneous and extend to x = +oo.
So all material (and energy) parameters are constant in each reservoir, which is hence populated
only by traveling plane waves.

In analogy to (1) we shall discuss in this paper only the numerically challenging oscil-
latory regime of traveling waves. The evanescent regime with tunneling is of course equally
important for quantum transport, but the numerical treatment of those smooth wave functions
is simple, and will not be discussed here. However, WKB-based discretizations of the cou-
pled oscillatory—evanescent situation are currently under investigation, and will be the topic of
an upcoming work. In [17], transparent boundary conditions (TBCs) for the Kane-model and
k - p—model were derived, as well as discrete TBCs for finite difference schemes. However, such
classical schemes are numerically expensive in the oscillatory case. So it is the goal of this paper
to develop a more efficient alternative.
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2.1. The two-band Kane-model

The simplest multi-band approach is the two-band Kane-model (cf. [15]). This is an inter-band
model, describing the coupled electron transport in the conduction and the valence bands. Here
the “wave function” ¢)(x) € C? is a solution of the ODE

Hy = Ev, (3)
with

B= (_h0s vies B )

We denote by £ > 0 the prescribed (constant-in-z) injection energy of the electrons, and € > 0
is a small constant. Here, the potential V' is the band edge of the conduction band, and £, > 0
is the band gap between the conduction and the valence band. The function p > 0 is related to
the Kane-parameter. The dispersion relation of this Kane model is discussed in detail in Sec. 3.1
of [17].

In order to have unique solutions we assume:

Assumption 1. The functions V, E,,p are piecewise' Lipschitz continuous on the non-empty
bounded interval [a, b] and constant on the exterior domains (—o0, a] and [b, 0c). Further, there
exist open neighborhoods of a,b where they are continuous.

We rewrite the ODE (3) in the more convenient form

) = L
V@ = (a0 8 ) v, @
with
a(z) = E—-V(z)+ Ey(x) E—V(x)
p(z) p(z)
We shall consider here a scattering model, subject to a given, incoming plane wave. Hence, we

shall need transparent boundary conditions (TBCs) at both (artificial) boundary points a, b (as
derived in Sec. 3.2 of [17]). We denote the system matrix of (4) by A(z), with the eigenvalues

Me) = £ov/al)i)

1 .

= 25 VIE = V(@) + By(2))(E ~ V(x)) = k(). (5)
If the given injection energy F is larger than the conduction band edge, i.e. if £ — V(z) > 0
holds on the whole interval [a,b] (and thus on the whole real line), the eigenvalues A\ = +ik
are purely imaginary and hence we only have traveling waves®. Let v.(z) be (real valued)
eigenvectors of A(x) corresponding to the eigenvalues A\(z) = +ik(x). From the right exterior

and f[(x) =

"Here, piecewise Lipschitz continuous means that there are finitely many (non trivial) pairwise disjoint intervals
I,..., I, such that [a,b] C U?:1 I; and the functions are globally Lipschitz continuous on each single interval
I, .. 1.

2One also gets purely imaginary eigenvalues if the energy is smaller than the valence band edge, i.e. E—V (z)+
E,4(z) < 0. This energy corresponds to holes in the valence band, and the situation would be analogous to the case
discussed here.
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domain [b,c0) we now inject a left traveling electron wave with prescribed amplitude d, # 0.
Then the resulting scattering state has the following form in the exterior domains:

Vo) = dee”*DE=dy_ (q) forx <a,
Yo(z) = ey, (b) + dpe*OEy_(b) forz >0, (6)
with constants ¢y, d,, d, € C. We denote the solution in the interior domain [a, b] by 1. Due to

Assumption 1 the solution on the whole real line is continuously differentiable in certain open
neighborhoods of the boundary points a, b. Hence we get the (homogeneous) left TBC

Y(a) = 1be(a) € spanfv_(a)] < (A(a) + ik(a)1d )¢ (a) =0
< Y'(a) +ik(a)Y(a) =0.

At the right boundary we combine the first derivative ¢/’ with ¢ to eliminate the reflection
constant ¢,. From (6) we obtain the (inhomogeneous) right TBC

W) — kONE(B) = —20k(b)dyv_(b).

The resulting (inhomogeneous) BVP then reads

1//(1:) - A(l’)l/}(l‘) = 0, LS [a7 b] ) (7
J/(a) + k(@) [ g(a) = 0 ®
W(B) — k(D) Tdb(b) = —2ik(b)dyv_(b). ©)

Its unique solvability was established in Sec. 3.3 of [17]. Thus we state without proof:

Lemma 2.1. The BVP (7)—~(9) has a unique solution in (W2’°°(a, b))Q.
Remark 2.2. Since ) satisfies the ODE (7) even on the boundary, the TBCs can be reformulated

as
(A(a) +ik(a)Id )(a) = 0,

(A(b) —ik(b) Id)w(b) = —2ik(b)dyv_(b). (10)

We shall now reformulate the BVP (7)—(9) as an IVP, which is easier to solve numerically

(particularly for our highly oscillatory regime). To this end we first solve (using the left boundary
condition) the IVP

V@) = A@(@), welwl  Y(a)=v_(a) €C. (a1
Since 1 has to fulfill (8) (which is equivalent to 1(a) € span[v_(a)] ), there exists a constant

c_ € R such that ¢(a) = ¢_v_(a). Hence we get 1) = c_1)_. Using the remaining boundary
condition (10) we get

c_ (A(b) — ik(D)IA)yY_(b) = —2ik(b)dyv_(b).
The inner product of this equation with v_(b) yields
—2ik(b)dy lo_ ()" —2ik(b)dy ||l (b)|*

C_ = =

o (b7 (A() — k() 1) () v (B)F (0(b) — ik(B)_(B))
Analogously, we get for a right traveling plane wave in the left exterior domain (—oo, a] with
prescribed amplitude ¢, # 0:

V(z) — Alz)p(z) = 0
1/}/(01) + zk:(a) Id w(a) = 2ik:(a)cav+ (a)
W'(b) —ik(b) Idep(b) = 0.
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It holds ¢ = ¢, v, where ¥, solves
Yi(2) = Al)gs (), Pe(b) = v (b) € C,

and
2ik(a)c, ||vi(a)||” 2ik(a)ca [lv (a)]|”

T @7 (A + k(@) 1) (@) oi(0) (0 (a) + ik(a)is(a))

Recall from (4) that the system matrix A(z) is proportional to 1/¢ and off-diagonal.
We now aim to transform out the dominant oscillations in the IVP (11). To this end we first
diagonalize A as A(x) = Q(x) ' L(x)Q(z) with

o= (Vg V) e wo= (T )

Note that the matrix valued functions () and L are real valued and actually independent of ¢.
The ansatz u := Qi)_ and Qu_ = (0, 1) yields for = € [a, b]:

p_ b 0
u:gLu+Bu, u(b):(1>, (12)

with B := @’Q~!. The same transformation also works for the other case of a right traveling
plane wave with prescribed amplitude in the exterior domain (—oo, a]. We only have to replace
the initial condition by u(a) = (1,0)7.

2.2. The two-band £ - p—-model

In this section we discuss a slightly more involved inter-band model for the coupled quantum
transport in the conduction and the valence bands (cf. [3,12]). A different inter-band £ - p-model
is analyzed in Sec. 4 of [17]. And for extended multi-band % - p-models (including the intra-band
coupling of heavy and light holes within the valence band) we refer to [13], Sec. 6 of [3], and
Sec. 5 of [17]. In our two-band model, the “wave function” 1) = (11, 12)? € C? solves a 2 x 2
Schrodinger boundary value problem

H(z)y(z) = E¢(z),  z€(a,b) (13)
V'(a) = Ko(E)d(a) = 0 (14)
V' (0) = Ky(E)p(b) = reC?, (15)
with the Hamiltonian
0? 0 Viz 0
H = —¢ W—iraP( )8x+( (()) V(a:)—Eg(a:))

and

P(z) = (Z.p(()m) ipéx) ) .

The real parameter ¢ > 0 is a small constant, which is often (depending on the model) pro-
portional to the reduced Planck constant 7. By E we denote the given injection energy of
the particles. The potential /() is the band edge of the conduction band, and E,(x) > 0
is the energy gap between the conduction and valence bands. Further, p(z) > 0 is the cou-
pling coefficient (related to the Kane-parameter) between the two bands. As in [3] we assume
p(z)* > E,(x)Vz € [a,b], which implies that the valence band is concave close to k = 0. We
remark that (13)-(15) is a scattering problem with given F, and not an eigenvalue problem.
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The matrices K,, K, € C**? and the vector r in (14), (15) constitute the TBCs for the
k-p—model. (15) models the injection of plane waves at x = b. Their derivation follows the same
strategy as for the Kane model in Sec. 2.1. But for the more involved details we refer to [3].

The self-consistent potential V' is the solution of the following Poisson problem:

V" (x) =n(z), z € (a,b),
V(a)=Vi>0,
V(b) =0.
The charge density n is defined by

n(x) = / " H(B) [, B)dE,

for a prescribed function f that models the semiconductor statistics. Well-posedness of this
nonlinear BVP is established in Th. 2.2 of [3].
If one is interested in a numerical approximation of n(x) or of the current density

jlx) = /Ooof(E)(—Imw’,w}+2pRe(¢1¢2))(x,E)dE,

one has to use an iterative scheme, like the Gummel method, to solve the nonlinear problem. In
each step one has to calculate a suitable approximation for the charge density n, and hence one
has to solve (13) for a large number of (discrete) energies. Since 0 < £ < 1 is a small constant
the wave function ¢ is highly oscillatory for £ > ||[V||__. In order to speed up the calculations
it is very useful to have a numerical scheme that produces an accurate approximation for 1,
without having to resolve all oscillations of the wave function.

It is often more convenient to solve, instead of a BVP, an equivalent initial value problem.
As we will see in a moment, it is possible to determine the solution of (13) from just four (vector
valued) IVP-solutions. Let the functions p, V/, and E, be Lipschitz continuous on [a, b]. Hence
the IVP for a matrix-valued wave function ®(z) € C**2,

H(x)®(x) = E®(x), z € (a,b), (16)
Ola) = Id, (17)
Y(a) = K., (18)

has a unique solution. Further, it holds for every vector valued solution ¢ of

]H(ZL‘)gb(l‘) = Egb([l)), LS (a7b)7 (19)
¢'(a) — Kogla) = 0,

that ¢(z) = ®(x)¢(a). Since the solution ¢ of the BVP (13)-(15) solves (19), we can write
(x) = ®(x)(a). Hence we get from the remaining right boundary condition (15)

(®'(b) — Ky®(b))v(a) = r.

Since the BVP (13)—(15) is well-posed (cf. [3], Prop. 2.1), the above equation has a unique
solution which yields ) (a) and consequently .

As we have seen, the solution ¢ of the BVP (13)—(15) is (uniquely) determined by the
solution ® of the IVP (16)—(18). Thus, in the sequel we shall derive and discuss an efficient
numerical method to solve the IVP for the (vector valued) equation (19).

Equation (19) for ¢ € C? takes the form

e’ —eP(x)¢' + Alx)p = 0, (20)
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with A(x) := diag(E — V(z), E — V(x) + E,(z)). For E > ||V|| the matrix A(x) is positive
definite for all x € [a,b]. Now we want to rewrite (20) as a first order IVP, with the same form
as (12). To this end we set

which yields for v(z) = (vi(z), v2(2))T € C*:

, L 0 A: A3
U_5<—A% P>U+(

_ (A
v(a) = ( oK, :
Let us denote by L the first matrix of (21). Since P(z) is skew-symmetric for all z € [a,b],

the same holds for L. Hence there exists a matrix function Q: [a,b] — C***, such that for all
x € |a, b] it holds (cf. the Appendix Sec. 6)

L(z) = Q" (x)L(z)Q(x),
with L(z) real and diagonal. Finally we set

u(@) = Qz)v(z) € C,

64_5 0 )v, 21)

which yields
o = SLu+ Bu, u(a)=ug, (22)
£

with
1 / 1
B) = Q@+ Q) (AW 0 o).
Of course, the above transformation procedure is not limited to the special case (13). One can
apply it to any ODE of type (20) with P(z) skew-symmetric and A(z) positive definite. Hence
we shall continue our discussion for general equations of the form (22).

Since L is diagonal and real valued, the solution u is highly oscillatory. But ||ul| is
bounded by a constant independent of €. In order to prove this, we introduce a smoother,
“adiabatic” variable 1 (which coincides with the “n” from [11, 18]). This can be interpreted as
the lowest order WKB-type transformation (see Sec. 3 for details).

In the sequel we denote by ||-|| the Euclidean norm on C" and also its subordinated matrix
norm. Further we define for continuous vector valued functions f: [a, b] — C? the co-norm by

[flle = sup |[f(2)]l,

z€[a,b]

and analogously for matrix valued functions. With these definitions we can establish

Lemma 2.3. Let u be the unique solution of the IVP (22), and let

E.(x) :=exp (3/ L(s) d8> eC*.
€ a
Then the new quantity n(z) := E*(x) u(x) € C* solves the IVP
W =(EIBE.)n, n(xo) =no:=uo.
There exists a constant ¢ > ( independent of € such that it holds for all x € I:

lu(@)| = [ln(@)]| <c.
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Proof. Since L(x) is diagonal and real valued, F.(z) is unitary. Differentiation of the ansatz
n = EXu yields the IVP. A standard Gronwall argument yields

)| < elrmellEBElo |
Since E. is unitary, it follows
lu(@)]| = lIn(@)|| < el*=elFle {lu]| .

Since B does not depend on ¢, the desired constant is ¢ = el’=@ll Bl | 0J

3. Analytic preprocessing

The imaginary part of the system matrix of the IVPs (12) and (22) (i.e. éL) causes
oscillations of the solution u, whose wave length is proportional to €. Thus, if € is very small,
the function u is highly oscillatory. Hence, directly solving these IVPs with standard integrators
is computationally very costly.

In order to devise an efficient numerical method, we first apply an analytic preprocessing
to the IVPs. While the system matrix in (22) has the leading order O(1/¢), the transformed
problem will have the order O(¢). This does not mean that the oscillations disappear. In fact,
one can observe that the frequencies are even (approximately) doubled. But the amplitude of
the oscillations in the new variable y will only be O(¢), down from the O(1) oscillations in the
original variable u (cf. Lemma 2.3). Clearly, we can expect that the new “smoother” IVP for y
is much easier to solve numerically than that for u, particularly in the regime of small €.

The following discussion focusses on the IVPs (12) and (22). But it can be extended to
a larger class of problems and refined to higher e—order asymptotics (see Corollary 3.3, and for
more details [5]). We formulate the essential requirements on the functions diag(\1, ..., A\g) = L
from both IVPs in

Assumption 2. There exists a § > 0 such that for all x € [a,b] and i # j it holds

[Ai(z) = Aj(x)| = 4.
L e. L(x) has only simple eigenvalues, which stay separated over the whole interval |a, b).
For the transformation we make the following ansatz

y(r) = E7 (@) (2)u(), (23)

3 3

where we set

E.(x) = exp (é /x L(s) ds) , (24)
T.(x) = To(z)+eTi(x). (25)

Since L(z) is a real valued diagonal matrix for all x € [a, b, the matrix E.(x) is unitary and
diagonal, i. e. it holds

Before we can write down the matrix 7} we need some notation. Let A, B € C%? The
entry-wise product (Hadamard product) of A and B is defined by

AOB = (agbij)i<ij<d-
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Moreover, for a diagonal matrix L = diag(\y, ..., \y) with pairwise distinct simple eigenvalues
A1, - .., Ag, we define the following two matrices:
1
DL = <)\z - )\j)lgi,jgd; DZ = (/\ \ ) > (DE)Z:j =0. (26)
T N/ 1<i#j<d
We remark that it holds V A € C%*¢;
LA—-—AL=D;®A and Dy©D; ©A=A—diagA. (27)

With this notation we can establish

Lemma 3.1. We make Assumption 2. Let the matrix valued functions L, B € C"([a,b], C¥*?) for
some r € N. Further, let Ty be the unique solution of the (matrix valued) IVP

Ty (z) = diag(B(x))To(z),  Tyla) =1d € C™4, (28)
and let
Ti(z) = iDp,, © (B(z)To(x)).

Then there exists a constant €q > 0 such that: For all 0 < & < e, the matrix T.(z) is regular
for all x € |a, b, and the variable y defined in (23) solves the IVP

y =cESiEy,  yla)=yo. (29)
The matrix valued function S, is given by
Sl = Tg_l(BTl — Tll) y

and hence is of class C"([a, b], C¥*9),
Proof. Clearly, the IVP (28) has a unique solution Ty € C"**([a, b], C¥*¢). By Assumption 2,
Dy, and Ti(z) are well defined for all = € [a,b], with D\, Ti(x) € C"([a, b], C™).
Since Ty(x) is regular for all x, we can write
T.(z) = To(z)(ld+eTo(z) ' Ti(x)).

We set

. 1
min )
selad) [To(@) T ()]

With the von Neumann series we immediately get that 7.(z) is regular for all 0 < ¢ < &, and
T. € C"([a, b], C**). Differentiating (23) yields

€0

y = B [LI'L—- LT+ 17V + 1B (BTN My
Using T-'L — LT, ' = T7YL, T.]T-" and 0 = T-V"T. + T'T" we get
y = EXT7' (YL, T —T.+ BT.)E.y.
With T, = T, + €17 we deduce
y' = BTV (E[L, To) + i[L, Th) + BTy — Ty + e BTy — £T}) E.y . (30)

Since T} is diagonal the first commutator in (30) is zero. Using (27) we find
Z[L, Tl] - ZDL @ Tl
= —D;,®D; ©(BT))
= —(B1p — diag(BTp)),
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which yields ¢[L, 1| + BTy — T, = 0. Hence (30) reduces to
y = eE.Y (BT, —T))E.y.

B, T, € C"([a, b], C™?) implies S; = T4 BT, — T}) € C"*([a, b], C™*?) which completes the
proof. U

Corollary 3.2. Let the assumptions of Lemma 3.1 hold. Then there exists a constant ¢ > 0,
independent of ¢, such that

ly(x) = yoll < ce and [ly'(z)|| < ce
hold for all x € [a,b], 0 <& < 2.

Proof. Integration of (29) yields

ly(@) —wll < e / NESE) ()] 1) — woll ds +< / NESE) S ol ds

Since FE.(s) is unitary for all s € [a, b] we obtain

ly(z) = woll < 6/ 151 () [y (s) = yoll ds + elb = al |51l [19oll -

A Gronwall argument implies

ly(x) — ol < elb—al||Sll, lyo]l e IS1E)ds.

which yields the first estimate, since 7. (and hence also S;) is uniformly bounded for 0 < & <
£0/2 and x € [a, b]. The second estimate then follows from the ODE (29). O

For the numerical scheme it turns out that one can achieve better results (i.e. higher order
e—asymptotics of the error) if the diagonal of the system matrix in (29) would be zero.

Corollary 3.3. Let the assumptions of Lemma 3.1 hold and let (the diagonal matrix function)
R: [a,b] — C™? be the unique solution of the IVP

R' =¢ diag(S1) R, R(a)=1d. 31
If y is the solution of (29), then z := R~y solves
2 =e(E:SE.)z, z(a) =2 (32)
with S := R™Y(S; — diag(S)))R. Furthermore, z admits the improved estimates
l2(2) = 20l S c€®, [IZ(@)]| < ce,
with a constant ¢ > 0 independent of c.

Proof. See [5]. 0

In typical quantum transport applications, the coefficient functions often have jump dis-
continuities. This can be dealt with by restarting a new IVP at the z-point of discontinuity.
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4. Numerical scheme

In this section we derive an explicit one step scheme with convergence order two for the
IVP (32). To be more precise we shall derive local error estimates of order’ O(c'h?), where
h, is the local step size of the spatial grid. Leta = zg < 27 < -+ < xy = b be a grid
and let h, := x,.1 — x, be the local step size. Further we define the maximum step size
by h := maxo<p<n-1(Tni1 — x,). Integration of (32) over the subinterval [z,,,,1] yields
iteratively

2tpy1) = z(x,) +e C6TLJJF\14( )ds z(z,) + € /%Jrl / M(r)drds z(z,)

Zl'n+1
+&? / / / M(t)z(t) dt dr ds, (33)

where we use the abbreviation M := E*SE. € C™? The last term is of order O(e*h3) and,
hence, can be neglected for the purpose of our error estimate. Let us define

:/2mw¢:/w@@ww&@Mu (34)

with = € [z, x,.1] and

Plan) = [ M) /xMu)dtdx: " M) () de (39)

Tn In

So the first and second integral of (33) are I'(z,,11) and I*(z,1), respectively. Since they both
have highly oscillatory integrands, we need specially designed quadratures in order to obtain
sufficiently good approximations (for a review of highly oscillatory quadrature we refer to [10]).
Here we shall use an ansatz, which can be found in [21] and also in [5].

Recall from Corollary 3.3 that the diagonal components of S are zero. So, we now
consider the off-diagonal elements of I*. Its ij"-component reads

[ sse et a

pult) = /t[/\i(s)—/\j(s)] ds. (36)

with

Neglecting the indices,
I(z) = / s(t)e £2M gy (37)

is a prototype oscillatory integral for the off-diagonal elements of I'. Due to Assumption 2 we
have |¢};| > ¢ > 0 for all = € [a, b]. Hence, we also assume for the phase in (37) |¢'| > § > 0 for
all x € [a,b]. To derive an accurate quadrature for ¢ small we shall leave the oscillatory factor
unchanged and approximate only the s—independent part s of the integrand. We shall choose
an approximation, such that the resulting integral is exactly computable. This is the case when
replace s in (37) e.g. by '©*, with some k € N. Hence, the space spanned by these generalized
monomials is well suited to find an appropriate approximation of s. Now let

plx) = ¢(x)(co+ crp(x)) (38)

3We say f: [0, ko] x (0,£0) — C% is of order O(™h™), iff there exists a constant ¢ > 0 independent of ¢ and h,
such that || f(h,e)|| < ce™h™ for all (h,e) € [0, ho] x (0,€0).
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be our ansatz function, with some ¢, ¢; € C.
In order to determine ¢y, ¢; we integrate by parts in (37):
. s(t) s
I(x) = zeﬁe H40)

e (50N e
700 =, (w))e s e

Repeated integration by parts then yields the asymptotic expansion of [ as discussed in [10]. For
a moment let us replace s by s — p, which shall be the pointwise approximation error. Thus, if
we require (s — p)(x,) = (s — p)(ns1) = 0, the integral I(z,1) is of order O(eh,,), provided
(S;,p )/ is well defined and bounded. And if (s;,p )/ is even continuously differentiable, a further
integration by parts yields I(z) = O(&?). Since this asymptotic behavior is desirable, we now
choose p as the solution of the generalized interpolation problem

p(n) = s(wn), P(Tni1) = 8(Tng1) -

This implies

Sntl _ Sn
Sdn.t,.l n Sn

cg=—————— and c¢y=— —C1pn, (40)
Pnt+1 — Pn “n

where we use the abbreviation s,, = s(z,), and analogously for ¢, ¢’. Replacing s by p in [
yields the quadrature

I(z) = q(x) = / p(t) e gt = iee‘gw(t)(qﬁ—clw(t)—iecl)ﬁ:x : 41)

Lemma 4.1. Let s, € C%([a,b]) and let |¢'| > & > 0 for all x € [a,b]. Then there exists a
constant ¢ > 0 independent of € and n, such that for all x € [z, x,+1] C [a,b] it holds

[I(x) — q(x)] < chi min(e, hy), (42)
[ (#n41) = q(@nr)] < chy min (hy7"eb) . (43)

Proof. Let us start with the integral
J(x) = I(z)—qz) = / (s—p) (t)e_é‘p(t) dt . (44)

By assumption, |¢'(z)| > § > 0 for all € [z, x,11]. Hence, ¢ is invertible (without restriction
of generality let ¢ be increasing) and we substitute £ = (t) in (44), yielding

o(x)

B p(z) s—p . _ig B B _ig
(@) = / m)( - )(90 (€)eide — / CmmeeEE G

Here we set g(&) = (ﬁ)(gp‘l(ﬁ)) and m(§) = ¢y + €. By construction, 7 interpolates g

at the points ¢(z,,), ¢(xn41). Since s,¢’ € C?*([a,b]), so is g. The theory of polynomial
interpolation [16,22] thus yields the following error representation for £ € [p(z,), ©(Tn41)]:

o€ —7(6) = ¢ (c(enEATNEZEnn))

for some (&) € [p(xn), 9(Tns1)]. This yields the uniform estimate

(o(2n) = @(Ens1))
2

9(&) == < [lg?], < chy, (46)
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and c is independent of n. From [16] we get an estimate for the first derivative of the interpolation
error. There exists a &, € [p(xy,), p(Tn41)], such that it holds for all £ € [¢(z,), o(@h11)]:

') =7 ©) < [|¢?.]¢ ¢
Hence it holds for all x € [z, z,,41] (using (45) and (46))
[J(@)] < [e(@ni) = @lan)lchy < chy.

< chy. (47)

Moreover, integration by parts in (45) gives

o(z) o(z) .
: —ie [ gy e
(zn) »

E=p (@n)

Thus, the estimate (42) follows from (47). Since 7 interpolates g at the boundary points
o(xy), ¢(xn11), we find (with another integration by parts)

' o(Tnt1) ) ;
J(ne) = —ie / R GERL
P (Tn

i

P(Tn+1) o(ni1) i
= (i) g—m) (e + (ie)? / (9—m)"(§) e =€ d¢.
(%2}

§=p(zn)

This yields
|J(2p41)] < cmin (%83, e'h2, °hy,)
which is equivalent to (43). ([l

To get a quadrature for I' from (34) we apply the scalar quadrature given by (40), (41)
to each (off-diagonal) component of I'. Let us denote the matrix valued phase function of E. by

® = diag(éy, ..., da), i c.
Eu(z) = ¢2*@  with @(z) = / Ly dr.
Hence it holds (sce (36)) a
pij(2) = di(x) = ¢;(2) = (Daw)),; and  gj;(x) = Xi(z) = Aj(@) = (Drw)),; -

We denote with P = P(z) € C?*¢ the matrix valued analogue of the interpolation polynomial p
from (38). With the notation of Sec. 3 it reads:

P(z) = D@ © (C)+Cl ® Day) - (48)

From (40) we obtain
Cf = (Sw1©D;,  —8,®D; )@ ((Da,,, — De, +1d)®—1d) (49)
Cy = S, 0D; —C{® Dy, . (50)

Here -@ denotes the matrix with componentwise reciprocal elements. Since (48)—-(50) is just a
compact form to write the (componentwise) interpolation function p;; we get the quadrature

Q' (z) = ic e 220 (Cy + Cf ® Doy — isCll)ei(I’(t) |‘;xn : (51)

Componentwise application of Lemma 4.1 yields
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Corollary 4.2. Let L,S € C*([a,b],C™?) and let Assumption 2 hold. Then there exists a
constant ¢ > 0 independent of ¢ and n, such that for all x € |x,,, x,+1] C [a,b] it holds

7' (z) = Q" (x)|| < ch? min(e,hy), (52)
[ 0r) = Qo) | < o min(h2He). 53

It remains to find a discretization for the second oscillatory integral I%(z, ;). As a first step we
replace I'(x) in (35) by Q'(x). This yields an error of at most O(ch?) in the integrand. Hence,
there exists a constant ¢ > 0 independent of ¢ (and n), such that

Tn+1

Hﬂmww- M()Q(x) dr

Tn

< cshi.

In order to make the following formula more readable we define the matrix function

P'(z) = Cj+C{® Dy —icCy . (54)
Hence it holds

Q' (z) = ic e‘ié(t)Pl(t)egé(t) |f::r ;

which yields

Tn41 Trg1 v .
/ M(:L‘)Ql(x) de = ig M(;E)e—g‘b(m)Pl<x)eg<I>(m) du
n Zjn-&-l i .
cie [ M@)o e P, et o

In

Tn+41 . .
= i€ / e~ 2@ S ()P (z)e=®@ dx

—ie I'(Tpy1) ¢z 2n) pl (xn)egé(x") :

For I'(x, 1) we already computed an approximation. Since the remaining integral is of the same
type as I' (replace S by SP'), we can use the same quadrature for the off diagonal elements and
shall get the same error estimates (with a different constant ¢, however). Thus we set

5% = Sp!, (55)
Ct = (S7.,. 0D, —S:0D;)© ((Ds,,, — Ds, + Id)P—1d), (56)
C; = S2oD; —C{oDs, (57)
and the quadrature for the off diagonal elements reads
Q% (1ny1) = e e~=20 (C§ + C7 ® Doy — isCf)eié(t) ;Z;:L : (58)

But, in general, the diagonal of S? is not zero. Hence we also have to find an appropriate
quadrature for

/ - diag (e_g‘b(m)SQ(x)eéq’(m)) de = / - diag (S*(z)) d .

Since this integral is independent of € we can use a standard (polynomial based) quadrature. Due
to the desired order with respect to h,, we choose the trapezoid rule, which yields

Tn+1
[ ding (8%(2) do - Qlglansa)

< chy,
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with a constant ¢ > 0 independent of ¢ and n and

Quglnr) = 2 (diag(52,,) + ding(2)) (59)
Finally we define
Q*(2nt1) = Q?ﬁag(ﬂ?nﬂ) + Qg (1) (60)
and hence get the quadrature error estimate
| i) = (@ (1) — Q' @na)e eI P (e @] | < el (1)

Thus we have proven

Proposition 4.3 (Local error). Let S, L € C?([a,b], C™*?) and let Assumption 2 hold. Further
let 0 <n <N —1andlet P(x,), Q" (2n11), Q*(ny1) (and the related quantities) be given by
(49)—(60). We define

ATL = Ql<xn+1) )
B, = e [QQ(%H) - Ql(ﬂfnﬂ)e_i@(x")Pl(ﬂfn)e?(%)} :
Than there exists a constant ¢ > (0 independent of € and n, such that

[etan) = (1+2, +2B,)s(w)]| < ezl min B2t

Remark 4.4. Let the assumptions of Proposition 4.3 hold. Then it follows from (53) in Corollary
4.2:

“An“ = ||Ql(xn+1)|| < H[l(ﬂfn-s-l)H +chy, km:%)%(hi_kfk)-
Due to (39) every component of I'(x,11) is at most of order O(g). Further || I'(z,+1)| is of
order O(h,,) which yields
|A.ll < cmin(h,,e).

It is easy to see, that ¢y, cy from (40) are bounded as h,, — 0. Hence the same holds for C{,C}

and consequently for P, and finally for S* = SP'. Thus we can use the same argument as
before and deduce from (61)

|Boll < cmin(hy,,e).
This yields the estimate
|Id+eA, + B, || < 1+ cehy,

which guarantees stability and hence convergence of the one step scheme (OSS) from Proposition
4.3.

4.1. Pseudo-code of the scheme

Here we shall write the numerical scheme from Sec. 4 in a pseudo-code. Let a = 2y <
x1 < --- < xy = bbe our grid and let 2" denote the approximation of z at the grid point z,,. We
start with 20 = z,. Assume we have already computed the quantities* S,,, L, Dy, ®,,Ds,, E. ,
and 2".

(1) compute Sy, 11, Lny1, Pry1, and B, ;11
(2) compute D} and Dy, ., by (26)

“*Here the lower index n denotes the exact quantity evaluated at the grid point x,,.
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(3) compute C} and C] by (50) and (49), i.e.
Cl = (Sen©Dp,, = 8.0 D; ) ©((Da,, = Do, +10)%-1d),
C; = S,®D; —C{®Dsg,.
(4) compute P! and P, by (54):
P, = C;+Ci©®Dg, —icCy,
1 = Cy+Cl®Dsg,,, —icCl.
(5) set S2 =S, P,, S2,1 = S,11 P, and compute (see (56), (57))
Ci = (S, 0D, —S:0D;) 6 ((De,,, — De, +1d)¥—1d),
C; = SioD; —C{®De,
(6) compute (see (51))
Q' (wnt1) = e |[El,\Pr By — EX PIE.,].
(7) compute (see (58))
Q% (Tpy1) = ic e =% (C +CF © Do, — i&Cf)eééJ‘
(8) compute (see (59))

n+1

j=n"

ho /. :
Qhi(tnsr) = (ding(S2,,) + diag(52))

(9) set Q*(xny1) = Q?liag('rn-‘rl) + Q24 (Tn41) (see (60))
(10) compute A,,, B, as defined in Proposition 4.3:

A, = Ql(xn—&-l) )
B, = e [QZ(%H) - Ql(xnﬂ)e—é@(n)p;eé@(n)} :
(11) compute approximation of z at x,,1:
A (Id +eA, + €2Bn)z”
(12) update quantities for the next interval, i. e.
Spn="S5n11, Ln=Ln, Dy =Dy

Lpy1

(I)n - (I)n—l—l y DCIDn - D<I>n+1 y Es,n = Lgn+1-

5. Numerical results

In this section we illustrate the convergence behavior (stated in Proposition 4.3) of our
numerical approximation to the solution z of the IVP (32). The results are derived with the
scheme from Sec. 4. The procedure how to approximate 7., R., S, ® is not discussed in this
work. For a detailed discussion of the algorithm to compute these variables we refer to [5].
Anyhow, the numerical integration of the phase ® usually incures an additional error for the
original, oscillatory function u from (12) or (22). This situation is the same also for scalar ODEs
(cf. Th. 3.1 in [2]).

We shall compare our one step scheme (OSS) to the Adiabatic Midpoint Rule (AMPR)
from [18]. That integrator is a space-symmetric two-step scheme, which yields a convergence
error of order O(c°h?) for the function 1 defined in Lemma 2.3. If we would want to have the
same error behavior for the original function u, we also have to impose the step size restriction
h < /e (when using the Simpson rule to approximate the matrix valued phase ®). Using a
higher order quadrature rule for ®, would weaken this restriction on h.
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Let us choose a family of equidistant grids. Let g € N, and define forn =0,...,29 =: N,
the grid points

b—a
N

g

¥ = a+nh, with h,:=

For integers g; < g9, the grid corresponding to g; is a (coarser) subgrid of the go—grid. Hence no
interpolation is needed when comparing solutions on two grids. To generate error plots we fix a
finite number of indices, e.g. g = 2, ..., 14, and use the numerical solution on the finest grid as
reference solution. To illustrate the convergence behavior of the OSS (w.r.t. the step size h, and
in dependence of ) we shall give the relative L'—error.

Figures 1-3 show the relative L'—error of z for the example, which is already used in [18]
to illustrate the performance of the AMPR (for the details of this example see Sec. 5.1). The
graphs in Figure 4 are the relative L'—errors of the variable z, computed with the Kane model of
Sec. 2.1. We used the following data: a = 0, b =p(z) = 1, E = 2, V(2) = 102(3 —x), Ey(z) =
sin®*(27z) + 3.

In Figure 1 we plot the theoretical error prediction of Proposition 4.3, with a fitted leading
constant. This behavior is reflected quite well in Figure 2, where we used almost exact values
for the coefficients appearing in the IVP (32). 1. e. we use the approximation of S, L, ® from the
finest grid also for the coarser ones. For the simulation of Figure 3 the coefficients S, L, & were
approximated -as it will be done in practice- on the same grid that was used for the solution of
the IVP. In the Figures 2, 3 we also observe the error threshold at about 1074, resulting from
the Matlab computations in double precision.

The numerical experiments confirm the theoretical results. We observe the O(g%h?)
convergence behavior for the AMPR as discussed in [18]. So, the error of that scheme (for
the variable 7 from Lemma 2.3) is uniform in ¢, but it does not decrease as ¢ — 0. However,
our OSS shows an even better error behavior than predicted in Proposition 4.3. While for large
step sizes h the graphs of the z-error behave like O(e3h°) (which coincides with the theoretical
estimate), they seem to turn to an O(¢?h?) behavior, if h gets small enough (see Fig. 3, 4).
This is a “better” convergence property than the predicted O(e'h?) behavior from Proposition
4.3. This behavior was also described in Sec. 3.3 of [2], and it is due to cancellation effects in
successive integration steps. The Figures 2—4 also illustrate the asymptotic correctness of our
OSS as € — 0, even for rather large values of h.

Both methods, the OSS and the AMPR are subject to the fact that (in general) the
transformation back to the original variable u introduces an error of the order O(e~'). This is
due to the multiplication of z (and 7) with the highly oscillatory matrix E.(z) = exp(:®(z)).
Since @ is approximated with the Simpson rule (which yields an error of O(h?) for ®) we get
an transformation error of O(e7'h?). This explains the step size restriction mentioned in the
beginning of this section. But if the matrix valued phase function ® is exactly known®, the error
behavior of z, ) carries over to u. In this situation our OSS yields much better results for u than
the AMPR — with approximately the same numerical effort.

5.1. The example from [18]

The following example is not related to two-band Schrodinger models. But since it has been
studied in the literature [18], it serves as a convenient test and comparison for our method. We

3E. g., piecewise linear functions V, F/¢, p in the Kane model lead to an exactly integrable phase.
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Fig. 1. Plot of the functions 20 min(5e2h?, &%) (solid lines) and 8h? (dashed

lines) for different values of ¢.
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Fig. 2. Relative L!-error of the OSS for z (solid lines) and the AMPR [18] for 7
(dashed lines) for different values of €. “Exact” evaluation of S via interpolation
is used.
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relative L'~error in 1 (AMPR) and z (OSS)
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Fig. 3. Relative L'-error of the OSS for z (solid lines) and the “adiabatic mid-
point rule” from [18] for n (dashed lines) for different values of . The function
S is numerically approximated as discussed in [5].
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Fig. 4. Relative L'-error of the OSS for z related to the Kane model of
Sec. 2.1.“Exact” evaluation of .S via interpolation is used.
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shall solve the IVP

2" (x) + A(x)Y(z) = 0, rel:=[-1,1],
¢ ¢0 S (C27
V(@) = e,

—~
S
~—
I

with

o r+3 4] ?
Alz) = ( J 2$+3> ’

and 0 > 0 some fixed parameter. The diagonalization A = U*AU is given by

M) = (B3R 0 ?
N 0 Sp+3— Va2 + 452 ’

vy = (S D) win e = T+ forean ().

Since A is positive definite on [—1, 1], we transform (as for the k - p-model in Sec. 2.2)

o= AN, w=ey,
which yields the first order IVP for v(x) = (vy(x), vo(z))? € C*:

, 1/ 0 A Ai' A3 0
- = 2
v < A o >v+ ( 0 0 )v, (62)

v = ( 5% )

The first matrix of (62) (which we denote by L) has the decomposition L = iQ* LQ with®

o == (1 H)euw. tw-(y O )erwt.

Thus, the equivalent first order IVP for u = Qv reads

=

M=

, o A%(a:) 0
dw) = LM )+ B ), (63)

u(a) = % ( i 1 > ® Ula) ( %€(¢3¢0 ) , (64)

10 . 1 1 i1
B = <0 1>®(U’U)+§(_Z. 1>®(UA2A2U).

In the numerical example we use 6 = 1. If § gets smaller, the eigenvalues of A(x = 0) approach
each other. This situation is a so called avoided eigenvalue crossing and needs a special numerical
treatment. Both schemes, OSS and AMPR, yield poor results for small 9.

with

®Here ® denotes the Kronecker (or tensor) product for matrices as defined in [7].
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6. Appendix: The diagonalization matrix () for the two-band % - p—model

For the two-band % - p-model we can explicitly compute the transformation matrix () and the
eigenvalues of L. The matrix L is given by

0 0 vVE, 0
i 0 0 0 VEs
N —V B 0 0 p ’

0 -V E2 ip 0

where we set £y = E — V and Fy = EF — V + E,. The characteristic polynomial x reads
X\ = M+ (@*+ E + E)\ + EE,.

Hence, the four (imaginary) eigenvalues of L are

A= i%\/pZ—FEl + By 4+ +/(p® + B, + E,)? — 4E\F; .

An eigenvector corresponding to the eigenvalue ) is

v — (_ iV EpEs V By _ ipks 1>T
’ A ) )

N4p2+E) N AN+ pr+E

Since \ is a root of X we get

NN+ p 4+ E) = —E(\+E),
which yields
vy = (fp\/ﬁl , \/NE_Q, = z'pj\ , 1)T.
A2+ By AN+ E
Let i), ..., 4\ be the four pairwise different eigenvalues of L. Hence it is
L = iQ'LQ,
with L = diag(Aq, ..., \s) and
U1 V4

@ = (fp )

with corresponding eigenvectors vy, . . ., U4.
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We consider electrons in a circular nanoring of zero width, in magnetic field, and with Rashba spin-orbit interaction.
We include the Coulomb interaction in the the “exact diagonalization” manner. The Coulomb interaction has strong
effects on the spin polarization which may be totally different than for noninteracting electrons. Our current results
include up to four electrons, but this number can easily be increased.

Keywords: quantum ring, spin-orbit interaction, Coulomb interaction.

1. Introduction

The spin-orbit interaction (SOI) of electrons in semiconductor nanostructures is in the
center of the research in spintronics. This interaction mediates the influence of electric fields on
the spin orientation of electrons, and thus the conversion of electric currents into spin polarization.
Two well-known models of SOI are usually considered, one produced by the two-dimensional
confinement of the electrons or Rashba [1] and another one due to the inversion asymmetry
of the bulk crystal structure or Dresselhaus [2]. The strength of the Rashba SOI, a, may be
modified with external electric fields created by external electrodes or gates, which is the main
idea of the Datta-Das transistor [3], whereas the strength of the Dresselhaus SOI, j, is fixed by
the crystal structure and by the thickness of the quasi two-dimensional electron system [4,5]. In
addition, in the presence of a magnetic field, an important effect on the electron spin is played
by the Zeeman interaction which is determined by the effective g—factor, ¢g*, which depends on
the material energy-band structure, being very small in GaAs but more that 100 times larger in
InSb. Initial suggestions for spin-operated electronic devices were based on the Zeeman effect,
but later this was deemed impractical because in general it is more desirable to achieve spin
manipulation via an electric field than a magnetic field [6].

These three parameters, «, (3, and ¢g*, determine together the spin polarization of electrons
in quite a complicated way. Spin states and spin currents have been intensively studied on ring
models [7-12]. Most works, however, do not include Coulomb interaction, or if they do, they are
restricted to the simplest case of exactly two electrons like Refs. [11,12]. Our model can treat
a larger number of electrons, in principle limited only by the computational restrictions. In this
paper we include up to four electrons.

If neither the Rashba nor the Dresselhaus coupling strength are negligible, then there
will be a charge inhomogeneity on the ring. The density will have two maxima at angles %’r
and %” [10]. However, in our paper we consider only the Rashba SOI in combination with the
Zeeman effect and the Coulomb repulsion. We use a discrete model of a 1D quantum ring. We
describe the Coulomb effects completely using the method of exact diagonalization, also known
as configuration interaction.
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2. Ring model

We consider a one-dimensional circular quantum ring of radius R in a magnetic field B
perpendicular to the plane of the ring described by the vector potential A = B/2(—y, z,0). The
general Hamiltonian of one electron with spin-orbit interaction is,

H=Ho+Hz+ Hgso , (1)

where Hp = p?/2m* is the orbital Hamiltonian, with p = —iAV +eA and m* the effective mass
of the electron in the semiconductor material, H; = (1/2)g*upBo. is the Zeeman Hamiltonian,
g* being the (material specific) effective g-factor. Hso = (a/h)(0.p, — o,p.) is the Rashba
spin-orbit Hamiltonian, with o the SOI coupling parameter and o, . being the Pauli matrices.

We will use a discrete representation of the Hamiltonian, by defining N, sites around the
ring. All sites have the same radial coordinate R. The angular coordinates are ¢, = (j — 1)d¢p,
where j = 1,2,..., N, and d¢ = 27/N,, is the angle between consecutive sites with the same
radius. After a standard (symmetrized) discretization of the first and second angular and radial
derivatives on this grid', we obtain the Hamiltonian in the position representation where the
Hilbert space is spanned by the ket-vectors |jo), where the integer j corresponds to the angular
coordinate and 0 = +1 denotes the spin projection in the z direction. Such a discrete Hamiltonian
has been often used in the recent literature [8,9, 14].

In the basis {|jo)} the matrix elements of the orbital Hamiltonian are obtained as follows:

1 i
(t@ + 3—2t23) i1 — (t@ + th) Sjjia1

We denoted T = h*/(2m* R?) which we will use as energy unit. We will also consider R as
length unit. We obtain the angular hopping energy, ¢, = 1/d¢® (in units of T), and t5 =
heB/(m*T') the magnetic cyclotron energy. As usual h.c. denotes the Hermitian conjugation of
the previous terms.

The matrix elements of the Zeeman Hamiltonian are simply diagonal in the spatial coor-
dinates,

<jU|Ho|j/0/> = T(SUU/ + h.c. . (2)

. . 1
(jol|Hzlj'o") = 5 Ttsrod;y 3)

where v = g*m*/(2m,.) is the ratio between the Zeeman gap and the cyclotron energy, m, being
the free electron mass.

For the spin-orbit Hamiltonian we obtain:

1 192;

(jolHsolj'o") = ZTta{E [0 (9)] o G357+ it? [00(05) + 00(9541)] s 5jj’+1} +hoc (4

where t, = a/(RT) is the spin-orbit relative energy, while o,(p) = 0, cosp + g, sinp and
0,(p) = —0,sin ¢ + g, cos ¢ are the radial and angular Pauli matrices, respectively.

The single particle states corresponding to the Hamiltonian (1), Hv, = €,1,, are cal-
culated as eigenvalues and eigenvectors of the matrices (2)—(4). The eigenvectors are in fact
spinors, meaning that the wave function of a quantum state a at any lattice site has the form

IThe first and second derivatives of any generic function f(z), are approximated as f'(z) =~
[f(z+h)— f(z—h)]/2h and f"(z) = [f(x + h) + f(x — h) — 2f(z)] /h?, respectively, where h is considered
sufficiently small.
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Yalpj) = >, Vao(j)|o), where U, ,(j) are c—numbers. Using now the single-particle states
{1.} as a basis we write the many-body Hamiltonian in the second quantization as

1

H= Z eaclc, + 3 Z VabchlCZCdCC : (5)
a abcd

where ¢! and c, are the creation and annihilation operators on the single-particle state a. The

matrix elements of the Coulomb potential V(r — r') = e*/(k|r — 1'|), k being the dielectric

constant of the material, are in general given by

Vabea = (Yo (1) 06 (r) [V (r — 1) [Y0e(r)a(r)) - (6)

In the present discrete model the double scalar product is in fact a double summation over all
lattice sites and spin labels

Viea = Tt 3 0300 () ) a7 ™
jo, '’ s
The new energy parameter introduced by the Coulomb repulsion is t¢ = €*/(kRT). In the above
summation over the sites the contact terms (j = j') are avoided, their contribution vanishing in
the continuous limit.

The many-body states are found by solving the eigenvalue problem for the Hamiltonian
(5), H®, = E,®,. We do that by using the Hamiltonian matrix in the noninteracting many-body
basis (Slater determinants), {|a) = [i,19,...,i%)}, where i¢ = 0,1 is the occupation number
of the single-particle state ¢, and K is the number of single-particle states considered. The
occupation numbers are listed in the increasing energy order, so €y is the highest energy of the
single-particle states included the many-body basis. For any |a) we have > ¢ = N, which is
the number of electrons in the ring. It is straightforward to derive the matrix elements ,, using
the action of the creation and annihilation operators on the many-body basis. This procedure is
known as “exact diagonalization” or “configuration interaction”. It does not rely on any mean
field description of the Coulomb effects (like Hartree, Hartree-Fock, etc.), and it can be made
convergent with K for a sufficiently small number of electrons, and a sufficiently small ratio of
Coulomb to confinement energies, ¢¢.

To be able to carry the numerical calculations in a reasonable time we consider a small
ring of radius R = 50 nm containing N < 4 electrons. The discretization is done in 100 angular
points (sites). Common semiconductor materials used in the experimental spintronics are: InAs
with m* = 0.023m,, ¢* = —14.9, k = 14.6, and estimated (or possible) values for the Rashba
SOI a ~ 20 meVnm; InSb with m* = 0.014m,,g* = —51.6,x = 17.9, and o ~ 50 meVnm
[4,5]. The relative energies which we defined are: for InAs ¢, = 0.60, tc = 2.9,y = —0.17;
for InSb ¢, = 0.92, to = 1.5,7 = —0.36. In our calculations we have considered material
parameters somewhere in between these to sets, v = —0.2 and ¢~ = 2. Since in general the SOI
coupling constant may be tunable we have considered it variable, such that 0 < ¢, < 2,

3. Results
3.1. Single-particle states

The single-electron eigenstates of the one-dimensional ring are analytically known. The
Hamiltonian commutes with the total angular momentum .J, = L, + S, and in the continuous
limit (/V,, — o0) the eigenvectors are (see for example [10])

_ 1 ilp Clo
V) = \/—2—7r€ ( _ge_ge® > ; (8)
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Fig. 1. (a) The lowest 10 energies of the single particle states vs. the SOI strength
to. The magnetic energy is small, {5 = 0.1, such that the spin spitting is small.
The spin spitting of the ground state is only barely visible. (b) The expected value
of the spin projection along the z direction .S, in units of A, in the ground state,
vs. tqo, for tg = 0.1,0.5,1.0,1.5,2.0. The thicker line corresponds to the energy
spectrum shown in (a). (¢) The spin orientation around the ring in the ground
state, for t, = 0.5 and ¢35 = 0.1 The angle with the z axis is about 27°.

where [ = 0, £1, £2, ... is the orbital quantum number, and we have used the notations ¢; 11 =
cos(6;/2), ¢;—1 = sin(6;/2). The angle 6, is defined as

0, = tan~' ( t, H+2+is , )
4l+2—|—tB—2’}/tB

which is the angle between the direction of the spin and the z axis. We see that for zero magnetic
field (tz = 0), or for zero g-factor (v = 0), this angle is independent on the state. Obviously, in
the absence of the SOI (¢, = 0), §; = 0 or 7, i. e. the spin is parallel or antiparallel with the 2
axis. The energy spectrum corresponding to the eigenfunctions (8) is

R o \* 1 o2 Vg 0
Ea_( +§+ZtB_2cosel) —Z(tan 2 +J2cost91' (10)

In Fig. 1 we show the energies of the single particle states obtained with the discrete
model with 100 sites, in the interval of SOI strength 0 < ¢, < 2 (units of 7"). The magnetic
energy is tp = 0.1 (units of 7"), which corresponds to a magnetic field strength of 0.013 Tesla. In
this case the spin splitting is small, as seen in Fig. 1(a). The states are (doubly) spin-degenerate
in zero magnetic field (Kramers degeneracy) for any ¢, # 0, but for ¢, = 0 only the ground
state is doubly degenerate, the other states being degenerate four times. Not all intersections
of the energy lines shown in Fig. 1(a) are real intersections. States with the same total angular
momentum in reality repel each other and lead to avoiding crossings, but for the parameters used
in this work this effect is not visible. (See for example Ref. [12].) Due to the SOI the energy of
the states with S, parallel to the effective magnetic field produced by the orbital motion decreases
with increasing t,, i. e. the states with 0 = +1 and [ > 0, or ¢ = —1 and [ < 0. For the other
states, with 0 = —1 and [ > 0, or 0 = +1 and [ < 0, the energy increases. In Fig. 1(b) we
show the total spin in the ground state for several strengths of the SOI and magnetic field where
a transition from spin-up to spin-down can be seen at strong SOI. The thicker line is calculated
for the energies shown in Fig. 1(a), with t5 = 0.1 and a spin transition at ¢, ~ 1.7. The interval
0 < tp < 2 corresponds to 0 < B < 0.26 Tesla. In Fig. 1(c) one can see the spin orientation in
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the ground state for {5 = 0.1 and ¢, = 0.5. Since the magnetic field is small this angle is in this
case close to tan~'t, = 27°, according to Eq. (9). So we see that the results obtained with the
discretized ring coincide with those corresponding to the continuous ring, given for example in
Ref. [10].

3.2. Many-particle states

We will discuss now the results obtained for more electrons. In Fig. 2 we compare the
energy spectra for the first 10 states vs. the magnetic energy for N = 2,3, and 4 electrons,
without and with Coulomb interaction. Since the Coulomb interaction is invariant at spatial
rotations and independent on spin the total angular momentum is still a good quantum number.
In other words the Coulomb term mixes many-body states with the same tofal J,, and thus
possibly with different spins. The spectra shown look different from the single-particle case,
more or less like ’spaghetti”, but they are not very different with or without interaction. Most of
the low-energy states decrease with increasing ¢, because they are built on single-particle states
with S, along the effective magnetic field. There are two main effects of the interaction: One
is the shift all energies to higher values, due to the net Coulomb charging. The other effect
is that different states have different energy dispersion with £, and so the level intersections
or level repulsion may occur totally differently than in the absence of the Coulomb interaction.
Consequently the spin states and the spin transitions may be totally different.

In Fig. 3 we show the total spin projected along the z direction, in the ground state,
for several values of the magnetic energy. Because of the spin degeneracy, the results at zero
magnetic field are not shown, but for the states shown they are very similar to those at ¢tz = 0.01,
As before the thicker lines are calculated with the same magnetic energy used for the energy
spectra, here tg = 0.5. At this magnetic energy, the ground state for two electrons is close to a
singlet type, or a spin compensated state, both with and without interaction, with 0 < S, < 0.08,
as long as ¢, < 1.55, Fig. 3(a) and (b). Around this SOI strength, an intersection of the ground
state with another state occurs in both cases. For the noninteracting case the new ground state
is still of a singlet type, whereas for the interacting case it is mixed with a triplet state such that
S, = 0.55. At a lower magnetic energy, like {5 = 0.01, the ground state in the interacting case
becomes again singlet at 5 = 1.86. At higher magnetic energies the ground state becomes triplet
at zero or low SOI first in the interacting case (for example at {5 = 1), and then also for the
noninteracting case (for example at tg = 1.5).

More transitions can be seen for N = 3, for the interacting vs. the noninteracting case.
For example at {5 = 0.5 in both cases the total spin is 0.5 at zero or low SOI strength, but at
to ~ 0.3 S, becomes almost 1.5 with interaction, but almost —0.5 without interaction, as seen in
Fig. 3(c) and (d). For N = 4 and t5 = 0.5 again a spin compensated state is preferred by the
noninteracting system in the ground state for any SOI strength shown, whereas the interacting
system has a configuration with S, ~ 1 at zero and low SOI strength (three spins up and one
down), as shown in Fig. 3(e) and (f). All these results are consequences of the mixing of different
spin states with the same total angular momentum due to the Coulomb interaction. Examples
with two electrons are also published in Refs. [11,12].

Finally in Fig. 4 we compare the total spin for N = 3 and N = 4 electrons with and
without Coulomb interaction, for equal SOI and magnetic energies, t, = tp = 0.5. For N = 3,
as described above, the projection of the total spin in the z direction is close to —0.5 (actually
S, = —0.42), but for the interacting state is close to 1.5 (actually S, = 1.39). Obviously the
quantized half-integer values are mentioned here only as reference values which have a meaning
only in the absence of the SOI. In the next example, for N = 4 we compare an almost spin
compensated state in the absence of the Coulomb interaction, S, = 0.01, with a a spin polarized
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Fig. 2. Energy spectra of the lowest 10 states for NV = 2, 3, and 4 electrons without
Coulomb interaction, ¢t = 0 in panels (a),(c),(e), and with Coulomb interaction,
tc = 2, in panels (b),(d),(f). The magnetic energy is tg = 0.5. The variation of
the energy with the SOI strength increases with the number of electrons and so
the scale on the energy axes has been enlarged with N.
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Fig. 3. Total spin of the many body states with N = 2,3,4 electrons, with-
out interaction, i. e. {¢ = 0 in panels (a),(c),(e), and with interaction, with
tc = 2, in panels (b),(d),(f), in the ground state, for magnetic energies tp =
0.01,0.5,1.0,1.5,2.0. The thicker lines are for the same magnetic field as the
energy spectra shown in Fig. 2.
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Fig. 4. The total spin orientation for N = 3 and N = 4 electrons, without

Coulomb interaction, ¢t = 0, and with Coulomb interaction, ¢t = 2, in the
ground state. The SOI energy is ¢, = 0.5 and magnetic energy is tz = 0.5, like
in Fig. 2.

state in the presence of the Coulomb interaction with S, = 0.91. The excited states (not shown)
may have totally different spin magnitude and orientations. In principle the direction of the total
spin, which for N = 1 is given by the angle 6, is also determined by a mixing of states in the
presence of the interaction. At low magnetic fields this angle is only slightly dependent on the
state for the single particle states, but this variation may become much larger for the many-body
states.

4. Conclusions

We calculated the many body states of a one-dimensional ring with N < 4, electrons
with Rashba spin-orbit and with Coulomb interactions, in the presence of a magnetic field per-
pendicular to the surface of the ring. The Coulomb effects are fully included in the calculation
via the “exact diagonalization” method. We used material parameters comparable to InAs and
InSb materials. We observed strong (even dramatic) effects of the Coulomb interaction on the
spin polarization both in the ground state and in the excited states which are illustrated with few
selected examples.
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Polymer nanocomposites based on polyolefins and layered clay minerals (smectites) are multi-layered structure.
Even unfilled polyolefins (polyethylene, polypropylene, etc.) are structurally heterogeneous environment consist-
ing of amorphous and crystalline phases. Adding filler further complicates the structure of the material. The
results of computer simulation of interaction of silicate inclusions, crystalline supermolecular formations in the
matrix (spherulites) and its amorphous part. Composite is modeled as a square periodicity cell with inclusion
and spherulites. Inclusion was a pack of silica plates separated by thin layers of polymer. Spherulite modeled as
“snowflakes” of crystallized lamellae (band areas with an ordered arrangement of polymer molecules). Problem was
solved by finite element method in nonlinear-elastic formulation (plane strain).

Keywords: microstructural stresses, polymer-silicate nanocomposite, spherulitic structure.

1. Introduction

Currently, nanocomposites based on polyolefins and layered clay minerals (smectites)
are becoming more common in various industries. In the past decade [1,2] around the world
has seen rapid growth in the number of publications and patents relating to the process of their
construction and study of the mechanical properties of a huge increase in the funding of basic
and applied research on this issue. For such systems, managed to achieve a substantial increase
in elastic modulus, strength, fire resistance, resistance to thermal warpage, improved barrier
properties with respect to the diffusing substance. However, despite the obvious achievements,
analysis of the known publications shows that this branch of materials science from the standpoint
of understanding and explanation of accumulated factual material developed more clearly not
enough. Therefore, the task of theoretical study of the formation of the mechanical properties of
nanocomposite systems based on the features of their internal structure, is important and relevant.

Polymer nanocomposites based on polyolefins and layered clay minerals (smectites) are
multi-layered structure. Even unfilled polyolefins (polyethylene, polypropylene, etc.) are struc-
turally heterogeneous environment consisting of amorphous and crystalline phases. Adding filler
further complicates the structure of the material.

2. Structure of nanocomposites

The structure of these systems is a mixture of many thin silicate plates with thickness
of about 1 nm and lateral dimension of 30 nm to several microns, placed in a polyolefin ma-
trix [3]. Filler particles can form individual crystallites (taktoid) from several (several tens) of
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parallel plates or placed on the volume of material randomly. In the first case, called intercalated
nanocomposites, in the second - exfoliated (Fig. 1).
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Fig. 1. Schematic representation of the dispersion models layered silicate in
polymer matrix: (a) conventional, (b) intercalated nanocomposite, (c) exfoliated
nanocomposite

Structural heterogeneity of these systems is not limited to the presence of nanofillers.
Matrix itself may also contain a variety of supramolecular structures, in particular the spherulites.

Spherulites - the most common type of morphological formations for crystallize out of
melt semi-crystalline polymers.

Spherulite size depends on the supercooling during crystallization. Spherulites have a
scale of 0.1 - 1000 microns. For polyethylene in the usual conditions of crystallization of the
diameter of the spherulite reaches approximately 100 microns. Spherulites - polycrystalline for-
mations consisting of lamels arranged in a “snowflake”. Lamella in the spherulites - a relatively
large thin plates (polietilen) separated by amorphous layers. Lamella growing from a common
core in the center of the spherulite and embedded in a matrix of amorphous material [4].

3. Model of the mechanical behavior of nanocomposites

Problem was solved for plane-strain state of the finite element method [5-7]. Taktoid
consisted of ten elastic parallel plates of thickness 1 nm and a length of 80 nm. The distance
between the plates in the unloaded state was 1 nm. Spherulite was modeled as a structure in the
form of “snowflakes” of crystallized lamellae with the stiffness is much higher than the material
in the surrounding matrix. Believed that the matrix material in the gaps tactoid, spherulite and
around as incompressible and can be described by Treloar elastic potential:

W =C,(tr B —3) (1)
where B - the Cauchy-Green left tensor in the polar decomposition of deformation gradient
medium, O, - elastic constant equal to half the initial shear modulus. For polyethylene, it
corresponds to 80 MPa. It is known that the modulus of the individual plates of silicate (Na*-
montmorillonite) close to the module glass (49000-78000 MPa), which is about two orders of
magnitude higher than the module polyethylene. It was therefore decided that the stiffness of the
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filler particles is 150 times greater than that of the matrix (72,000 MPa). Stiffness of the filler
particles is 150 times greater than that of the matrix. Stiffness of the material “branches” of the
spherulite is 10 times higher than the filler (matrix).

Seen several cases of the location of the spherulite with respect to taktoid:
e Composite without spherulitic structures;

e Spherulite in the center of the periodicity cell without silicate plates;

e Spherulite in the center of the periodicity cell with silicate plates;

e Spherulite formed on the surface of silicate plates;

On the basis of the solutions were evaluated effective modulus of the nanocomposite
depending on the location of the spherulite in the composite. We used a standard method of
regularization, widely used in mechanics of composite materials. Composite is regarded as a
system with a regular ordered structure, which greatly simplifies the calculations, since all the
necessary information can be obtained from the analysis of the periodicity cell. This method
has worked well for small and medium filling (10-20 by volume), ie while irregular mutual
arrangement of particles and their interactions did not become the determining factor in shaping
macroproperties heterogeneous environment (as occurs in highly filled systems) [8].

4. Results

The results of the calculations showed that the presence of spherulites in the composite is
not substantially affect the macro-module as the input composite silicate particles. The greatest
increase in modulus was observed when the spherulite is located on the plates taktoid (Fig. 2). In
this case, the module compared to the option when the matrix contained only taktoid increased
by 12%.
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Fig. 2. Dependence of the modulus of the nanocomposite depending on the
location of the spherulite. 1 - pure polyethylene, 2 - composite without spherulitic
structures, 3 - spherulite in the center of the periodicity cell without silicate plates,
4 - spherulite in the center of the periodicity cell with silicate plates, 5 - spherulite
formed on the surface of silicate plates.
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Fig. 3. Dependence of the modulus of the nanocomposite depending on the
orientation of the plates relative to axis stretching. 1 - spherulite formed on the
surface of silicate plates, 2 - composite without spherulitic structures.

Figure 3 shows the results of the calculation module, depending on the orientation of
the plates relative to the axis stretching for two options: a spherulite is formed on the surface
taktoida and without spherulites. The appearance of the spherulite leads to some increase in the
rigidity of the cell.

5. Conclusion

Calculations showed that for this case the location and form of spherulites, their presence
in the composite is not substantially affect the macro module of the composite as the introduction
of silicate particles. The greatest increase in modulus was observed when the spherulite is located
on the plates taktoid. In this case, the module compared to the option when the cell had only
inclusion, increased by 12%.
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This article examines the theoretical description of the mechanical behavior of elastomeric nanocomposites based
on butadiene styrene polymer, and several species with different filler volume fraction in 30phr and 5Ophr. To
construct the determining equations we use the scheme, whose points are connected by elastic, viscous, plastic and
transmission elements. To describe the properties of each element used well-known equations of nonlinear elasticity
theory, the theory of nonlinear viscous fluids, the theory of plastic flow of material in the finite deformation of the
medium. To obtain the constants of the model used stepwise algorithm. Used in the experiments (cyclic loading,
relaxation and creep) can get more information about the viscoelastic properties of rubber.

Keywords: polymer nanocomposites, styrene butadiene rubber, filler.

This article examines the theoretical description of the mechanical behavior of elastomeric nanocomposites
based on butadiene styrene polymer, and several species with different filler volume fraction in 30phr and 50phr.
To construct the determining equations we use the scheme (Fig. 1), whose points are connected by elastic, viscous,
plastic and transmission elements [1]. To describe the properties of each element used well-known equations of
nonlinear elasticity theory, the theory of nonlinear viscous fluids, the theory of plastic flow of material in the
finite deformation of the medium. To obtain the constants of the model used stepwise algorithm [3]. Used in the
experiments (cyclic loading, relaxation and creep) can get more information about the viscoelastic properties of
rubber.
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Fig. 1. Schematic of the model of the mechanical behavior of rubber



Mechanical properties of polymer nanocomposites 43

1. Tested materials and experiments

Experiments were conducted on eight of elastomeric nanocomposites based on butadiene
styrene polymer, and three kinds of filler including a carbon black, with surface modification for
two fillers (Tab. 1). Volume fraction of filler 30 and 50 phr. The materials provided by Lanxess
(Leverkusen, Germany).

Table 1. Nanocomposite formulation

Nano- Polymer filers
composite | S-SBR precip. Silica | Carbon | Silane
code name | Buna VSL | Aerosil | Aerosil | Black | TESPT
5025 R974 200 N330 | SI69
1 100 30
2 100 50
3 100 30
4 100 50
5 100 30 2.4
6 100 50 4
7 100 30
8 100 50

In previous studies, we used the special experiments with a complex cyclic loading
condition [3]. Each cycle contained a stretch at a constant rate, stress relaxation under constant
tension, unloading at a constant rate and creep. Experiments proposed type give a large amount
of information about the mechanical properties of the material. On one sample in one experiment,
the data on the softening of the medium on the first cycle of deformation (Mullins effect), the
viscoelastic properties of the relaxation and creep. Determination of constants of the model can
be implemented step by step, using a constant discovery of new information obtained in the
previous steps.

In this paper, our experiment consisted of seven cycles. Each cycle consisted of a load
at a constant rate to the multiplicity of extensions in this series, stress relaxation under constant
tension, unloading of material at a constant rate to zero strain and the rest of the material. Data
for each cycle are shown in Tab. 2, and the experiment in Fig. 2. As a result of this experiment,
we observed the effect of softening Mullins on the first cycle of deformation of the material.
The next two cycles, the strain rate was changed so as to assess the influence of speed on the
viscoelastic properties of the materials. In the experiment can be clearly seen (Fig. 2) that there
is no difference in mechanical behavior of material at a deformation rate of 20% per minute,
and 50% per minute and 100% per minute (see 1,2 and the third cycle in the Tab. 2). The next
cycles of deformation had the multiplicity of elongation less than the maximum that we could to
construct an equilibrium curve of the material using the bottom points of relaxation. Under the
equilibrium curve we mean the limit for experimental stress relaxation with time equal infinite
at a given multiplicity of extensions. In this paper, we interpolate the equilibrium curve of the
median line between the curve of loading and unloading for the multiplicity of extensions A\ <2
and the lower points of relaxation for 4,5,6 and 7 cycles. For the equilibrium curve viscoelastic
processes in the material already completed and we can use the model to determine the elastic
properties of the material.
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F/s,, MPa

Fig. 2. The experimental data - solid line, the equilibrium curve - dotted line

Table 2. Algorithm of the experiment

number loading relaxation unloading rest
of to to zero stress | of material
cicle | extensions | deformation rate time deformation rate time
1 2.5 100% per min 30 min 100% per min 30min
2 2.5 20% per min 30 min 20% per min 10 min
3 2.5 50% per min 10 min 50% per min 10 min
4 2.35 100% per min 10 min 100% per min 10 min
5 24 100% per min 10 min 100% per min 10 min
6 2.45 100% per min 10 min 100% per min 10 min
7 2.5 100% per min 10 min 100% per min 10 min

2. Model of the mechanical behavior of rubber

The mechanical behavior of rubber is described by the model schematically represented
in Fig. 1, where each point corresponds to a particular set of constitutive equations. The scheme
shows how the tensor nonlinear equations are combined into the system of equations used to
calculate the complex viscoelastic behavior of the medium deformed in an arbitrary way. The
algorithm for constructing constitutive equations consisting of separate groups of equations (elas-
tic, viscous, plastic, transmission) is described in detail in work [1]. The model uses the approach
that is based on additive decomposition of the deformation-rate tensor of the medium into the
deformation-rate tensors of the scheme elements [2]. The internal scheme points are required to
meet the condition of correlation of the Cauchy stress tensors [1]. The scheme for the mechanical
behavior of the material involves transmission, elastic, viscous and plastic elements that corre-
spond to the folowing equations. The material is assumed to be incompressible. The deviator of
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the Cauchy stress tensor of the elastic element is calculated from the equations of the theory of
elasticity

devTi:deV( Z/\ >®n,§>>,

in which the mass density of the medium free energy f depends on the extension ratios of elastic
elements.

2 2 2 5 5 5 7 7 7
f=f< AP AP AD AG AG AP A AD A0,

where )\gi), /\g), /\g) and n né’), né) are the extension ratios and eigenvectors of the stretch
tensor V; of the i-th elastlc element . Time variations in the tensor V; are calculated by the
evolution equation.

2 . -
Y DY " =Y -Y; Wi - WrY,;,, Wgr=RR"

v

The formula uses the following notations:
Y, =Vm, 1, >0,

where R — is the rotation tensor in the polar decomposition F = VR of the strain gradient
of the medium F into the left stretch tensor V and the rotation R; v, is the ratio of the m-th
transmission element, which is connected on the left to the elastic element under consideration.
The rate of work done in the i-th elastic element is determined by the formula

P Vm Of @)1 (@)
T; D, —,OZ . ——Z =AY In(A)).
aM Vi 4= 9NV

The structural deformation of the elastomeric binder fraction and the macroscopic deformation
of the rubber differ significantly. This difference is taken into account by the transmission
elements. Application of these elements increases the strain rate tensor at the right point of the
transmission element by a factor of v, in comparison with the corresponding tensor at the left
point and simultaneously decreases the Cauchy stress tensor.

1 . .
left right left right
Dleft — — prisht  pleft _ ), rpright,

m

The deviator of the Cauchy stress tensor T'; of the viscous element is calculated from the equa-
tions of the theory of nonlinear viscous fluid using the appropriate strain rate tensor D) :

deVTj = 277] Dj,

For the n-th plastic element, the Cauchy stress tensor deviator is determined by the equations of

the theory of plastic flow
D,-D
Dn - . - d Tna
\/dean T

To complete the system of equations, the proportional relation between the strain rate tensors of
the plastic element D,, and that of the material is used D.

VD, D, = k, VD D,

where the term «,, is the non-negative function obtained from the relation

P { 0, when @, (T, ...) < gy,
" Cn(gn), when @,(T,...) = g,.
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The flow function ®,, that is used to formulate the criterion for the development of plastic
deformations in the medium is the function of the Cauchy stress tensor T of the medium. The
plastic deformation of the medium takes place only in the case when the flow function ®,, reaches
its maximum value over the entire history of the medium development.

gn = max P,,.

3. Results

In this article we have simulated the behavior of the elastic properties of the material,
which are described by 1, 2, 3, 4, 5 and 6 elements of scheme. Elastic properties of the material
describes the equilibrium curve, since at these points viscoelastic processes in the material over.
Therefore, the constants in the desired elements were chosen from the best convergence of
theoretical calculations and the equilibrium curve

First, we searched for the constants for 1, 2 and 3 of the circuit elements. Constants for
the third plastic element found with the residual strain after the first cycle of loading. Further
modeled the elastic properties described by the first and second elements of the scheme. Potential
of the medium takes the form:

3 3
1
v = (00 -3) + (L0 -3).
i=1 i=1 N
Simulation results for 1, 2 and 3 elements are shown in Fig. 3 for sample 8 (carbon black
with a mass fraction 50phr). Next, we model the elastic properties of fibers, which are described
using 4, 5 and 6 of the first elements of the scheme.

Fig. 3. Solid line - experimental data for the sample 8; bar dotted line - theoretical
calculation for the 1, 2, 3 elements; dotted line - the equilibrium curve
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The potential of the fifth elastic element is expressed as:

B 0, where &5 < 0,
W= 055)55, where & > 0.

and

1
26

Fig. 4. Solid line - experimental data for the sample 8; bar dotted line - theoretical
calculation for the 1, 2, 3, 4, 5 and 6 elements; dotted line - the equilibrium curve

Then the potential free-energy environment in the form sum. In Fig. 4, resulted in the simulation
results for sample 8 (carbon black with a mass fraction 50phr).

4. Conclusion

Proposed in the experiments provide information on the mechanical behavior of materials
with which to determine the equilibrium curve of the material under loading. With the help
of the model we have described (Fig. 3, 4) the elastic properties of the materials. Using the
experimental data and simulation results for the materials, we found a correlation between the
amount of energy spent on the softening of the material and the constants for 5, 6, 7 element
model. The experiments revealed that virtually no difference in mechanical behavior of material
at a deformation rate of 20% per minute, and 50% per minute and 100% per minute.
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Last years, fluid flows in nano-sized domains are intensively studied [1-4] due to nontriviality of observed ef-
fects and practical importance of this part of hydrodynamics. At present, there are no general equations of nano-
hydrodynamics. Usually, the molecular dynamics is used for computations. As for analytical approaches, the
simplest one involves introducing the slip condition at the boundary [5] together with classical hydrodynamics equa-
tions. The small scale of nanochannels gives us the possibility to use, in some cases, the Stokes approximation for
motion equations [6].

In this work we apply the planar Stokes model [7] with slip boundary conditions for describing nano-flows. We
have developed a method of flow calculation, which is based on the expansion of pressure in a complete system of
harmonic functions. Using the pressure distribution, we calculate the velocity field and stress on the boundary. This
method can be used for description of various problems of nanofluidics: hydrodynamics of nanochannels, flows

along superhydrophobic surfaces, etc.

Keywords: nanofluidics, Stokes flow, nanostructure.

1. Introduction

The equations of motion in the quasi-stationary Stokes approximation and the continuity
equation in the region g have the form:

a,BPa,B = O, X e€g, (1)

85‘/:3 =0, xe€g, (2)

where P,3 = —Pdas+ 11(0a Vs + 05V,,) is the Newtonian stress tensor; V,, are the components of
the velocity; P is the pressure; p is the coefficient of the dynamic viscosity, which is assumed to
be constant, d,4 is the delta symbol of Kronecker. Summation over repeated indices is assumed.
We take in account four types of boundary parts: inlet, outlet, solid wall and free bound-

ary. The total boundary + is the union of these parts.
On the inlet we specify the velocity field

Vo=Vt xeq™ 3)
On the outlet we use soft boundary conditions
0,Vo =0, x¢&~™", 4)

where 0, is the derivative along the normal to the boundary.
On the solid wall we specify slip boundary conditions

LoV, =V, V,=0, xe&r" (5)

where V. and V,, are the tangent and normal components of liquid velocity on the wall, L is the
slip length.
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On the free boundary we assume the action of the capillary force
P,sng = —ony,0sng, x € Afree. (6)

where o is the coefficient of surface tension.
The law of free boundary evolution is determined from the condition of equality of normal
velocity U of boundary and the normal component of liquid velocity at the boundary:

U= Vgﬂg, X € ’Yfree, (7)

The absence of the time derivative in the quasi-stationary motion equation (1) lets us
specify the initial conditions only for the shape of the free boundary:

,Yfree |t:0 — ,ytf)ree' (8)

In this work we take in account two-dimensional problems only (g C R?).

2. Calculation of the pressure and velocity with given force on the boundary

Let f, be the force applied to the total boundary . Then we can write one boundary
condition
Popng = fo, X €7, 9)
instead of boundary conditions (3)—(6). We need to remark that we really know the force f, on
the free boundary only. On other parts of the boundary we will calculate the force during the
solution. Let y,, and ¢/ be smooth fields in the region g related by

aaX,B + aBXa = 21/}5&,37 (10)

Multiplying the motion equation (1) by x,, , integrating over g , and using (2), (9), (10),
we obtain

[ Pods =05 [ foxad (1)
According to (10), v and x, are harmonic functions and
d(x1 +ix2) = (¥ + iw)dz. (12)

where w is a harmonic function conjugate to ¢. Let ¢, be a complete set of harmonic functions
in the region g. Using (12) we obtain the correspondent functions x ..

The complete set of analytical functions wy, in the finite region g with simple connected
boundary consists of functions z*,k = 0,1,.... We obtain the complete set of harmonic func-
tions v, in the form Re(wy ), Im(wy). According to (1),(2) the pressure P is a harmonic function.
We present it in the form

P=> pth. (13)
k

Using the expressions (11), (13) we obtain the algebraic system for coefficients py:

Y ¢ndg) pe = —0.5 | faXandy, n=0,1,.. (14)

The stress tensor, expressed in terms of the Airy function ¢,
Pog = 025 — 0apdi (15)

satisfies the equation of motion (1) identically. The Airy function satisfies the biharmonical
equation
Ap=0, xE€g. (16)
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The boundary conditions (9) take the form

878ag0 = ea,@f67 X e, (17)

where O, is the derivative along the tangent to the boundary. Integrating (17) from a fixed point
of the boundary to current one, we obtain

8a§0 = €ap /fﬁd’% Xen. (18)
X0
Using (15) and the expression for the Newtonian stress tensor, we obtain
d(0np) = 2pdV, + d®,,, d(Pq +iDy) = P + i1, (19)
where
0uPs + 03D, = 2P0,p, (20)

Q = (V4 — 01V3) is the harmonic function conjugate to P. Comparing (20) with (10) and
using (13), we get the expression for ®,,:

2= pov e
k
Therefore, we obtain the expression for velocity:
1
Vo= =—(0ap —P,), x€Eg. (22)
2p

On the boundary d,¢ was calculated above (18). To find ¢ (and, respectively, the velocity V,,)
in the region g, we solve the equation (16) with boundary conditions (18).

3. Calculation of the pressure and velocity with various boundary conditions

If the free boundary conditions are specified on the total boundary, then (22) gives us the
solution of our problem. In a general case (22) is true too, but on the inlet, outlet and the wall
the force f, is unknown.

On the inlet we can calculate the force with the help of (3) and differentiating (22) along
of boundary:

fo = —€ap(2u0; V3" + 0, @5), x €™ (23)
On the outlet we obtain the force using (4) by differentiating (22) along of boundary:
Jo = —noP — 1m0, ®5, x €. (24)
The slip boundary conditions (5) on the wall and (22) give us the force distribution
fo=—nafo+Tafr, x4 (25)
where f. = %n@&@@, fn = 70, (Cbg + fiﬁ[‘?L), K is the scalar curvature of the
boundary.

Expressions (23)—(25) contain P = > pyth, and &, = > prXar- By substituting these
K K

expression into (14) we obtain the system of algebraic equations concerning coefficients py. After
solving this system we obtain the pressure (13) and velocity distributions (22).
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In the paper the method of molecular dynamics is used to investigate the features of structure transformation,
which are taking place during the process of surface treatment. The force field of a cylindrical shape was used
to imitate the motion with constant velocity of hard indenter. The following parameters of tasks were varied: the
radius of indenter, initial immersion depths, surface roughness, number of passes and the initial position of the
indenter. Calculations were performed for the pure crystallites of copper and iron. According to the modeling the
treatment of the surface layer can leads to formation of numerous structural defects, which can provide effect of
nano-fragmentation of material near the surface. A comparison of surface topography before and after treatment
was analyzed also. Results of our study are in good agreement with experimental data.

Keywords: molecular dynamics, structure transformation, nano-burnishing.

1. Introduction

Performance properties of various assemblies and machine components are determined
by the qualitative characteristics of the surface layer, obtained during the finishing processing.
One of the modern efficient techniques of finishing processing surface of parts in mechanical
engineering is a method of surface plastic deformation, which is called burnishing. Established
that processing of surfaces by the burnishing can improve the wear resistance of parts by 20-
40%, fatigue resistance by 30-70%, resistance to contact fatigue by 20-40% [1]. Changing the
properties burnished surfaces is connected with the change in the structure of a thin surface layer
owing to plastic deformation. Under the influence of the indenter of burnishing tool a change of
orientation and shape of grains, which are crushed, flattened and stretched, forming the texture
of the surface layer is occur [2].

Investigation of the structural changes occurring in the surface layer of material directly
in the process of burnishing, it is extremely difficult. In this regard, methods for the numerical
simulation can be an important complement to experimental studies. However, models based
on the methods of continuum mechanics do not allow us to completely reveal the mechanisms
of structural rearrangements in the surface layer of the material. Therefore, the purpose of
this research was to study the origin and development of structural defects in the modeling of
nano-burnishing process by molecular dynamics method [3,4].

2. The object under simulation

As a model material for studying features of the process nano-burnishing was chosen a
copper crystal. Selecting an object of investigation is caused by available expertise of simulation
of such material and using previously verified the interatomic potential constructed within the
embedded-atom method [4, 5]. This potential describes with a high degree of accuracy the
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elastic and surface properties, and energy parameters of the defects of the modeled system.
The equations of motion were integrated with time step At = 0,001 ps. The calculations were
performed on a multiprocessor cluster Skif Cyberia using a software package LAMMPS [6].
The total number of atoms exceeds 1.5 million. The simulated crystal was oriented in such
a way that the crystallographic directions [100] [010] and [001] fcc lattice match the X, Y
and Z. Dimensions of the model sample in the direction of the coordinate axes were equal to
40.13 x 24.95 x 16.63 nm, respectively.

Schematic representation of the model sample is shown in Figure 1. At the initial stage
in the simulated crystallite the roughness of the surface layer with a maximum depth of 2.5 nm is
explicitly specified. The initial roughness was created by the removal of surface-layer atoms that
situated within the sphere of radius, which ranged from 0 to 2.5 nm. Center of the sphere was
located at the level of initial surface layer, and its position in the plane XoZ determined using
random numbers. In the Z direction were simulated periodic boundary conditions, repetitive
simulated fragment and, thus, allowing to simulate the length of the sample in a given direction.
The rest of the surfaces (along the X and Y) were simulated as free. The lower layer of atoms
(dark bottom layer in Figure 1) was fixed, simulating the substrate. Thickness of the substrate
was 0.73 nm. Over a layer of substrate was set a special "damping” layer of atoms, where the
procedure to reduce the kinetic energy accumulated due to dynamic loading was used. Using the
layer with the properties removing of heat simulates the length of the model sample in depth of
the material in the direction of the axis Y. The thickness of the damping” layer was 1.45 nm. His
kinetic temperature - the temperature obtained from the equality of thermal and kinetic energy,
was maintained in the range from 125K to 135K.
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Fig. 1. Schematic presentation of the simulated sample.

Process of burnishing was performed using an indenter, whose action has been realized
through the force field in the shape of the cylinder with certain radius and the axis along the
axis Z. Forces acted on the atoms that situated into this area in the direction of the axis of the
cylinder. The direction and magnitude of the force is described by F(r) = —K(r — R)* where
K — constant, r — distance from the center of the cylinder to the atom, and R — radius of the
cylinder, while at r > R F'(r) = 0. The process of burnishing the model material was carried out
using two indenters with radii differ by 4 times: 4 nm and 16 nm.

3. Burnishing by the indenter with a radius of 4 nm

The simulation results showed that the process nano-burnishing with a radius of cylin-
drical indenter 4 nm on a small spatial interval resembles the process of cutting or scratching.
When the horizontal movement of the indenter in front of it the bulge of the atoms of the upper



The features of structure transformation caused by nano-burnishing process 55

layer formed. As it moves, the height of the bulge is growing. This is clearly seen in Fig. 2 and
Fig. 3, which show the topography at different times of a single central layer of atoms arranged
in parallel planes XoY and the structure of the simulated crystallite with at time t = 2 ns. Arrows
indicate the position of the axis of the cylindrical indenter at a given time. If we compare the
surface profile before and after the passage of the indenter (for example, in Fig. 2 profiles at
t =0 and t = 2 ns), we can see that the characteristic size of the roughness of the surface layer
decrease markedly. The difference in the scale reaches the same order as that for data sizes of the
simulated pattern may be interpreted as an imitation of burnishing. Indeed, after the passage of
the indenter the surface roughness does not disappear completely, but it is burnished. Features of
the indenter (its small size or large radius of curvature) will lead to what generated in the course
of the movement bulge of the atoms of the surface layer should further increase the resistance
force to the movement of indenter. We should expect that at a certain magnitude of the force of
resistance to tangential movement the indenter starts to move in the Y direction over the surface
of the crystallite, thereby creating an induced periodic roughness due to the features of the pro-
cess. Such behavior can be compared with the results nano-burnishing within framework of the
dynamic instability of the process.
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Fig. 2. The surface profile of
model crystal at different times.
The arrow shows the position
of the indenter. At time t = 0
the indenter is over the surface
of the crystallite.

Fig. 3. The structure of the
model crystal at time t = 2 ns.
Indenter radius r = 4 nm.

To analyze the features of structural transformations in the process nano-burnishing al-
gorithm of the search of the local structural changes was used, which allows you to identify the
occurrence of defects such as dislocations and stacking faults in the fcc lattice. Description of
the algorithm is given in [7]. The results of research showed that in the bulk of the sample at
modeling process of burnishing numerous structural defects are appearing. There are dislocation,
walls of dislocations and stacking faults. During the movement of the indenter their numbers are
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growing, and they extend from the surface into the bulk material. Thus, as a result of plastic
deformation formed a modified surface layer with properties different from properties of the ma-
terial in bulk. Formation of numerous defects in the surface layer also means the possibility of
surface nanofragmentation and forming nanograin structure.

Fig. 4. 3D image of the local structural changes in the simulated crystallite at time t = 1.8 ps.

Fig. 4 shows the simulated fragment at the time when the structure of surface defects
was formed. Centers of the atoms with a local topology of the structural bonds of the fcc lattice,
marked with small spheres (defect-free areas). Centers of the atoms with a local topology of
the structural links is different from the fcc lattice are marked by large spheres. For better
visualization centers of surface atoms are marked by small dots.

4. Burnishing by the indenter with a radius of 16nm

Since the size of the indenter with a radius of 16 nm was comparable to the size of the
modeled fragment, the loading procedure to simulate the nano-burnishing process was differed
from the previous task. Thus, the initial position of the center of the indenter was set outside
of the modeled fragment. Then, as in the first case, the loading was divided in two stages:
indentation phase and horizontal motion of the indenter. Initially indenter was pressed into
a depth of 3 nm, comparable to the maximum surface roughness. As a result of interaction
with force field of indenter atoms start pressed out from the surface. After reaching a given
depth the procedure of so-called relaxation of the sample began. At this stage during the time
interval of 5 ps no additional external loading was applied on the modeled specimen, indenter
was unmovable and the system reaches the equilibrium state. In the second stage of loading the
motion of indenter alone the direction of X-axis (Fig. 5) with a constant velocity 10 m/s was
simulated. During the complete calculation the indenter moves along the X axis on the distance
of 56 nm.

According to the results of calculations in case of the indenter with radius of 16nm
behavior of the system are more close to the technological process of nano-burnishing. It is
because of smaller indenter curvature does not promote the formation of the bulge from surface
atoms in front of the indenter (Fig. 7). There are deformation and indentation of individual
roughs of the surface into bulk of the material. That gives rise to both plastic and a large part
of the elastic components of deformation of the surface layer. In the central part of the modeled
fragment burnishing of the initial roughness of the surface within the same order of magnitude
(from 2 nm to 0.5 nm) is taking place. However, a significant part of stored elastic strain due to
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vt
L.

Fig. 5. Schematic presentation of nano-burnishing. Indenter radius is 16 nm.

the influence of the indenter with small curvature, leads to the fact that after the loading (since
the passage of the indenter), the level of the surface increased by an average of 0.5 nm up to a
value of y = 22.5 nm (Fig. 6).
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Fig. 6. The surface profile of
model crystal at different times.
The arrow shows the position
of the indenter. At time t = 0
indentor is left and above the
surface of the crystallite

Fig. 7. The structure of the
model crystal at time t = 4 ns.
Indenter radius r = 16 nm

Structure analysis of the modeled fragment showed that much larger number of different
structural defects appears in the bulk of the sample in case of the indenter with a radius of
16 nm. This difference is the result of greater contact area and greater deformation. During the
movement of the indenter number of structural defects is also growing, and they extend from
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Fig. 9. Structure of the surface layer of steel 20X13: a) in the initial state and
b) were subjected to the burnishing of diamond processing.

the surface into the bulk of the material. Thus the result of plastic deformation is the formation
of a modified surface layer, which properties are differ from properties of the material in bulk.
Analyzing the cellular structure formed by many intersecting planes of stacking faults can also
talk about possible nano-fragmentation and grain structure formation in the surface layer of the
modeled fragment. Fig. 8. depicts the simulated fragment at a time, which corresponds to a
moment of structural defects formation near to surface area. Centers of the atoms with a local
topology of the structural links of the fcc lattice, marked with small spheres (defect-free areas).
Centers of the atoms with a local topology of the structural links is different from the fcc lattice
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are marked by large spheres. For better visualization centers of surface atoms are marked by
small dots.

In conclusion, we note that the results of simulations agree well with experimental studies,
obtained using scanning electron microscope Tescan Mira 3 LMU [8]. Fig. 9 shows the structure
of the surface layer of steel 20 x 13 in the initial state and subjected to burnishing procedure
by diamond spherical indenter with a radius of sharpening R = 4 mm with a force smoothing
P =230 N, feed S = 0,08 mm/rev, speed burnishing V = 100 m/min. It was established that the
nano-burnishing treatment changes the structure of a thin surface layer, namely, as a result of
plastic deformation the formation of fine-grained structure, which increases the microhardness,
elastic limit and yield strength of the surface layer [1] was observed.
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Stability of 2D triangular lattice under finite arbitrary strain is investigated. The lattice is considered infinite and
consisting of particles which interact by pair force central potential. Dynamic stability criterion is used: frequency
of elastic waves is required to be real for any real wave vector. Two stability regions corresponding to horizontal
and vertical orientations of the lattice are obtained. It means that a structural transition, which is equal to the change
of lattice orientation, is possible.
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1. Introduction

In work [1] stability of plane triangular lattice under finite biaxial strain was investigated.
Two stability regions, which correspond to vertical and horizontal orientations of the lattice, were
obtained both analytically and using MD simulation. It was shown that taking more than one
coordination sphere into account leads to a new effect: possibility of structural transition, which
is equal to the change of lattice orientation. In this work shear strain is added. Modeling based
on discrete atomistic methods [2] is proposed. The medium is represented by a set of particles
interacting by a pair force central potential, in particular Lennard-Jones and Morse. Direct tensor
calculus [3] is used.

Following [1,4,5], let us introduce the following notation to describe the geometry:

ap =T — T, (1)
where 1, is radius vector of a particle k, r, is radius vector of reference particle. If a lattice is
simple, then any particle can be named “reference”, each particle k£ has a pair —k and a_;,, = —a,,.

Triangular lattice is simple and close-packed: it coincides with its Bravais lattice and possesses
maximum concentration of nods in elementary volume V[, with the given minimum distance
between the nods. Let us refer to the geometry which is described by r, and a, as reference
configuration.

[¢]
Let V and V be Hamilton’s operators in reference and current configurations [3]:

° 0 0
=1 axz Y =1 aXl ( )
Vectors e, form an orthonormal basis. If vector r has projections z; in reference configuration,
then in current configuration r will turn into R with projections X; in the same basis.

Suppose that the lattice is subject to strain characterized by V R. According to long-wave
approximation [2, 6]

Akzl_%(r—gk)—l_%(r)%gk-%lj (3)
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Long-wave approximation takes into account those wave lengths that are much greater than the
interatomic distance. The thermal motion is neglected.

Morse and Lennard-Jones potentials are used in this work to describe the interaction
between particles

1(r) = D [ — 26 #G] - 1,(r) = D [(g)u —2 (%)6] . 4)
Here a is equilibrium distance in the system of two particles, D is the depth of potential well, 6
characterizes the width of the well. If § = 6, these potentials coincide in the elastic zone. Morse
potential is preferable in this work, because, firstly, it decreases faster, so less particles may be
taken into consideration, secondly, if » — 0 Morse potential remains finite.
Let F, = F(Ax) = —II'(Ax) be interaction force and Cy = C(Ax) = I1"(Ax) be the
bond stiffness, both calculated in current configuration. Then we can introduce

ék = A, Ay, 4ék = A A AL A, &y = Gy 4gk = G
F 1 1 4y 1 4 (5)

2. Stability criterion and deformation of triangular lattice
In the previous works [1,4, 5] the following stability criterion was applied
Q> 0, (6)
where (2 is determined from equation
det [D — QE] = 0. (7)
Here

D='C K, ‘C-E®+'B K-KK

= ==

K is a real wave vector. This means that frequency of elastic waves is required to be real for

any real wave vector.
2
| A

Fig. 1. Reference and current configurations

Fig. 1 shows the typical part of triangular lattice before and after deformation. In reference
configuration ar; = ay = 60°. It is sufficient to take only 0 < ¢ < 30° in account due to
symmetry and infiniteness of the lattice. It was shown in [1,5] that at least two coordination
spheres should be considered.

In 2D case (7) takes the form

0? — Qtr D+ det D = 0. ®)
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According to (6) roots of equation (8) are positive for stable current configurations. Thus,
stability criterion is

trD>0, detD>0, 2trD*— (trD)*>0. ©)

Inequality 2 tr l:)2 = (tr 2)2 > 0 is always true in 2D.
Let G = E--*C. The equations (9) yield

trD>0< G11K12 + G K1 Ky + G22K22 > O,
- (10)
det D > 0 < AK{ + BK{K; + CK; + DKYK> + EK K3 > 0,
where

G =Cu+Cy, Gia=Cu+Cy, Gay = Oy + Coy,
A=C 0y — O3, B =4C1,0y + 110y + C15Cy — 204,04y — 4CY,,
C = C1yCop — C3,, D =2011Coy — 4C1Cyy + 2014Coy, (1
E = 201505 + 2014055 — 4C45C4s.

Here C;; are the components of tensor‘C.

The left part of trD > O is a quadratic form in the components of the wave vector K
and K. It is positive definite, if

Gy > 0, 4G 1G9 — G%Q > 0. (12)

The left part of det D > 0 is a homogeneous polynomial of degree four. In this case, a
general analytical criterion cannot be constructed.

Due to the fact that both K; and K, may be equal to zero, two necessary stability
conditions are obtained, which help to narrow down the set of current configurations €1, €2, ¢

A>0, C>0. (13)

Then, there are two ways to obtain sufficient conditions:

(1) For each €1, €2, ¢ we can construct det D, and check it for a set of K; and K, (Monte
Carlo method). The inequality is homogeneous and even, so it is sufficient to consider
only —1 < K; < 1and 0 < Ky < 1, which increases the efficiency.

(2) We can divide det D by K3 and look into the problem of determining the coefficients so
that a fourth-degree equation has no real roots, again for each 1, €5, ¢. This method is
much faster, but it causes a problem of distinguishing between complex and real roots,
which leads to inaccurate results at the border.

In Fig. 2 stability regions, obtained by inequalities (12) and (13) and by the second method, are
drawn. Here €, and ¢, are linear parts of Cauchy-Green tensor. There are several points, marked
black, which were added by the first method. The stability regions are symmetric with respect
to the plane tg ¢ = 0. Two major areas correspond to horizontal and vertical orientations of the
lattice [1]. Two additional small stability areas are connected with square lattices at ¢ ~ 0° and
© ~ 26° (see Fig. 3).

Let us draw a series of stress-strain diagrams, e.g. Fig. 4. According to [2] Cauchy stress
tensor has the form

1
g = Wzk:ékEka (14)
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where V = v/3/2(1 + £,)(1 + ;). Grey zone in Fig. 4 corresponds to stability region, oy is
diagonal component of Cauchy stress tensor.

In Fig. 4 we can see, that the loss of stability is strongly connected with the sign of the
first derivative.

3. Concluding remarks

Stability analysis of 2D triangular lattice under finite arbitrary strain was carried out. In
addition to [1] shear was taken into account. Two stability regions were obtained, when more
than one coordination sphere were regarded, and a possibility of structural transition, which is
equal to the change of lattice orientation, was noticed. Monte Carlo and analytical methods were
used, and they proved to give practically equal results. Thus, Monte Carlo method can be applied
to more complex cases, where it is impossible to accomplish analytical investigation, e.g. 3D
lattices.
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Essentially nonlinear model of a crystalline bi-atomic lattice described by coupled nonlinear equations, is considered.
Its nonlinear wave solutions account for dynamic variations in an internal structure of the lattice due to an influence
of a dynamic loading. Numerical simulations are performed to study evolution of a kink-shaped dynamic variations
in an internal structure of the lattice. Special attention is paid on the transition from kink-shaped to bell-shaped
variations. It is shown how predictions of the known exact traveling wave solutions may help in understanding and
explanation of evolution of localized waves of permanent shape and velocity in numerical solutions.

Keywords: bi-atomic lattice, numerical simulations.

Introduction

The cardinal, qualitative variations of the cell properties, lowering of potential barri-
ers, switching of interatomic connections, arising of singular defects and other damages, phase
transitions require development of essentially nonlinear models of a crystalline lattice taking
into account deep variations in the structure. Recently such a nonlinear model of a crystalline
bi-atomic lattice has been developed in Refs. [1,2]. The variations in the internal structure are de-
scribed by coupled nonlinear equations which are derived for the vectors of macro-displacement
U and relative micro-displacement u for the pair of atoms with masses my, ms,

m1U1 + szz U1 — Uz
U = u= ——+ -2

)
my + Mo a

where a is a period of sub-lattice. The first variable allows us to describe macro-dispalcements,
while the second variable accounts for the reference displacement of the atoms in the lattice. In
the one-dimensional (1D) case, the coupled governing equations read [1,2]

pUy — E Uy = S(cos(u) — 1), (D

gy — Kz, = (SU, — p)sin(u). ()
Nonlinearity is introduced via the trigonometric functions that ensures description of translational
symmetry in the crystalline lattice. The 1D formulation allows some analytical solutions to
account for dynamic variations in the internal structure governed by function v while the strain
function v = U, accounts for an external loading of the lattice. Of special interest are bell-
shaped and kink-shaped localized solutions [3—7]. However, they belong to the traveling wave
solutions, hence they cannot account for arising of localized internal variations. In particular,
existence of the bell-shaped or kink-shaped dynamic structure depends on the phase velocity
as follows from exact solutions [3]. However, how one or another velocity may be achieved
from rather arbitrary input for © and v? Only numerical simulations may answer this question.
Previously the domain of the wave velocities has been studied where both macro- and micro-
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Table 1. Wave shapes for o = 0

v (051 — @) (ch=cgich) (chici+c)) > ch+6
Shape of v Tensile (4) Tensile (4) Compression Compression
(5) 4
Shape of u Kink Bell- Kink Kink
shaped
Choice of Q. @+ Q- Q+ Q+

bell-shaped strain waves co-exist [4—6]. Only some preliminary results obtained for the kinks in
Ref. [7]. Now we consider the kink-shaped waves for u. Like in Refs. [4-6] the use of particular
exact solution to design and describe numerical results is studied.

1. Exact kink-type solution

The function v may be found from Eq.(1) when all functions depend only on the phase
variable 0 = x — Vit — x4,
E—pVHUy — o
BVt ®

where o is a constant of integration. It is known that only bell-shaped exact localized traveling
wave solutions exist for the macro-strain v [3]:

cos(u) =1—

A
= 4
L Q cosh(k 0) +1’ @
A
- — _ 5
Y27 70 cosh(k 6) — 1 ®)
whose parameters are defined for two values of o, 0 = 0 and 0 = —25 [3]. Thus, for 0 = 0 we
obtain ) .
45 c; — V2—¢ D
A= =+L __ 0= — 6
R T R I - TP ) ©

where ¢ = E/p, ¢} = r/p, cg = S*/(p p).

Depending on the value of the phase velocity, see Table 1, Eq.(3) gives rise to the solution
for u in the kink-shaped or in the bell-shaped form [3-6]. In this paper we consider only the
former solution which reads

2_E .
u = =+ arccos <M+l> for 6 > 0, (7)
2_E .
u = £27 F arccos (M+l> for 6 <0, (8)

In particular, the kink-shaped solution exists in the interval (0;c? — c2) as follows from Table 1.
while the bell-shaped solution for v [3]

2 _
u = =+ arccos (w + 1) , 9)

exists in the neighboring interval of velocities (c2 — ¢3; 2 ). Previously we have obtained in [7]
that moving kink-shaped wave of internal variations v may arise in a lattice even if its initial
velocity lies within the neighboring interval (¢2 — ¢2;c%). The kink velocity is changed due to
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Fig. 1. Simultaneous propagation of localized bell-shaped macro-strain wave v
and the kink-shaped wave w in the interval of velocities prescribed by the exact
solution. Points of time correspond to the neighboring peaks. Final wave profiles
are allocated in bold.

variations in the amplitude of the input of external loading v. Now we call attention to the waves
evolution caused by variation in the relative position of the inputs for v and v.

2. Transition from kink to bell-shaped moving variations in the structure

To solve Egs. (1), (2) numerically the standard MATLAB routine ode45 is used [8]. The
parameters chosen are S =1, p=1,p =1, ¢g = 1, ¢, = 1.6, ¢; = 2, then the suitable for kinks
values of V' lie in the interval (0, 1.25). The initial condition for v is chosen in the form (4) with
(? = @+ and with initial velocity V. The condition for w is used in the form slightly differing
form that of described by Eqs.(7), (8), namely, u = 7(1 — tanh(k(x — z12))) where k = 0.25 is
chosen to be as close as possible to the shape of the solution (7), (8).

First the case is considered when initial positions z;; of the input for v and x5 of that of
u coincide and equal to 40 units. Shown in Fig. 1 is rather fast transition of the input « to that
of the exact solution (7), (8) and further simultaneous stable propagation of this kink with the
bell-shaped wave of v or an external loading. The velocity of the waves propagation lies in the
interval (¢ — ¢2; ¢%) prescribed by the exact solution.

The initial position of the inputs should coincide according to the exact solution. Small
difference in the relative position, x1; = 40, x5 = 37.5, yields perturbations on the profiles of
the waves propagating with the velocity from the interval (0; 2 —c?), see Fig. 2. Further increase
in the relative initial positions, z1; = 40, x12 = 36, gives rise to a splitting of the wave v into
two localized bell-shaped parts what is clearly seen at the final bold curve in Fig. 3. One can
see that one part continues to move together with the kink-shaped wave u while the second one
propagates faster. The last wave gives rise to an appearance of perturbations in the shape of u
trapped by this part of v. Finally, at larger relative initial distance, x1; = 40, x12 = 35, the initial
condition for u also splits into two parts as shown in Fig. 4. The kink-shaped part propagates
with corresponding part of v like in Fig. 3 while the new bell-shaped part moves faster together
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Fig. 2. Perturbations on the profiles of moving localized bell-shaped macro-strain
wave and kink-shaped wave u when its initial position is slightly shifted behind
that of v. Points of time correspond to the neighboring peaks. Final wave profiles
are allocated in bold.
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Fig. 3. Splitting of moving localized bell-shaped macro-strain wave v when the
kink-shaped input for u is shifted more behind that of v. Points of time correspond
to the neighboring peaks. Final wave profiles are allocated in bold.
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Fig. 4. Generation of moving localized bell-shaped micro-strain wave in a lattice
from the kink-shaped input for v whose initial position is shifted behind that of
v. Points of time correspond to the neighboring peaks. Final wave profiles are
allocated in bold.

with corresponding bell-shaped wave v with the velocity from the interval (¢ —c2; ¢ ) prescribed
by the bell-shaped exact solutions.

3. Conclusions

It is shown that exact kink-shaped solution prescribes well the velocity interval required
for propagation of the kink-shaped wave accounting for variations in the internal structure of
the lattice. However, variation in the initial positions of the inputs for u and v gives rise to
their splitting into two parts. These parts yield two pairs of the waves u and v propagating
with different shapes and velocities. However, correspondence between the wave shape and its
velocity is in an agreement with the analysis following from the traveling wave exact solution.
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B pabote npoBeaeHO MOJIEKYIISIPHO-TMHAMHYECKOE UCCIIeI0BaHie KO PUIIMEHTA TEIUIOBOTO paciiupeHus (KTp) Ha-
HOKJIACTEPOB MeM cheprueckor 1 KyOuueckoi (popMbl B IIUPOKOM JHana3oHe pasmepoB. [{is aToro ObuT npoBeaeH
HarpeB HaHOKJAcTepa METOJOM CTOXaCTHUECKHX CHI. IIpu 3TOM dYepe3 ompenesieHHOE YHCIIO IaroB 10 BPEMEHH
MPOBOJIMIICS PACUET PsJa XapaKTEPHCTHK, B TOM YHCIIEC HaWACHBI JINHEHHBIE pa3Mephl HCCIIELyeMON HAHOCTPYKTY B,
ee 00beM u Temneparypa. Jlanee OblIM HaWAEHB! 3HAYEHUS KTP, IOCTPOSHBI €T0 3aBUCUMOCTH OT pa3Mepa 1 GopMbl
HaHOCTYKTYpbl. [lokazaHo, 4To K03((PUIMEHT TEIIOBOTO pacIIMpEeHUs! 3aBUCUT OT pa3Mepa HaAHOCTPYKTYpPHI U C
YBEIMYCHHUEM pa3Mepa NpHOIIKAeTCsl K 9KCTIEPUMEHTAIbHOMY 3HAUEHHIO ISl MaKpooOpas3IoB.

KaioueBble c10Ba: MOJIEKYISIPHO-ANHAMUYECKOE MOJCTMPOBAHUE, MEHBIH HAHOKIIACTEP, KO3()(UINECHT TEIIOBOTO
pacImpeHus.

1. Beeaenue

Kos¢ddummeHT TermmoBoro pacimmpeHus sBISETCS OJHOW M3 BAKHEUITUX TEPMOIMHAMHU-
YECKUX XapaKTePUCTUK MaTepUalioB U J0 HEJABHEI0 BPEMEHHU €ro HaXOIWJIM HCKIIOUUTEIBHO
U3 SKCHEPUMEHTAIbHBIX HccienoBaHUi. C MOSBIEHUEM BBICOKOIPOU3BOIUTENBHBIX (MOLIHBIX)
ANIEKTPOHHO-BBIYMCIUTENBHBIX CUCTEM MOJIYYHI Pa3BUTHE METOA MOJIEKYISIPHON JUHAMMKH, KO-
TOPBIM, MPU HAJIUMYUU MOTEHIMAJIOB MEKAaTOMHOI'O B3aUMOJAECMCTBUS AJIA BELIECTBA, MO3BOJISIET
YHCIEHHO PACCUMTHIBATh U 3Ty XapaKTEPUCTUKY MaTepuanoB. J[0 HacTOALIEr0 BpeMEHH Ko3(-
(GUIMEHT TEIUIOBOTO PACIIUPEHUs] HAXOAMICS METOAOM MOJICKYJISPHON NWHAMUKU AJI CUCTEM C
MCIOJIb30BAHUEM NEPUOIUYECKUX TPAaHUUYHBIX YCIOBUH (cM., Hampumep, [1-3]). A 3To 03HadaerT,
YTO MOJEJINPOBajIach MAKPOCUCTEMA U HalJICHHbIN KO3(()ULIMEHT HE OMUCHIBAET CBOMCTBA HAaHO-
CTPYKTYp. B TO e BpeMms, aBTOphI paboThl [4] HA OCHOBE aHAIU3a IKCIEPUMEHTATBHBIX JTAHHBIX
C/IeTali PeoIoKEeHHE 00 ONPeCISIONIEH POy pa3nuaus KO3 PHUINEHTOB TEIUIOBOTO PACIIH-
peHMsI TBEPAOH M KUAKOM (a3 MeTajia Ipy KpUcTau3anuu. MMy ObLI peasioKeH caeiyonmii
MEXaHU3M KpHucTaiu3anuu. Kpucramimueckue KiacTepsl ¢ pa3MepaMu NopsKka HAHOMETPOB, SIB-
JISIOUINECs 3apOAbIIIaMUA KpUCTATU3aluu [5], UMEIOT KO3 QUIIMEHTHI TEIIOBOTO PACIIUPEHUs
MPUMEPHO Ha MOPSIOK OOJbIE aHAJOTHYHOM XapaKTepUCTUKH KUAKoH (assl. [Ipu moHmxeHun
TEeMIIEpaTyphl paciulaBa KPUCTAJUIMYECKHUE KJIacTephl YMEHBIIIAIOT CBOU pa3Mephl OOJbIIE, YeM
OKpy>Karomas xuakas gaza. 3To 00ycIoBIMBaET BOSHUKHOBEHUE IPaJeHTa HAMPSHKEHU B 00b-
eMe, H3MEHSIONIETO Tpoliecc Tud@y3un aToMOB U3 KUAKON (a3bl K KPUCTATUIMUECKOMY KIIacTepy,
YTO B CBOIO OY€pEAb 3HAUUTENIHHO BIIUSET HAa CaM IMPOLECC KPUCTAJUIU3ALNH.

[TocTaBieHHas mpobiieMa ornpeaenanyia Heo0X0AUMOCTb HCCIIEI0BaHUs 3aBUCUMOCTH KO-
3¢ dunueHTa TEIIOBOrO PaCIIMPEHHsI METAIIIMYECKUX HAaHOKJIACTEPOB OT pa3MepoB U (Gopmsl. B
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paboTe MPOBEICHBI pacyeThl sl CHEPUICCKUX M KyOMYECKUX HAHOKJIACTEPOB MEIU C pa3MepaMHu
oo 9 uM.

2. dusnyeckas cucTemMa

Jns vccnenoBaHus BIUSHUSA pa3Mepa U (GOpMbl HAHOCTPYKTYP Ha TEPMOIMHAMHUYECKUE
CBOICTBa MPOBE/IEH MOJIEKYIAPHO-AMHAMUYECKUN pacueT KO3 QUIMEeHTa TEIIOBOTO paciliupe-
HUS KJIacTepoB Menu cepuueckoit u kyomdeckoir ¢popmbl, umeronux ['TIK-cTpykrypy. Beiopana
opueHTtanus kpuctaios [100]. Pazmepsl paguycoB HaHocdep Bapbupyrotcs ot 20 mo 90 A, a
pasMepsl pedbep ky6oB — ot 40 mo 120 A. Kak M3BeCTHO, CBOICTBA METANIOB MOXHO OICATH
TOJIBKO C IMOMOIIBI0O MHOTOYaCTHUYHBIX MOTEHLHAJIOB MEXAaTOMHOIO B3auMopaeicTBus. B cBs3u
¢ otuMm [loy u backecom [6,7] Obul mpeanokeH MHOTOYACTUYHBIN MOTEHIIMAT B3aMMOACHUCTBUS
aTOMOB B METaJulax C IPaHELEHTPUPOBAHHON KyOMUYECKOW pEeIIeTKOM, KOTOpPBI paccCuuThIBaET-
csl B MPHOJIMKEHUH TaK HAa3bIBAEMOT0 «MeToja BHeApeHHoro aromay (MBA). B nanHom ciydae
BBIpa)KEHHE JIJIsl IOTEHIMAIBHOW SHEPTHH UMEET CIEAYIONIyIo Gopmy:

U= ZE(PZ) +%Zz¢ij (rij),
i i g
TI€ p; — NMEKTPOHHAS TUIOTHOCTH B MECTE PACIIONIOKEHHS aTOMa ¢ HOMEPOM i, BBI3BAHHAs MPH-
CYTCTBHEM OCTAIIbHBIX aTOMOB B cucTeme. Jlisi €€ pacdera MCIONb30BATUCH YCPEIHEHHBIE M0
YIUIy SJIEKTPOHHBIE TUIOTHOCTH CBOOOIHBIX aTOMOB f; (T), BHIMHCIIEHHBIE TIPH TOMOIIU TEOPUH
Xaprpu—®oxka. Takum 06pa3oM 3JIEKTPOHHAs! IUIOTHOCTb OyIET MMETh BHL:

pi= fi(ry).
J#i
[TapHble TOTEHIIMANIBI OMUCHIBAIOT OTTAIKWBAHUE aTOMOB:
by (r) = 225 (1)
r

a 3 deKTUBHBIH 3apsa atoma Z, (1) MOHOTOHHO YMEHBIIIAETCS C YBEIHYCHHEM PACCTOSHUS 32
CYET IKPAaHUPOBKHU. 3aBUCUMOCTH F' (p) BBITEKACT M3 YCJIOBHS YIOBJICTBOPCHHUS CHCTEMbI YHHU-
BEPCAJIbHOMY YPaBHEHHUIO COCTOSIHMSI, MPEIOKEHHOMY B [8], COMIaCHO KOTOPOMY CBSI3b MEXAY
KOT€3MOHHOM AHeprueil u oobeMoM siueiiku Burnepa-3eiina a1 HIMPOKOro Kiacca BELIECTB OIU-
CBHIBACTCSl YHUBEPCAIBHON 3aBUCUMOCTBIO C MPUBJICYCHUEM BCETO JABYX IapaMEeTPOB.

Paszputuem uzeit [loy u backeca siBuiack pa3paboTka 3HaYUTEIBHOTO KOJIMYECTBA IO-
TeHIUATbHBIX QyHKIUH Turma MBA minsa nemoro psaa I'IIK MeranioB u ux CIUIaBOB, YTO JIaJIo
BO3MOXKHOCTh HCCIIEIOBaTh X 0ObEMHBIE, IOBEPXHOCTHBIE CBOWCTBA, TAKUE KaK MOBEPXHOCTHAs
pernakcalus peieTky, CBOMCcTBa XuaKoro coctosHus [9]. Asropsl [10] npunanun MBA notennu-
alry TBEp/bI TeOpeTHUECKuil 6asmuc.

Opnako, st 0ojiee TOYHOTO OINMCAHUS SHEPreTHKU AePEKTOB YIMAKOBKH B KpHUCTAIIE,
MOTEHIMAIbHBIE (PYHKIIMH JOHKHBI YUYUTHIBATH B3aUMOJICHICTBHE aTOMOB B IEPBBIX TPEX KOOPIH-
HAIIMOHHBIX cepax. DTO CBA3aHO, HAPUMEP, C TEM, YTO aToMbI edekTa ynakoBku B I'LIK kpu-
CTaJlie JIOKAIbHO HAXOAATCS B CTPYKTYpe reKcaroHabHo# minotHoynakoBanHoi (I'TTY) pemerku.
Otnuune ke pyHKImi paguanbHoro pacnpeaenenus ['TIK u I'TTY kpucTtamioB HAYMHAETCS TOIBKO
C TpeTheil KOOpANMHALMOHHOM cepbl. U3 3TuxX coobpaxkeHuil B paboTe NCIOIB30BANICS MOTEHIIH-
an B3aumozeicTBusa Boyrepa [11], KOTOpbIil yUUThIBa€T B3aUMOJEHCTBUE aTOMOB B IIEPBBIX TPEX
KOOpAMHAIMOHHBIX chepax. Oyukuun f(r), ¢(r) u F(p), paccuntanusle s KpuctamwioB Ni,
Pd, Pt, Cu, Ag, Al, nans1 aBropamu B TaOIIUYHOM BuUE. [ MX aHATUTUYECKOTO TIPEICTABIICHUS
B HACTOSIICH paboTe HCIOIB30BATNCH JOKAIbHBIE CIUIaiiHbl (B-craiinel) Tpetbeit crenenu. [lpu
TaKOM TIPEJCTABJICHUU WTOTOBBIM MOTEHIIMAT UMEET HEMPEPHIBHYIO BTOPYIO MPOU3BOAHYIO, UTO,
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663y€J'IOBHO, ABIIACTCA HCO6XOI[I/IMBIM IpHu HUCIIOJIb30BaAaHHUU YHUCJICHHOM CXEMBI BTOpPOI'0 mopsaka
TOYHOCTH 110 BPCMCHHOMY LIary.

2.1. Oxua:xxaeHme CHCTEMbBI

Bce pacueTsl MpoBeAEHBI METOAOM MOJEKYJISIPHOM JUHAMMKH C MCIIOJIB30BAHUEM CKO-
poctHoii Monudukanuu Bepie [12]. Illar no Bpemenn npu stoM 6bLT paBen 7 = 107%¢, a
NOJIHBIN npouecc oxyaxaeHus pmics 250000 maros no BpeMeHu. Jlanee, HaXOAUTCSI MUHUMYM
MOTEHIIMAIIBHOW PHEPTrUU CUCTEMBI C MOMOIIBI0 METOJa UCKYCCTBEHHOU BsizkocTu [13]. Takum
00pa3oM, HaXOJMJIOCh COCTOSHHE CHCTEMBI IPU TeMIeparype, OIn3Koi K aOCOMOTHOMY HYIIO,
YTO COOTBETCTBYET CTATUCTUYECKH PAaBHOBECHOMY COCTOSIHHIO KpHCTaJlla.

CyTb MeTOZIa HCKYCCTBEHHOM BSI3KOCTH COCTOMT B cienytomeM. Ha nepsom atane moaenu-
pOBaHMs BBIOMpatOTCs popMa U pa3Mep HaHOCTPYKTYpPBbI, KOTOPbIE ONPEAEIISIOTCS TOCTABICHHOM
3agaueil. OIHaKo, PACIIOIOKEHUE aTOMOB WJIM MOJIEKYJI B TAKOM CUCTEME COOTBETCTBYIOT HJICalIb-
HOM KPUCTAJLIMYECKON CTPYKTYpE ISl KOTOPOM M HAXOAMJICS IOTEHIMAI MEKAaTOMHOIO B3aUMO-
neiictBus. B cBA3M ¢ 3TUM, BCsSl CHCT€Ma HE HAaXOIUTCS B MMUHHMYyME IOTEHIMAJIbHOM 3HEpruu
U3-32 HaJW4us pa3BUTOM MOBEPXHOCTU. Bo3HMKaeT 3a1auya HaXOXKIEHUS PacIOIOKEHUSI aTOMOB
B MUHMMYyME MOTEHLUAIbHON SHEpruu. TpaaulnOHHbIE YUCIEHHBIE METO/IbI 3€Ch HE IPUMEHHU-
MBI, T.K. Mbl IMEEM CHUCTEMbI BKJIIOYAIOILIUE JIECATKU U COTHU ThHICSY aTOMOB WJIH, TO K€ CamMoe,
apryMEeHTOB B NMOTEHUUaIbHOU (yHKIMU cuctembl U (7“_1), 3, ....). B cBsI3M ¢ 3THM WCHONB3YeET-
Csl Ha IIPAKTHKE AMHAMUYECKUM TIOMCK MUHMMYyMa IOTEHLIHAIbHOU 3Hepruu. OH 3aKiro4yaercs B
TOM, 4YTO CUCTEME INPENOCTABISIETCS BOZMOKHOCTD BOJIOLMOHUPOBATE B COOTBETCTBUU C IMHA-
MUYECKUMH 3aKOHAMH MEXaHUKH, HO IIPU 3TOM BKIIFOYACTCSI JUCCUIIATUBHBIN MPOLIECC, KOTOPBIN
IPUBOJUT K YMEHBIICHHIO IIEPBOHAYAIBHOTO U30bITKA MOTEHLMAILHOW SHEPTUH CUCTEMBIL. B 3TOM

CJIy4ae Ha aTOMbl BCE BpEMsl IEHCTBYIOT JIMCCHUIIATUBHBIEC CWIBI [; = —yﬁ, TI€ P; - UMITYJIBCHI
aroMoOB, a V — KOX((PHUIMEHT HUCKYCCTBEHHOHW BSI3KOCTH. Bapuarust 5Tol BENTWYMHBI MO3BOJISIET
YCKOPHUTB WM 3aMEUIMTh IPOLIECC IBOJIIOLUU CUCTEMBI B COCTOSIHUE C MUHUMYMOM ITOTEHIUAIIb-
HOM sHepruu. Temneparypa Oonpenesnsaach 4epe3 XaoTHYECKYH0 COCTABIISIIOLIYH0 KMHETHYECKON
SHEPIUH aTOMOB CHCTEMBI.

3aBMCHUMOCTB TEMIIEPATypPhl CUCTEMBI B IIPOLIECCE OXJIAKICHMs ITOKa3aHa Ha puc. 1, a Ha
pHC. 2 —3aBUCUMOCTb U3MEHEHMsI IOTEHIIMAJIBHON dHEpruu cucteMsl. [lonydeHHbIe KOOpAUHATBI
Y UMITYJIbChI AaTOMOB HCIIOJIB30BAJIMCH J1aJI€€ B KAYECTBE HAYaJIbHBIX JIaHHBIX.

2.2. Pa3sorpes cucrembl

[Tocne oxyaxaeHUs] CUCTEMBbI, MOJTYYEHHbIE KOOPAMHATHI M UMITYJICHI aTOMOB HCIIOJb-
30BaJIMCh B Kau€CTBE HAYaJbHBIX JaHHBIX JJIS pPa30rpeBa HAHOCTPYKTYPHI C MOMOIIBIO METOAA
croxactTuueckux cui [14]. B pamkax »Toro mMerona pemaercs IUHaMUYeCKas 3ajada JIBUXKEHUS
aTOMOB TIOJ] JIEHCTBUEM CTOXAaCTUYECKHUX CHUJI, ONPEACIIIEMBIX C TTOMOIIBIO JaTYhKa CIIyYailHBIX
yucen. [lapamMerpaMu JOeHCTBYIOIIEH CIly4ailHOW CHJIbI SIBJISIIOTCA: CPEAHsISl 4acTOTa yoapoB w
BIOJIb KaXJI0H JeKapTOBOM OCH M aMIUIUTyAa fy, oOecrednBaromas npupocT KOMIOHEHTHI M-
myJIbca aToMa MpH OHOM yrnape Ap = foT.

Tak kKak KOOpAMHATHI aTOMOB IPU ydape HE MEHSIOTCA, CKOPOCTh pa3orpeBa B JaHHOM
ciyyae OIpeesnsieTcs IpUPOCTOM KUHETUYECKON SHEPIUHu:

3

AE (e Ap) () W SR (o
EZWZZ 5 " om Z%ZZ(2PiAP+(AP)2);
a=1 i—1 a=1 i—1

C MOCJEIYIOIIUM IEPEHOCOM SHEPruM W3 KHHETHYECKOM B MOTEHIHUAIbHYI0 COCTAaBIISIIOIILYIO.
IlepBoe ciaraemoe B ckoOKax B IPaBOil YaCTU 3TOT0 BbIPAXKEHUS IPU CYMMUPOBAaHUH oOpalaercs
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T, K AU 10-13pr

0 100000 200000 Nt 0 100000 200000 N.
Puc. 1. 3aBucumMocts TEM- Puc. 2. 3aBucumMocTs u3Me-
neparypbl OT YUCJIa IIaroB 1Mo HEHUs MMOTEHITUATBLHOU SHEp-
BpEMEHU TMU CUCTEMBI OT YHWCia Ia-

roB MO0 BpEMCHU

B HYJIb, TaK KaK CHy‘IﬂfIHBIC CWJIbl U UMITYJIbCBI HE KOPPCIUPOBAHHBI, U B UTOI'C UMCCM:

AE  3wN Ap)?

At %( p)”.
TakuM 00pa3oM, CKOPOCTh pa3orpeBa HE 3aBUCHT OT SHEPIUH KJIACTepa, B 3TOM U 3aKJIH0YAETCs
IVIaBHOE MPEUMYIIECTBO JAHHOIO Ccrocoba pa3orpeBa MO CPAaBHEHUIO C IIHPOKO HCIOJIb3yEMbIM
MaclTabupoBaHueM MMITYIbcoB. [lapamerpsl ciyuyaiiHO# cuiibl moaOUpaIrch B COOTBETCTBUU C
TpeOOBaHUEM PaBHOBECHOT'O COCTOSIHMSA KJIacTepa B KaXKAbIil MOMEHT Ipolecca pa3orpesa.

ITpu sToM uepe3 kaxzasie 25 K pasorpeB npekpaiaercs, U cUCTeMa pelakCUpyeT B Te-
yenue 107! ¢ K TEPMOIMHAMUYECKOMY PABHOBECHOMY COCTOSHHIO, KOTOPOE ONPENENAETCS M0
A-kpureputo Konmoroposa [15]. B onpeneneHHble MOMEHTBI BpEMEHH ISl BCEl COBOKYITHOCTHU
aTOMOB HAaXOJMJICS ITapaMeTp

A = VN max |[F* (p) — F (p)|

rne [ (p) — craructudeckas QyHKUMs pacipe/ieeHus 3HaYeHUH UMITyJIbCOB, a F' (p) — cooTBer-
cTByromIas Teopernueckas GyHkuus pacrpenenctus. C MOMOIIbIO MapameTpa A\ Ompenessiiach
BEPOSTHOCTD PEANU3AIMU TUIIOTE3bI O HOPMAIBHOM PACIIPE/IeICHHN

+oo
Py=1- Y (—1)"exp(—2k*)\?).

k=—o00

YucneHHble UCCIIENOBAaHUS M0KA3aly, 4TO A 3HaueHud P, > 0.8 pacnpenesieHue UMITyJlIbCOB
ONMCHIBAETCs pacrpeneraeHueM Makcseria.

[Tocne Toro, kak cucreMa OTpesaKCUpOBaia K paBHOBECHOMY COCTOSTHHIO, BCE HEOOXOuU-
MBbIE XapPaKTEPUCTUKU yCPEIHSIINCH 110 TEIIOBBIM (uIyKTyamusM Ha maTepBaie 10712 ¢. Takum
o0pa3zom, OblIa HaiiieHa 3aBUCHMOCTh PAJNyCOB, JAJIHH pedep U 00bEMOB KIACTEPOB OT TEMIIE-

parypsl.
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2.3. Pacuer pa3MepoB cuCTEMBI

s HaxoxaeHus: ko3(pPUIMEHTa TEIUIOBOTO pPacHIMpeHHs] HEOOXOAMMO ObLIO ompese-
JUTH JIMHEHHBIE pa3Mepbl KiacTtepoB. OH mpoBoawics 1o cienyromei cxeme. LleHTp macc kak
KyOM4ecKoro, Tak U c(hepruyecKoro HaHOKJIACTEPOB MOMEIIAJICS B HAYaJI0 KOOPIMHAT.

B Hanokmacrepax KyOndeckoi (POpMBbI IpaHU pacIIONIarajiich NEPHEHIUKYISIPHO OCIM KO-
opauHar. [TosTomy cpemnsist koopauHara &;, rue &; = x, y, 2, KaKI0! rpaHu Ky0a BEIYHUCIISIIACH KaK
CpeliHee 3HaYeHHE KOOPAMHAT aTOMOB &; COOTBETCTBYIOIICH rpanu. JIMHEHHBIN pa3mep KiacTepa
BJ0JIb TOM WMJIM MHOM OCH KOOpAMHAT HAXOAMJICS KaK PasHHUIA MEXAY CPEAHMMU KOOpAMHATaMU
BHEIIHUX aTOMHBIX IJIOCKOCTEH, MepreHAUKYIIPHBIX BEIOpAaHHON OCH.

Hanoxuacteps! ceprudeckoit (opMbl B IEHCTBUTEILHOCTH HE SBJISIOTCS M€aIbHOU cde-
PO, a mpencTaBiIsAoT co00il MHOTOIpaHHUK, KaKJasi IpaHb KOTOPOI'0 — BHEIIHAS aTOMHas IJI0C-
kocThb. [ToaTOoMy B KauecTBe paguyca chepsl HCIOIB30BAIIOCH PACCTOSHUE OT IIEHTpa Macc chepsl
JI0 CaMOro YJaJIeHHOTO aToMa Ha BHEIIHEH IpaHu.

3. Pe3yabTarsl pacueToB

[TonydyeHHas B pe3yabrare pacdeToB 3aBUCUMOCTb OTHOCUTEIBHBIX U3MEHEHUH painyCcoB
AR = (R — Ry)/Ry OT TemIeparypb! 1jis pa3HbIX HAYaTbHBIX Pa3MEpPOB KIIACTEPOB IPHUBEICHA
Ha puc. 3. HeoOX0quMo OTMETHTH, 4TO B ciiyyae cPepHueCKUX KIACTEPOB HAOIIONACTCS CHIIb-
Hasl 3aBHCHMOCTH TAHIEHCA yIVIA HAKJIOHA OT HAYaIbHOTO PasMepa CTPYKTYp BILIOTH 10 80 A.
[Tpu 5TOM Yrom HakjOHa yMEHBINACTCS C yBeIM4YeHHeM paauyca. Tak, mis chep ¢ pagmycamu
80 1 90 A 3aBHCHMOCTH OTHOCHTENHHOIO M3MEHEHHS Pajdyca OT TEMIEPaTyphbl IPAKTHYECKH
coBnajaroT. TakuM 00pa3oM, MOKHO C/I€IaTh BBIBOJ, UYTO NPHU JajJbHEHUIIEM YBEIMUYEHUH pajny-
COB, 9Ta BEJINYMHA BHIIIET HA ACUMIITOTY, COOTBETCTBYIOLIYIO aHAJIOTMYHOW XapaKTEPUCTUKE IS
MaKpoTe.

Ha cnenyromem stane pacyeToB Oblila IPOBEICHA JIMHEHHAs HHTEPIIONIALNS 110 TeMIepa-
Type JUIsl KaXkA0ro (PUKCHPOBAHHOTO HayaJbHOTO 3HAYEHHUS JIMHEHHOro pa3mepa kiactepoB. s
HAXOXACHUS JTUMHEUHOT0 KOA((PUIMEHTA TEIIOBOTO pacIiupeHHs ObLIIO UCIIOIB30BAaHO U3BECTHOE
BBIpAKEHUE AR = (R — Ry)/Ro = arAT. C moMOIIpi0 METO/Ia HAMMEHBIINX KBAIPATOB ObLIN
IIOCTPOEHBI COOTBETCTBYIOIINE MHTEPIIOJIALMOHHBIE MTOJUHOMBI, U OblIa HailJleHa 3aBUCUMOCTh
JMHEHHOTO KO0d((UIIMEHTA TEIIOBOTO PACIIMPEHHUSI OT Ha4YaJIbHOTO pa3Mepa HaHOCTPYKTYD.

Kos¢dunmenTs! TemioBoro paciupeHus Uil HAaHOKJIACTepoB KyOuueckoil (popMbl Haxo-
TUIuch aHanornyHo. Ha puc. 4 mpuBeseHa 3aBUCHUMOCTb OTHOCHTEIBHOTO M3MEHEHUS JUTHHBI
pedpa Kyba oT Temreparypbl sl pa3HbIX pa3MepOB HAHOKJIACTEPOB. {1 WIUIIOCTpaluu Ha 3Ty
3aBHCHMOCTbh HAaHECEHa MHTEPIONIALMOHHAsA mpsMas. [lo pucyHKy BHIHO, YTO OHa XOpOLIO Iie-
penaeT 3aBUCUMOCTb OTHOCHUTEIBHOIO M3MEHEHUs JJIMHBI pedpa KyOa 1Jis BCEro HCCIIENyeMOro
MHTEpBaja pa3MepoB.

OxonuarenbHble pe3yasrarsl pacueToB KTP mist chepuueckux u kyOudeckux KiacTepoB
npeacTaBieHbl Ha puc. 5. Jlns ynoOcTBa Ha 3TOM K€ PUCYHKE NpuBeneH uHTepBan (1.65 +
1.75 - 107°K™!) sKkcriepuMeHTaIbHBIX 3HAYeHHH Ko(Q(HIMEHTa TEMIOBOr0 paclIMpeHus MeH,
HalIEHHBIX 111 MAaKPOCKOIIMYECKUX 00pas3IoB.

Kak BugHO, pa3mepsl U (popMa KiacTepa OKa3bIBalOT CHIIBHOE BIMSHUE Ha MPOLECC TEll-
JoBoro pacmpenus. s chepudecknx KiacTepoB HaOIMomaeTcss yMeHbIIeHHe Kod(duuneHTa
TEIUIOBOTO PaclIUpeHus ¢ yBeauueHueM pasmepos. [Ipu stom Habmogaercs nmpuOnukeHue pac-
YETHOTO 3HAYEHUs JIMHEHHOro Ko3((ULMEHTa TEIUIOBOTO PACIIUPEHUS K SKCIIEPUMEHTAJIbHBIM
3HAYCHUSIM.

AHaJOrMYHBIM 00pa3oM IMPOBEAEHBI MOJIEKYISPHO-INHAMUYECKHE pacueThl 0OBEMHOTO
k03¢ pHLMEeHTa TEMIOBOI0 pacIiipeHUs AJi HAHOKJIACTEpOB C(heprUuecKoi U KyOrnueckoi (hOpMBI.
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Puc. 5. 3aBucuMocTb TMHEHHOTrO KO3 GUIMEHTa TEIUIOBOTO PACIIUPEHUS OT pa3-
Mepa kiacrepa (L — anuHa pebpa kyb6a, D — nuamerp cdepsr). CrutomHas u-
HUS — JIMHEWHBI KOA((UIIMEHT TEIUIOBOTO PACIIUPEHUs] KyOMYECKOTO KiacTepa
oT JUIMHbI pedpa kyOa. LlTpuxoBas nUHUSA — TUHEHHBIA KO3(QPUIMEHT TEII0BO-
ro pacuMpeHus cepruueckoro kiacrepa ot ero aumamerpa. LTpux-myHKTHpHAS
JIMHUS — UHTEPBaJl SKCIIEPUMEHTANIBHBIX 3HaU€HUH MEIHBIX MaKpo-00pa3LoB
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W3 ¢usuku TBepIOro Tela M3BECTHO, YTO JIMHEWHBIM KO3()(UIIMEHT TErIoBOr0 pacllupeHus
MPUMEPHO B TPH pa3a MeHbIle 00beMHOT0 Kod(duIMeHTa TerioBoro pacmupenus. [lomydeHnHsie
pe3yNbTaThl MOJIEKYJISIPHO-TUHAMHYECKHUX PACUETOB OTPaXaroT MOJ00HOE COOTHOILIEHHE I BCEX
UCCIIElyeMBIX B JaHHOH paboTe KiIacTepos.

4. 3axjaouyeHue

Ha ocHoBe MOJIYYCHHBIX PE3YJIbBTATOB CACIAH PAd BBIBOAOB:

e Kak nuHEeHHBIH, Tak U 00beMHBIH KO3()(UIIMEHTHI TEIUIOBOTO PACHIMPEHHS METalTnde-
CKHX HaHOKJIACTEPOB cPepruuecKoil (popMbl 3aBUCAT OT pa3Mepa HCCIEAYEMON CHCTEMBI.

o C yBenmueHueM pazMmepa chepruecKoro HaHOKIacTepa HaOIIoMaeTCsl MPUOIKEHNE 3Ha-
4yeHull Ko3(pUIHMEHTa TEeIJIOBOTO PacIIUpPEHHs] K SKCIEPUMEHTaIbHBIM 3HAYEHUSM, I0-
JYYEHHBIM Ul MAKpOTell (B JaHHOM CIlIy4yae - Me[b).

o J[ns1 HaHOKJIAcTepa KyOudeckoi (popMbl He HaOIOIAeTCsl 3aBUCUMOCTh OT pa3Mepa B Ipe-
JiefiaX HOrpeIHocTy pacuyeToB. IlonydyeHHble 3HaYeHNs KaK JTJMHEHHOr 0, Tak U 00bEMHOI0
K03 GUIMEHTa TETTIOBOTO PACHIMPEHHUS I KyOOB, OJNM3KH K KCIIEPUMEHTAIBHOMY 3Ha-
YEHUIO, TIOJTYYEHHOMY ISl MAaKpOTEl.

e 3Ha4YEHUE KTP JJIsl HAHOPA3MEPHBIX OOBEKTOB 3aBUCHUT OT (POPMBI ITUX OOBEKTOB.

e [lo npeanoXeHHOW METOIMKE MOTYT OBITh PACCUMTAHBI KO3(PPHUIMEHTHI TEIIOBOTO pac-
HMIMPEHUs Ul JIHOOBIX METAJIOB, /Ul KOTOPBIX MMEETCsl XOpPOLIO anpoOHUpOBaHHBIHN MO-
TEHIMaJI MEKaTOMHOIO B3aUMOZECHCTBHS.

PaGota BeImOIHEHA TIPU TOJIEP)KKEe MHTErpariioHHoro npoekta OOMMITY PAH Ne 13
«Tpubonornyeckue U MPOYHOCTHBIE CBOMCTBA CTPYKTYPUPOBAHHBIX MaTepUaoOB U MOBEPXHOCT-
HBIX CJIOEBY.
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[Mpennoxkena kinaccupUKalMOHHAS CXeMa U MOAENbHBII MeTon (opmupoBanus (a3 kapOuga KpeMHHUS Ha OCHOBE
HAHOCTPYKTYp. MeToqaMu MOJISKYJSIPHOM MEXaHMKHA U TOJIySMIIMPUYECKUMU KBaHTOBOMEXaHWYECKUMHU METOJa-
MU BBINOJIHEH pacyeT reOMETPUYECKH ONTHMU3UPOBAHHONW CTPYKTYDPBI KIACTEPOB MOJMMOPQHBIX Pa3HOBHIHOCTEH
KapOuza KpeMHHs, ONPEIEICHbl X CTPYKTYPHBIC MapaMeTpbl U HEKOTOPBIE CBOICTBA — INIOTHOCTH, YHEPTUH CYO-
JMMalyy. YCTaHOBIICHO, YTO BO3MOXKHO CyILIeCTBOBaHME ABaxUaThH ogHoi SiC-a3bl, aTOMBI B KOTOPBIX HAXONATCS
B KPHCTAJIIOrpadMIecKy SKBUBAJICHTHBIX cOocTOsHUAX. CTpykTypa 17 U3 5THX KapOUIKpEeMHHEBBIX (a3 omucaHa
UCCIIeIoBaHa JUIsl KapOuia KpeMHHs BIICPBBIC.

KoaroueBbie ciioBa: kapOu KpeMHUs, KapOuIKpeMHHUEBbIe (a3bl, MOIUTHITU3M, TOJIUMOP(HU3M, MOJIEKYISIPHOE MO-
JienpoBanue, Gpa3zoodpa3zoBaHue.

1. BaeaeHue

HHTepec K MCCIENOBAaHUIO HAHOCTPYKTYpP CBsI3aH, B MEPBYIO Ouepeib, C UX OCOOBIMHU
(U3UKO-XMMHYECKUMHU CBOMCTBAMHU, OTJIMYAIOIIUXCS OT CBOMCTB KPUCTAJUIMYECKUX COCAMHEHUN
OJIMHAKOBOTO C HAHOCHCTEMaMH XUMUYECKOTO U (a30Boro cocrana. JloCTUTHYThIE K HACTOALIEMY
BPEMEHHU yCIIEXH B UCCIIEIOBAHUN M ONTUCAHUU CTPYKTYPhl HAHOCHUCTEM TO3BOJISIFOT UCIIOTIB30BaTh
3TH Pe3yibTaThl JJIsi TEOPETUYECKOTO OMUCAHUS KpHucTauimueckux ¢a3. Haubomnee TmiareabHO
M3yUYEHHBIMU HAHOCTPYKTYpaMU SIBJISIOTCS YIMIEPOAHbIE - HAHOTPYOKH, (ysuiepeHsl u rpadeHo-
BbI€ CJIOM, HA OCHOBE KOTOPBIX BO3MOXKHO OIMCAaHUE CTPYKTYpPbl KPUCTAJUIMUECKUX (a3 ¢ mpe-
MMYILECTBEHHO KOBAJEHTHBIM THUIIOM XMMHUYECKOU CBsI3U. Takoe TEOpEeTHUECKOe ONMCaHUE ObLIO0
HE/IaBHO CJEJIaHO JUIsl aaMa30Io100HbIX yriepoaHbix ¢a3 [1]. Heo6xonumMo BBIOIHUTH aHAIO-
TMYHOE HCCIIeJOBaHuE s (a3 OMHAPHBIX COEIUHEHWM, TUIMYHBIM IPEICTAaBUTEIEM KOTOPBIX
ABIISICTCS KapOUI KPEMHHUS.

CymectByet 60:b110€ pa3HOOOpa3ue KapOUIKpEeMHHUEBBIX (a3 ¢ pa3TUYHON CTPYKTYPOH.
Cpenu mONMUTUIIHBIX MOAU(UKALNN KapOuaa KpeMHUS BBIIEISIOT (ha3bl, UMEIONINe KyOUYecKyro
Kpuctammaeckyto cTpykrypy — [5-SiC (umm 3C-SiC), crabunmpayro g0 2000°C, a takxke ¢asbl,
MMEIOLINE FeKCaroHajJbHYy0 U poMOo3apudeckyto a-SiC-ctpykrypy (Hanpumep, 2H-SiC, 4H-SiC,
6H-SiC u nH-SiC, 15 R, 21 R u ap.), crabunbHyto npu Oojiee BBICOKMX Temmeparypax [2-4].
OCHOBHBIE CTPYKTYPHbIE OTJINYMSI ITOJINTUIIOB ONPEEIIAIOTCS TOJIBKO HMOPSAKOM YEpEeJOBAHUS U
MEPUOJIOM MOBTOPSEMOCTH CJIOEB B HANpaBICHUU KpHCTAIUIOrpaduyecKord ocu Z, TUIIOM IpH-
MUTHUBHOU 3JIEMEHTApHON SYEWKH, a TaKKe CTENEHbI0 TeKcaroHaIbHOCTH. CBONCTBA pa3iIMyuHBIX
MOJINTUITHBIX pazHoBUAHOCTEH SiC Onu3km [2-6].

Crpyxrypa ¢a3 kapOuma kpeMHHs TOm0OHA CTpyKType (a3 psjga COeOTUHEHUH C mpe-
MMYIIECTBEHHO KOBAJICHTHBIM THUIIOM CBS3€H — aIMa3010I00HBIM, KPEMHHEBBIM U 1p. [2-5]. s
alMa3onof00HbIX (ha3 CyIIECTBYET Psii CTPYKTYPHBIX Pa3HOBUIHOCTEH, HE SIBIISIIOIIUXCS TOJIU-
turnamu [1,7-10]. [ToaToMy HE0OX0IUM MOUCK KapOUIKPEMHHUEBHIX (a3 aHAJIOTOB. AKTYalIbHOCTh
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ucClIeZIoBaHus Takux (a3 oOyciOBIEHA TeM, YTO UX CTPYKTypa MOXKET BapbHpOBaThCs B Ooee
[IMPOKOM JHAara3oHe, YeM y MOJUTHUIIOB; X CBOWCTBA MOTYT CYIIECTBEHHO Pa3jInyarbCs, U Kap-
OUIKpEeMHHEBBIE MaTepHaIIbl C TAKOI CTPYKTYpPOIl MOTYT HATH MIMPOKOE MPUMEHEHHE B KaueCTBE
KOHCTPYKIIMOHHBIX MaT€pHaJIOB, a TAK)XXE B AIEKTPOHHBIX YCTPOHCTBAX.

[TonyueHnue HOBBIX KapOUIKpeMHHEBBIX (a3 Bo3moxkHO u3 SiC kimactepoB. BozmoxkHas
CTPYKTypa TakuX KJIacTepoB HccienoBasiack B psge pabot. Tak, B pabore [12], OblI BBINONIHEH
TEOPETUYECKHM pacdyeT CTPYKTYphl U TEIUIOBBIX CBOMCTB ONTHUMH3UPOBAHHBIX «TreTepodyiiepe-
HOB» Cs4Sig. B pabore [13] aBTOpamMu McciienoBaHbl 3JIEKTPOHHAS CTPYKTYpa U CTAaOMIIBHOCTH
knactepoB S1,C,,_,.Panee nmonoOHble knacrepsl kapOuja KpeMHHUs YK€ ObUIM CHHTE3UpPOBAHbBI
U uccienoBanbl B pabore [14]. OntumusnpoBaHHash KOHPUTypalus, SIEKTPOHHAS CTPYKTypa U
CHEKTpaJIbHBIE XapaKTEPUCTUKU ObUIN paccuuTaHbl B padbote [15] mis dynnepenononqo6HbIX Kia-
ctepoB SijoCio U psAZia APYTUX MHUPOKO30HHBIX MOIYITPOBOAHUKOB cOCTaBa X2 Y 12, Kak Hauboiee
CTAOUITBbHBIX.

Haubonee monmHbI psii KPUCTALIOOOPA3YIOIIUX KJIACTEPOB KapOuma kpeMmuus (Qyrncu-
neroB) Si,C,, M KpPHCTaNIOB Ha MX OCHOBE — (DYJICHIIEHHTOB OBUI TEOPETHUYECKH MOAPOOHO
uccienosan B padore [16]. s kimactepoB co 3Hauennem n=12, 16, 18, 24, 36, 60 paccuntanbl
SHEPreTUYECKUE XapaKTePUCTUKH, YCTAHOBJIEHA 3aBUCUMOCTh MCKaXCHUH KOH(UTYpalUU U CTa-
OMJIFHOCTHU KJIACTEPOB YIVIEpo/ia M KapOuia KpeMHHSI OT KOJIMYECTBAa aTOMOB YIJIEpOJa U KPEMHUS
B cocTaBe Kiacrepa. s mOCTpOEHHBIX KIAacTepOB MOJMy4YeHbl 3HAYCHMS UIMH CBSI3€H U YIJIOB
Mexay cBs3siMu. Kpome Toro, aBTopamu BHIIIOJHEHO MOAEIUPOBAHUE METOIAMU MOJIEKYISIPHOU
JTUHAMUKA KPUCTAJUIMIECKOU CTPYKTYPHI (a3, MOCTPOCHHBIX HA OCHOBE CEepUUECKUX KIIACTEPOB
Si,,C,,, tme n=12, 24. Ilo pe3ynbraraM pacdeToB BIIEPBBIE OBUIO MPEUIOKEHO 5 HOBBIX (a3, a
TaK)Ke TEOPETUUYECKH PacCUMTaHbl UX AUPpakrorpammsl [16].

Taxum 00pa3om, K HACTOAILIEMY BPEMEHH SKCIEPUMEHTATbHO CUHTE3UPOBAH PsiJl HOBBIX
dymiepenononoOHsex kinactepoB SiC. Ha ocHOBE HEKOTOPBIX M3 HHUX OBLIM MPEIIOKEHBI U TEO-
PETUYECKH HCCIICIOBaHbl HOBBIE KapOWIKpeMHUeBbIe (a3bl. OJHAKO 3aKOHOMEPHOCTH (popMmu-
poBaHMS TakuX (pa3 OCTAarOTCS HEJOCTATOUYHO M3YYCHHBIMHU; OTCYTCTBYET KiacCH(UKAIIHOHHAS
cxema Takux (pa3; ocTaeTcs HESICHBIM, CYIIIECTBOBAHHE KAKOTO KOJMYECTBA TAKUX (a3 BOSMOXKHO;
Ha OCHOBE KaKUX HAHOCTPYKTYp-TPEANIECTBEHHUKOB (MOMUMO (DyJLIepEHONOJOOHBIX KIACTEPOB)
BO3MOXKHO HMX TMOCTPOCHHE; a TaKKe KakoBa KOHEYHasi CTPYKTypa HOBBIX KapOUJAKPEMHHEBBIX
¢da3. B nanHoil paboTe BBHIOTHEH TEOPETUUECKHI aHaIN3 BO3MOXKHON CTPYKTYPBI KapOUAKpEeM-
HUEBBIX (Da3, B KOTOPBIX aTOMBI yIIIEPO/a U aTOMBI KPEMHHUS HaXOAATCA B KpUcTaiorpaduyecku
HKBUBAJICHTHBIX COCTOSHHSX, & TAK)KE BBIIIOJIHEH pacyeT UX CTPYKTYPhl U HEKOTOPHIX CBOMCTB.

2. CrpykTypHasi MoeJb M1 MeTOAMKA pacyeTa KapOuaKkpeMHueBbIX (a3

SiC-da3b1 0THOCATCS K COSAMHEHUSAM C PEUMYIIECTBEHHO KOBAaJICHTHBIM TUIIOM XMUMUYe-
CKUX CBSI3€H U JIOJDKHBI 00pa30BbIBaTh CTPYKTYPHI, aHAJTOTHUHBIE CTPYKTYpaM ajaMa3onof00HbIX
da3. B padote [1] panee Obla pa3paboTaHa cxema KiIacCH(PHUKAIMKA CTPYKTYPHBIX pa3HOBUIHO-
cTeil anMaszonoao0HbIX a3 U MOAETbHBIN MEXaHU3M UX MonydeHus. /s kapOuaKkpeMHueBbIX da3
MO’KHO IPEIJIOKHUTh aHAJIOTMYHYI0 CXeMY KJacCU(PHUKAIMM U MOJEIbHBIA MEXaHU3M T'€HEepaluu
UX CTPYKTYpBHIL.

HcxoqHbpIMU CTPYKTYPHBIMH 3JIEMEHTAMH /711 MOJICIIBHOTO TIOJTyYeHHS HOBBIX KapOuapem-
HUEBBIX (a3 MOTYT ObITh HaHOCTPYKTYPbI-IIPEALIECTBEHHUKH, B Kaue€CTBE KOTOPBIX OBLIM HC-
[I0JIb30BaHbl CJIOM, COCTOSAIIME M3 arOMOB KpeMHMs M ymiepona (puc. 1), kapkacHble KapOua-
KpPEMHHUEBBIE HAHOCTPYKTYphI — (yiiepenononoonsie kimactepsl SiC (puc. 2) U OIHOCTIOWHBIC
SiC-nanotpy6xu (puc. 3).
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B kadyecTBe MEXaHHU3MOB IOJNY4YECHUS MOIMMOPQHBIX pasHoBHAHOCTEH SiC HCMONIB30-
BAJINCh CIIUBKA HAHOCTPYKTYp-IPEIIISCTBEHHUKOB WIIM COBMEIICHHE aTOMOB HAHOCTPYKTYp-
HpeNIIeCTBeHHUKOB. [IprueM Bce aToMBI B 3TUX MTPEANIECTBEHHUKAX JTOKHBI HAXOTUTHCS B SKBHU-
BQJICHTHBIX KPHCTAJUIOTPA(UIECKUX COCTOSHUAX. DKCIIEPUMEHTAIBHO MOJIENIBHBIN CIIOCO0 MMOoy-
YeHUS KapOuJAKPEMHHEBBIX (pa3 M3 MOAETBHBIX HAHOCTPYKTYP-TIPEIIIECTBEHHUKOB, IT0-BUANMOMY,
HE MOXKET OBITh pEaIn30BaH, OJHAKO MO3BOJISIET TIOJIYYUTh M OIIMCATh BCE BO3MOXKHBIE CTPYKTYPBI
noauMop¢HbIX pazHoBuaHOCTEHR SiC.
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a) 0) B)

Puc. 1. SiC — cmon, coctosinue u3: a) 6-yrojabHUKOB; 0) 4- U 8-yrOJILHUKOB; B)
4-, 6-, 12-yronbHUKOB (YEPHBIM I[BETOM OOO3HAYCHBI aTOMBI yIIIepoja, OebiM —
KpEMHUS)

B cnydae, korma HaHOCTPYKTYpOH-TIpEAIIECTBEHHUKOM sBIsieTcs: SiC-clioif, B KauecTBe
TaKHUX MPEIIIECTBEHHUKOB ObUIH PacCCMOTPEHBI 3 TUNa MoAeNnbHBIX SiC-ciioeB, cocTosmux u3: 1)
6- YrOJIbHUKOB, 2) 4- U 8-yroJIbHUKOB, 3) 4-, 6- u 12-yroJpHUKOB.

B ToMm cnyuae, korja HaHOCTPYKTYPOU-TIPEAIIECTBEHHUKOM sIBIIseTCs ogHocaonHas SiC-
HAHOTPYOKa, KapOuAKpeMHueBbie (a3bl, B KOTOPHIX aTOMbl HAXOASATCS B KpHCTaUIorpaduyecKku
HKBUBAJICHTHBIX COCTOSHUSAX, MOTYT OBITh IMOJIY4YEHBI TOJIBKO U3 CIEAYIOIIUX MIECTH HAHOTPYOOK:
(2,2), (3,3), (2,0), (3,0), (4,0) u (6,0) (puc. 2). OrpaHHUECHHOCTH psiJia HAHOTPYOOK CBSI3aHA C TEM,
YTO MPH CIIMBKE WJIM COBMENICHHH HAHOTPYOOK C OONBIIUMHU MHICKCAMH WIIH JIFOOBIMU XHPaJTh-
HBIMH HAaHOTPYOKaMM 4acTh aTOMOB B HHX OCTAeTCS CBS3aHHBIMU TOJIBKO C TPEMsl COCEIHUMH,
U TOJIYYArOTCS CTPYKTYPBI, B KOTOPBIX aTOMBI HaXOMSTCS B Pa3slUYHBIX KpHUCTAILIOrpaduyecku
HEIKBUBAJICHTHBIX COCTOSIHHUSIX, KOTOPBIC B JTAaHHOW paboTe HE paccMaTpUBaOTCA.

B kauecTBe TpeThero M3 BOZMOKHBIX BAPHAHTOB HAHOCTPYKTYP-TIPEAIIECTBEHHUKOB Kap-
OMIKpeMHHEBBIX (a3 ObUT paccMOTpEeH psia QyUIepeHONMOA00HBIX KiIacTepoB, a UMEeHHO SiC-
kiacrepsl S14,Cy, SigCs, Si19Cia, SiggCoy(puc. 3). CymecTBoBaHHE MOAETBHBIX KJIACTEPOB-TIPE/-
IICCTBEHHUKOB C KOJIMYECTBOM aToMoB MeHee BocbMH (SipCsy, SizCs) OKka3bIBaeTCs HEBO3MOX-
HBIM, TIOCKOJIBKY B 3TOM CIIy4ae HapyIIaeTCs MOPSIOK PACIIOIOKEHHSI aTOMOB KPEMHUS U yIJIe-
pola B pemieTke (HEOOXOAMMO HAJIWMYHME COCAMHEHHM MEXIy aToMaMH OJHOTO copTta). Bmecrte
C T€M Majoe KOJUYECTBO KJIACTEPOB B STOM PSAY CBA3aHO C HAIMYUEM psiia OrpaHHYMBAIO-
nmx (axtopoB. Bo-mepBhIX, KaKk U B clydae HAHOTPYOOK OONBIIUX JAUAMETPOB, CIIUBKOW WU
coBMeleHHeM (yIIepeHONOA00HBIX KIacTepOB, COAEPIKALIUX OOJbIIee YHUCIO aTOMOB, MOXHO
MOJYYUTh TOJBKO (ha3bl, B KOTOPBIX aTOMbl HAXOIATCA B Pa3HBIX KpHUCTAUIOrpaduyecKud HEIK-
BUBAJICHTHBIX MO3UIHIX. BTOphIM (hakTOpOM, OTCEUBAIONINM HEKOTOpbIe (Dy/UIepEHONO00HBIC
KJIACTepPhl C YUCIIOM aTOMOB MEHbIIE 48, sBisieTcss TpeOOBaHWE HAXOXKICHHUS aTOMOB yIiiepoja
U aTOMOB KPEMHHUS B OJMHAKOBBIX COCTOSHUSX, TTOITOMY KapKaCHBIC MOJICKYJIBI, JUIsl KOTOPBIX
3TO TpeOOBaHWE HE BHIMOIHICTCS, B P HE MomagaroT. HakoHel, TpeTbuM OrpaHUYHBAFOIIAM
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O pavaba TRy

T 3543
9. 3STS:

Puc. 2. SiC —nanotpy6ku: a) (2,0); 6) (2,2); B) (3,0); 1) (3,3); o) (4,0); e) (6,0)

a) 0) B) T)

Puc. 3. ®ynnepenononodusie SiC — kinactepsl: a) SiyCy; 6) SigCs; B) Si12Cqo; T) SiggCoy



Mooenuposanue SiC ¢az na ocnoge HaHOCMPYKMYD 83

bakTopoM sBIsETCS HEOOXOIUMOCTh NOCTPOEHUS U3 KIacTEepOB-NPEIIIECTBEHHUKOB epHonYe-
CKUX KPUCTAJUTMYECKUX CTPYKTYP; MEPHOANYECKHE CTPYKTYPbl MOXKHO MOCTPOUTh U3 KJIACTEPOB,
UMEIOIIUX OCH CUMMETPHUH TOJBKO 2, 3, 4, 6 uiu 8 mopsaakoB. Cpeau nmepevyrcIICHHBIX BhIe (Y-
JIEpEHONO0OHBIX HAHOCTPYKTYP-TIPEAIECTBEHHUKOB OTCYTCTBYET TOJIbKO ouH kiactep SigC,
HE OTCEHBAOIIUIICS 110 MIEPEUNCIICHHBIM BBIIIE TpeM KputepusM. JlaHHbIi (yniepeHonogo0HbIH
KJIacTep He BOIIEN B PsI U3-3a TOro, uTo SiC-(asa, momyyaromascsi B pe3yJabraTe CITUBKU TaKUX
KJIACTEPOB, TAK)XKE MOXKET OBITH IMOJydeHa B PE3yJbTaTe CIIUBKU KaPKACHOW MOJEKYIBI SiggCoy.

ITepBblii ME€XaHU3M MOJENBHOIO MOJIYYEHUS KapOUIAKPEMHHEBBIX (a3 — CIIUBKA HAHO-
CTPYKTYp-IpEIIeCTBEHHUKOB. B pe3ynbprare naHHO onepaiuy NpoucxoauT o0pa3oBaHue CBsA3eH
Si-C mexay aroMaMu CTPYKTYp MpeaniecTBEHHHKOB. Ha pucyHkax 4, 5 mpencraBieHbl HArIIsI-
HbIE TPUMEPHI MPOLECcca MOITYYEeHUSI CTPYKTYp KapOMAKpeMHHEBHIX (a3 myreM cmuBku SiC-
HAHOTPYOOK M PyIIepeHOnog00HbIX KiacTepoB SiC, COOTBETCTBEHHO.

Puc. 4. ®parment crpyktypbl ¢daszsl TA4, moka3slBarOIMil CIIMBKY IBYX SiC-
HaHOTPYOOK (3,0)

Puc. 5. MoaenwsHoe nosyuenue cTpyktypsl CA4 myTeM CIIMBKHU KBaJpaTHBIX Tpa-
Hel ¢ymiepeHonoa00HbIX KinacTepoB SiggCoy
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Bropoii MexaHH3M MOJIEIFHOTO TIOTYYEHUS KapOUIKPEMHUEBBIX (a3 3aKIIH04aeTCs B COB-
MEIIEHHH aTOMOB UX CTPYKTYP-TIPEIIICCTBCHHUKOB. [Ipy 3TOM NMPOUCXOAUT COBMEIICHUE OJIH-
HAKOBBIX T'PaHEHl HAHOYACTHI] MPEIIICCTBEHHUKOB C MOCJICIYIONUM YIAJICHHEM aTOMOB Y Ofl-
HOW M3 COBIABIIMX T'PaHEH W CHIMBKOW OOOPBAaHHBIX CBs3eil. Harisimabie mpuMepbl 00pa3oBaHus
CTPYKTYp KapOuakpemHueBbx (a3 u3 SiC-HaHOTPYOOK M (ymiepeHononodHex SiC-KiracTepoB
NpEeACTaBJICHBI Ha PUC. 6 U 7, COOTBETCTBEHHO.

a) 0)

Puc. 6. Mexanu3m mnosydeHusi CTPYKTYpbl, OCHOBAaHHBI Ha COBMEIICHHH HaHO-
tpyook SiC (3,0): a) commkenue SiC-HaHOTPYOOK; 0) coBmemieHue cTteHok SiC-
HaHOTPYOOK

Puc. 7. MexaHu3M Moiy4eHus: CTPYKTYPbI Ha OCHOBE coBMelieHus SiC-kiacTepoB
Si15C19: a) cOMMmKeHne KIacTepoB KBaAPAaTHBIMK I'PAHSIMH; b) COBMEIIIEHUE CTEHOK
KJIaCTEPOB

3. Pe3yabrarbl UCC/IeI0BAHUSA

B pesynbrare MoaenupoBaHus HOBBIX MOIMMOP(HBIX pa3HOBUIHOCTEH KapOuaa KpeMHHUS
OBbLIO BBIJIENICHO TPU CTPYKTYPHBIX CEMEICTBA, K KOTOPBIM MOTYT IIPUHAAJIEKATh BCE KapOUIKpEM-
Huesble (a3bl: 1) L-da3br (anmn. «layer» — cioit) — dassl, momydaembie u3 SiC-ciio€s; 2) T-dhassl
(anm. «tube» — TpyOKa) — (ha3bl, TOCTPOCHHBIE HA OCHOBE OAHOCIONHBIX SiC-HaHOTPYOOK; 3) C-
da3bl (aHm. «cluster» — kiactep) — $assl, moaydaembie U3 QyuiepeHonoao0Hbx kKiactepos SiC.

ITpu o0o3Hauenun SiC-¢a3 B Ha3BaHUAX OBLIM BBEIEHBI CUMBOJIBI, 0003HAYAIOIINE CIIO-
co0 MX MOJYYEHMs U3 HAaHOCTPYKTYp-IIPEAIIECTBEHHUKOB («A» — cunBKa, «B» — coBMmelieHue),
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a TaKKe CTPYKTYpy-TIpeAllecTBeHHUKa (HanpuMmep, HaHoTpyOKa (3,0)). Kpome Toro, paznuyabsiM
¢dazaM oHOTO ceMelcTBa, MOTYYEHHBIM OJUHAKOBBIM CIIOCOOOM, MPUCBAUBAINUCH PA3HBIE YCIIOB-
HBIC TTOPsIIKOBBIE HOMepa (Hampumep, TA1 u TA2).

Teopernueckuil aHanu3 MOJYy4YEHHBIX B pe3ynbTare mMoaensHoro pacuera SiC-¢as ycra-
HOBHJI BO3MOXXHOCTh CYIIIECTBOBAHMSI JABAJLATH OJHOW KapOMakpeMHueBou ¢asbl (Tabdmn. 1), u3
KoTophiX 8 (a3 mpuHammexar cemeictBy L-da3 (puc. 8), 7— cemeiictBy T-da3 (puc. 9), 6 —
cemeiictBy C-¢a3 (puc. 10). KonmuecTBo Bcex BO3MOXKHBIX CIIOCOOOB MONyUeHUs] KapOUIKpeM-
HHUEBBIX (a3 BapbUPyeTCs OT OJHOTO JI0 YeThIpex (Tadm. 1).

) "™ e~ e e
AP e A A

-

|
| 111
Il L

a) 0) B) r)

Puc. 8. ®parMeHThI CTPYKTYp (a3, MoaydaeMbIX U3 CIIOCBBIX PEANICCTBEHHUKOB!
a) LA1; 6) LA2; B) LA3; 1) LA6

® ;‘3 3
1; ° 2#
_J-." ;= f f § 3’ 2
sB e D: S
o "' 2 s" f2 # :}? z ;;
1 =
4 W78 e
a) 0) B) r)

) e) xK)

Puc. 9. ®parments cTpykTyp a3, moaydaeMsix u3 HaHOTPYOOK: a) TA1; 6) TA2;
B) TA3; r) TA4; n) TAS; e) TA6; x) TA7
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ctepoB: a) CA3; 6) CA4; B) CAS; r) CA6; n) CA7; e) CA8
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TABIMUA 1. ITonmumopgHble pa3HOBUAHOCTU KapOu1a KpeMHHUS (N — YKCIIO CIIOCO-
00B noy4yeHus ¢asbl; 0003HaUEHUS HAHOCTPYKTYP-IPEAIIECTBEHHUKOB — CJI0€Bas
ctpykrypa L (anmi. «layer»-cioii), Tpybuaras ctpykrypa T (aHri. «tube»-TpyOka),
¢dbynnepenononobubpiii kiaactep C (aHmI. «claster»- kiacrep), HIOKHUM HHJIIEKC —
CUMBOJI, 0003HAYAIOUINI BUJ] HAHOCTPYKTYpPBI-MPEAIICCTBEHHUKA, BEPXHUI WH-
JIeKC — croco0 mostydeHus: ¢aszbl U3 MPEAIIECTBEHHUKOB: «A» — clIuBKa, «B» —
coBMeIeHne; * - (pasza, onmucaHHas ¥ UCCIEIOBaHHAs BIIEPBbIC B JaHHOW paboTe)

daza Rng n | HanocTpyKTyphI-ipeAIIe CTBEHHUKH Hpyroe o6o3HaueHue a3

LAI 6° 3| Lg?, T(370)A, T(370)B B—SiC, 3C SiC [2-5]

LA2 60 1| LA 2H SiC [2-5]

LA3 416> 4| Lg4, T(Q,Q)A, T(Q,Q)B, Ly s” *

LA4 6° 1| Lg? *

LAS 416> 1| Lg? *

LA6 426381 [ 1 [ Lg? *

LA7 426381 | 1 | Lg? *

LA8 4383 1| Lyg? *

TA1 426381 | 2 T(Q,Q)A, Ly 2 *

TA2 4264 2 T(3,3)A, Lig_127 *

TA3 426282 | 3 T(Q,O)A7 TisB, Lig? *

TA4 426381 3 ’1—‘(3’0)‘47 T4_8A, L4_6_12A *

TAS 426381 3 T(470)A, T4_8A, L4_8A *

TA6 4165 4 T(470)A, T(270)A, T(470)B, L4_8A *

TA7 416° 4] Te60)", Tso”s T Lag_12" *

CA3 4383 4 CS¢4C4A’ Ty 8" Ty g% Ly g *

CA4 46°8" 141 Coucs™ CoiaCia™ CoinaCos™ CoioaCos” | dyncuuenmt KC®-

SippCyo[15]

CAS 4383 3 CSigch, T, 8" Ly g *

CA6 4,264 2 CSi12C12A’ CSi12C12B *

CA7 4°6°8% | 4 CSz’24C24A’ CSi24C24B’ CSiSCSA’ CSiSCSB (I’YHCHHGHHT ['TIK®-
] SipgCoy[15]

CA8 4°6°8° | 2 CSz’24C24A’ CSiGCGA *

B kxagecTBe 0CHOBHOTO criocoba mosrydeHust (a3bl ObUIH BHIOpAaHBI HanOOJIee BEPOSITHBHIC
U3 BO3MOXHBIX. VI3 HAHOCTPYKTYP-IIPEIIIIECTBEHHUKOB Psijl Hanbosiee BEpOsSTHOrO MOTydeHus (1o
yOBIBAHHUIO BEPOSTHOCTH) ObLT CICIYIONMINM: CJIOM — HAHOTPYOKHU — (PyJIsIepeHOo100HbIe KiIacTe-
PBL. DTOT PAZl COOTBETCTBYET IKCIIEPUMEHTAILHO HA0II0aeMOi CTEeNIeH! YCTOMYUBOCTH COOTBET-
CTBYIOIIUX HAHOCTPYKTYp. M3 pa3iuyHbIX BapUAHTOB CTPYKTYp KapOUIKPEMHHEBBIX CIIOEB DS
(Mo yObIBaHUIO BEPOSATHOCTH) ObLI ciienyronum: 6, 4-8, 4-6-12. M3 mexaHu3mMoB nonxydeHus Qa3
HanOoJiee BEPOSITHBIM SIBIISIETCSl CIIMBKA, TTOCKOJIBKY COBMEIIEHHE SKCIIEPHMEHTAIFHO HE pea-
mu3yeMo. Tak, Hanpumep, eciu ¢paza CA3 moxeT ObITh MoinydeHa 4 pa3HbIMHU criocobamu (U3
knacrepa Cg. o 4A IyTeM CIIMBKY; M3 HaHOTPyOku T,_g”, 0OpasoBaHHON CBOpauMBaHUEM Kap-
OMIKPEMHHEBOTO cilosl 4-8,1myTeM cluMBKM; U3 HaHOTPyOku T, sZmyrem coBmemenus; us cnos
L,_g” myTeM cimBKH), TO HauboIee YCTONYMBBIM TIPEIIIECTBEHHUKOM I HONyYeHHs JaHHOM
dasml sBisercs kiacrep SiyCy, mo3TOMy (haza MoTydniIa COOTBETCTBYIOIIee o0o3HaueHue. 000-
3HAUCHHE KJIACTEePHBIX (ha3 HaumHaercs ¢ ¢a3pl CA3, Tak Kak Takue KapOMIKpeMHHUEBBIE (a3bl
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UMEIOT aJIMa30MoA00HbIE CTPYKTYpPHBIE aHAJIOTH, ONMCaHHbIe paHee B pabdote [1]. s kapOuna
KpeMHus cymectBoBanue (a3 co crpykrypoit CAl u CA2 HEBO3MOXKHO.

CtpykTypa MoaensHO mocTpoeHHbIX SiC-¢a3 Oblia COMOCTaBlIeHA C paHee U3BECTHBIMU
U DKCIIEPUMEHTAIbHO CUHTE3UPOBAaHHBIMU MonupukanusaMu kapouna kpemuus. CTpykrypa da-
361 LAl cooTBeTcTByeT CcTpyKType KyOmueckor momubpukammu kapouma xpemuus 3-SiC (3C),
cTpykrypa azer LA2 — crpykrype rekcaronanbHoii Mmogudukanuu (2H), crpykrypst a3z CA4
u CA7, nony4eHHbIe HA OCHOBE (DyIIepeHONOJOOHBIX KIACTEPOB-TIPEIIECTBEHHUKOB, COOTBET-
CTBYIOT DKCIIEPUMEHTAJIFHO HalonaeMbIM B padote [16] dazam dyncuuenutoB KCD-Si5Cyo 1
'IK®-Siy4Coy. lllecTHagnarh U3 NOCTPOCHHBIX B paboTe a3 UMEIOT CTPYKTYpY, aHATIOTUYHYIO
CTPYKType anMa3zonogoOHbIX (a3, onmucaHHbIX paHee B padore [1]. Ilare cnoeBwix ¢a3z LA4 —
LAS8 moctpoeHbl U UCCleI0BaHbl B IaHHOW padoTe BIEpBbIE, CTPYKTypa JaHHBIX (a3 JomKHA
UMETh aJIMa30Io00HbIe aHAJIOTH, HE U3YUYECHHBIE paHee.

Taxum 06pa3om, U3 21 MOAETBPHO PaCCUUTAaHHOMN CTPYKTYPbl HOTUMOP(PHBIX pa3HOBUIHO-
creii SiC B gaHHOM paboTe OBUIHM BIIEPBHIE OMUCAHBI M MCCIEOBAaHbI 17 HOBBIX KapOUIKpEeMHUE-
BBIX (ha3.

B pesyibrare CpaBHUTENBHOTO aHAIM3a BCeX MoaydeHHbIX SiC-(a3, cocrosmux us sp
rUOpUIN3UPOBAHHBIX aTOMOB, YCTAHOBJIEHO, YTO OHU OTJIMYAKOTCS CTPYKTYPHBIMU COCTOSIHUSMU
aTOMOB, KOTOPBIE MOYKHO XapaKTepU30BaTh OTHOCUTEIHHON OpUEHTAIUEH YIIIepOA-KPEMHUEBBIX O
CBsI3ei, 00pazyeMbIX KaxIbM aroMoM. CTpyKTypHOe cocTosiHue aTroMoB B SiC-dazax (B3auMHas
OpUEHTaIMs 00pa3yeMbIX MMM CBsA3€l) MOXKHO OMHUCaTh LIECThIO yriamu (3, (1 # j; 1, ] =1, 2,
3,4, rme i U ] —HOMepa CBA3eH) MEeXIY KaKIOW Mapod M3 YeThIpeX CBSA3EH, a Takke IMHAMU
YeThIpex cBsA3el L;, 00pa3yeMbIX KaxIbIM aTOMOM.

Bo ¢parmenrax cTpykTyp moaMMOp(HBIX pasHOBUAHOCTEW KapOHWIa KPEeMHHUs, T€OMET-
pPUYECKH ONTUMH3UPOBAHHBIX METOJAMH MOJIEKYJsIpHOM MexaHuku MM+ [17], Opuiu usmepeHsl
YIJIBI MEX]TY CBSI3SIMHU [3;;11 JUTUHBI CBsA3el L;, uncieHHble 3HaUeHUs! KOTOPBIX IPUBEJIEHBI B TA0IH-
1e 2. CpaBHUTEIBHBIN aHAIN3 YIII0B 3;; (a3 Moka3aj, YTo UX 3HAUEHHs M3MEHSIOTCA B IMaIla30He
ot 82,079° no 136,371°. Ilpu stom B paccuntanHblx SiC — a3ax 3HaYCHHUS YITIOB MEXKIY CBS-
3ssMU MeHbIe win Ooonbine 109,5°. Jlnunabl cBs3eit (Tabn. 2) HaxomsaTcs B mpexaenax ot 1,820
10 2,023 A. [IpakTnyecku paBHBIC JUTMHBI CBs3ell HaOmomarorcs st ¢aszel LAl (kyOudeckas
Monudukarus kapouna kpemuus) u ¢azel CA6. B ocTanbHbIX dazax ¢ CBI3HM pa3IHYHBIL.

Jlis moimy4yeHHbIX KapOuIKpeMHHUEBhIX (a3 ObUTH TaKXkKe onpeneseHbl mapamerp Rng, onu-
CBIBAIOIIMN B CUMBOJIMYECKOH (hopMe CTPYKTYpy KOJIELl U3 MUHHUMAJIbHOIO YMCJIa KOBAJIEHTHBIX
CBSI3CH WM BKJIFOYAIONIMX OJUH aroM (QHAJIOTHMYHO alIMa30MOA00HBIM CTpyKTypam [1] (uucmo ta-
KHUX pa3JIMYHBIX KOJIEIl, MPOXOAAIIMX Yepe3 OJUH aroM paBHO IIECTH), a Takxke napamerp Def,
KOTOpBIH IpecTaBiseT co0oi cyMMy Moayiel pa3sHOCTU yIioB (3;; U KyOM4ecKOro MOJIUTUIIA
SiC (tabm. 1, 2):

3 4
Def = ZZ |Bi— B3¢, toe Bz = 109,5°. (1)
i=1 j>i
[Tapametp Def mo3BomsieT oxapakTepu3oBaTh 1eHopMaLnio CTPYKTYP HOTUMOPQHBIX pa3-
HOBHJIHOCTEH KapOuaa KpeMHUsI.
Pacuets mapametpa Def nokaszanu, 4To ero 3HaueHus 3akito4eHbl B uuTepBase ot 0,419°
1o 118,662°. lna L-da3 Benumuunbl mapamerpa aehopMaiui H3MEHSIOTCS B quanazone ot 0,419°
o 64,887°, nna T-da3 oHu 3akimodeHbl B nipenenax ot 48,062 mo 89,629°, must cTpyKTyp, MO-
CTPOCHHBIX Ha OCHOBE (pysuIepaHornoq00HBIX KIIaCcTepoB 3HaueHHs mapamerpa Def MmakcumansHbl
u Bappupytorcs ot 88,607 no 118,662°.
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DrneMeHTapHbIe sTYeHKU KapOUIKPEMHHUEBBIX (a3 OTHOCATCS K Pa3IMYHBIM CHHTOHHSIM —
KyOUYeCKOM, TeTparoHaJIbHON WJIM FeKCAaroHalbHOW, MapaMeTphbl KOTOPHIX MPHUBEIEHBI B TaOIH-
ne 3. Pacuernoe 3Hauenue miotHoctell SiC-(a3 Bapeupyercsa B npenenax or 2,12 r/em® mns
dasel CA4 110 3,23 r/cm® ansa LA1. Manoe pacxoxaeHue MexkIy dKCIIEPUMEHTAIbLHBIM 3HAYEHH-
€M ILIOTHOCTH KyOHuueckoil Momudukanuu kapouaa kpemuus (3,217 r/cm®) [5] ¥ BBIYMCIEHHBIM
suauennem st paser LA1 (3,227 r/cm®) CBHAETENBCTBYET O KOPPEKTHOCTH PACYETOB CTPYK-
TypHbIX napameTpoB SiC-a3. AHaIM3 AaHHBIX MO3BOJIWI YCTAHOBUTH 3aBUCUMOCTD IJIOTHOCTH
SiC-¢a3 ot mapamerpa aedopmamuu Def: ¢ yBenmuenuem napamerpa jaegopMamnuu mIOTHOCTb
¢da3 ymensbiiaercs (puc. 11a).

KBanTOBOMEXaHHUECKUM TOyAIMIUpHueckuM Metoaom PM3 [18, 19] Obuta paccuntana
SHEPrUs CyOnuManuu KapOuaKpeMHueBbIX (a3 (Tadm. 3). BerunciaeHHbIe 3HaYSHUS YHEPTUH HaX0-
nsaTcst B uaTepBasie ot 126,520 kkan/mons muist ¢pazel CA7 mo 153,972 xkan/mons muist daser LAL.
®a3pl ¢ BBHICOKOH IUIOTHOCTBIO XapaKTEPU3YIOTCS HAHOOJBIIMMH 3HAYCHHUsSMHU dHepruid. Kpome
TOTO, TIPOCIIKUBACTCS 3aBHCUMOCTh MEX/Iy HEpruei cyOnmmanuy 1 napameTpom aedopMariu
TakK, 4To ¢ yBenuueHneM mapamerpa Def sneprust cyonumanuu ¢asel ymensmaercs (puc. 110).
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Puc. 11. I'paduxu 3aBucumMocTeii (monydyeHnsie Metoqom PM3): a) miotHoCTH (p)
kapougkpemManeBoi (as3el oT mapamerpa aedopmarmu (Def); 6) sneprun cyomm-
marnn (Eg,;) kapOuakpemuaneBoii dassl ot mapamerpa aedopmanuu (Def)
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4. 3axiaoueHue

Takum 00pazom, B pe3ylibTare BBIMOJIHEHHBIX HCCIENIOBAaHUM Obla MpeasiokKeHa cxema
KJIacCHU(p UK KapOUIKPEMHHUEBBIX (ha3, COCTOAIINX U3 aTOMOB YIVIepoJa U KPEMHHUs, KOTOpbIE
HAXOATCs B KpHUCTALIOTpadUuecKl SKBUBAJICHTHBIX COCTOSHUAX. B Xo/me MomenbHBIX pacye-
TOB OBUIO YCTaHOBJIEHO, YTO cymiectByeT 21 kapOunkpemuueBas (daza, cTpykrypa 17 u3 ko-
TOpPBIX OINHCAaHA /I KapOuja KpeMHUs BIEepBble. MeTomaMu MOJNEKYIsIpHOU MexaHuku MM+
¥ KBAaHTOBOMEXaHUYECCKUM TOIYIMITUPHISCKAM MeToqoM PM3 ObutH paccuuTaHbl TeOMETpUYe-
CKU ONTHMH3UPOBaHHBIE CTPYKTYpPHI KiacTepoB SiC-¢a3, onpeneneHbl CTPYKTypHbIE TapaMeTphl,
IUIOTHOCTU (a3 u cyOaumannoHHble SHeprun. KinaccuduunpoBannsie 1 nu3yueHHbIe ¢a3bl cylie-
CTBEHHO OTJIMYAIOTCS CTPYKTYpOH KPHUCTAJUIMYECKUX PEIIETOK, TOITOMY MX CBOWMCTBA JIOJIKHBI
BapbHPOBATHCS 3HAYUTENIHFHO CHIIbHEE, YeM CBOICTBA MOJIUTUIIOB KapOu1a KpeMHUSI.
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IMpoBeneH ananu3 ycroitunBoctu (a3 AypuBmuinyca B cucreme BiaOs-FeoOs-TiO2. OnpeneneHsl CTpyKTYpHBIE U
(hM3UKO-XMMHUYECKHE TTapaMeTPHI, TI03BOJISIOMINE PACUUTATh NpEACIbHBIC 3HAYCHUS JIMHBI TOMOJOTHIECKOTO psiaa
coequaeHN Bi,,1Fe,,_3Ti30s,,+3. IlokazaHo, 9T0 MakcHuMallbHas TOJNIIMHA MEPOBCKUTONIONO00HOTO OI0Ka JaHHBIX
COEIMHEHUI COCTaBISIET ~3.7 HM.

KaroueBble c10Ba: OKCHABI, COCAUHEHUSI CO CIOMCTOM CTPYKTYpOil, (ha3pl AypHBHILIMyCa, NEPOBCKUTONOAOOHBIE

HaHOCJIOHU.

1. BaeaeHue

[TepoBckuTomonoOHbIe coenuaeHus B cucreme BisO3-TiOs-FeoO300ma1ar0T IepereKTuB-
HbIMHU JJI IIMPOKOTO MPAKTUYECKOIO MPUMEHEHUs! KaTaMTUYECKUMHM, MOJIYNPOBOJHUKOBBIMH,
CErHeTORJIEKTPUYECKUMHU, MarHUTHBIME cBoiicTBaMu [1-7]. D10 ompezenser 0oJbIION HHTEpeC
HCCIIeI0BaTeNIed K COeIMHEHNUAM Ha OCHOBE pacCMaTPUBAEMOM CHCTEMBI.

B cucteme BiyO3-TiOs-FeoOspeanu3yercsi TOMOJOTHUECKHN Pl COSTMHEHHH ¢ 00IIe
dopmynoit Bi,1Fe, 3Ti303,.3[8-10], obnagarommx ciIoUCTON MEPOBCKUTONONOOHON CTPYKTY-
poii Tuna a3 AypusBmrinyca. CTpoeHHe TaKUX COSAMHEHUN MOXET PacCMaTpuBaThCs KaK KOM-
no3umust cpocmuxcst Grmooputononobubix coes {(Bis0s)*™} o 1 MepOBCKUTONONOOHBIX GIOKOB
{(A,_1B,,03,11)? }o (puc. 1). B nepoBcKkUTONONOOHBIX 610Kax GONBLIME KATHOHBI A, Takue,
Hanpumep, kak Na, K, Ca, Sr, Ba, Tl, Pb, Bi, Ln (Ln-penxo3eMenbHBINA 3JIEMEHT), SBISIOTCS
BOCBMHU-/JIBEHAIIATH-KOOPAMHUPOBAHHBIMU MOHAMH KHCIIOPO/Ia, a KaTuoHbI B, Takue kak Ti, V, Cr,
Mn, Fe, Nb, Ta, Ru, Ir 1 T.1. 3aHUMAIOT JIB€ pa3IMUHbIC OKTAdIPUICCKUE CTPYKTYPHBIE TTO3UITUN
(puc. 1). B npuBenenHbIix ¢popmynax COEAMHEHUHN 1 — YUCIIO OKTAdIPUUECKHX CIOEB B IEPOBCKU-
TOomonoO0HOM OJoke. BennunHa n MOXKET MPUHUMATh LENble WK JpoOHbIe 3HaueHus. J[poOHbIe
3HAUYEHUSI N COOTBETCTBYIOT CTPYKTYpaM, B KOTOPBIX YEPEAYIOTCS MEPOBCKUTONONO0HBIE OIOKU
TOJILMHOM h;(n;) C Pa3INYHBIM YHCIOM 7; OKTAdIPHUYECKUX ClIoeB B Oioke. TakuM oOpasoM, B
SIIEMEHTApHOM stueiike coenuaeHnit Bi, 1 Fe, 3Ti30s3,, 3 uepenyrorcs GparoopuTornonoOHbIe ClIou
{(Biy05)*" } o, UMerOIHE TOMIHUHY f~4.08 Alll]u mupuny a;=3.80 A[12], u IIEPOBCKUTO-

k
nono6usie 6moku {(Bi,1Fe,3Ti303,11)? ~}oo €O cpemued Tonmmuoit h(n) = > v -n; (v;—
i=1

YHCII0 NEPOBCKUTONONOOHBIX OJOKOB, BKJIFOUAIOLIUX 7; OKTa3IPUUECKHUX CIOEB, k —YUCIO IIe-
POBCKUTOMOAOOHBIX OJIOKOB Pa3IMYHON TONIIUHEI B (pa3e AypuBHILIIHYCA), 3aBUCAIICH OT YHCIIa
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k

k
OKTa3IPUYECKUX CJIOEB B MEPOBCKUTOMONOOHOM OIOKE 1 = Y | v; - 1y / > v; (puc. 1). B [12]
i=1 i=1
OBUIO HPEUIOKEHO SMIMPHIECKOE COOTHOLICHHUE, OIPEIEIIOIIee HapaMeTp a, A UAeaIu3Hpo-
BAHHOTO MEPOBCKUTONON0GHOTO G1oKa {(A2B3012)% }

a, = 1.33rp + 0.60r4 +2.36 A,

TJI€ 7" g — UOHHBIN PaInyC OKTAdIPUYECKU KOOPAMHHUPOBAHHOTO KaTHoHAa B, 7 4 — MOHHBIN paaunyc
8-KOOpAMHUPOBAHHOTO KaTHOHA A, 3HAYE€HUsI HOHHBIX PAJNyCOB 3/1€Ch U Jjajiee MPUHUMAIOTCS T10
cucteme MOHHBIX paauycoB llIsnHona u Ilprouta [13].

B(2): [Ti/Fe](2)06

B(1): [Ti/Fe](1)06

@ Bi
e O
o Ti/Fe

Puc. 1. Crpyxkrypa coequnenus BisFeTizOq5

CpaBHeHue 3HaYEeHUI IapaMeTpoB @, U ay OBLIO UCIONB30BaHO B padorax [14-16] mis
MPOTHO3a BO3MOXKHOCTHU CYIIIECTBOBAHUS COSAMHEHUS CO CTPYKTYpO (ha3pl AypuBUIUIHYCA OTIpe-
JeJIeHHOTo coctaBa. [lpu stom B pabotax [15, 16] yuuteiBanuch M3MEHCHHS B 3HAUCHUSIX Ta-
paMeTpoB, CBS3aHHBIC C OOpa30BAaHUEM TBEPIBIX PACTBOPOB U IEpEepacHpeeICHUEM KaTHOHOB
A™ u Bi*T 10 cTpyKTypHO HEAKBHBAJIEHTHBIM MO3HIHUAM B CJIOE ¢ (DIFOOPUTOBOMN CTPYKTYpPOIl 1
IIEPOBCKUTONOA00HOM Onoke. B nmoxxoze, 6asupyromiemMcs Ha CpaBHEHMH 3HAYEHUH af U ap, A7
aHaIM3a yCTOMUMBOCTH (a3 AypUBIILIMYCa B 3aBUCUMOCTH OT UX COCTaBa OTCYTCTBYET BO3MOX-
HOCTb MPSMOTO y4eTa TOJILIUHBI IEPOBCKUTOMONO0OHOTO CJIOsl. DTO 3HAYUTEIHHO OrpaHUYHUBACT
MPOTHOCTHUYECKYIO IIEHHOCTh JAHHOTO METO/Ia.

B pabGore [17] mist mporHo3a ycTOWYMBOCTH (a3 AypHBIILIIMYCa HCIOIB30BAJICS ITOJ-
X0J1, Oa3uUPYIONIHICS HAa aHATN3¢e 3HAYCHUN (PAaKTOpa TOJNEPAHTHOCTH IMEPOBCKUTOBOM CTPYKTYPHI.
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PesynsraToM 3TOrO aHanM3a SBUICS BBIBOJ O HE3aBUCUMOCTU YCTOHYHMBOCTH COEIMHEHUIN rOMO-
norudeckoro psna Bi, 1 Fe, 3Ti303,130T TONIMHBI UX TepOBCKUTONOA00HOTO O10Ka. BMecTe ¢
TE€M, MHOTOYHCIICHHBIE SKCIIEPUMEHTaIbHbIE HCCIEIOBAaHMs MOKA3bIBAIOT, UTO AJISL STUX COEIH-
HEHHI CyIIECTBYET IpeebHOe 3HAUCHUE 7, MPU MPEBBIIICHUH KOTOPOTo (a3pl AypHUBHILIHYCA
TEPAOT YCTOMYUBOCTbD.

B paGote [18] B kauecTBe KPUTUYECKOTO MapaMeTpa, ONMPeAesSIONIero mpeaeibHoe 3Ha-
YeHue n I coequHeHuM romojoruyeckoro psima Bi,iFe, 3Ti303,.3, ObLJI0 MCMOIB30BAHO
pasznuyme B miomaau nosepxHoctu rpanu (001) snemeHTapHON SYEHKU JAaHHOTO COSAMHEHUS U
TJIOIIAM TTIOBEPXHOCTH COOTBETCTBYIOILIEH TrpaHu nepoBckutonogodHoro cinos BiFeOs. Takum
00pa3om, ObUIO TTOKA3aHO, YTO MPEASTbHBIMU ISl TAHHOTO TOMOJIOTUYECKOTO Psi/ia COCTUHEHUN
OynyT 3HaueHust n = 1213 [18], yTo OTBEYaET TONIIMUHE MTIEPOBCKUTONOO0HOTO OJI0Ka h &2 5 HM.
BMmecte ¢ TeM, MHOTOUYHCIIEHHBIE SKCIIEPUMEHTAIbHBIE PE3YNIBTaThl OKA3bIBAIOT, YTO N, KaK Ipa-
BUJIO, HE TIpeBbIIIaeT 3HaueHui n = 8-9 (h = 3-4 um) [17-20]. Takoe pa3znuuue MeX1y MPOTHO-
30M U pealibHbIM MpeAeNbHBIM 3HaYeHHEeM 7 romoiorudeckoro psiaa Bi, iFe, 3Ti303,3 cBU-
JETEeNbCTBYET O HEOOXOAMMOCTH y4yeTa AOMOJHUTENBHBIX CTPYKTYPHBIX U (DU3UKO-XUMHYECKHX
($akTOpOB, BIHSAIOIINX HA YCTOWYHBOCTH Pa3 AypUBIILIHYCA.

Takum 00pa3oM, aKTyalbHBIM SIBISETCA aHAIMU3 BIUSHUS (PU3UKO-XUMHUECKHX U CTPYK-
TYpHBIX TAPaMETPOB Ha YCTOMYMBOCTH (a3 AypuBuiuimyca. OCOOEHHBIN WHTEpEC MpeiCcTaBs-
€T OTPEJCICHHE 3aBUCUMOCTH YCTOMYMBOCTH CJIIOUCTHIX MEPOBCKUTOIMOIOOHBIX COCAMHEHHUM OT
TOJIIIMHBI TIEPOBCKUTOIOI00HOTO OJIOKA, JOCTUTAIONICH B psANle CIy4yaeB 3HAYEHUN B HECKOJIBKO
HaHOMETpOB. [logoOHBIE COeAMHEHNUs, KaK ObUIO TOKa3aHo B [21], mpu mpeneinbHBIX 3HAYCHU-
SIX TOJIIIUHBI TIEPOBCKUTOMOAO0HOTO OJI0Ka HAXOASATCS B COCTOSTHHUM, OJU3KOM K 0€3pa3naHOMY
PaBHOBECHIO M MOTYT PacCMaTpuBaThCsl KaK HAHOCTPYKTYPBI, MEPEXOAHbIE OT XMMHUYECKOTO CO-
€IMHEHUS K TeTePOreHHON CUCTEME.

2. JKCcHnepuMeHTAJbHASl YacTh

OO0pa3ibl TpUroTaBIMBAIA METOJOM TBEp10(ha3HOTO CHHTE3a U3 OKCHIAa BUCMYTa KBAJIU-
bukanuu «9», okcuna xxenesa (I11) kBanupukanum «ymga» u okcuaa turana (IV) kBanmudukanum
«OCYy». Yka3zaHHbIE OKCHJIBI OpajiuCh B COOTBETCTBUU cO cTexuomerpueit Bi, 1Fe, 3Ti30s3, 3,
rne n = 3,3.17,3.25,3.5,4,4.5,5,5.5,6,6.5,7,7.5,8,9, 10 u crexuomerpueit BiFeOs.

HcxonHple BEmecTBa U3MEIBIAd ¥ CMEIINBAIU B BUOPOMEIFHUIIC U3 XaJIeIoHa C XaJl-
[[EIOHOBBIM MEITIOIIUM T1apooOpa3HbiM TeioM. [locie momorna oOpasibl MpeccoBald B BHJIC
TabneTok u o0xurany. OGKUT MPOBOAUIM HA BO3AyXE B TeMIIEpaTypHoM auanasone 600-900 °C
C TIOIIArOBBIM TOBBIIICHHEM Temriieparyphl. [locie kaxmoro mara o0ura oOpasibl W3MesTbIa-
U B BUOPOMENIBHHIIE, MIPECCOBAIM U OOXKUTAIM Ipu OoJiee BhICOKOM Temrmeparype. [lomxpoOHo
MeTtoauka cuHTte3za (a3 AypuBwuiuyca Bi, . 1Fe, 3Ti303,3 u nepockutonogodHoro BiFeO;
omnmcaHa B paborax [19, 22].

da3oBoe coCTOsIHUE OOpa3loB OMPEIENIIN METOAOM PEHTTeHO(]a30BOro aHaiIMu3a ¢ Uc-
nonbs3oBanueM nudpakromerpa [IPOH-3 (CuKa- u3nydyenne). Kpome storo, pasoBoe cocrosiaue
00pa31oB 1 2JIEMEHTHBII cocTaB (a3 OMmpeAessiIi M0 JaHHBIM CKaHUPYIOIIeH 3JeKTPOHHONW MUK-
POCKOIHH U 3JIEKTPOHHO-30HI0BOT0 MUKpOoaHaiu3a. Vcrnonp30Bany CKaHUPYIOMIUNA IEKTPOHHBIN
Mukpockonn CamScan MV2300 ¢ mukpo3oHgoBoi npuctaBkoit Oxford Link.

3. Pe3yabtarbl U UX 00CyKIeHHE

Jannbie peHTreHo(]a30BOro aHaau3a, MEKTPOHHON MUKPOCKOIIUU U AJIEKTPOHHO-30H]10-
BOTO MHUKpoaHaim3a oOOpa3lloB  CHUHTE3WpPOBaHHBIX  coeauHeHuit  Bi,,Fe, 3Ti30s,3
(n = 3,3.17,3.25, 3.5,4,4.5,5,5.5,6,6.5,7,7.5,8,9) u BiFeO3 nokasaiy, 4T0 OHH C BBICOKOI
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CTEMEeHbI0 TOYHOCTH MOTYT PacCMaTpPHUBAThCS KaK OAHOGA3HbIE U COOTBETCTBYIOLIUE 3aJaHHON
CTEXUOMETPHH.

Coenunenus romonoruyeckoro psiaa Bi, 1Fe, 3Ti303,.3 ¢ n > 9 noayuutb MeTonom
TBeproda3zHoro cuHTe3a He ynanoch. Ha mudpakrorpammax cOOTBETCTBYIOIIUX OOpasloB IMpH-
CYTCTBOBAJIM TU(PPAKINOHHBIE MAKCUMYMBI, IPUHAIJISKAIINE PA3IMIHBIM (a3am.

Jnis aHanm3a CTPYKTYPHBIX W3MEHEHUH, MPOUCXOSIINX B TIEPOBCKUTONOAO0HOM OI0Ke
B 3aBUCUMOCTH OT YHUCJIa IEPOBCKUTONOJOOHBIX CIOEB B HEM, ITIOCTPOEHA 3aBUCUMOCTh CpeIHEN
TOJILLMHEI 9TOrO0 cinost hp = h/n = (¢/2 — f)/n (napamerpst h, ¢, n, f onucaHsl BO BBEICHHUU
u nipuBesieHbl Ha puc. 1). ['paduk kpuBoii hp(n) npuBeneH Ha puc. 2. AHalINU3 Xapakrepa 3aBH-
CUMOCTHU CpeJlHEH TOJIIIMHBI IEPOBCKUTOMOAOOHOTO CJIOSI OT YMCa CIOEB B OJOKE MOKA3bIBAET,
YTO, HAYMHASA C N = D, 3HaUCHUS hp CTAHOBSTCS MPUOTUZUTEIBHO PABHBIMU COOTBETCTBYIOLIEMY
CTPYKTYpHOMY mapameTpy ajisi nepoBckutononobnoro BiFeOs;. Bmecte ¢ Tem, da3bl Aypusni-
nuyca coctaBa Bi, ;1 Fe,,_3Ti30s3, 3 cuHTE3upOBaHbI 17151 3HAYCHHUM 1 U3 00Jiee IHUPOKOTO UHTEP-
Bana 3<n<9, T. e. OIM30CTh BETUYUHBI /i p K COOTBETCTBYIOIIEMY TTapaMeTpy CTpyKTypsl BiFeOs
HeJb3sl paccMaTpuBaTh KakK YCJIOBHME NOTEpH ycToMuMBOCTH ais a3 Aypuswiinyca. OnHako,
pu n>5 HAOIIOAETCs pe3KOe YMEHbBIIEHNE TEPMUUECKON YCTOMYMBOCTH COECAMHEHUH, IPUYEM
CONMMKAIOTCS 3HAYCHUS TeMIlepatyp conmayca u iaukBumyca [23]. [locieqHee oOCTOSITETHCTBO
CBUJETENLCTBYET, KaK ObLIO MOKa3aHo B [23], 0 MpUOIMKEHUU CUCTEMBI K COCTOSIHUIO, OJIM3KOMY
K 0e3pa3TuYHOMY PaBHOBECHIO.

h P, A

(5]

Puc. 2. 3aBucumocTtu cpeqHei TONIMHBI CII0SI IEPOBCKUTONOA00HOrO O0Ka hp
(A) ot uncna crnoes n

Jns  onpeneneHuss BIUSHUS —Pa3MEpPHBIX MapaMETPOB  CTPYKTYPbl  COEAMHEHUU
Bi,1Fe;3Ti303,13 Ha UX YCTOMYMBOCTH MPEACTABISET MHTEPEC aHAJIN3 3aBUCUMOCTU BEJIH-
bl A = (ap — ay)/as ¥ dakTopa TOIEPAHTHOCTH ¢ NMEPOBCKUTONONOOHOrO OJ0KA OT YHCIa
CIIOEB B MEPOBCKUTONOR00HOM Os1oke (n). IIpu pacuere 3THX 3aBUCHMOCTEH HEOOXOAUMO Y4H-
THIBATH MEpepacnpenelenne HoHoB xkene3a Fe3t m turama Ti'™ mexmy nonpemerkamu B(1)
u B(2) (cm. puc. 1). CooTBETCTBYIOIINE pACUEThl MOTYT MPOBOAUTHCS KaK JJISl CIy4aeB YHCTO
CTaTUCTUYECKOTO pacmpezeneHuss noHoB no nosuiusm B(1) u B(2), koTopoe MOXHO HpPUHATH
Ha OCHOBaHHHM pe3yibTaToB padot [24, 25], Tak U i1 NPEIIOYTUTEIHHOTO 3aMEIIeHNs HOHAMU
Kele3a W TUTaHa OMPEENIEHHBIX MO3UIUN, MOATBEPKAAIONIErocs AaHHBIMH MeccOaydIpOBCKOM
criekTpockonuu padot [20, 26].

3aBUCUMOCTH pacmpeesieHus] HOHOB kee3a mo no3umusam B(1) u B(2) — a, a Taxke 3Ha-
YeHMi n30MepHOTo ciBrra o' Fe (§), pactosiokKeHHOTO B Pa3IMYHBIX CTPYKTYPHO-HEIKBUBAJIEHT-
HBIX MO3ULHUSX OT 4YHCIAa CJIOCB B IIEPOBCKUTONMOAOOHOM Onoke (n) COeAMHEHMI
Bi,,1Fe, 3Ti303,3, MOCTpOEHHBIE O JaHHBIM padoT [20, 26] npuBeneHs! HA puc. 3 u 4.



O npedenvHoll moawuHe neposcKUmMono00oHo2o bioka 8 gazax Aypusuiiuyca 97

[74
2
—
0.7 /ﬁ”‘f
1
0.6 /
0.5 =1 T T T T T T T T
3 Bl 5 6 7 8

/]

Puc. 3. Pacnipenenenune o MoHOB xene3a Mexay nosunusmu B(1) u B(2) mns
ciaydaeB: | — cTarucTuueckoe pacnpeneneHue nonos Fe*™ u Tit™ no mosumusam
B(1) u B(2); 2 — yacTuyHO ynopsjoueHHoe pacnpenenenne nonos Fe3* u Titt no
no3utsM B(1) u B(2)
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Puc. 4. 3aBECHMOCTH M30MEPHOTO CIIBUTA MOHOB Xelie3a § (MM/C) B TO3HIIUSX
B(1) u B(2) ot uncna n — kpusbie 1 1 2 COOTBETCTBEHHO

s ananuza ycroituuBoctu coequHenuid Bi,, . 1Fe, _3Ti3O3,,, 306011 TOCTPOCHBI 3aBUCH-
moctu A = A(n). Ilpu 5TOM mpu pacuere BeTUYHHBI A TPUHUMAINUCH CTPYKTYPHBIC MapaMeTphl
BHEIIHHUX CJOEB MEPOBCKUTONOA00HOTO Giioka B(2), Haxoasmuxcs B KOHTakTe ¢ (QIF0OPUTOIO-
106HbIM cioeM {(Biy03)** ), (cM. puc. 1). Cpeanue 3HaueHUs: paJdyCoOB KATHOHOB B MO3UIIUSX
B(1) u B(2) paccuntbiBanuch B MPEANON0KEHUN BHITIOJHEHUS 3aKOHA aJITUTUBHOCTU. Pamnychl
nonos Ti*", Fe3T, Bi**, 0%~ npu cooTBeTcTBYIOIMX 3HAYECHUAX KOOPAMHALIMOHHOTO YUCIa ObLIN
B3STHI U3 paboThI [13].

Pacuer BenuumHbI £(n) OCYIIECTBISIICS UTsl BHYTPEHHUX, MPEIIOIOKHUTEIbHO, HAUMCHEEe
MCKa)KEHHBIX CJIOEB MEPOBCKUTOMONOOHOTO OJI0KA, T. €. HA OCHOBAHUU CIIEAYIOUIETO BHIPAKEHUS:

TBis+(XII) T T2 (V)

= ,
V2 (7(rist Fest:B)) + To2-(v))
TIE T Bi34(x17) — MOHHBIA paguyc Bi** B 12-KOOpIMHUPOBAHHOM OKPY/KCHHH; T 02— (V) — Pamayc
OKTadIPUYECKH KOOPIMHUPOBAHHOTO MOHA KHCIOPONA; (74 pes.B(1)) — CPEHUI HOHHBIH pa-
JINYC OKTA3APUUYECKH OKPYKEHHOTO KUCJIOpPOIOM KaruoHa B mo3uiuu B(1), paccuutanHbpiii 1o
COOTHOIICHHIO aJTUTUBHOCTU C YUETOM 3acelieHHOCTH mo3ummu B(1).

I'paduk 3aBucHMOCTH (hakTOpa TOJIEPAaHTHOCTH ¢ = t(n), IPUBEACHHBIH HA pHUC. 5, TOKa-
3BIBACT, YTO KaK JIJISi CTAaTUCTUYECKOTO pacrpeaesieHus noHoB 1o ciosM B(1) u B(2), Tak u ansa
YaCTHYHO YHOPSAJOYEHHOTO pacipeneicHus uoHos Fe*™ u Ti'™ mexmy BHemHWMHM U BHYTpEH-
HUMHU CJIOSMU NIEPOBCKUTONOA00HOTO O0Ka 3HaYeHUE ¢ MEHsEeTCsl €1ab0, 0CTaBasACh B Mpejenax
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0.915 >t > 0.902 qns1 3 < n < 10, COOTBETCTBEHHO, T. €. B IIpeJiejax YCTOMYMBOCTH CTPYKTYpPbI
nepoBckuta [27]. [Ipu sTOM 3HaueHus ¢ MepoBCKUTONONO00HOTO Onoka a3 AypUBHIUIMYCa OKa-
3BIBAIOTCS OJIMKE K 3HAUYEHUIO {=1, COOTBETCTBYIOIIEMY HJEaTbHON MEPOBCKUTOBOM CTPYKTYpE,
4yeMm 3HaueHue ¢akropa toiepantHoctu BiFeOs (cMm. puc. 5).
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Puc. 5. 3aBucumocTh (pakTopa TOIEPAHTHOCTH tIIEPOBCKUTONIONOOHOTO OitoKa (a3
AypuBWIIMyca OT Yucia n: | — cTaTMCTHYECKOe pacnpenenenue uoHoB Fedt u
Ti*™ no nmosummsam B(1) u B(2); 2 —4acTHYHO yHOpsJOYEHHOE paclpejieeHne
nonos Fe** u Ti*™ no nosunusam B(1) u B(2)

CreyeT OTMETHUTB, YTO yHnopsaodeHue B pacnpeneienun Fe?™ u Tittmexny cnoamu B(2)
u B(1), cocrosimee B yBenuuenun gonu Fe™ B cnosax B(1) mo cpaBHEHHIO CO CTATHCTHYECKUM
pacrpesieieHHeM KaTHOHOB (CM. puC. 3), IPUBOAUT K HEOOJBIIOMY YMEHBIIEHHIO (hakTopa ToJje-
PAHTHOCTH, T. €. K OTHOCUTEJIIbHOMY IOHUXEHUIO YCTOMYMBOCTH CTPYKTYpPBI IEPOBCKUTA. Takum
o0pa3oM, (pakTop TOIEPAaHTHOCTH MEPOBCKUTONON00HOTO O10Ka (pa3 AypHUBHILIMYCA HEb3SI CUH-
TaTh XapaKTEPUCTUKOM, ONpEAesAolled NpeaesibHOe 3HAaYeHUE JUIMHBI FOMOJIOTMYECKOIO psiaa
coenunennit Bi, 1Fe, 3Ti303,3, Kak ObuI0 NpeasiokeHo B [17].

3aBucumocte A = A(n) mokaspiBarolias CTENEHb Pa3MEPHOTO HECOOTBETCTBUSI MEXIY
IIEPOBCKUTOINOIO0HBIM U (UIFOOPUTONOAOOHBIM CIOSMHU, KaK (PyHKIUS YUCIIA CIIOEB B IIEPOBCKU-
Tono00HOM OJoKe n, TpuBeneHa Ha puc. 6. [IpeacraBnennbie Ha puc. 6 pe3yabTaThl CBUJC-
TEJIbCTBYIOT 00 YBEJTHUEHHH CTENCHH Pa3MEPHOT0 HECOOTBETCTBHSI MEXKAY (DIFOOPUTONIONOOHBIM
U TIEPOBCKUTOINONOOHBIM CIOSMH C YBETUYEHHUEM JUIMHBI TOMOJIOTUYECKOTO psla COCAMHEHUMN
Bi,, 11 Fe,_3Ti30s, 3. [Ipu 3TOM /115 BapHaHTa HEyIOPAA0UEHHOT0 pacnpeeaeHus noHoB Fe?t u
Ti**B nosunmsx B(1) u B(2) crenens HecooTBeTcTBHA A(n) GOJIbIIE, YeM I YACTHYHO YIOPS-
JIOYEHHOTO pacrpeaencHus (cM. puc. 6). Takum 00pa3oM, JOCTHKEHHE BETHYUHBI A HEKOTOPOTO
MPENEeNTFHOTO 3HAYEHUSI MOXKET OBITh KPUTEPHUEM [IJISl OINpENeNIeHUs] MPEAeIbHBIX YJIC€HOB TOMO-
JIOTUYECKHUX PSIJIOB COCTUHEHUN co CTpyKTypor (a3 Aypusminumyca. s Bi,1Fe, 3Ti303,.13
3Ha4eHuE Appen ~ 0.09 (9%) cooTBeTCTBYeT 3HAYCHHIO N ~ 9, ABIAIOMIEMYCS, KaK ITOKa3bIBAIOT
MHOTOUYHCIICHHBIE HMCCIEAOBAHMS, MPEACIIbHBIM WIEHOM TOMOJOTHYECKOTO psifia paccMaTrpuBae-
MBIX COelMHEeHUU. BMecTe ¢ TeM, creayer OTMETUTh, YTO /Il OKCHJIHBIX CTPYKTYp, B TOM YHCIIE
IUTAHAPHBIX, XapaKTepHbl HECKOJIBKO OOJBIINE 3HAUEHUS CTENEHH MX Pa3MEpPHOr0 HECOOTBET-
CTBUSI, oOecreunBaroliee YCTOWYMBOE CYHIECTBOBAHHWE KOMIIO3UILIMU CIIOEB, JOCTUTAIOIINE, KaK
npasuio, 10-15%.

Crnenmyet oOpaTuTh BHUMaHUE Ha OJUH (DaKTOp, KOTOPHIiA, O-BUIUMOMY, B 3HAUUTEIIbHOM
CTETIEHH MOXKET BIIMATh HAa YCTOMYMBOCTH (a3 AypuBwminyca. Jlansbli Qakrop ompenensert-
C HEHYJIEBBIMU 3Ha4eHUAMH 3apsana ci1oeB {(A,_1B,05,11)% }oo H{(Bi202)2+}oo, COCTaBJIs-
IOIUX CTPYKTYpY (a3 AypuBmiuinyca. B 3aBHCHMOCTH OT 3HAYCHHIA 3JIEKTPOOTPUIATESIHHOCTH
MOHOB, ()OPMHPYIOIIMX NEPOBCKUTOIONO0HBIN OJIOK M XapaKTepa mepepactpeieieHus] HOHOB 10
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Puc. 6. 3aBUCUMOCTh CTETICHH CTPYKTYPHOTO MOMo0ust A MEXIy (IIFOOPHUTOIO-
JNOOHBIMU U TIEPOBCKUTOINOJOOHBIMU CIIOSIMU (a3 AypuBHiuInyca oT yucia n: 1 —
craructudeckoe pacnpeneienue nonos Fed™ u Ti'™ no mosumusam B(1) u B(2);
2 —4aCTUYHO yHOpsANOYeHHOE pacnpenenenue nonos Fe3™ u Ti*T mo mosunmsam
B(1) u B(2)

CTPYKTYpHO-HE3KBHBaJIeHTHBIM no3unmsiM B(1) u B(2), apdexTuBHbIM 3apsa mepoOBCKUTONON00-
HOTO 0JIOKa MOKET OBITh IO pa3HOMY PacHpe/ieieH B IPOCTPAHCTBE U, CIIEA0BATEIBHO, B Pa3HON
CTereHHN OyJeT 00ecreunBaTh CBsI3b MEXKIy MEPOBCKUTONONOOHBIM H (IIFOOPUTONIOJOOHBIM CIIO-
SIMU.

AHann3 3aBHCHMOCTEH BEIMYWH W30MEPHBIX CIABUTOB JJISI HOHOB JKEJe3a, PacIoOKeH-
HbIX B no3unusax B(1) u B(2) ot yucna n, npuBeneHHbIX HAa puc. 4, MMOKa3bIBACT, YTO 3HAYCHUS
M30MEpHBIX CIABUTOB XKele3a, JoKaln3oBaHHOro B nmo3unusax B(1) u B(2) xapakTepHs! a1 HOHOB
Fe3* [28], no B nosumun B(2) 5QdeKTUBHBIA 3apsaa MOHOB kejle3a OOoJbIIe, YeM B MO3MIHAX
B(1), Tak kak 3Ha4eHHUs] ©30MEPHOTO CABUTA JIJIsi HOHOB JkeJe3a B mo3uiuu B(1) [28]. C yBenunye-
HUEM n 3HaueHue 3(h(PEeKTUBHBIX 3apsAI0B MOHOB Kee3a COMMKAIOTCS U MpU N = 9 CTaHOBATCSA
MPAKTHYECKNA OAMHAKOBBIMU. CIIEyeT OTMETUTh, YTO MIPH 3TOM PACIIPECIICHUE HOHOB JKele3a
no no3utusaM B(1) u B(2) cranoBsTcst OMM3KUM K HEYNOPSIAOYEHHOMY (CM. puc. 3).

[TpoBeneHHBII aHAIN3 TIOKA3BIBACT, YTO HAPSIY CO CTPYKTYPHBIMH (PAaKTOPaMH HA YCTOM-
9uBOCTH (a3 AypHBHIUITMYCAa MOXKET CKa3bIBaThCS TAKOW (DH3MKO-XUMHUYECKHI IMapamerp Kak
AIIEKTPOOTPHULIATEIILHOCTh MOHOB, OTPEACIISIONIas BEIHUNHY WX d((EKTUBHBIX 3apsI0B, TaK KaK
BBIpaBHUBaHWE 3HauCHUU 3P GEKTHBHBIX 3apsoB HOHOB B mo3unusax B(1) u B(2) cmocoGcTBy-
€T CTaTUCTHYECKOMY Iepepaclpe/ie]IeHHI0 HOHOB MEXIy BHYTPEHHUMHU W BHEUIHHMH CJIOSMU
MIEPOBCKUTOINONO0OHOTO 010K, a, ClIe0BaTeNIbHO, IPUBOIUT K OCIIA0IEHUIO CBSI3U Mexay (iroo-
PHUTOMOJOOHBIM CIIOEM U MEPOBCKUTOMOAOOHBIM OJIOKOM B (hazax AypHUBHIUIHYCA.

4. 3axiaoueHue

N3ydyeHne 0COOEHHOCTEH CTPOCHUS CIOUCTHIX IE€POBCKUTONOMOOHBIX COEAWHEHUIt
Bi, 11Fe,_3Ti303, 3 MoKa3ano HaIuuue Pe3KUX CTPYKTYPHBIX H3MEHEHHH NPU YBEIMYEHHUHU TOJI-
IIMHBI IEPOBCKUTONONO00HOTO ciost Ha ocHoBe BiFeOs no ~2 uM (n =~ 5). /laHHBIC H3MEHEHUS
KOppEJMpPYeT C YMEHBIICHHEM TEPMUIECKON YCTOHIUBOCTH (pa3 AypuBUILIIYCA U TPUOIMKEHUEM
CHCTEMBI K COCTOSIHUIO, OJIM3KOMY K 0€3pa3IMYHOMY PaBHOBECHIO.

[Tpy yBenWYeHWW TONMIMHBI MEPOBCKUTONON00HOTO Onoka 10 ~3.7 HM (n ~ 9) (dassl
AypHUBHIITMYCa CTAHOBATCS HEYCTOHYMBBIMU. JTO KOPPETUPYET C BBHIPAaBHUBAEM 3HAYCHUH -
(DEKTHBHBIX 3aps/I0B OKTAdIPUUYECKH OKPYKEHHBIX HOHOB B JABYX CTPYKTYPHO-HEIKBUBAJICHTHBIX
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HO3ULUAX EPOBCKUTONO100HOTO O110Ka. HeycroitunBocTs a3 AypuBHiuInyca KOppeaupyer Tak-
)K€ C YMEHBIIEHHEM YIOPSIOYEHHOCTH B pacnpenencau uoHos Fe3™ m Ti*Tmo mommoctsio
PasynopsIIOYCHHOTO UX PacHpeieCHUs pu n 9 MeXTy BHYTPEHHUMH M BHEIIHUMH CIOSMH
IIEPOBCKUTOINOA00HOrO O10Ka ¥ NPHOIMKEHHEM 3Ha4eHMs Napamerpa h, K COOTBETCTBYIOLIEMY
napamerpy coeaunenus BiFeOs.

Pabora BbimonHeHa npu (QUHAHCOBOW MOIAEpX)Ke MHHHUCTEpPCTBa 0Opa3OBaHMs U Hay-
ku PO (DenepanpHas ueneBas nporpamma «lccnenoBanus U pa3zpabOTKH MO HMPUOPUTETHBIM
HaIPaBJICHUSIM Pa3BUTHUSL HAyYHO-TEXHOJIOTHYecKoro komriekca Poccuu na 2007-2012 ronbi»,
'K Ne 16.516.11.6073) u Poccuiickoro ¢onna GpynmameHTanbHbIX uccienopanuii (rpant 10-03-
00889-a).
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B nacTosmieit pa60Te TUAPOTEPpMAJIbHBIM METOJAOM MOJJYYCHBI «YUCTBHIC» U JIMTUPOBAHHBIC HAHOBUCKCPHI HA OCHOBE
OKCHUJIOB BaHaIHs. Pazmmaasivm METOAaMH JUArHOCTUKH HCCJIICOOBaHbBI COCTAaB, MOp(‘l)OJIOI‘I/I}I, QJIEKTPOXUMHUYICCKUE
CBOMCTBa TIOJTYYC€HHBIX MaT€pHUaJIOB. Brickazano TMPEANOJIOKEHUE O BIMAHUNA HAJINYNWA KaTUOHOB 0OJIBIIOTO pagnyca
B KpHCTaHHquCKOﬁ CTPYKTYPE€ COCAUHEHHUA HA CTaOUIBHOCTh €T0 AJIEKTPOXUMHUICCKUX TOKa3aTeeH.

KutoueBble cj10Ba: HAaHOBUCKEPHI, HAHOHUTH, HAHOCTEPKHU, OKCUJ] BaHAIWs1, TUAPOTEPMAIIbHBIN CUHTE3, KATOJHBIN

Marepuall, JIUTUH-HOHHbIE Oarapen, koapduiueHt nuddysuu.

1. Beeaenue

B HacTosiiee Bpems rccienoBaHus B 00JaCTH SHEProcOeperaronfx TeXHOIOT Ul MOTydn-
JIM IIMPOKOE pa3BUTHUE, B CBSI3U C UM OO0JIbILIOE BHUMAHUE YAENAETCS TAKUM XMMUYECKUM HUCTOY-
HUKaM TOKa, KaK JIUTHUEBbIC, INTUI-MOHHBIE U JINTUH-BO3AYIIHbIE akKKyMyJsTopsl [1]. Kaxasiii u3
HUX MMEET CBOM OCOOCHHOCTH, OJTHAKO UMEIOTCSA M O0IIne MpoOIeMbl, KaK HalpuMep, TOCTHKe-
HHE MaKCHMaJIbHO OOJIBIIMX €MKOCTeH | IutoTHOCTel sHepruu [1]. ns pemenus 3Tux mpobdiem
BEIETCS aKTHUBHBIA MOMCK HOBBIX MarepHalioB, B TOM uucie KaronHbeix. OnHa U3 MHoroobemia-
IOLUX KaHIUAATyp —3TO (a3bl HA OCHOBE OKCHJIOB BaHanus [2] ¢ pa3nuuHoil Mopdonorueii. B
3aBHCHMOCTH OT YCJIOBUH MOITy4YeHUs JaHHbIE (a3bl MOTYT MPHOOpPETaTh pa3indHyr Mopdoio-
ruto: ogHoMmepHyto (1D) [3], nBymepHyto (2D) [4], Tpexmepnyto (3D) [2]. Okcuasl BaHagus C
OJHOMEPHOM Mop(Qosorueii — HaHOBUCKEPH! (HAHOCTEP’KHU, HAHOHUTH) IPEJICTABIISIIOT BIIOJIHE
onpezaeneHHbI uHTepec. IIpuMeHeHne «apXUTEKTYpHBIX» MOAXOA0B K (POPMOBAHUIO BIIEKTPO-
108 u3 1D MarepuasioB no3BoOJISET CYIIECTBEHHO MOBBICUTDH ITPOU3BOAUTEIBHOCTD MOCIEIHUX, IO
CPAaBHEHHUIO C MOKa3aTeNIIMU OObEMHBIX MaTepuaios [5].

Panee [6-9] Hamu ObLIM WM3y4YeHBI HAHOBHCKEpPHI cocTaBa Bago5V2Os;, KoTOpHIE, BO-
MepBBIX, Onaromaps O60IbIIOMY acrekT-(GakTopy (COOTHOIICHHE JIMHA / MIUPHHA) MO MPOCTOM
MeToAMKe 00pa30BbIBaJIM OymMaronogo0HOE MOJOTHO, a, BO-BTOPBIX, B MPOLIECCE NIEKTPOXUMHU-
YECKUX HCHBITAaHUM MMENIU JOCTAaTOYHO BBICOKOE U IOCTOSHHOE 3HAY€HHUE Pa3psIHOW €MKOCTH.
OpHako, HECMOTPS Ha LEJbIM Psii IPEUMYIIECTB, METOUKA IPUTOTOBJICHHS TAKUX BUCKEPOB UMeE-
J1a OJJUH ONpeesICHHbI HEJOCTATOK — HAJIMYME CTaJAMU MOHHOro oOMEeHa IPOTOHOB IIPEKypcopa
Ha KaTHOHBI Oapus B MPOIECCE UIMTEIHHOTO MepeMennBanus (B TeueHne 1-2 cyTok).

B HacTosmieil pabore HaMu OBLIM MOJIy4EHbl HAHOBUCKEPHI, METOAMKA CUHTE3a KOTOPBIX
UCKITIOYaJia JUTUTEIBHYIO CTaJHI0 HOHHOTO oOMeHa. KpoMe Toro, mo Takoil ke METOIHKe ObLIH
MOJIyY€Hbl <«JIMTUPOBAHHBIC» HAHOBHUCKEPBI U HMCCIENOBAaHbl UX AIEKTPOXUMHUYECKHUE CBOMCTBA.
ITpoBeneH cpaBHUTENbHBIN aHANIN3 (PU3HKO-XUMUYECKUX CBOMCTB MOIYYEHHBIX BUCKEPOB.
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2. JKCcHepuMeHTAJIbHASl YaCTh
2.1. Cwunre3 00pa3uoB

Cunmes npexypcopa

B kaudectBe mpekypcopa B JaHHOUW paboTe ucrnosib3oBasid reib VoOs - HoO, KoTOpHIit
MOJIy4YaJId COTJIACHO M3BECTHON MeTomuke [6-9] ¢ ucmosib3oBaHHEeM KpHUCTALTHYECKOro VoOs
(0.5 1) u 15%-ro pactBopa HoO5 (30 m). [Topomiok okcuia BaHaausi HACHIMAINA B CTEKIJISTHHBIN
71ab0opaTOpHBIN CTaKaHYHK, MOCIIE YEero Tyza J0O0aBIsUIM PacTBOP MEPOKCH A BOIOPOa, U 3aKphI-
Banu crakaHuuk yamkoi [lerpu. [locne nporekaHusi MHTEHCUBHOM 3K30TE€PMUYECKOU PEAKIUU U
OCTBIBaHUSI B HOPMaJIbHBIX YCIOBHUSAX 00pa30oBbIBajaCh TEMHO-KOpUYHEBas reneoOpa3Has mMacca,
KOTOpasi MCHOJIb30Bajach ISl JajJbHEHIIMX CHUHTE30B. IIpekypcop ajig cuHTE3a JIMTUPOBAHHO-
ro obpasla HaHOBUCKEPOB IOJIy4aJy MO TOW K€ METOJUKE, C TEM JIMILIb HCKIIOYEHUEM, UTO K
MOJIyYHBIIICHCS Teneodpa3Hoi Macce 100aBisun 2 M HackieHHoro pactBopa LiIOH. O6 untep-
KaJISALUKA KaTUOHOB JIUTHUS CTPYKTYPOH T'elisi CBUJIETEIHCTBOBAIIO MTHOBEHHOE N3MEHEHUE OKPAaCKU
oOpasia (TeMHO-KOPUYHEBBIN IIBET MEHSJICS Ha TEMHO-3EJICHBIN).

Cunmes nanoguckepos

B nacrosmeii paboTe HaHOBHCKEPHI CUHTE3UPOBAIH THIPOTEPMaIbHBIM METOJIOM Ha yCTa-
HOBKE OpPHUTMHANBbHON cOOpkH. i 3TOro Mpexypcop moMmeIand B Te(pIoHOBYIO SUeiKy, 100aB-
JSLTU BOMY (CTETeHb 3aroyiHeHus coctaBisuia 85-90 %) u repMeTHYHO 3aKphIBaJIN 00TIOPATOPOM.
Sl4eiiky momemanu B CTaJIbHOM aBTOKJIAB, KOTOPBIM IPOYHO 3aKPBIBAIM KPBIIIKOHM, MOCIE YEro
aBTOKJIAB MTOMENIAIN B TIeub. J[J11 00paboTKu OBLI BEIOpaH M30TEPMHUUYCSCKUN PEXKHUM (TEMIIEpaTy-
pa: 250°C; Bpems BBIACPKKH: 24 4; ckopocTh Harpesa meuun: 5°C/mun). [lo OKoHUaHHH CHHTE3a
aBTOKJIAB U3BJIEKAJIM U3 NI€YH U OXJIAKJAJIU 10 KOMHAaTHOM TeMIieparypsbl. Jlanee aBTOKIIaB BCKPbI-
BaJIM, 00pa3el U3BJICKAIN U3 SYeHKH U (PUIBTpoBad HA OyMakHOM (UIIBTPE C UCTIONIb30BAHUEM
BOpoHKHU broxnepa. @unsTp ¢ oOpa3noM cymuiu B cymmisHOM Inkady mpu 60°C, mocne ye-
ro o0pa3zoBaHHYIO0 OymaronogoOHyI0 IUIEHKY HAaHOBHUCKEPOB BPYYHYIO OTAETSUIM OT (uiIbTpa U
MCIIOJIb30BAJIA B JTAJIbHEUIITUX UCCIIEI0BAHUSAX.

2.2. Penrtrenogasonwplii anaau3 (PPA)

UccnenoBanus ¢azoBoro cocraa npoBonwin Ha audpakromerpe Rigaku D/Max-2500
(Anonus) c¢ Bpamarommcest anooM. CbEMKY IPOBOIMIM B pPeXUME Ha OTpa)keHUE (TeOMeTpust
bperra-bpenrtano) ¢ ucnons3oBanueM Cuy, u3iydeHus (cp. AjmHa BoyiHbl A = 1.54183 A). Ta-
pameTpsl paboThl reHeparopa: yckopsromniee Hanpspkenue 50 kB, Tox TpyOku 250 MA. CbeMKy
IIPOBOJMJIM B KBAapLEBbIX KIOBETaX 0€3 yCpeIHSIOLIEro BpamieHus. s 3aKperuieHns MopoILKo-
BBIX 00pa3IOB MCTIONB30BANIN alleToH. [lapamerpsl chéMKH: HHTEpBaN yriioB 260 = 3-70°, mar no
260 —0.02°, CKOPOCTh PETUCTPAIMH CIIEKTPOB — 5°/MUH.

[Tony4eHHble qUdpaKTOrpaMMbl aHAJIM3UPOBAIH C UCTOIB30BaHUEM 0a3bl qaHHbIX ICDD
JCPDS PDF-2 B makere nporpamm Win XPOW.

2.3. PacrpoBas riekTpoHHass Mukpockonusi (PIM)

HccnenoBanne MUKPOCTPYKTYpPbI 00pa3iioB MPOBOAMIN Ha PACTPOBOM JIEKTPOHHOM MUK-
pockorie ¢ aBrodMuccuoHHbM uicTouHuKoM LEO SUPRA 50VP (Carl Zeiss, I'epmanust). Ycko-
psIoIIee HAMNPsHKCHHUE MISKTPOHHOW Mymiku coctapisuio 5-20 kB. M3o0paxeHus moiydand BO
BTOPUYHBIX AeKTpoHax npu yBenumdeHusx 10 100000x wu peructpupoBaid B OIUppPOBAHHOM
Buzie Ha DBM.
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2.4. TaabBaHOCTAaTHYeCKOE HUKJIHMPOBAHME

AKTHBHYIO Maccy pabo4yuX 3J€KTPOIOB FOTOBUIIM cMelIeHueM 75% akTUBHOIO Marepua-
na, 20% 3neKTponpoBOAsIIeH q0OABKH (AETUIICHOBOW Caku) U 5% MONMMBHHUIUACHIUPTOPUIA
(Aldrich), pactBoperHoro B ameroHe. OTHOPOTHOCTH AIEKTPOIHON MACChl 00CCIICUUBAIH TTyTEM
00paboTKH yiIsTpa3BykoBbIM romoreHuszaropom Bandelin SONOPULS HD 3100 B Teuenue 2-3
MuH. [0TOBYIO Maccy mpu MOMOIIM 103aTOpa HAHOCWJIM PAaBHOMEPHBIM TOHKUM CJI0eM Ha o0e
CTOPOHBI TOKOIOJIBOJIa, M3TOTOBJICHHOTO U3 CETKHU HepskaBerolleil cranu (cerka tonmuaon 0.05
MM). Jlng yhaneHus anieToHa SieKTpoisl cymmnu mnpu temneparype 70°C B Teuenue 30 MuH.
Hanecenue KaTomHOM Macchl U CYIIKY MOBTOPSUTH 5-6 pas3, MOCIe Yero JIEeKTPOAbl CYIIMIN B Ba-
kyy™Mme npu temneparype 200°C B Teuenue 8-12 yacoB nns yasneHus cienoB Boabl. KomuuecTBo
AKTHBHOI'O BELIECTBA Ha dIeKTponax pasmepoM 1x1 cm? cocrasmsano 3-5 mr. BenomorarenbHbli
SIIEKTPOJ M 3JIEKTPOA CPABHEHHS TOTOBHJIM ITyTEM HAKaTKW TOHKHMX JIMTHEBBIX MOJOC (JINTHMA
Mapku JID-1) Ha HUKENEBYIO CETKY C MPUBAPEHHBIM K HEH TOKOIIOIBOIOM U3 HUKENIEBOU (OJIBIH.

HcnbiTanus 371eKTpoAOB (PETUCTPALIMIO 3PS THO-PA3PSIHBIX KPUBBIX) MPOBOAMIH B Tep-
METHYHBIX T€(PIOHOBBIX SYEHKAX TUIOCKOMApaLIEIbHOW KOHCTPYKLUH, COIEPKAIINX OAUH pabdo-
YU 3JIEKTPOJ, BCIOMOTATEIbHBINA 3JIEKTPO M DJIEKTPO]] CPABHEHHS.

Bce onepanuu mo cOopke MakeToOB 3JI€MEHTOB IPOBOIMIIN B MEPYATOYHOM OOKCE C aTMO-
ctepoii aprona Labconco Protector CA. Coxep:kaHue mapoB BOIBI U KHCIOpoJa B armMocdepe
O0OKca He MPEBHIIAIO0 5 MUJIMOHHBIX JTOJICH.

B kauecte anekrponura ucnonb3oBam 1 M pactBop LiClOy4 (Aldrich, battery grade)
B cMecu npormienkapoonara (Aldrich, anhydrous) u 1,2-gumerokcustana (Aldrich, anhydrous)
(7 : 3 mo obvemy). ConepkaHue BOABI B 3TUX AJIEKTPONHTaX, u3MepeHHoe no dumepy (684
KFCoulometer, Metrohm), He npeBbimano 10 ppm. Bee 31ekTpoabl pa3nesumch cermaparopaMu
u3 nopucroro noaunponuieHa Mapku [TIOPII (HIIO «VYpum», Mocksa).

['anpBaHOCTAaTHYECKUE 3apSTHO-PA3PSIHBIE KPUBBIE PETHCTPHPOBAIH C MOMOIIBIO DIIEK-
TPOXHMHUYECKOTO KOMIUIEeKca: moreHnuocrara Solartron EI 1287 / ananmusaropa gactoT Solartron
1255B (Solartron, BenukoOpuranust). Sueiiku mukiupoBaiu npu temneparype 25°C B uaTepBaie
noteHnuanos ot 2.0 10 4.0 B tokom 200 MkA, uto coorBeTcTBOBaO 25 MA/T (C/10).

2.5. HNmnenaHc-ceKTPOCKONUS

Ionorpad nmnenanca peructpupoBaiu mnocie 10-ro nmukia raJibBaHOCTATUYECKOTO IHK-
JUPOBAHUS B COCTOSIHUM MOJHOTO 3apsiAa (nmoreruuan 4.0 B). VIamepenus: mpoBOIUIN ¢ TOMOIIBIO
gactoTHoro ananu3aropa FRA2 B cucteme Autolab PGSTAT 302 (Ecochemie) B moreHimocra-
THYECKOM peXMMe (amIuuryaa Hanpsbkenus 10 MB) B nuanasone wactor 10°-1072 ',

2.6. Macc-ciekTpoMeTpus ¢ HHAYKTHBHO cBsizaHHOM miasmoit (MC-UCII)

KoHIeHTpalnio HOHOB JIUTHUS OTPENEISLITA METOIOM MaCcC-CIIEKTPOMETPHH C HHAYKTUBHO-
cBs3aHHOM At 1ia3moit Ha macc-criekrpometpe Perkin Elmer Elan DRC II. TIpo6a o6pa3na mac-
coii 0.0025 r pacTBOpsiIach B MOJAOTPETOM COJISTHOM KUCIOTE. J{JIs1 TOCTPOSHHS TPaIyupOBOYHOTO
rpadyka UCTOIB30BANICS MYIbTHAIEMeHTHBIH cTanmapt PerkinElmer #N9300233 (10 mr/n Al,
As, Ba, Be, Bi, Ca, Cd, Co, Cr, Cs, Cu, Fe, Ga, In, K, Li, Mg, Mn, Ni, Pb, Rb, Se, Na, Ag, Sr,
TL V, U, Zn B 5% HNO3).

3. Pesyabtarsl u o0cykaeHHe

B pesynbrare mpoTekaHus SK30TEPMUYECKON PEaKIUU OJSALUY / OKCOJSIUH MEXKIY KpHU-
CTaJUTMYECKUM OKcHuoM BaHaaus (V) 1 mepokcuioM Boopoaa oopasosaics reib VoO5-nHsO [4].
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CTpykTypa JaHHOTO COeIMHEHUS (C TOYKU 3peHuss MOPQOJIOTUH) MPEACTABISAET COO0M OqHOMED-
HBIE JIaMeJIsIpHbIE 00pa30BaHusl, COCTOSIINE U3 TETPAaroHaIbHBIX paMu VO5, UMeIouX o0IIme
pebpa, ¢ MPOTUBOIOIOKHBIM HarpaBieHueM BepuinH [4]. JlaHHbIe JaMenu COeNUHSIOTCS MEXKIY
co00i1 BepIIMHAMU MHpaMU, o0pa3ys MpU 3TOM MPOCTPAHCTBEHHYIO ceTKy. ClieyeT OTMETHTb,
4YTO NpPUpOAA JaHHOTO COEIMHEHUs 10 CUX MOp He BbIACHEHa. OTMedaercs JHIb TOJBKO TO,
4TO, HECMOTPS Ha (POpPMajbHYIO 3alMCh COCTaBa JJAHHOTO COEIMHEHUS, B CTPYKTYpY TI'elsl BXO-
JIAT KaTUOHBI BaHAJUsl KaK CO CTENEHbIO OKUCIeHUs 5+, Tak u 4+. B HekoTopsix paborax [10]
YKa3bIBAETCS, YTO HAJIMYHE KATHOHOB V4T He TONBKO JOMyCTHMO, HO M HEOOXOMMMO IS YCIEI-
HOTO MPOTEKaHUs peakluu reireodpasoBanus. JlaHHbI (aKT CMEIIaHHOTO COCTaBa rejsi HHOTIA
otobpaxaercs aBropamu B Bujae Gopmynsl H, V5,05, uTo, BO-TIEpPBBIX, CHMBOJIM3UPYET YACTUIHOE
BOCCTAHOBJICHUE KAaTMOHOB BaHaJusl, a, BO-BTOPbIX, HAJIMYME B CTPYKTYpE MPOTOHOB, KOTOPHIE
MOTYT OBITh 3aMEHEHBI IPYTUMH KaThuoHaMHu. JlelcTBUTENbHO, CYIIECTBYIOT padoTsl [11], B Ko-
TOPBIX HE TOJBKO HAa KAYECTBEHHOM YpPOBHE IMOKa3aH (DaKkT 3aMelieHHsi MPOTOHOB KaTHOHAMH
pa3IMYHOrO pajuyca M 3apsizia, HO U 3TO 3aMEILEHUE JOKa3aHO KOJIMYECTBEHHO.

B nanHo# pabore Oblna mpoBeAeHa peaklusl 3aMelleHHs POTOHOB KATUOHAMU JIUTHUS.
O6 ycnemHoM MPOTEKaHUH JTAHHOTO IPOLEcca MOXKHO ObUIO CYIUTh 10 PE3KOMY H3MEHEHHIO
OKPACKH TeJsi: TEMHO-KOPUYHEBBII IBET (4TO XapakTepHO Juist Vo) CMEHSIICS TEMHO-3€IEHBIM
(xapakTepHbIM i VAT). DTo 03Hauaer, 4To CTAOWIM3aLKsA KAaTHOHOB JIMTUS B CTPYKTYpE Tells
CBf3aHa C YaCTUYHBIM BOCCTAHOBJIEHHWEM BaHaaus. [Ipy Mconp30BaHUN HACHIILIEHHOTO pacTBOPA
LiOH B coorHomenuun Li/V ~ 1/1, MOXHO 0OXHJIaTh MOJHOTO BOCCTAHOBJICHUS BaHAAUA 0
cTerieHu okucieHus 4+. Jlanublid pakT, 1eHCTBUTENBHO, UIMEN MECTO, KaK OyIeT MOKa3aHO HUXKe.

B nmanHo# paboTe ObLIM MPOBEIACHBI B CEPUH CHUHTE30B 00pa3IloB HAHOBUCKEPOB (Taod-
muna 1). Onun u3 nponyktoB (SPAS) sBIISIETCS «YUCTHIMUY HAHOBHCKEPAMH, KOTOPBIC ITOTYUYEHBI
TUIPOTEPMATIbHBIM METOJOM COTJIACHO ONMMCAHHOW METOAMKE M3 «UHUCTOT0» (HEIUTUPOBAHHOTO)
rexst H, V2O5. JlanHbIi MaTepual BeI3BIBAET OOJBIION MHTEPEC KaK C TOUYKH 3pEHUS (QyHIaMeH-
TaJIbHOM, TaK W MPUKIIATHON XUMUU (B TOM YHCIIE B KAYECTBE MCIOJIb30BaHUS B BUEC KaTOIHOTO
MaTepuala JUTUU-UOHHBIX Oartapeit). OmaHaKo, I Jydiied Mpou3BOIUTEILHOCTH IEKTPOa aB-
TOpHI [12] yacTO MUTUPYIOT aKTUBHBIM Marepual, Uisl TOrO, YTOObI CTPYKTYpa U3HAYAIBLHO OblLIa
«HachlleHa» KarnoHamu LiT. B ¢BsA3u ¢ 9TMM, B JlaHHOW paboTe Takke ObLI MOJNydYeH oOpaseln
JUTUPOBAHHBIX HaHOBUCKepOB (SPL) u3 murupoBanHoro rens Li, Vo0s.

TABUIA 1. MapKupoBKH MOJYyYEHHBIX 00pa3lioB U X OMHCAHHE

MapkupoBka oopasua | Ucnosb3yeMblii Ipekypcop | XapakTepucTHKA NMPOAYKTAa
SPAS H,V,0;5 «YucTpie» HAHOBUCKEPDI
SPL Li, V505 JluTupoBaHHBIE HAHOBUCKEPHI

Ha cerognsiimHuii eHb TOYHBIA MEXaHW3M O0pa30BaHUS HAHOBHUCKEPOB IOKA HE ycCTa-
HOBJIEH, OJJHAKO CYILIECTBEHHAsI CTAaTUCTHKA IPOBEAECHHBIX 3KCIIEPUMEHTOB U aHAJIU3 MHUKpPOQo-
torpadguii POM npoayKToB MO3BOJISET BBICKA3aTh MPEANOIOKEHHE O TOM, YTO HAHOBHUCKEPHI
o0pa3yloTcs B pe3ynbTare paclierieHus IuiacTuH4aTeix (2D) obpazoBanwmii remst / kceporens
BI0JIb BBIOPAHHOTO HaIpaBiieHUs. B Mmosb3y JaHHOI TMIIOTE3bl CBHIIETENBCTBYET TOT (PAaKT, 4yTO
4acTO MOXKHO HaOIIOAaTh «HEAOPACLICIUIEHHBIe» IUIACTHHKHU MPEKypcopa, KOTAa ¢ OJHOHM CTo-
POHBI IJIACTUHKHM MPOU30LUIO MPAKTUYECKH MOJIHOE pacliemienne Ha 1D BosokHa, a ¢ apyroit
HaOJIIOAaeTCs 1eNIbHAsA YacTh MCXOMHOM miacTuHsl (2D).

CornacHo nanHbIM POM (cm. puc. 1), oOpazoBaHHbIE TPOLYKTHl AEUCTBUTEIBHO UMEIOT
omHoMepHyto (1D) mopdonoruto. [Ipu s3ToM nuameTpsl BUCKepoB (B cirydae obpasna SPAS) co-
cTaBisioT ~ 10-50 HM, B TO BpeMsl, KaK JIJIMHA BOJIOKOH MOXET 10CTUraTh nopsaka ~ 50-100 mxm
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Puc. 1. Mukpodotorpaduu POM obpasnos SPAS (a) u SPL (6)

(aT0 BUAHO M3 MUKpodoTorpaduii ¢ MCHBITUM YBEIMYCHHEM, KOTOPBIC HE MPEICTABICHEI B JIaH-
HOi crarke). Takum oOpa3oM, acmekT-GakTop AaHHOTO oOpasma cocrasiseT ~ 2500. [nuHa
BrckepoB SPL MHoro mensie (~ 1-20 MKkM), B TO Bpems Kak quamerp coctasisier ~ 100-1000
HM (acnekt akrop paBeH ~ 20). Kpome toro, Ha mukpodororpadusx obpazua SPL moxHO
OTMETHUTH HaJMuue Mobo4Hoil (assl B Buae yactull pazmepa ~ 200-400 M.

Jannapie POA moKa3bIBarOT, YTO MOJHOCTHIO JU(DPAKIMOHHYIO KapTuHy oOpasna SPAS
MOKHO OIHCAaTh HECKOMbKUMH (azamu: V190s4-12H50, V5,05-1.6H50, V,05-Ho0 (puc. 2). Kak
BUIHO U3 (HopMyJ, Bce ATH (a3bl COOTBETCTBYIOT THAPATaM OKCHJIa BaHAIUS C Pa3iIMUHBIM COOT-
nomenuem V°H/V4t Tlockonbky Ha MukpogoTorpadgusx POM naHHOro o6pasia sBHOr0 Haauuus
noOouHbIX (a3 He HaOIoAaeTCs, TO MOXKHO CJIeNaTh BBIBOZA O TOM, YTO (ha30BBIi COCTaB IOIY-
YCHHBIX BUCKEPOB COOTBETCTBYET NIE(DEKTHOM CTPYKType THIpaTa OKCUIA BaHAJHUS C PA3THIYHBIM
KOJIMYECTBOM BOJIbI B MEXKCIIOEBBIX IPOCTPAHCTBAX CTPYKTYpHI. T.€. BIIOJIHE BEPOATHA TaKast CUTY-
anus, Korja eile Ha CTaJuM MpeKypcopa MPOoU30ILI0 HEPABHOMEPHOE PACIpPEE/IEHUE KaTHOHOB
V4 no crpykrype marepuana. ITocie pacuiemienus NpeKypcopa Ha HAaHOBUCKEPBI 00pa30BaluCh
BOJIOKHA C Pa3IMYHBIM cOOTHomeHueM V°1/V4 Kpome TOro, CTOMT OTMETHTB, YTO IIEpeUuc-
JeHHBIe (ha3bl IMEIOT MHOTO OOIIMX IMUKOB (HAKJIAIBIBAIOLIUXCS JIMHUK) (pUC. 2), B CBSI3U C YeM,
(bakT cooTHECEHUs MUKOB K TOW WM MHOU (a3e Helb3sl CYUTATh OJHO3HAYHBIM.

Wurepnperanusa nudpakrorpamMmel oopasua SPL taxke He cronb TpuBHalibHa (puc. 3).
Bbonbias yacTh MUKOB PEHTI€HOTPaAMMBbI MOXKET OBITh OTHECEHa K TETParoHaJIbHOW U MOHO-
KIuHHOU ¢azam okcuaa Banagus (IV). Oxpnako, UCXOAs U3 XUMHUECKOM MPeIbICTOpUN 00pasia,
OYEBH/IHO, YTO B CTPYKTYPE TOJDKHBI OBITH KATHOHBI LiT, T.€. MOYKHO MPEAIONIOKHTH, YTO CTPYK-
Typa HaHOBHCKEPOB J0JDKHA ObITh mpejcTaBieHa ¢opmynoit Li, VO, ,. KomuuecTBo KaTHOHOB
mutust O6buto ompeneneno merogom MC-UCII. Mcexonst W3 maHHBIX 3TOTO aHaiu3a, OBLIO pac-
CUMTAHO, 4TO y = 1.2, T.e. COCTaB JIUTHPOBAHHON (Da3bl HAHOBUCKEPOB OINMHUCKHIBACTCS (DOPMYIIOW
Li; oVO3,. [elicTBuTensHO, Tipu aHaim3e 0aszbl MU(PAKIUOHHBIX JAHHBIX OBLIO OOHApPYKEHO,
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Puc. 2. Penrrenorpamma obpasia SPAS

YTO HEKOTOPBIC HAOIIOMAoNINeCs Ha peHTreHorpamme oopasna SPL nmuku MoryT OBITh OTHECEHBI
K (aze LiVO3, omHako, CTOUT OTMETHUTh, YTO JAHHBIC JTUHHUH ITOJIHOCTHIO COBIAJAIOT C IMUKAMU
paHee oOHapykeHHBIX (a3. TakuM 00pa3oM, MOKHO 3aKITFOYUTh, YTO 00pa3ell SBISCTCS CMECHIO
¢da3 VO, (terparonansnas), VO, (MoHokiuHHAs) 1 L1VO3. JleicTBUTENBHO, KaK ObLIO OTMEYEHO
BbIIIIe, HA MUKpOdoTOrpadusx JaHHOTrO 0Opasia HabomaeTcs cMech (a3, OJHAKO JIOCTOBEPHO
CKa3aTh, Kakol (pa3ze COOTBETCTBYIOT HAHOBUCKEPHI, @ KAKOW YaCTHIIBI, TPYAHO, JJIS 3TOIO HY)KHBI
JIOTIOJTHUTENIbHBIC MCCeI0BaHus. M3 MOyKOIMYECTBEHHON OLIEHKH MOXKHO MPEAIOJIOKUTh, Y4TO
HAHOBHMCKEPBI COOTBETCTBYIOT OKcuay BaHanus (IV), a yacTuIlbl — BaHAIaTy JIUTHSL.

-
. + VO, (t)
% VO, (m)
a LiVO,

MHTEHCUBHOCTb, OTH. eJ.

Yron 20, °

Puc. 3. Pentrenorpamma o6pasiia SPL. VO, (t) cooTBeTCTBYET TeTparoHaJbHON
daze, VO, (m) — MOHOKJTUHHOM
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Puc. 4. 3apsnHo-pa3psaHble KpUBbIE TaJbBaHOCTATUUYECKOTO LUKIMPOBAHUS 00-
pasua SPL (Homepa LIMKIIOB yKa3aHbl HA PUCYHKE)

B pamMkax HacTosIIIeH paOOThI OBUTH POBEICHBI UCTIBITAHHS AIEKTPOXUMHYECKIX CBOHCTB
JUTUPOBAHHBIX HaHOBUCKEPOB (SPL). Jlyist 3TOr0 BHIMIONHSIN rajbBaHOCTATHYECKOE ITUKINPOBA-
Hue (puc. 4) B AuanazoHe moreHIUanoB 2--4 B (mmoTHOCTh TOKa cocrtaBisuia 25 MA/T). U3
0011ero Buja KPUBBIX MOYKHO 3aKJIFOUUTh, YTO MHTEPKAJSALUS KAaTUOHOB JIUTHUS MPOUCXOAUT TIPU
noteHuane ~ 2.5 B, B To BpeMs Kak JIeMHTepKaJsAIusa — pu notenuuaie ~ 2.6 B. Jlannsie 3Ha-
YeHUs BIOJHE XapaKTepHbI AJI MaTepHaIoB HA OCHOBE OKCHIOB BaHaausa. Kpome Toro, katonHas
Y aHOJHAs YacCTH KPHUBBIX COJIEpKAT MO OJHOMY ILIATO, YTO TOBOPUT OO OJIHOM KpHCTaJIOTpa-
(GuYecKoil TO3HWIMK B CTPYKType Marepuaia, KOTopas ydacTBYET B MPOIECCe WHTEPKAISAIUs /
JIEUHTEPKAJISAIUS KAaTHOHOB JINTHS.

W3 maHHBIX TadbBaHOCTATUYECKOTO LMKIMPOBAaHUS ObLIa TOCTPOEHA 3aBUCHMOCTH pa3-
PSAAHON eMKOCTH OT HoMepa Iukia (puc. 5). Ha mepBoM 1HKIIe eMKOCTh MarepHana JOCTUTAeT
3HadeHus: ~ 200 MAY/T (IJIOTHOCTH PHEPTUU ~ 73 BT-4/KT), OAHAKO MPHU MOCTEAYIOMMX IIUKIAX
HAOIIONAETCs DKCIIOHEHIIHAILHOE CHIDKEHME 3HAadeHWi BIUIOTH 10 ~ 70 MAY/T Ha 10-M LUK-
ne (IUIOTHOCTH dHeprun ~ 26 Brt-u/kr). Takoe cHUWXEHHE, BO-TIEPBBIX, MOXKET OBITh OOBSCHEHO
YaCTUYHOM Jerpajaiueil CTpyKTyphl mMarepuaia. Bo-BTopbix, BO3MOXKHO, Ha TaJCHHUE €MKOCTHU
MOBIHUSIA ACTPaJalis TECTUPYEMOIO MEKTPOa U HECOBEPLICHCTBO METOIUKHU (POPMOBAHUS.

ITo Bcelt BuUIUMOCTH, NEpBBIN (akTop sABISETCS Oojiee CYIIECTBEHHbIM. B 3TO# cBsi3n
MOXKHO B KauecTBE MpUMepa MPUBECTH BUCKEPHI cocTaBa Baj o5 V205 [6-9], nuccnenoBanHbie Ha-
MU paHee. B cTpyKType JaHHOTo MaTepuaia NPMCYTCTBYIOT KaTHOHBI GonbmIoro paauyca (Bat,
r=1.34 10%), KOTOpBIC CTAOWIH3UPYIOT KapKac KPUCTAIUTMYECKOW CTPYKTYPHI B MPOIECCE DIICK-
TPOXUMHYECKOW PEaKIMd WHTCPKAJSIIAY / JTCHHTEPKAIALNN JTUTHSI, ¥ HE JOIMYCKAIOT OOJBIITUX
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Puc. 5. 3aBucumocts paspsagHoi emkocTH oOpa3ua SPL ot Homepa nukia

nedopmariuii, 4To BeIpaXKaeTCs B CTAOMIBHOCTH BEJTMYMHBI Pa3psAIHON eMKocTH (~ 145 MAUY/T)
Ha MPOTSHKCHUH OOJIBIIIOrO KOJIMYecTBa IUKIOB (co 2 mo 20 nukibn) [8].

s ycraHoBieHus 3HadeHus kodduipenta nuddy3uu JIUTUS B aKTUBHOM MaTepuale,
MOCJie MPOBEIECHHOIO TaJbBaHOCTATHUYECKOTO HUKIKMpoBaHus (mocine 10 mukna, £ = 4 B) Obun
cHAT rogorpad mMmrenanca (puc. 6). Yrounenue (Tabi. 2) mMpoBOIUIOCH COTIIACHO MOJEIH, OT-
BEYAIOIIeH SKBUBAJIEHTHOM 3JekTpudeckoin cxeme (39C), mpencTaBieHHON Ha pUCyHKe (puc. 6,
BcTaBKa). s yTOUHEHHUs CIIEKTpa B AnanazoHe Oonbmux yacTtot (10° ') ucnomb3oBaics pesu-
ctop (Rpp), COOTBETCTBYIOMIMI CONPOTUBIEHHIO NPOBOAHUKOB Tpubopa u suekiku. Ha cpennux
u Gonpmmx yacrtorax (10°-10' I'm), mapamtensho ¢ pesuctopom (R), GbLT MPEMEHEH JIEMEHT
noctossHHOU (a3el (constant phase element, CPE). [lannas mepa Obuia oOycnoBiieHa TeM (ak-
TOM, YTO YTOYHSEMBIA Y9aCTOK CIIEKTPa MPEACTABIISIT COOON «IPOCAKEHHYIO» MOIYOKPYKHOCTD,
T.€. TIOJIyOKPY>KHOCTh, BOOOpakaeMblil LIEHTP KOTOPOH JISKUT HUKE OCH adcuucc. DIEMEHT To-
CTOSIHHOM (ha3bl sBJISETCS TeopeTudecKuM sneMeHToM DDC, U MMeeT MMIIEIAHC, BhIPaKEHHBIN
dhopmyIIoi:

1

T-(i-w)P (1)

Zepe =
HpI/I PA3JIMYHBIX 3HAYCHUAX CTCIICHU P IIaHHBIfI OJICMCHT COOTBETCTBYCT PA3JIMUYHBIM pPC€aibHbIM
anemenTam DDC. B Hamewm crmydae (tabmuma 2), crernens snmementa CPE cocraBunma ~ 0.66,
9TO COOTBETCTBOBAJIO CYNEPIO3UINU d1eMeHTa BapOypra u konjeHncaropa. [1o Bcelt BugmmocTw,
C (bPI3H‘I€CKOI71 TOYKH 3pCHUSA, 3TO O3HAYACT, YTO B OMNPECACICHHOM CJIO€ AKTHMBHOI'0O Marcpuaja,
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Puc. 6. Tonorpad nmmnemanca obpasna SPL, CHATEIN mocie 3MEeKTPOXUMHUYSCKUAX
HUCIILITAHUI. DKBUBAJIIEHTHAS QJICKTPUUYCCKAaA CXEMa IPEACTABIICHA Ha BCTABKC

pacronoKeHHOM BOJIM3M TOKOChEMHUKA (CETKH U3 HEP)KaBEIOLIEH CTallM), OCYIIECTBIsAETCS Ha-
KOIUIEHHUE KaK JEKTPHUECKOT0, TAK M HOHHOTO 3apsiia. ITOT (haKT COIIacyeTcs C TEOPETUIECCKIMHU
MPEICTaBICHUSMHU O MPOLIECCax, MPOUCXOASIINX B SIEKTPOXUMHUUECKOH sUeiiKe.
B gmanaszone cpemuux—Huzkux yactor (101-1072 T'm) cnekrpa HabmromaeTcst TMHEHHBINH
Y4aCTOK, KOTOPBI YTOUHSIETCS TIPU ITOMOIIH drieMeHTa BapOypra, BeipaxkeHHOT0 (hOopMYIIoi:
cth(i-T - w)P
Zy=R - ———F ()
(1T w)r
[Tpu 3ToMm K03 urment 1" npeacrasiser coOO0M YaCTHOE OT AETCHUS KBaApara JUTHHB 1 dy3un
karroHoB sutust (L) Ha koabdurment muddysun (D):
L2
T = D 3)
W3 yrounenus rogorpada ummnenanca, ¢ UCHOIb30BAaHHEM MEPEUUCICHHBIX (POPMYJIT, MOXKHO pac-
cuntare kodpPunuent auddy3nn KaTHOHOB JUTHS B UcciemxyeMoM Marepuane. [Ipemmnonaras,
yto mmHa quddysun coctaBiser ~ 500 HM (OepemM cpeaHuil TUaMeTp BHUCKEPOB) M HCIIONb-
3ysl IOJyYEeHHOE U3 YTOYHEHHs 3HaYeHue mapameTpa 7' moiydaeM, 4To Hopsaok koddduurenta
nud@dy3un MOXKHO OLEHHTh Kak ~ 10713 M?/cek. DT0 3HaYeHHE BIOJNHE COINACYETCS C JIUTEPA-
TypHBIMH JaHHbIMU [13] U XapakTepHO [JIs MaTepHalioB Ha OCHOBE OKcuja BaHaaus. OIHAKO
CJIEyeT 3aMETUTh, YTO JaHHOE 3HAUCHHE OTHIOAb HE SBIISETCS MAKCHMAJIBHO BO3MOXKHBIM, I10-
BUAMMOMY, B TOM YHCJIE€ M TO3TOMY HaOJIOMAeTCs] CHM)KEHUE BEIMYMHBI Pa3psIHON €MKOCTH
Marepuaia B MPOLECcCe TaJbBaHOCTATUYECKOTO ITUKIMPOBAHUS (IIPH 3alaHHON IUIOTHOCTH TOKA
HE BCE KaTHOHBI JIUTUS yCIIEBAIOT HHTEPKAIUPOBATHCS U JCHHTEPKAIHPOBATHCS).
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TABJMLA 2. Pe3ynerarsl yTOuHEHHS rogorpada uMIie1anca

DJIeMeHT PDuznyecKui Ko>¢ppunuents! | Exunnnbl | 3Hauenue (£ ommodka)
CMBICJI JIEMEeHTAa U3MepeHHus

Rmp CormpoTtusieHue Om 3.37 (£0.04)
IIPOBOJHUKOB
npulopa U sTYEeHKH

R DNEeKTPUYECKOe Om 35.5 (£0.2)
COIPOTUBIICHUE
AKTUBHOIO Ma-

Tepuana  BOJIU3H
KOJUICKTOpa TOKa
CPE Hakorienue amnek- | Topp ! 8.0-107° (£3-107°)
TPUYECKOTO M HOH-
HOTO 3apsizia

BOJIM3H KOJIJIEKTOPA | PopE — 0.656 (£0.004)
TOKa

w Huddysus katuo- | Ry Om 48 (£2)
HOB Li™ cKkBO3B
AKTUBHBIN Tw ceK 0.93 (£0.05)
Marepual Pw — 0.356 (+0.002)

'B naunoii pabore, Bo nsbexkanue HemopasyMeHHit, pasMepHOCTh Kodhduimenta Topp He NPUBOAUTCS
HaMEpEeHHO 110 TOH MPHUYHHE, YTO OH OyJeT 3aBUCETHh OT CTENEeHU pcppr U UMETh CIMIIKOM T'POMO3IKUI
U HeTpelCcTaBUTENbHBIN BuA. OOBIYHO aBTOpaMM Ha 3TOM BHHMAaHUE HE 3a0CTpsieTcs.

4. BrbIBOabI

[TokazaHa BO3MOXHOCTb monydeHust «9uctbix» (H,V20;5) u murupoBanubix (Li,VoOs)
HAaHOBUCKEPOB Ha OCHOBE OKCHIOB BaHaaus. [IpoBeseHHBIC HMCHBITAHHUS AIIEKTPOXUMHUYECKUX
CBOWCTB JIMTHPOBAHHBIX HAHOBHCKEPOB ITOKA3aJId JTOCTATOYHO BBICOKYIO PaspsIHYI0 €MKOCTb
Ha nepBbIX IuKIax (10 200 MAY/r), KoTOpasi, OAHAKO, KCIIOHEHIMAJIbHO CHMXKAJIaCh Ha MOCIe-
JYIOUIUX LUKIAX.

[To-BuaMMOMY, OTCYTCTBHE KaTHOHOB OOJIBILIOTO Paguyca B KPUCTAIUIMYECKOM CTPYKType
Mmarepuana, CTabMIM3UPYIOUIMX Kapkac oT OonblMX AeopmMaiuii B mporecce MHTEPKAIALMU /
JNEUHTEPKAJSLUN JIUTUS, IPUBOJUT K JIerpajaliid akTUBHOTO Marepuaja M, Kak CIEeICTBHUE, K
MaJICHUIO Pa3psiIHONW eMKOCTH. V3 TaHHBIX UMIIEIAHC-CIIEKTPOCKONUH Obljla OIIEHEHa BEITHMYMHA
koo puumenta nuddys3un TUTHS B IUTHPOBAHHBIX HaHOBHCKepax (~ 10713 m?/cex), uro xapak-
TEPHO JJIsl MaTepUaAIOB HA OCHOBE OKCHJIOB BaHAIIHSL.

5. buaaromapHocTH

ABTOpBI paboThl BbIpaxkaroT OnarogapHocTh A.W. I'aBpunoBy 3a mnposeneHue POM,
J. 1. TleryxoBy 3a nposenenne MC-UCII u T.JI. KynoBoil 3a KOHCTpYKTHBHOE OOCYKICHHE
pE3yJIbTaTOB HCCIICAOBAHMS JJIEKTPOXUMHUYECKUX CBOMCTB. [lanHas pabGora Obuta mojjepikaHa
Poccuiickum @onnom @ynnamentanbhbix MccnenoBanuii (rpant PODU Ne 10-03-00463) u IIpo-
rpammoii IIpesunenta PO no nonnepxke Beayumx HayuHsix mikoin (rpant HII-6143.2010.3).
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[penmoxen MeTo[ MOMYUYCHHsT BOJAHBIX 30JICH HAHOMUCIICPCHBIX TBEpAbIX pacTBopoB Cei_,Gd,Os_s (z = 0-0.2),
MIEPCIEKTUBHBIX UIS MMPUMEHEHHS B MarHUTO-PE30HAHCHOM TOMOTpaduy, U MPOBEIECHO WX KOMIUIEKCHOE (hHU3UKO-
XUMHYECKOE MCCIE0BAaHNEe C TPUMEHEHHEM METOI0OB AJIEKTPOHHON MHUKPOCKOIINH, PEHTTCHOCTIEKTPAIEHOTO MHKPO-
aHaJN3a, PEHTTeHOBCKOH audpakmmu, YO-BUANMON CIIEKTPOCKOITHH M THHAMHYIECKOTO cBeTopaccesHus. [lokazaHo,
4TO MapaMeTp KpucTawimdeckoil siueriku o0pasioB Ce;—_,Gd,O2_s5 nuHEHHBIM 00pa30M 3aBHCUT OT COICPIKAHUS
JIOTIAaHTa B COOTBETCTBHHU C 3aKOHOM Berapa, 4to moarsepkaacT GpakT 0Opa30BaHUs TBEPABIX PACTBOPOB. YCTaHOB-
JICHO, YTO pa3Mepbl HAHOYACTHI] B 30JI51X, OJIYYCHHBIX COUCTAHHEM aHUOHUTHOW U THAPOTEPMATBHO-MUKPOBOIHOBOM
00paboTKH, CYIIECTBEHHO MEHBIIIE Pa3MEPOB YACTHII, CHHTE3UPYEMBIX OOBIYHBIM THAPOTEPMAIEHBIM METOIOM.
KiroueBblie cjioBa: OKCHJ IEPHsl, OKCHJ] TaJ0JIMHKS, TBEPIbIC PACTBOPHI, THIPOTEPMAIHLHO-MHUKPOBOIIHOBAsT 00pa-
0oTKa.

1. Beeaenue

3HauuTeNbHBIN HHTEpEC, NPOosIBIsieMbIi B Poccu n MuUpe K HAHOTEXHOJIOTHSM, B 3HAUU-
TEJIbHOW CTENEHM 00YCIIOBIEH BO3MOKHOCTBIO HAIIPABIEHHOTO U3MEHEHUS (U3UKO-XUMHUYECKUX
CBOMCTB BEILECTB M MaTepHAJIOB IPU YMEHBIIEHUHU pa3MepoB yacTull. K HacrosleMy BpeMeHU
JIeTaJIbHO OMMCaHbl U3MEHEHHUsT MAarHUTHBIX CBOWCTB HAaHOYACTHUL, 3((EKT CHUKEHUS TeMIlepa-
Typ IJIABJICHUS BEIIECTB B HAHOKPUCTAJUIMYECKOM COCTOSIHMM, YBEIMUEHUE LIUPUHBI 3allpeleH-
HOMW 30HBI JJIS TIOJTYTIPOBOJHUKOB KaK Pe3yJbTaT MPOSBICHHUS KBAHTOBOPa3MEPHBIX 3(P(eKToB u
T.a. [1].

B nocnennue rogsl psioM aBTOPOB ObLIO MPOAEMOHCTPUPOBAHO, YTO pa3MepHBbIi (hakTop
MOXET B 3HAUUTENIbHON CTENEHM CKa3blBaThCs Ha KUCIOPOJHON HECTEXMOMETPUHM HAaHOKPHCTA-
JMYECKUX OKCUIHBIX MarepuasioB. Haubonee sipko 3aBUCHMOCTb KMCIOPOJHONW HECTEXHOMETPUU
OT pa3MepOB YACTHI] MIPOSABIIAETCS Il HAHOAUCIIEpCHOro quokcuaa uepus [2-7]. Ilo nanubm [6],
KPUTHUYECKUM pa3Mep HaHOYACTHI] AUOKCUAA LIEpHsl, IPU KOTOPOM BCE MOHBI IIepusi B KpUCTa-
nnueckoit pemetke CeOy_s OpMaIbHO CTAHOBSTCS TPEX3aPSIAHBIMU, COCTABISET ~1.2 HM.

CoracHO CyIIECTBYIOUIMM IPEJICTaBICHUSM, KUCIOPOIHAs HECTEXHOMETPHUsS SIBIAETCS
KJIFOUEBBIM (haKTOPOM, 00YCIOBIMBAIOLIMM BBICOKYIO OMOJIOTHYECKY0 aKTUBHOCTh HAHOKPHUCTAII-
muyeckoro CeOs_s [7-10]. Cuauraercs, yto 6moaktuBHOCTh CeOs_ 5 ompenensieTcsi CocoOHO-
CTBIO 3TOr0 Marepualia CBA3bIBaTh akTHUBHbIE (popMbl Kuciiopona (ADPK) u cBoOoHbIE paiuKaIbl,
ryOUTENbHbIE Ui KHUBBIX CHCTEM, T.€. 00€CIeuMBaTh 3AIUUTY MOCIEIHUX OT OKHUCIUTEIBLHOTO
cTpecca, HanpuMmep, B ycnoBusix Y®-o6myuenus [8, 9].
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JIOTIONHUTENBHOTO YBEIUYCHHSI KOHIICHTPAIIMH KUCIOPOIHBIX BAaKAaHCHI B TUOKCHUIE IIe-
pHUsl MOXHO JOCTHUYb 32 CUET JOMUPOBAHUS MOCIEIHEro AJIEMEHTaMH JIPYrod BaJIEHTHOCTH, B
nepBylo ouepenpb — JaHTanugamu. [lokazano, uro tBepasie pactBopsl Ce;_,R,.Os_5 MOTYT OBITH
MOJIyY€Hbl B IIMPOKOM HHTEpBaJie KOHIEHTpauuil pomanTtoB [11, 12]. ABropsl [13] oTmeuaroT,
YTO IONUPOBAHUE TUOKCUJA LIEPUS TAHTAHUJAMHU MOXKET OBITh UCIIOIB30BAaHO HE TOJIBKO ISl Ha-
MIPaBJICHHOTO YBEJIUYCHHS KUCIOPOJAHON HECTEXHOMETPUU ITOTO MaTepuasa, HO U JJIs PUIaHuUs
€My HOBBIX (DYHKIIMOHAJIbHBIX CBOWCTB, HAllPUMEP, TIOMUHECIIEHTHBIX.

B Hacrosimieii pabote MbI BIIEpBBIC TpEJiaraeéM HCIOIB30BaTh B KaUeCTBE MOTU(PYHKIIH-
OHAJIBHBIX MaTepuajIoB OMOMEAUITMHCKOTO Ha3HaueHus: TBepisie pacTtBopbl Cei_,Gd, O, 5. Kak
u3BecTHO, HoH Gd3T mmeer 7 HecnapeHHBIX >IEKTPOHOB (8S7/2) 1 00JaaeT UCKIIIOYUTEIHHO
BBICOKHM MarHHTHBIM MOMEHTOM (7.94 (ip), 4TO TO3BOJISIET MCHOIB30BaTh ra0JMHHNACOACPKA-
1€ COCTMHEHMS B KQYECTBE KOHTPACTUPYIOUINX areHTOB B MArHUTHO-PE30HAHCHOM ToMorpaduu
(MPT). HanokpucTananueckuii OKCHJI TaI0JIMHUS SBIISIETCS OTHUM U3 Harboliee MepCreKTUBHBIX
KOHTpacTUPYIOIUX areHToB At MPT, MOCKoIbKy OH XapakTepu3yercsi 60j1ee BHICOKUM 3HAYECHU-
€M KOHCTAHT IPOJIOJILHOM peaKcaliy 110 CPaBHEHHMIO C XenaTHbIMU Komiuiekcamu Gd®T. Cnenyer
OTMETHUTH, 94TO B (JOpME MaJOPACTBOPHMOIO OKCHA TaJI0OJIMHUIN CYIIECTBEHHO MEHEE TOKCHUYCH,
4eM TaoNIMHUI B HoHHOU dopme [14, 15]. Takum oOpa3oM, 1o HAIIEMy MHEHUIO, TOTIHPOBAHKE
nuokcuaa nepus noHamu Gd3' MO3BOIMT He TONBKO MOBHICHTH €r0 KHMCIOPOAHYKO HECTEXHO-
METPHUIO H, CIIEAOBATEIbHO, YBEITUYUTh AHTHOKCHJIAHTHYIO aKTUBHOCTb, HO U OOECIEUUT BO3-
MOYKHOCTH BU3yalu3anuu pacrpenencaus nHanouactun Ce; ,Gd,O,_s B opranmsme. bonee Toro,
TOKCHYHOCTb TaJIOJIUMHUS in Vivo AJi TaKOTO Marepualna JoJKHA ObITh MUHUMAJIbHOM.

st 103MpOBAaHHOTO MPUMEHEHUs MPEernaparoB Ha OCHOBE HAHOYACTHI] JTUOKCHAA LEPHS
HEO0OXOIMMBI COOTBETCTBYIOIINE arperarTuBHO-yCTOWYUBEIE 30711, J1JIs IOJTydYeHUs BOIHBIX 30JIei
HAaHOKPHUCTAUTMYECKOTO IMOKCUIA Iepusi, JOMHUPOBAHHOTO TaJ0JMHUEM, B HAcTodllel pabore
MPEIJIOKEH OPUTHHAIIBHBIN METOJI, OCHOBAaHHBIN Ha COUYETAaHUH aHMOHUTHOW U TUAPOTEPMAIIbHO-
MUKPOBOJIHOBOM 00paboTku. Panee aHanmornyHslii MeToa ObLT YCHENIHO MCIOIB30BaH HaMU IS
MOJTyYeHUs] KOJUIOMJIHBIX PacTBOPOB MHIMBUIYyalbHOTO Auokcuaa nepus [16]. Cremyer oco6o
OTMETHUTh, YTO HECMOTpPS Ha HAJIMYUE 3HAYUTEIILHOTO 4Yucia paboT, MOCBALIEHHBIX MOTYYEHUIO
raJIOTMHUICOEPKALUX TBEPABIX PAaCTBOPOB HA OCHOBE auokcuaa uepus [17-27], metomuku
cunTe3a BoaHbIxX 3oieit Cey_,(Gd,Os_5 10 HacTOSIIET0 BPEMEHU OTCYTCTBOBAIIH.

2. JKCcHepuMeHTAJbHASl YaCTh

Anmnonoobmennyto cmoiy Amberlite IRA 410 CL, npeaBapurensHo nepeBeneHayto B OH-
¢bopMy, HOCTENEHHO JOOABIISIIM K CMEIIaHHBIM BOJHBIM pacTBopaM HuTpata uepus(I1l) u aurpara
ragonuHus (cymmapHas koHueHntpamus — 0.01 M) no noctmwkenuss pH=10.0. MoasHOE comeprka-
HHUE TaJloJIMHUA B MCXOOHBIX pacTBopax coctanisiao oT 0 1o 20%. ChopmupoBaBiinecs 3014
OTAEIISUIA OT CMOJIBI (PUIIBTPOBAHUEM, HE3AMEJIUTENILHO NEPEHOCUIIN B MOJIUTETPAGTOPITHIICHO-
BbI€ aBTOKJIaBbl 00beMoM 100 mut (crenens 3anonHenus — 50%) u nmoaBepraiu THAPOTEPMATIHLHO-
mukposonHoBoii (I'T-MB) o6pabotke B ycranoske Berghof Speedwave MWS-3+ mpu 190°C B
teueHue 1 4. Temneparypy B aBTokiaBax KoHTposupoBanu npu nomomu MK-nupomerpa (ro-
IpeIHOCTh onpeenenus temneparypbl npu 150°C — 41°C). Tlo okoHYaHHMM >KCIEPUMEHTOB
aBTOKJIABbl U3BJIEKAJIN U3 [I€UYM U OXJIAXKAAJIU O KOMHATHOM TemIrepaTrypbl Ha BO3IYXe€.

W3mepenust pH nposonunu ¢ ucnons3zoBanueM pH-merpa Crison GLP 22, ochaieHHO-
ro KOMOMHHUPOBAHHBIM 3J1eKTpoaoM Crison 5201 u oOecneunBaroero TOUHOCTh U3MEPEHUH 10
4+0.003 pH B auanaszone ot 0 g0 80°C.

MukpocTpykrypy 00pa3loB H3y4yald METOIOM IPOCBEUMBAIOLIEH AJIEKTPOHHON MHUKpPO-
cxornuu (II9M) Ha snexTpoHHOM MuKpockore Leo912 AB Omega npu yckopsitolieM HanpsKeHUn
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100 kB (yBenmuuenue g0 x500000). [{ns ananuza pacrpeneneHus YacTHII 110 pa3MepaM UCIOJIb30-
BaJIM HECKOJIbKO MUKPOQOTOrpaduii 0MHOTO U TOTO ke 00paslia, CHIATHIX IIPU OJHOM yBEIUYCHHUH,
HO XapakTepU3yIOIIUX pa3iHyHble Y4acTKH oOpasia.

Pentrenocnexrpanbublii Mukpoananu3 (PCMA) npoBoauiau ¢ HUCMONB30BaHUEM JI€TEK-
topa Oxford Instruments X-Max, ycTaHOBIIEHHOTO Ha 3JIEKTPOHHOM Mukpockomne Carl Zeiss
NVision 40, npu yckopsitomieM Hanpspkenud 30 kB.

PentrenodaszoBeiii ananmusz (PDA) obOpas3noB mnpoBomuiau Ha audpakrTomerpe Rigaku
D/MA 2500 (Cug,-u311y4eHue) npru CKOPOCTH BpalleHus: ToHHoMeTpa 2°26/mun. OOpasubl st
P®A rortoBuim nenTpudyrupoBanuem 3oiei B ynbrpanenTpudyre Sigma Sartorius 3-30K (ycko-
penue 10 000 g). Unentuduxamnuio 1u@pakimoOHHBIX MAKCUMYMOB MPOBOJIUIIU C UCTIOJIb30BAaHUEM
0anka manHbix JCPDS. Pacuer pa3mepoB obOnacteit korepenTHoro paccestaus (OKP) oOpasmon
nuokcuaa uepus nposoawu no gopmyne Lleppepa

K-\
Bhkl (29) + COS (00) ’

rae 6y — MONOKeHHWE MaKCMMyMa THKa, A — JUIMHA BOJIHBI PEHTTEHOBCKOTO H3mydeHus Cug,
(0,154056 um), Bpr(20) — ucTrHHOE PU3HUECKOE yIIHpEeHUEe TU(PAKIIMOHHOTO MakCUMyMa. 3Ha-
uenne noctossHuoi leppepa (K) npuHHMAamH paBHbIM 1.

BenuunHy (hnu3n4eckoro ymmpeHus: pacCUUTHIBAIH 110 (hopmyIie

Bk = — s (2)

re /3 — MoyiHasl IMpPUHA PEHTTEHOBCKOTO IMKA Ha €ro MOIYBBICOTE,S — HHCTPYMEHTAIBHOE YIITH-
penwue (0,0940,01°26). Bkiaag mukponedopmarmii B ymmmpeHus: qu)pakiiMOHHBIX MAKCHMYMOB HE
YUUTHIBAIH. B KadecTBe 3TATOHHOTO 00pasta IJisi ONpeeIeHUus] MHCTPYMEHTAIBHOTO YITHPEHHS
ucroJib3oBasiu cTanaapTHeiii oopaszer; CeOy (NIST SRM 674).

Jns onpenenenust 3HadeHus ( mocie BblYeTa (oHA MPOBOAMIM MareMaTH4ecKoe OIH-
canue npoduis peHtreHoBckux nukoB (111) u (200) B uaTepBasie 20—40°260 nceBno-dyHKIMEH

@oiirra
2
V(@):2CA [4( wr, }+2(1—0)A /h;lrQeXp ~4Iln2(0 —6) 3)

m 9 — 90)2 + w% wWa wé

Dy = (1)

rae Wy, W — napameTpsl pyaknuii Jlopenma u [aycca, coorBeTcTBeHHO (W, = wg = ), A — HOp-
MUPYIOUIMH MHOKUTEIb, ¢ — OTHOCUTENbHBIN BKIaA (pyHKIMHU JIopeHa B 0011y10 MHHTEHCUBHOCTh
OTpaKEHUSI.

Beranciennbie mo BenwmauHaM [3111(26) u $o00(260) 3nauenus Dy, ommmuanuck He Oonee,
yeM Ha 0.2 HM. B xauectBe pazmepa OKP ncnonp3oBanm cpennee apugmernaeckoe Mexay Diig
1 Dog.

YTOuHEHHE MapaMeTpoB AIEMEHTAPHOH SYeHKH 00pa3IoB TOMMPOBAHHOTO JIUOKCHIA I1e-
pus mo Mmertony PuTBenbla NPOBOAMIM C HWCHOJIB30BAHMEM MPOTPAMMHOrO obecredeHus
JANA2000 [28]. IIpoduss peHTreHOBCKUX IMHKOB OMUCHIBAIM TceBno-pyHkmusamu dDoiirra B
unTepBasie 15-90°260 ¢ yuerom HemoHoXxpoMaTudHOCTH u3nydeHus! (Cug, U Cug,s). Jluaum
¢dona annpokcuMupoBaiyu noauHoMamu YeOsimiesa 15 crenenu.

CrieKkTpbl ONTHYECKOTO MOITIOICHHS 30JI€i PEerUCTPUPOBAIN MPU MMOMOIIH CIIEKTPOMETpa
OceanOptics QE-65000 c ncronp30BaHUEM OAHOIYUYEBON CXeMbl. B KauyecTBE HCTOYHHKOB U3ITY-
YeHUs NPUMEHSUIM Aenrepuii-ranoreHosyto gamny DH-2000 u xcenonosyto namny HPX-2000.
CpeMKy IpOM3BOIMIM B KIOBETaX M3 ONTHYECKOIO KBaplia B Juamna3oHe AJuH BoJH oT 190 no
950 um ¢ marom 0.2 HM. B xauecTBe oOpasiia CpaBHEHMsI HCIIOJIB30BAIM KBAPLEBYIO KIOBETY,
3aIIOJIHEHHYIO JUCTUIUIMPOBAHHOW BOJOM.
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Jns onpenenenus MmMMpuHBI 3anpemienHoi 30ubl (Eypp33) Hanowactun Cei_,Gd, Oz
3aBHCUMOCTH KOX(QUIMEHTa MOMIOMIEHUSI OT JJIMHBI BOJHBI MEPECTpauBaji B KOOpAHWHATAX
a?E%(E) (roe o — koo duuuent nornomenus, E — sHeprus kBanra). HakIOHHBIE y4aCTKH 110JTy-
YEHHBIX KPUBBIX allPOKCHMHUPOBAIIN MPSIMBIMH, IIEPECEKAIOIIMMHU OCh abcuce. Adciucca TOYKU
MepeceveHrsi COOTBETCTBOBaJA mupuHe 3amnpemeHnon 306 Ce;_,Gd, Oy npu npsimoMm niepe-
Xozie.

H3Mepenust pa3MepoB 4acTHUI] METOAOM AuMHaMu4yeckoro cBeropaccesus (JJCP) mposo-
Ivan Ha aHanu3arope Malvern Zetasizer Nano ZS. B xauecTBe UCTOUHHKA CBETA HCIIOJIH30BAIH
reJuii-HeOHOBBIN J1azep (AJIMHA BOJIHBI U3iydeHus 632,8 um). [lepen creMmkoii 301u paz0aBisuin
JTUCTUIITMPOBAHHOM Bono# B 2-20 pas.

3. OO0cyxneHue pe3yabTaToB

CornacHo pesynsratam PDA, Bce mosiydeHHbIe MaTepHalbl SBIAIOTCS OJHO(A3HBIMU U
o0J1afialoT KPUCTAIIIMUECKOH CTPYKTypol (uroopura (mpocTpancTBeHHas rpynna Fm3m). [lu-
(paKkIMOHHBIE MAKCUMYMBI, OTBEUAIOIINE OKCO- MJIH THIPOKCOCOCTUHEHUSM IEPHS U TaI0JTMHHS,
Ha audpaxTorpaMMax OTCyTCTBYIOT. [Io Mepe yBenndeHnss HOMUHAJIBHOW CTENCHU JOTMPOBAHHUS
or 0 1o 20% HabOmromaercss CMEIICHUE IOJIOKEHUS NU(PPAKIUOHHBIX MAaKCHUMyMOB B CTOPOHY
MEHBIINX YTJIOB, YTO CBHJETEIHCTBYET O BXOXICHHH HOHOB TaJOJHHUS B KPUCTAJUIMYECKYIO
peLIeTKy TUOKCUA LepHUs.

Ha puc. 1 npuBeneHa 3aBUCMMOCTb IapaMeTpa KPHUCTAJUIMYECKOH siuelKu 00pasloB
Ce;_,(Gd,O,_5 OT HOMHHAIBHOTO COZEP>KAHUS TAJOJIUHMSI, ONPEIEICHHAs TP YTOUHEHUH KpU-
CTAJUIMYECKOIM CTPYKTYpBI TBEPABIX PacTBOPOB MO MeTony Putsenbna. BunHo, 4to nomyueHHas
3aBUCUMOCTb SIBJIETCS] IMHEWHOH, TO €CTh COOTBETCTBYET IpaBuily Berapna aist TBepasIx pac-
TBOPOB. DTOT pe3yNbTaT SIBISETCS MPSAMBbIM J0KA3aTeIbCTBOM BXOXKICHUS MOHOB TaJIONIMHUS B
KPHUCTAJNINYECKYI0 PEIIETKY TUOKCUIA LIEpHUs.

CornacHo pesynsraraMm PCMA (ta6n. 1), mo mepe yBenudeHusi koHuentpauuu Gd**™ B
HCXOJIHBIX BOJHBIX pacTBOpax MX cojep:kaHue B TBepAbIX pacTBopax Ce;_,Gd,O,_s Tarke yBe-
nuuuBaercs. HaliieHHble 3HaYeHUs B IpeziesiaX MOrpeIlIHOCTH U3MEPEHU COOTBETCTBYIOT HOMU-
HaJIBHBIM. JIaHHBIN Pe3yNbTaT AOTOIHUTENFHO MOATBEP)KIAeT 00pa30BaHUE TBEPABIX PACTBOPOB.

TABJIUIIA 1. Pe3ysbrarhl aHam3a 30J1€i HAHOKPUCTAJUTMYECKOTO TUOKCHIA LIEPHUs
u TBepabiX pactBopoB Cey,Gd, O, ;

HomunansHoe | 3nauenue x | [Tapamerp Pasmep | Cpennnii | [Tonoxenue | [llupuna
3HAYCHUE T M0 JaHHBIM | KPUCTAJUIMYE- | YACTHUI[ | pa3Mep | MepBOTO 3arpe-
PCMA CKOM SYEWKH, | 0 JaH- | YaCTUI] | MAaKCUMyMa | IIIEHHOU
HM HBIM 1o JaH- | B pacrpe- | 30HbI,
POA, HBIM NEJIEHUU 5B
HM I15M, YacTUI[ IO
HM pasmepam
[0 JTaHHBIM
JCP, am
0 0 0,5413(1) 9+1 5,0 35 3,7
0.05 0.06+0.01 | 0,54144(5) 9+1 5,2 23 3,7
0.10 0.124+0.02 | 0,54174(4) 8+1 34 14 3,6
0.15 0.17+0.02 | 0,54198(6) 540.5 3,3 11 35
0.20 0.224+0.02 | 0,54205(7) 540.5 3,5 21 3,6
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HomuHanbHOE coaepxaHne ragonuHns

MapameTp anemMeHTapHon si4e

Puc. 1. 3aBucuMocTh mMapamMeTpa 3JIEMEHTApPHOW SYCHKH TBEPIBIX PACTBOPOB
Ce,_,Gd,O,_s5 OT HOMUHATIBLHOTO COJEPIKAHUS TaIOTTHHHS

VBenuueHue CTENeHH JONUPOBaHMS BEJET K 3aMETHOMY YMEHBIICHHUIO LIMPUHBI 3ampe-
I1eHHOH 30HbI (cM. Tabm. 1). CnenyeT OTMETUTh, YTO IIKMPHUHA 3alPEIleHHON 30HbI KaK AJIs 30J1ei
MHIMBUAYaJIBHOTO AMOKCHIA Lepus, Tak u i 30ieit Ceq_,Gd, Oy_5 CylIeCTBEHHO MPEBOCXOIUT
LIMPUHY 3aIPELUICHHON 30HBI AJI KPYHMHOKPUCTAINIMYECKOTO AMOKCUAa 1epus (~3.2 HM).

AHnanu3 ymupenuit tudpakinroHHbx MakcuMyMoB (111) u (200) cBUaeTENBCTBYET O TOM,
YTO MOJIyYEHHbIE NIPU LEHTPUYTHPOBAHUH 30J1€H OPOIIKH JEHCTBUTENBHO SBISIOTCS HAHOKPH-
cTaJuTmdecKkuMH. Ha 0CHOBaHMYM TaHHBIX pEHTTeHO(a30BOT0 aHAIN3a OBLTH PACCUUTAHBI pa3MeEphI
gactull TBepabix pactBopoB Ce;_,Gd, Oy s (cM. Tabm. 1). BugHo, 94To Mpu yBeTUYEHUN KOHIICH-
Tpauuu ragonusus ot 0 10 20 MOIBHBIX IPOLEHTOB pa3Mep YacTUl yMeHbIIaercs (0T 9 10 5 HM).
MOXHO TPEATONOKHTE, YTO 3TOT AP PEKT 00YCIOBICH YaCTUYHOM Cerperanueii TomaHTa Ha Io-
BepxHOCTH (popmupyromuxcs kpuctawuros Ceq_,Gd,Os_5, YTO NPUBOAUT K OIPAaHUUYEHUIO UX
pocra. Yka3aHHas TEHJEHLMs MOATBEpKIaeTca aHaiu3oM JaHHbIX [I9OM (cm. tabmn. 1, puc. 2).
Pesynbrarel [I1OM u anekTpoHHON THUPaKLIUU CBUIETEIbCTBYIOT TaK)XKe O TOM, UYTO B pe3yibTa-
T€ CHHTEe3a 00pa3yI0TCs XOPOIIO 3aKPUCTANIN30BAHHbIE YACTHUIIbI, UMEIOLINE TPEUMYIIECTBEHHO
reKcaroHajbHyo ¢popmy. B psne ciydaeB yacTuIlbl B3aUMHO OPUEHTHPYIOTCS IPYT OTHOCUTENIBHO
npyra, o0pasys LENOYEeYHbIE arperarbl, OJHAKO B IIEJIOM CTENEHb arperMpOBAHHOCTH YaCTHIl B
30JI51X JIOCTaTOYHO Mayia. AHAJIOTUYHAs KapTWHA HaOMNIOmaeTcsl M Ui 30JIel WHAMBUIYAIBHOTO
JVOKCHU/IA LIEPHSL.

Takum 00pa3oM, MO)KHO KOHCTaTUPOBATh, UTO THIPOTEpMaIbHast 0OpaboTka 3o01eH, dhop-
MUPYIOLUIUXCS B pPe3y/ibTaTe aHUOHUTHOW O0OpabOTKH cMelIaHHbIX pacTBopoB HutTparoB Ce(IIl)
u Gd(IIT), mpuBoauT K 0OpazoBaHuio TBepAbIX pacTBopoB Ce; ,Gd, Oy 5. DTOT BEIBOI XOPOIIO
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coryacyercs ¢ JaHHbIMU paboThI [ 19], aBTOpBI KOTOPOIl CHHTE3UPOBAIIU TBEP/IbIE PACTBOPHI aHAJIO-
TMYHOI'O COCTaBa B pe3yJbTaTe IMIpOoTepMaIbHON 00pabOoTKH BOJHBIX CYCIIEH3UI COOCaXIeHHBIX
T'MJPOKCUIOB LiepUs U rafioyinHus. BMecte ¢ TeM, pa3Mepbl HAHOYACTHLL, I10JyYaeMbIX B COOTBET-
CTBHMHM C MPEITI0KEHHONH HaMM METOJUKOM, OKa3bIBAIOTCS HA MOPSA0K MEHBIIUMH IO CPAaBHEHUIO
C pa3MepaMy 4acTHll, CUHTe3upyeMbIX o Merony [19] (5-10 um u 40-70 HM, COOTBETCTBEHHO).

P o ‘.Q_ ’_ -

Puc. 2. Mukpodotorpaduu ob6pa3ioB CeOs_s (1), Cego9Gdp102_5 (2),
Ce8Gdy 2025 (3). Ha Bpe3kax moka3aHbl pacCUMTAaHHBIC HA OCHOBAHUM JAHHBIX
[I9M pacnpenenenus yacTHll IO pa3Mepam

Manasi cTeneHp arperupoOBaHHOCTH YACTHII B 30JI51X JIMOKCH/IA LIEPHs, JOMMUPOBAHHOTO Ta-
JIOJINHUEM, NOoATBepxkAaercs ux aHanuzom metogoM JICP. Ha cooTBeTCTBYONIMX 3aBUCUMOCTSIX
MIPUCYTCTBYET OCHOBHOW MakcuMyM Iipu 10 HM, a Tak)Ke HECKOJIBKO CYLIECTBEHHO MEHEE UHTEH-
CUBHBIX MakcUMyMOB B o6nactu 40-100 HM, COOTBETCTBYIOIIMX arperaraM HaHo4acTull. B cBoro
ouepeib, CPEIHUIN pa3Mep arperaTroB B 30JIS1X MHAUBUAYAJIbHOTO JUOKCHU/IA LIEPUSI COCTABISET OKO-
710 35 HM. MOXHO KOHCTaTUPOBaTh, 4TO Kak MHAUBHAYyanbHbIe yacTull Ce;_,Gd, O, s, Tak 1 ux
arperarbl IMEIOT JOCTaTOYHO MaJIbie pa3Mephl U, B CBSI3U C ITHM, MOTYT IIPUMEHSTHCSI B OMOME/TH-
[UHCKHUX TPUIIOKEHUSAX, XapaKTEPHBIX JUISI HHANBUIYATBHOTO HAHOKPUCTAUIMYECKOTO JUOKCHIA
nepus. BMecre ¢ TemM, HEOOXOAMMO YYUTHIBATh, YTO 30JIM JHOKCUIA LIEPHS, JTOMUPOBAHHOTO Ta-
JTOUHUEM, 00J1a/1al0T CYIECTBEHHO MEHBIICH JTOJTOBPEMEHHON arperaTMBHON yCTONYHMBOCTHIO
M0 CPaBHEHUIO C 30JSIMU WHAMBUAYAJIBHOTO AMOKCHAA Iepusi (3aMETHOE TMOMYTHEHHUE 30JICH,
CBUJETENLCTBYIONIEE 00 00pa30BaHUU KPYMHBIX arperaroB, HAOMIONAeTCs IPU XPaHEHUH B Tede-
Hue 1 Henenw). [{ns nmoBwimenus cradbuinbHOoCcTH 307ei Cey_,Gd,Os_ s, MO aHATIOTHUU C 30JMH
CeO4_s5, MOKHO UCIIOJIb30BaTh HETOKCUYHBIE OPTAHMYECKUE COSTMHEHUS, HallpuMep, HuTpar [29]
wm aneHosuaTpudocdar Harpus [30]. CTabmimM3aTopsl, UMEIONINE MOBBIIICHHYIO TPOITHOCTH K
30HE aHTHOTreHe3a (HanpuMmep, (hosmeas kucioTa [31]), MoryT cienuduaeckn yCUIMBaTh CUTHAI
MPT 3nokayecTBEeHHBIX HOBOOOpa30BaHMA, a MapKephl — BU3yaJH3HPOBATh JOCTABKY YacTHUI[ K
SHAOTEIUATBHBIM OITYyXOJIEBBIM KJIETKAM.

Taxum o0Opa3oM, B HACTOsIIEH paboTe BIEpBbIC MPEIJIOKEH METOZ MOJYyYEHHUS BOIHBIX
30JIell HAaHOAMCIIEPCHBIX TBEepAbIX pacTBopoB Ce;_,Gd,Os_s5 (xr = 0-0.2) u mpoBeneHo UX KOM-
IUIEKCHOE (PU3UKO-XUMHUYECKOe uccienoBanue. [loka3ano, 4To mapamMeTp KpUCTAIIMUECKON s4eii-
ku obpasuos Ce;_,Gd, O, _; mTuHEHHBIM 00pa30M 3aBUCHUT OT COACP KAHUS AOMAHTA, YTO MOITBEP-
kmaet Gakt oOpazoBaHUs TBEPIBIX PACTBOPOB. YCTAHOBIEHO, YTO pa3Mephl HAHOYACTHII B 30JI51X,
MOJTyYEHHBIX KOMOMHUPOBAHHOW aHUOHUTHOW U THIPOTEPMATHHO-MHUKPOBOIHOBOW 00pabOTKOiA,
CYILIECTBEHHO MEHBIIE Pa3MEpPOB YACTHI], CHHTE3UPYEMbIX OOBIUHBIM THAPOTEPMAIBLHBIM METO-
JIOM UCXOJI U3 COOCAXKICHHBIX THIPOKCHUJIOB IIEpUs U TaA0TUHUSL.
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O0cyxaaeTcst IPUHLUIT MOIYJISIPHOTO CTPOCHUS U IIPE/TIOKEHA CUCTEMa CTPYKTYPHBIX M TeHETHYECKUX UH(OpMaIu-
OHHBIX KOJIOB IByMEPHBIX HAaHOCTPYKTYP. CHopMyIHpOBaHO MOJIOKEHUE O CBI3H MH(DOPMAILIOHHBIX KOJOB M CTPYK-
Typ. IIpennoxeHsl 3BOIIONNOHHBIE MOAEIN (OPMUPOBAHMS JBYMEPHBIX HAHOCTPYKTYDP M (PpaKTaNbHBIX CTPYKTYp B
JIBYMEPHOM IIpocTpaHCcTBe. [IpoaHaIN3UpOBaHbl BEPOATHBIE TONOIOTHYECKHE B3aUMOCBA3H JBYMEPHBIX HAHOCTPYK-
Typ. Iloka3aHa BO3MOXXHOCTH ()OPMUPOBAHUS QyIEPEHONOJOOHBIX HAHOYACTHUI] U3 HEKOTOPBIX CKOHCTPYHPOBaHHBIX
npendpakTanoB MyTeM UX CBEPTKU Ha cheprieckoil ITOBEPXHOCTH.

KaroueBble cioBa: nHpOpManys, CTpyKTypHBIA KO, TEHETHUECKUN CTPYKTYpPHBIH KOA, (pakTadbHbBIE CTPYKTYPHI,
SBOJIIOLIMOHHO-UTEPAINOHHASA MOJIEIb, IBYMEPHBIE HAHOCTPYKTYPHI.

1. BseneHue

[TonsiTue nHopMaLu oNpeaenseTcs Kak «CBEIEHU 00 OKPY>KaoIleM MUPE U IIPOTEKak0-
IMX B HeM mporieccax» [1]. B xumun nHGOpMaIus BEICTYIIAeT, OTYACTH, KaK 3HAHUE O CTPYKTYpE
BeecTsa. [Ipu 9ToM CTpyKTypa BelecTBa B OOLIEM CIIydae pacCMaTpUBAETCA KaK HEPAPXUUECKU
opraHus3oBaHHas [2]. B3aumozeiicTBue BeIIECTB MOXET ObITh IPEACTABICHO B paMKax «KOH-
(UryparioHHOT0» S3bIKa, BKIIOYAIOIIEr0 MPOrpaMMbl (POPMHPOBAHUS CBSA3EH, MPUBOMSIINX K
o0Opa3oBaHMIO 0oJIee KPYITHBIX arperaroB (IporpaMmbl KOMILUIEMEHTAapHOCTH) [3, 4]. KoMruiemen-
TApHOCTb CTPYKTYPHBIX €IMHMI] BELIECTBA 3aKOJUPOBAHA coAepxalleiics B HUX HHpopMaLueil
(3aps0M, MOJIAPHOCTBIO, pa3MepaMH, HyKI€O(pWIbHOCTBIO U T.1.). CielyeT OTMeTHTh, YTO ar-
pErupoBaHue CTPYKTYPHBIX €IMHMIl B HAHOCUCTEMAaX MPOUCXOAUT 1O 0COOBIM mporpammam [5].
CrpykTypa peructpupyeT UH(GOPMALIMIO U BBICTYNAET KaK NaMmsATh IMyTH oOpa30BaHUs HAHOpA3-
MepHOro oowvekra. POCT cTpykTyphl B O0IIEM cilyyae NMPOUCXOAUT IO BETBALIUMCS IMyTSIM B
KOH(pUTypallMOHHOM IPOCTPAHCTBE.

B nanHoi#t pabote B npooKeHHe HccaeJoBaHus [6] MpUBeACHHBIE BbIIIE O0IIKE MOT0XKe-
HUSI KOHKPETU3UPYIOTCS B MPEUIaraéMblX BOJIOLMOHHBIX MOAEISAX (OPMUPOBAHUS ABYMEPHBIX
HAHOCTPYKTYP U I€TePMUHUCTHUECKUX (paKTaIbHBIX PELIETOK ¢ JpoOHON pazmepHOcThIO. Cle-
JIyeT OTMETUTh, YTO TaKue CTPYKTYphbl, 00s1afas psiioM YHUKAJIBHBIX XUMHUUECKUX M (PU3UUECKUX
CBOMCTB, IPEACTABIIAIOT OOJIBILION HHTEPEC ISl CO3AaHUS HOBBIX (DYHKIIMOHAJIBHBIX HAHOMATEPHU-
aJIoB, B TOM YHCJIE, KaTaJIU3aToOpOB, COPOSHTOB U MaTe€pHUalIoB [yl SHEPTeTUKU. B cBA3M ¢ 3TUM Hc-
CJIEJOBaHUs, OPUECHTHUPOBAHHbBIE HA Pa3pabOTKy METOJOB CTPYKTYPHOIO U (PU3UKO-XUMUYECKOTO
KOHCTPYHPOBaHUS M0I0OHBIX HAHOMATEPUAJIOB KpailHE aKTyaJIbHbI.
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2. HndopmanuoHHbIe KOAbI HAHOCTPYKTYP

B o6miem ciydae noa uHGOpMaIMOHHBIM KOAOM KPUCTATMYECKON CTPYKTYPBI MOKHO TIO-
HUMATh €€ CUMBOJIbHOE OIKMCAaHUE, B KOTOPOM COJAEPKUTCS MH(POPMALIKS O TEOMETPUN U KPUCTAI-
JIOXUMHUYECKOM TONOJIOTUH ONPEIEICHHBIX MOAYJIEH U 3aKOHE MX YIIAKOBKH B TPEX KpHCTAJLJIOTpa-
(uuecknx HE3aBHCHUMBIX HarpaBieHHsX. [laHHas WHPOpPMAIUS O KPUCTAJUINYECKOW CTPYKTYpE,
IIPEJCTaBJIICHHAsl B CUMBOJBHOM BHJIE, SBISETCS HEOOXOOUMOW M JOCTATOUHOM AJIs MOJIy4YEHUs
ee TpaduuecKoro M300pakeHus, a, CIeN0BATENBHO, U JJIsl ONPENEICHUs €€ MPOCTPAHCTBEHHOM
CUMMETPUH U NOCIEAYIOMEeH UISHTUDUKALIUY.

B cnydae moMUMroHHBIX WM MOTUIPUYECKUX HAHOCTPYKTYP CUMBOJIBHOE OMHMCAHUE UX C
MOMOIIBIO HH(GOPMAITMOHHBIX KOJIOB MOKET OBITh YIPOILEHO. XapaKTep YIMaKOBKU CTPYKTYPHBIX
MOJyJeH (TOJIMTOHOB WIIM TIOJHM3APOB) B IBYX KPUCTAIIOTpagUuecKUX HE3aBUCHUMBIX HarpaBJie-
HUSX MOJIHOCTBIO OIpeeNsieTcsl FreoMeTpuel M KpPUCTANIOXUMUYECKOH TOMOJIOTHEH MOTUTOHOB.
[ToaToMy B CHMBOJIbHOM OIMCAaHUM MOJUTOHHBIX HAHOCTPYKTYP AOCTATOYHO yKa3aTh MX BHUJ U
HEOOXOIUMBIE TOMOJIOTMYECKHE XapaKTEPUCTUKUA CTPYKTYpPHOro Moayis. Takum oOpa3zoM, HH-
(bopMamOHHBIE KO HAHOCTPYKTYP, MOJIYUYCHHBIE C TIOMOIIBI0 KOMOMHATOPHOTO MOAYJISIPHOTO
JM3aifHa, B JaHHOM paboTe OyayT MpeaCTaBIEHBI TPEXMO3UIIMOHHOW CUMBOJILHOM 3alMChI0 BU-
na: N(sypy)r)- B napopmanmonnoM koze Ha nepBoii nmosuuun (N) CTOUT CUMBOI, XapaKTepH-
3YIOIIMIA Pa3HOBUIHOCTb HAHOCTPYKTYpHI, Hanpumep: L (nuueiHast), C' (uukiaudeckas) win S
(ciupasibHasi) — IUIsl OJTHOMEPHO—TIEPUOINYECKUX HAHOCTPYKTYP M UX MPOU3BOAHBIX, P (Tuioc-
Kas1) win O (WWIMHIpUYECKas ) — JUIsl ABYMEPHBIX JBAXK]bI IEPUOJUUYECKIX HAHOCTPYKTYP U HX
npou3BoaHbIX. Ha Bropoii mo3unuu cumBonamu (X {P}) npencrasnena uHpopmaius o0 reoMeTpuu
nojurona {FPg} wnu nonuszapa {Ph} (uny, B o01ieM ciydae, MX KOMOMHALIMH), BBIIOIHSIOIINX
B JJAHHOH HAHOCTPYKTYpPE POJIb CTPYKTYPHOTO MomyJsi. [locieaHsist mo3umms npenocTaBieHa Juist
MH(OPMAIH O TOTIOJIOTUH TIOJIMTOHOB MJIH TOJIMYIPOB, 00Pa3yIONINX JaHHYI0 HAHOCTPYKTYDY.

[TpuBenem mpuMepbl HHPOPMAIIMOHHBIX KOJIOB HEKOTOPBIX TETPATOHHBIX HAHOCTPYKTYP.
OnHOMEpHO-TIEPHOANYECKAsT HAHOCTPYKTYpa U €€ MPOU3BOAHBIC C OAMHAKOBBIMU TOIOJIOTHYE-
CKMMHM XapaKTEPUCTUKAMHU TE€TPArOHOB: Ly4y(2(2)—2(1)) — MMHEHHAsA, Cpiay(2(2)—2(1) — UMKIMIECKAs
IIECTU3BEHHAA, Sg{4}(2(2)—2(1) — CHMPAJIbHAS € IIarOM CHMPAJU W3 WIECTH TETPAroHoB. J[Bymep-
Hasi BaKbl IIEPUOJMYECKAs IUIOCKas TETPAroHHasi HAHOCTPYKTYPa M €€ NPOU3BOAHBIE: (4} (4(3)),
Py 23)-2(2)) B Ppay(a(2) — IWIOCKUE, OCHOBaHHbIE Ha ceTke 4444 ¢ pasHBIMU TOINOJOTUYECKH-
MH XapakTEPUCTUKaMU TETParoHoB, Hanoctpykrypa ¢ uH(OpMaunoHHbIM KOIOM Cligiay(4(4)) —
UWIMHApPUYECKas (HaHOTpyOKa), OCHOBaHHas Ha YNMAKOBKE B HANPABICHUU OCHU LWJIUHApA IIIe-
CTH3BEHHBIX HUKJIMYECKHX JIEHT C KOIOM Clia}(4(2))-

I'eneTnyeckuil Kol CTPYKTYpPbI MOXKET ObITh IIPEJCTABIIEH B BUJIE CTPYKTYpPHOTO KOJ1a, CUM-
BOJIHOE ONHCAaHUE KOTOPOTO TOMOJHEHO MH(POPMALUEH 0 MPOUCXOKACHUH U mpouecce GopMu-
POBaHHUS JAHHOM CTPYKTYphI U3 OINPENEICHHOTO MOYJIsl — F'€HEepaTopa CTPYKTYpPbl — C ONMCAHUEM
€ro JIOKaJIbHOM reoMeTpuu U Tornosiorud. CUMBOJIBHOE OMMCaHUE TeHepaTopa onpenessercs Xa-
paKTepUCTUKAMU KOHKPETHOM HBOIIOLMOHHON MojienH (POPMUPOBAHUS HAHOCTPYKTYPHI U JIOJKHO
KpOME OIIMCAHUs €r0 FEOMETPUU U TOIIOJIOTUH BKJIKOUATh OMKMCAHUE 3aKOHA 3BOJIIOLMOHHOTO POCTa
N-MOJACTPYKTYP U3 MOACTPYKTYPHI 1-ro mokosjaeHus (COOCTBEHHO IeHeparopa).

Kak Oyner moka3aHo HMXE, MEXIY CTPYKTYPHBIM KOJIOM M HAHOCTPYKTYPOH IOJDKHO
BBIIIOJIHATHCS YCJIOBHE B3aHMHO OJHO3HAYHOTO COOTBETCTBHsA. B ciydae COOTHOILIECHMsS «TreHe-
TUYECKUN CTPYKTYPHBII KOJ U CTPYKTypa» JOIyCKaeTcsi roMmeoMopdusm, T.€. OJHA U Ta XK€
HAHOCTPYKTYpa MOXET ObITh CHOPMUPOBAHA HE €AMHCTBEHHBIM CIIOCOOOM.



Hnghopmayusa u cmpykmypa 123

3. DBoIOUHMOHHASI MOJeb (GOPMUPOBAHNS ABYMEPHBIX HAHOCTPYKTYP

B kxauecTBe OCHOBBI JUIsl MOIYYEHUS JIOKAIbHON CTPYKTYpPbl MOXKET OBITh BBIOpAaH OIMH
U3 TUINOB YHUBEPCAJIBHBIX ONTUMYMOB, B YaCTHOCTH, TIOJIMTOHBI WJIM MONUAAPHL. B mx Bepmm-
HaX MOTYT pacroiararbcs JEMEHTAapHbIE CTPYKTYPHO-XUMUUECKUE EIUHUILIBI [2]: aTOMBI (MOHBI),
ANIEKTPOHENUTPAJIbHBIE WM 3apsSKEHHbIE BAKAHCUM M aTOMHbBIE KOMIUIEKCHI, B YaCTHOCTH, MOJe-
Kynsl. [Iponenypa co3ganusi JOKaIbHOW CTPYKTYPBl Rj,. U3 3TUX YHHUBEPCAJIbHBIX ONTUMYMOB
{P} ompenensercs 3akoHOM Ty, @ Rjoe = Lipyim ({P}i, Tim), @ TpoLieypa pa3sMHOKCHHS T10-
JOOHBIX JIOKANBHBIX CTPYKTYP — 3BOMIOLMOHHBIM 3aKOHOM T} Rypyim = Rioe (1) [7]. B obmem
Clly4ae MpOIecC IMOMyYeHHUs COBOKYITHOCTEH aroOMOB, KOTOPHIE COOTBETCTBYIOT 00pa3yroImuMCs
CTPYKTypaM C JaJbHUM TOPSIIKOM, MOXKET OBITh 3aIIMCaH CIEAYIOUIMM 00pa3oM:

R = Lipyim({ P, (Tim, T)), (1)

rne: {P} = {Pg} win {Ph} —cuMBOJ THIIA U30TOHA — «SAPa» JIOKAIBHONU CTPYKTYPBI: WM
HOJIMTOH BUa {n} WK monusap THIa mpusMel {nd4}; i — HHIEKC BETBICHHS «SIAPa», KOTOPbI
OIpeIeIIIeTCs] TUIIOM M30T0HA M CIIOCOOOM BETBIICHUS (IIOCPEICTBOM BEPILUH 7, pedep (CTOPOH)
iy VI TpaHel i, nzorona); m [0, 1, 2, ... ] — LeJOYNCIEHHBINH MHEKC, XapaKTepHU3yIOIUi pas-
MEpPHBII TapaMeTp JIOKAIbHON CTPYKTYPhl U YMCIEHHO PaBHBIN KOJUYECTBY U30TOHOB-«3BEHBEB»
MEXy «SApaMu» B BETBH CTPYKTYpPBI, IPH ITOM OTHOCUTEJIBHOE «MEXBbAJEPHOE» PACCTOSTHUE B
SIMHMIAX Pa3MEPHOTo MlapaMeTpa U30rOHa B HAIPABICHUH BETBJICHMS paBHO (m+1); k <i—1—
WHJIEKC BETBJICHUSI BTOPUYHBIX <«SIIEPY.

ITuxn pabotsl reHeparopa (1) (ogHa reHepanysi BETBIECHUI «siiep») oNpenelseT napa-
METpP UICHTHUYHOCTH CTPYKTYphl JAJIBHErO MOPsKAa B HAIpPaBICHUU BETBICHHUA, a KOJINYECTBO
ATUX LUKJIOB — POTSKEHHOCTh YIOPSAJOYEHHON CTPYKTYpbl. THUIl IPOMEKYTOUHBIX MEXIY «Sa-
pami» U30TOHOB-«3BEHBEB) OINPENEISACTCS TUIIOM «AJEP», & UHIEKChl X BETBJICHUS CUUTAIOTCS
CIEAYXOUMMU: i, = i, = 1, = 1. g «anep» B BHJE IOJUTOHOB {n} UMEEeM v = 1r = n, a
BO3MOXXHBIC 3HAYCHHUsI MHICKCOB BETBICHUS i, = i, < n. Just nonumdapos-«siaep» {n44} B co-
OTBETCTBUHU C (popmyIoil Diinepa uMeeM n = g = 7 — v + 2, a BO3MOXKHbIE 3HAYEHUS UHIECKCOB
BETBJICHUS 1, < (2 +r— n), 1, < (n +v— 2) u i, < n. B npouecce pasMHOXKEHHS JIOKAJIBHBIX
CTPYKTYp Rj,; IOIyCKaeTcsl CpallMBaHUE COCEIHUX BETBEH CTPYKTYphl MEXAy co0oil 3a cuer
BTOPUYHBIX H30TOHOB-«SIEP», 00yClaBIuBaroliee 00pa3oBaHue Iy py;y,-CTPYKTYp, JIEMEHTHI KO-
TOPBIX TOJTHOCTBIO MJIM YaCTHUYHO 3allOJIHSAIOT MPENOCTaBICHHOE MM IPOCTPaHCTBO. B ciydae
OTPaHUYEHUS] POCTA BETBEH APYTMMH BETBSMHU ITOH K€ CTPYKTYPBI 00pasyloTcsi (pakTaibHbIC
CTPYKTYpbl — KJIACTEPbI WIH ACHIpUMEpHI [5].

JU1 HOJMIOHHBIX U MOJIM3APUUYECKUX CTPYKTYp MapaMeTp BETBICHU «siapa» ¢ (COBMECT-
HO C IIapaMeTpoM k = i—1) onpenenser MeTpUUYECKYI0 pa3MEpHOCTb CTPYKTYPBI JaJIbHETO MOpsi-
Ka Ry pyim 1 GopMy sueliku. [TapamMeTp m ompenesnser pa3Mephbl TOH AYESHKH B €IMHHULAX pa3Mep-
HOTO MapaMeTpa «siJpa» B HAIIPABJICHUU €r0 BETBIEHUS. I IOJIy4eHHUs IOJIMTOHHBIX CTPYKTYP
B KaueCTBE HMCXOJHBIX SJIEMEHTOB pacCMaTPHUBAIM TOJBKO TMOJUTOHBI ¢ N = 3,4,6,8 u 12, a
JUISL TIOJTyYEHUS TOJIM3IPUUECKUX CTPYKTYpP — MOJMA3PBI IpU3MaTHueckoro Buga {n44}. 3akoH
IeHEPUPOBAHMSI CTPYKTYP € IMOMOIIbIO 3TUX 3JIEMEHTOB ONPEAEINM CIEAYIOIMM 00pa3oM:

R{Pg}nm = L{Pg},nm({Pg}n7 (Tnm7 Tn—l))7 (2)

Ripnym/amm = Lipny,m/2ym({Ph}, 0, (Lins2yms Tiny2)-1)) (3)

B cnydae renepupoBaHusi IByMEPHBIX OJHOCIOWHBIX CTPYKTYp (2) (Tabm. 1) B KauecTBe
BEpILUH JIEMEHTOB-IIOJINTOHOB MOYXHO paccMaTpuBarh aroMbl. IIpu reHepupoBaHUM ABYMEPHBIX
JBYXCIIOMHBIX 0a30BBIX CTPYKTYp (3) (Tabi. 2) B KaueCTBE TE€OMETPUIECCKHUX LIEHTPOB AIIEMEHTOB
paccMaTpHBalOTCS T€OMETPUUYECKHUE LIEHTPBI COOTBETCTBYIOIIMX MOIM3APOB. [l BceX BapuaHTOB
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MOJyYEHHBIX COBOKYIMHOCTEH SJI€MEHTapHBIX CTPYKTYPHO-XMMUYECKUX E€IMHHUIl B BUAE MOJIH-
TOHHBIX WJIU TOJH3APUYECKUX CIO0EB MeppOpUpOBAHHOTO M HE MEepPPOPUPOBAHHOIO THIA pac-

CMOTPEHO YCJIOBHE TOIOJIOTUYECKOW MIACHTUYHOCTH BEPIIMH B KPUCTAITIOXMMUYECKOM CMBICIIC
(tabm. 1, 2).

TABIMUA 1. JIBymepHBIE OfHOCIONHBIE 0a30BbIE CTPYKTYpPHI (IByMEpPHBIE CETKU

no Ilnepnn) 1 COOTBETCTBYIOIINE UM BAPHAHTHI [2{ pgyim-CTPYKTYD

bazoBas XapakTepuCTUKA XapakTepucTuka
CTPYKTypa MOJINTOHA-«SIAPAY» R{pgyim —CTPYKTYpBI
CumMBoa Cummerpus O003HaueHNe Tomonorus monuro-
CTPYKTYPBI HOB
Ry3130 3(6)
333333 {3} 3m Ry 365)
33336 {3} 3m R332 3(4)
{6}U6{3} 6mm R63us{3))60 3(3), 6(1)
33344 {4U2{3} mm2 Rayu2(sh0 4(2), 33)
33434 {31U{3} mm?2 R3y0831)40 3(3)
R340 4(4)
444 {4} 4mm Ry 4(3)
R340 4(2)
{3} 3m Ry3130, Ry3)31 3(2)
3636 {6} 6mm Ri6160 6(2)
{6}U3{3} 3m R61u3{31)30 6(2), 3(2)
3464 {41U{3} m Rga30831)20 4(2), 3(1)
{61U3 {4} 3m R61u3{a1)30 6(1), 4(2)
666 {6} 6mm R6330 6(3)
488 {8} 8mm Rsy40 8(2)
{81U{4} 4mm Rgsyuqapao 8(2), 4(1)
{63U{4} m R{63u{43)30 6(1), 4(1)
46.12 {12}U316} 3m R{12y03£61)30 12(1), 6(1)
{12}U3{4} 3m R{12303{4})30 12(1), 4(1)
o {12}U3{3} 3m R(1123u3(3))30 12(2), 3(1)

4. DBoIOLMOHHASI MoJe/Ib GopMuUpOBaHUs PPAKTAIBHBIX PelIeTOK

[TpeacraBuTensiMu (pakTagoB ¢ KOHEUYHBIM BETBICHUEM U ONPEIEICHHOW CHUMMETpHUei
SBJISIFOTCS, B YACTHOCTH, JE€TEPMUHUCTHYECKHE (PPAKTATIbHBIE PEILIETKH, IOCTPOCHHBIE U3 3aTPaB-
KU B BUJIE OIPEIENICHHOTO (hparMeHTa JByMepHOU pemeTki. KoHCTpyKuus Takux (hpaKTaabHBIX
pEIIETOK IOJHOCTHIO OINHKCHIBAECTCA 33JaHUEM TE€OMETPUUYECKOro IeHeparopa U HUTepalMOHHON
npoueaypsl. beckoHeuHOE MOBTOPEHUE UTEPAIU JIaeT MOJIHYI0 (ppakranbHyto pemetky [8-10].

I'eomeTpuyeCcKUM reHepaTopoM (ppakTalbHBIX PELIETOK MOXET OBbITh ()parMeHT JByMep-
HBIX JIBXKIbI IEPHOAUIECKUX MOJUTOHHBIX R pgyim,-CTPYKTYP, B YACTHOCTH, TETPATOHHBIX [ (41im,-
CTPYKTYp, COOTBETCTBYIOLIUX JByMepHOU ceTke 4444 unu ee npousBoAHbM. [Ipeanonaraercs,
YTO B BEpLIMHAX TETparoHa MOTYT pacroiararbcs aToMbl, KOMIUIEKCHBIE YaCTHIIbI, UM OIpEse-
JICHHbIE JIOKAJIbHbIE COBOKYIHOCTH aTOMOB OJHOTO WJIM HECKOJBKUX COPTOB — MOJIEKYJIbI, Kia-
CTEPBI.
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TABIMUA 2. JIByMepHbIE OBYXCIOMHbBIE 0a30Bbl€ CTPYKTYpHl (IIOJIM3IPUYECKHE
CJIOM) M COOTBETCTBYIOLINE UM BAPHAHTHI [2{ py1im -CTPYKTYP

KomOunanuu XapaKkTepucTuka XapakTepucTuka
MTOJIUAIPOB-U30TOHOB | TTOJIMAIPA-KSIIPay R{ppyim—CTPYKTYpBI
CumMBoi Cummerpus | O603HaueHUE Tomonorus
CTPYKTYpPBI MTOJIUDPOB
4{333) + 313333} {3333} m3m R{3333}607R{3333}30 6(3)
Rysa1330 6(6)
6{344} {344} 3m R 605
{344} 3m Ry344)32 6(4)
4{344) + {644} 1644106(344] | 6/mmm | Riouoopune | 60). 12(1)
3{344} + 2{444} {444}1U2{344} mmm R (414102344140 8(2), 6(3)
3{344} + 2{444} {3443U{344} mmm R (1314y013441)40 6(3)
Rya44340 8(4)
4{444} {444} m3m R 8(3)
Rys44340 8(2)
{344} 3m Ry34430, Ry344131 6(2)
2{344} + 2{644} {644} 6/mmm Rs44y60 12(2)
{644}U3 {344} 3m R ({644y03{344})30 12(2), 6(2)
{344} +2{444} + {4443U{344} mm?2 R(444y0344})20 8(2), 6(1)
+{644} {6443U3 {444} 3m R(16443U3{444})30 12(1), 8(2)
3{644} {644} 6/mmm Ry644y30 12(3)
{444} +2{844} {844} 8/mmm Rygay40 16(2)
{844}1U{444} mm2 R({84430{444))40 16(2), 3(1)
{444} + {644} + {644}1U{444} mm?2 R(f64410{444})30 12(1), 8(1)
+{12.44} {12.44}U3{644} |3m R(112.44)U3{644})30 24(1), 12(1)
{12.44}U3{444} | 3m R{12.44yu3qa44p)30 | 24(1), 8(1)
B2l MnagusBa; [3m Rgus.asospimm | 232, 6D

I[Ipouemypa popmuposanus reaeparopa (G U3 KBaIparHOro pparMeHTa TETPArOHHOM 14y -
CTPYKTYpHBI OIpeiensieTcst 3aKOHOM 1 :

G = Lygay,in(N{4},, Tir), (4)

a mpoileypa MOIy4eHHUs CaMOMOA00HBIX (PpaKTaIbHBIX PEIIETOYHBIX N-CTPYKTYP — UTEPAIHOH-
HBIM 3aKoHOM T, :

Fyayie = G(Th) = Lngayi e (N{4},, Tir, T7a). (5)
rae /N — KOJIMYEeCTBO TETPAaroHoB {4} B KBaJpaTHOM (parMeHTe cO CTOPOHOIl b; I — xapakTepu-
CTHKA «SApay» ABYMEPHOI TETParoHHOW CTPYKTYpBI, KOTOpas Ompeensiia crnocod ero BeTBICHUS
(MOCPENCTBOM BEPILMH 7, I CTOPOH 7, TeTparona); k = b~ — koo puuuent camononobus re-
HEpUPYEMOH (GPaKTaNbHON [y (4},-CTPYKTYPBI; 71 — UEJTOYMUCIEHHBIA HHAEKC, XapaKTEPU3y IO
KOJIMYECTBO MPUMEHSEMBIX UTEPALUH, 1€ 17 = 1 COOTBETCTBYET r€HEPaATOpYy.

@pakranbHas (xaycaopgpoBa) pa3MepHOCTb [) pelIeTKH B COOTBETCTBHM C [8] MoeT
OBITH Onpesiesiena u3 cootnomenns D = In N(Inb)~!, rne N — uucio TeTparoHoB B reHEparope,
b— cTopoHa reneparopa (B OTHOCHTENbHBIX eauHuuax). Torma, ecimu (b — N) —uuclo JaKyH
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B KBaJparHoM remeparope, To D = In(b> — N)(Inb)~! — nakynaphas pasmMepHOCTb (paKTalib-
HOW PEIIeTKH, XapaKTepH3yIollas BO3MOXKHOE JIOTIOJIHEHHE JIaHHOW (PpakTallbHOW PEIISTKH 0
JABYMEPHON TETPArOHHOM [R(4}iy,-CTPYKTYPBL. DTO JIONOIHEHHE MOXKET 00Pa3oBaThCs B IPOLEC-
ce (popMHUpPOBaHUs OCHOBHOHM (DpaKTanbHOM [y {4}i,-CTPYKTYpPBI 32 CYET «3aXBaTa» CTPYKTYPHBIX
AIIEMEHTOB C OIPEEeICHHBIM HAa0OPOM Pa3MEpHBIX XapaKTEPHCTHUK M B 3TOM CIIydae TaKxke, Io-
BUAMMOMY, OyzieT oOanars pakTaabHBIMH CBOMCTBaMU. B Tabnumax 3 u 4 npuBeeHbl OCHOBHBIC
XapaKTEPUCTUKK HPEACTABUTENCH IBYX IPyI (ppaKTanbHbIX [y (4} ; k-CTPYKTYP.

TABIMIA 3. XapaKTepUCTUKU HEKOTOPHIX (PAKTANBHBIX [y4};,-CTPYKTYp, OC-
HOBaHHBIX Ha (PParMEHTaX TETPATOHHBIX [T{4};m,-CTPYKTYp

XapaktepucTuky reneparopa G {4y, k PasmepHOoCcTh  (pakrambHOU
CTPYKTYpBI
Nudopmarmonnsiii | ®opma Cummerpus, | N b*—N | JlokanbHas, JlakyHnapHas,
KOl TeHeparopa G? Dpr =D Dg
G3141.2(r),1/2 B m 3 1 1,585 0
Gaay,1(r),1/2 = 2mm 2 2 1,000 1,000
012{4}72@)’1/4 E m 12 4 1,792 1,000
G84},1(0),1/4 fﬁ 2mm 8 8 1,500 1,500

5. OO0cy:xkneHue pe3yabTaToB
5.1. JIBymepHbIe MOJUTOHHbIE H MOJMIIPUYECKHE HAHOCTPYKTYPHI

Junamuka oOpa3oBaHUs IPOCTBIX [2{pgyim-CTPYKTYD (T.€. U3 NOMMIOHOB {3}, {4} u {6})
U OCOOCHHOCTH HMX HBOJIOLMHU B MPOIECCE POCTa XapPaKTEPU3YIOT WX TOMOJOTHYECKHE Xapak-
TepUCTUKH. DPAarMeHThl HEKOTOPBIX [2(4},-CTPYKTYp NMpEACTaBIeHbl Ha puc. 1. OueBUIHO, YTO
TOJILKO CTPYKTYPBI C MUHUMAJIHHBIMU 3HAYCHUSMH TTApaMEeTPa M COCTOSIT U3 MOJIUTOHOB C TOIIO-
JIOTUYECKHU WICHTHYHBIMU BEPITHHAMH.

JIByMepHBbIE MOJUTOHHBIE CTPYKTYPHI MOTyYeHbI JAHHBIM METOJIOM M3 Ha0opa BO3MOXKHBIX
R{pgyim-CTPYKTYp IIpH 3HAYEHHUAX UHAEKCOB ¢ = n um = 0 uim 1 (cm. Tabn. 1). OgHako Tonbko
YacTh CTPYKTYPHBIX MpEACTaBUTENel 3TOro Habopa COOTBETCTBYIOT OAMHHAIIATH MOJIUTOHHBIM
CTPYKTypaM C TOIIOJIOTMYECKU HJIEHTUYHBIMH BEPIIMHAMH TOJUTOHOB (ABYMEPHBIM CETKaM B
o6o3nauenusix lllnednu). B wactHoCTH, 1ByMepHBIM ceTkaM 33336, 488 u 666 COOTBETCTBYIOT
TOIIBKO CTPYKTYPBI [2(3}32, yg140 U Ri6y30 (puc.2). Kpome T0Oro, GONBIIMHCTBO I€TEPONOIUIOH-
HBIX CTPYKTYP MOTYT OBITh IOJyY€HBI TOIBKO B TOM CIIy4ae, €CJIM B Ka4eCTBE «AIpa» [ pgyim-
CTPYKTYpBhI BbIOpaHbl OObEJUHEHUS IByX Pa3HbIX THUIIOB IOJIMUIOHOB (CM. Tabi. 1, CTpyKTypbI 2 —
4,6,7,9-11) (puc. 3).

OtmeTHuM, 4TO AJisi OONBIIMHCTBA MMOJIMTOHHBIX CTPYKTYP BO3MOKHBI JiBa UK OoJiee Bapu-
aHTOB WX 00pa3oBaHMA. JlaHHAs MHOTOBApHAHTHOCTH MOXET OBITH OOYCIIOBIIEHA OCOOCHHOCTSIMU
pOCTa ¥ IBOJIOIUHU CTPYKTYPHI M3 33JaHHOTO IMOJIMTOHA WIJIH TE€TEPOTIOIUTOHHOTO MOIYJNS. DTH
OCOOCHHOCTH SIBJISIFOTCSL PE3yJIBTaTOM HAMYHS KaK MHHHMYM JIByX THIIOB BETBIICHUS «SIIEPY:
BETBJICHUE C TTIOMOIIBIO BEPIIHH %, WIH BETBJICHHE C MIOMOIIBIO CTOPOH ¢, TOJIUTOHA (cM. Tab. 1),
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TABJIMUA 4. XapakTepUCTUKH HEKOTOPBHIX ()PAKTANBHBIX [y (4} 1-CTPYKTYp, OC-
HOBaHHBIX Ha ()ParMEHTaX TETPATOHHBIX [T{4};m,-CTPYKTYp

XapaktepucTuky reneparopa G {4y, k

Pa3mepHocTh  dpakTambHOM

CTPYKTYPBI
Nudopmarmonnsiii | ®opma Cummerpus, | N b*—N | JlokanbHas, JlakyHapHas,
KOJI G? Dp. =D D¢
G5{4}’4(T)71/3 # 4mm 5 4 1,465 1,262
G r

5{3(r).1/3 @ m 5 4 1,465 1,262
G's(4),2(r),1/3 Q
G5{4}74(U)71/3 % 4mm 5 4 1,465 1,262
G v

S{ay2(v).1/3 El; m 5 4 1,465 1,262
Gs5(4),1(0),1/3 #
G2oap.400.1/0 4mm 20 16 1,465 1,262
Ga0{4},4(0),1/6

, 12 1,548 1,431

G20{43,4(r),1/6 Amm 20
G204} ,4(0),1/6 52 1,114 1,770
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Puc. 1. JlunamMuka pocTa TETPArOHHBIX [2(4}n,-CTPYKTYD, OTIMYAIOLIHUXCS KOJHYE-
CTBOM TETParoHoB-«3BeHbeB» (m = (0, 1 u 2) u cnocoOoM BETBIIEHUS TETPArOHOB-
«siaep» (C MOMOIIbIO CTOPOH 7, = 4 (a) WM ¢ TOMOIIBIO BEpIIUH %, = 4 (0))

Puc. 2. /lunamuka pocra [fpg)in,-CTPYKTYp, COOTBETCTBYIOLIMX CeTKaM 3636 (a),
33336 (6), 666 (B) u 488 (1)

a TaKXe MHOTOBAPUAHTHOCTBIO BETBJICHUS BTOPHUYHBIX «SAIEP» [ pgyim-CTPYKTYP IIPH IIEPECEUE-
HUM B HUX COCEJHMX BETBEH.

[Tonusapuyeckue ciaou, COOTBETCTBYIOLIUE ABYMEPHBIM ABYXCIOWHBIM 0a30BBIM CTPYK-
TypaMm, NoyiydeHbl u3 11 IByMEpHBIX MOJIMIOHHBIX CTPYKTyp. Bce oHM MoryT OBITH mHpencTaB-
JIEHBI KaK PE3yJITaT Pa3MHOKEHHS JIOKAIbHBIX [ pp}im-CTPYKTYpP, 00Pa30BaHHbIX U3 IOJIU3IPOB
NPU3MaTHYecKoro Buaa {n44} mim ux BO3MOXKHBIX 00beIWHEHHH (Ta0. 2), IO aHAJIOTUH C TTOJTH-
TOHHBIMU CTPYKTypamu (cM. Tabm. 1). VckiroueHne mpeacTaBiseT OKTATeTPadIPUISCKHA CIIOM,
MIPEICTaBICHHBIN U3 TeTpadnpoB {333}, u3 okradapoB {3333} M MX BO3MOXHOTO 0ObETUHEHUS
(4{333}U3{3333}) (cm. Tabmd. 2).

Taxum 00pa3zoM, IH3aifiH B COOTBETCTBUU C T€OMETPHUKO-TOMOJIOTHYECKIUM CITIOCOOOM BBI-
BOJIa BEPOSATHBIX JBYMEPHBIX CTPYKTYp OTPakaeT POCT U 3BOJIIOLUIO CTPYKTYPbI U3 3aJlaHHOTO
M30TOHA-MOIYJA (TIOJIMTOHA WJIM TMONU3/pa). B 3aBHCHMOCTH OT ycloBHH OOpa3oBaHUS M pa3-
MHOYKEHMSI MCXOHOM JIOKAaJbHON CTPYKTYpBI, a TAaKXKE IepecedeHus Onrkalnx BeTBEH pocra
R{pyim-CTPYKTYpBI, HM€EM 00JI€€ MIMPOKOE MHOTOOOpa3sue COOTBETCTBYIOIIMX MM BEPOSTHBIX
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Puc. 3. ®opMupoBanue U3 reTePONOIUTOHHBIX «IANEP» [ pgyim-CTPYKTYP, COOT-
BETCTBYIOITUX ceTkaM 3464 (a, 0), 33344 (B), 33434 (1) u 468 (1, e, X)

JIBYMEPHBIX CTPYKTYp. IIpu 3TOM HE Bce OHU SIBISAIOTCS CTPYKTYPaMH € TOMOJIOTUYECKH UJIEHTUY-
HBIMU BEpIIMHAMHU HM30TOHOB, a, CJEOBATEIbHO, HE BCE COOTBETCTBYIOT JBYMEpPHBIM 0a30BBIM
CTPYKTypaM, KOTOpBIE XapaKTEpU3YIOTCS KPHCTAIOTPa(UIeCcKH SKBUBAJICHTHBIMHU TTO3UIHSIMA
JUISL SJIEMEHTAPHBIX CTPYKTYPHO-XUMUYECKUX €JTUHUIIL.

5.2. JlerepmuHucTnyeckue GppakrajbHble pelieTKH Ha KBaJpaTHON ceTKe

O4eBUIHO, B YaCTHOCTH, 4TO Fi4) ; 1-CTPYKTYPbl OCHOBaHbI Ha Pa3sHbIX ()parMeHTax TeT-
PArOHHBIX [2(4} iy, -CTPYKTYP, OTIUYAIOTCA WH(POPMALMOHHBIMU KOJAMHU I'€HEPATOPOB U MX CHM-
METpHUEH, OHAKO MO OCTAIbHBIM XapaKTEPUCTHKAM, B TOM YUCIIE U (PPAKTATIBHBIM Pa3MEPHOCTSIM,
He uaeHTUuuUpyroTcs. IIpu 3TOM Takke OYEBUIHO, YTO 3TO CYLIECTBEHHO Pa3HbIE [Fhi4y k-
CTPYKTYpHI (puc. 4, 5). B onpeneneHHol cTeneHu TakoW K€ BBIBOA MOXHO CENaTb U OTHOCH-
TENBHO Fho14) i 1-CTPYKTYD (pHC. 6).

Pa3suuHBIMU SABJISIOTCS U JONOJHEHUS STUX CTPYKTYpP. DTO CTAHOBHUTCS OYEBHIHBIM IO-
cJle CPaBHUTEIHLHOTO aHAJIN3a MX JaKyHApHBIX CIIEKTPOB Ha AuarpamMmax suaa lg Ny, —lg D;,,°™
rae Nj,— YMCI0 NaKyH [-ii TPyIIbl ¢ ONpeeleHHbIM OTHOCHTENBHBIM auameTpoM Dy, °™ mys
npeadpaxrana n-ro nokonenus, Dy, OTH= (5,,°™)1/2 y B 06mem ciydyae onpenensercs U3 oT-
HOCHTENBHOU muiomany JakyH [8]. Bce Fi4y,1 x-CTPYKTYpBI OTIMYAIOTCS 10 CBOUM JIaKyHaPHBIM
CHEKTPAJIbHBIM XapaKTEPUCTHKAM, KOTOPHIE B ONpEIEIEHHOM CMBICIE MOYKHO CUMTATh JIHATHO-

crruueckum (puc. 7, 6-r).

3

Ha nuarpammax Bupa (N/b?) —D 3HadeHHMst (paKTalbHBIX Pa3MEPHOCTEN aHAIM3HPYe-
MBIX ['-CTPYKTYp ¥ M3BECTHOH CTPYKTYPBI Fiy(4} 3(r),1/3, IPEACTABIIAIOMEH COOOM KIacCHUECKH
kBajapaTHed koBep CeprnuHckoro ¢ k = 1/3 [9], HaxonsaTcs Ha omgHOW mpsmon (puc. 8). Heoo-
XOIUMO OTMETHUTh, YTO 3Ta MpsMasi 3aHUMAET MPOMEKYTOUHOE IMOJIOKEHUE MEXKIY ABYMS IpY-
TUMH TPSIMBIMH, KOTOPBIC aNMIPOKCUMHUPYIOT JBA MHOKECTBA 3HAYCHUU JIJII COOTBETCTBYIOIIUX
N-X YJICHOB TOMOJIOTMYECKUX PANOB KOBPOB CEpPIUHCKOIO: F(642,){41, 17(3(2%))_1/ 2_cTpykTyp M

F(4+4n){4},1,1/(2+n)'CTPYKTYP (n=1,2,3,...)[8, 9]
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Puc. 4. Tlpeadpakraiibl BTOpOTO U TPETHETO MOKOJICHUS, TIOIyYCHHbBIE U3 TeHepa-
Topa Ls{4}4(r),1/3 (@) ¥ IPOU3BOAHOIO OT HErO Lsgyy 11/3 (0), @ Taxxke neTepmu-
HUCTHYECKHE (PAKTaIbHBIC PEHICTKH, MOJyUYCHHBIC 332 OJMH IIar UTEPAllMOHHOTO
HOCTPOEHUS U3 TEHEPATOPOB Loo(ay 4(v),1/6 (B) U Lag(ay a(w),1/6 (T)
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Puc. 5. Tlpeadpakraisl BTOPOro ¥ TPETHErO IMOKOJICHHUS, MMOJYYCHHbIC U3 TeHepa-
TOPOB Lis4y.4(r),1/3 (@), Ls{ay4(v),1/3 (M3BECTHBIN Kak (pakran Buueka [1]) (0) u
TIIPOM3BOJHBIX OT HUX THHA L5y} 11/3

5.3. Tomosornyeckue COOTHOLIEHUS] M TONOJOTHYECKHe NPeodpa3oBaHus AByMePHbIX
HAHOCTPYKTYP

Ecnu B kauecTBe BepUIMH MOJUTOHOB B HEKOTOPBIX MOJIMTOHHBIX CETKaX paccMarpuBaTh
HE aToMBbl, a OoJiee CII0KHBIE CTPYKTYPHO-XUMHUECKHE €IMHUIIbI, B YACTHOCTH, COBOKYIHOCTHU
aTOMOB B BU/I€ TIOJIMTOHOB C OTPEACIICHHON POCTPAHCTBEHHON OpUEHTAIMEH [2], TO MEXTy dTH-
MU CeTKaMH (MCXOIHOW U IpeoOpa3oBaHHON) UMEEM IOMOJIOTMYECKOE cooTHouleHue. M3 uucna
OJTHOCJIOMHBIX 0a30BBIX HAHOCTPYKTYP TOMOJIOTUYECKUMU MTPe0Opa30BaHUSAMHU CBS3aHBI CIEIYTO-
[I1e Taphbl:

4444 ({4Y) — 488; 333333 ({6}) — 666; 666 ({3}) — 312.12; 3636 ({4}) — 612.
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Puc. 6. Jlerepmunuctuyeckue (GppakTalbHbIe PEHIETKA C CHMMETpUe 4mm, 1mo-
JIy4E€HHBIE 32 OJUH IIal UTEPAMOHHOIO ITIOCTPOCHUS U3 COOTBETCTBYIOLIECTO T'€HE-

paropa: L20{4},4(r),1/6 (a), L20{4},4(r),1/6 (©), L20{4},4(v),1/6 (B) m L20{4},4(v),1/6 ()

[Tonuronsl, KOTOPBIE KUCIIONB30BAHBI JJIsl MOTYUYEHHUSI COOTBETCTBYIOIIETO TOMOJIOTa, BhI-
JeneHbl B ckoOkax. [oMosiornueckuMu mpeodpa3oBaHUSIMH CBSI3aHBI U COOTBETCTBYIOIIUE ITHM
0a30BBIM HAHOCTPYKTYPAM [2{ pg1in,-CTPYKTYPBI:

Rygya0 = Rysyaos Ryzyso — Rieysos Rieyzo  — Rpizysos Byeyuapso  — B123u6))30-

YkazaHHBIE BBIIIE MEPEXOJIbI OT OJHOTO TOMOJIOTa K JPYroMy MOXKHO pacCMaTpHUBaTh Kak
HEIpEephIBHOE (TOMOJOTHYECKOE) MpeoOpa3oBaHue, CBI3aHHOE C PACHICIUICHHEM Y3JI0B JIByMeEp-
HBIX CETOK Ha N Y3JIOB B BHJIC BEPIIUH ONPEACICHHBIM 00pa30oM IPOCTPAHCTBEHHO OPUEHTUPO-
BaHHBIX TMOJUTOHOB {n}. HenpeppiBHOE paciivpeHue miIoiaield 3TUX MOJUTOHOB 0€3 H3MEHEHUS
WX OPHUCHTAIIMH MIPH HEKOTOPHIX (PMKCHPOBAHHBIX pa3Mepax €ro CTOPOH MPUBOAUT K IMOTYUYEHHUIO
OTPEICTICHHBIX MOCIEA0BATEILHOCTEH MOJIMTOHHBIX CETOK:

4444 ({4Y) — 488 — 4444 — 488 — 4444,

333333 ({6}) — 666 — 3636 — 3.12.12 — 666,

666 ({3}) — 312.12 — 3636 — 666 — 333333,
3636 ({4}) — 4612 — 3464 — 666.

AHaJOrM4HbIE TOMOJIOTUYECKHE COOTHOLLIEHUSI UMEIOTCS U MEKJY HEKOTOPBIMU HOJIU3-
PUYECKUMH HAHOCTPYKTYPAaMU U COOTBETCTBYIOLIUMU MM [ ppy1ip, -CTPYKTYypAMHM:

4{444} ({444}) — ({444} +2{844}), Raaapa0  — Rysaaya0;
6{344} ({644}) — 3{644}, R(314y30 — R{644}305
3{644} ({344}) — ({344} + 2{12.44}), Rieaays0 — Ry12.44)30;
(21344} + 2{644}) ({444})— ({444} + {644} + {12.44}), R((6a4yu{344})30 — F({12.44)0{644})30-
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Puc. 7. imarpammsr Buna 1g Ny, —1g D)™ u (N/b*) — D anst Fsay ;.1 /3-CTPYKTYD
(6, B) M Foo(4},i,1/6-CTPYKTYP () B CPABHEHUH C COOTBETCTBYIOIIMMH XapaKTEPH-
ctukamu KoBpa CepruHCKOTO Fgiay 3(r),1/3 ()

N
b1b2
0,8
0,6

0,4

0,2

0 | | | Il Il | | | |
1 1,2 1.4 1,6 1,8 D

Puc. 8. Jluarpamma Buga (N/b?) — D s AByX TOMOJIOTHYECKHX CEpU (ppak-

TaJbHBIX CTPYKTYp F| (6+2n){4},],(3(2+n))_1/ 2 (1), F (4-+4n){4},1,1/(24n) (2) 1 10 aHa-
JU3UPYEMBIX JETEPMHUHUCTHUECKUX (DpaKkTalbHBIX pemeTok (3) u (4)
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B nanHOM ciydae Juisi IOJy4E€HHsI COOTBETCTBYIOLIETO TOMOJIOTa MOJIM3APHI, YKa3aHHbIE
B CKOOKax Mociie KaXJ10i HCXOMHOW KOMOMHAILINY, pacCMaTpUBAIOTCS B 0a30BOM HAHOCTPYKTYpE
BMECTO pedep, MepreHIuKYIIPHBIX MOIHIAPUIECKOMY CIIOH0.

Jl1s noau3ApuYecKUX HAaHOCTPYKTYP BO3MOXKHBIE TOMOJIOTMYECKHE IPe0Opa3oBaHMs MO-
I'yT OBITh 3aIMCaHBI CICTYIOIUM 00pa3oM:

4{444) ({444)) — ({444} + 2{844}) — 4{444} — ({444} + 2{844}) — {444},

61344} ({644}) — 31644} — (2{344)+21644}) — ({344142{12.44)) — 644},

3{644) ({344Y) — ({344} + 2{12.44}) —(2{344142{644}) —3 {644} — {344},
(21344} + 20644}) ({444)) ({444} + (644} + {12.44)) — ({344)1+{644)1+2{444})—3 (644}

Tomonoruueckue nMpeodpa3oBaHUs ONMPEICISIOTCS U3BECTHBIMU COOTHOIICHUSMHU MEXTY
noJudApaMu-u3oronamu: kyo {444} — yceuennsiii kyo {388} — kyOookrtarnp {3434} — yce-
YeHHBI okTa’dap {466} — oxtadap {3333}, a Taxxke terpadup {333} — yCeueHHbIN TeTparap
{366} — okrasdap {3333} — ycedeHHBI nyanbHBIA TeTpadap {366} — IayanbHBIN TETpadaAp
{333} [11].

6. 3akauenue

OCHOBHBIE pe3yJIbTaThl KOMOMHATOPHOTO JIU3aifHA IBYMEPHBIX CTPYKTYP MOXHO CBECTH K
CJICIYIOIINUM TIOJIOKEHUSIM.

1. C moMomipo0 METOZa MOIYJIIPHOTO AW3aliHa TOJYYeHO MHOT000Opa3ue JIBYMEPHBIX I10-
JUTOHHBIX CTPYKTYP.

2. TlpoBeneH aHamM3 BO3MOXKHOCTEH T'€OMETPHUKO-TOIIOJIOTHYECKOTO TOAX0/Ia K IOJTyde-
HUIO 0A30BBIX CTPYKTYp. YCTAQHOBIICHO IIEJICHAMPABICHHOE W aJITOPUTMHU3UPOBAHHOE (OPMHPO-
BaHUE CTPYKTYP B allPHOPH CTPYKTYPHPOBAHHOM (SYCHCTOM) MPOCTPAHCTBE ITyTEM 3aIOJTHCHUS
€r0 B COOTBETCTBHH C OIPEICICHHBIMHI BOJIFOITMOHHBIMHU TPABHIIAMH.

3. Ilpennoxxena nHPpOPMAITMOHHO-UTEPATUBHAS MOJENb (DOPMUPOBAHUS TETEPMHUHHUCTH-
YECKUX (PPAKTATBHBIX PEIIETOK B IBYMEPHOM IIPOCTPAHCTBE C MOMOILBIO T€HEPATOPOB L4} i k
B BUJIC CHMMETPUYHOIO ()parMeHTa TEeTParoHHOM Ff41i,,-CTPYKTYphI. I10TydeHs! 1Ba MHOKECTBA
Fn{4},i,k-CTPYKTYp € KodddunmenTamu camononobus k = 1/3 u 1/6.

4. TokazaHo, 4T0 MH()OPMAIMOHHEINA KOJ TeHeparopa B BUAE L4} HEOOXOMIUMO JI0-
NONHUTH MH(OPMAIUEid 0 JoKaIbHON cummerpud ((G7) reHeparopa U BEPOATHOM JIAKYHAPHOM
CIIEKTpe KaK MHIMBHIYalbHOH XapaKTEPUCTHKU (pPaKTaIbHOH CTPYKTYPBI [y (4 i k-

5. lerepMuHUCTHYECKHE (DPAKTATBHBIE PEIIETKA MOTYT CITY)KUTh MaTpuiamMu Jyist (hOpMU-
POBaHUS JUCKPETHBIX (PPAKTAIBHBIX CTPYKTYP, O0JIAAOIINX CBOHCTBAMH, TTOJJOOHBIM CBOMCTBAM
KaHTOPOBBIX MHOKECTB. [Tokasana BO3MOKHOCTh 00pa30BaHKs NPOCTEHIMX QPAKTANOB Fii4y 5 1/3
7-ro NOKONEHUS M Foo 4} i1/6 3-TO MOKOJICHHUS.

6. Mex 1y HeKOTOPBIMH JABYMEPHBIMH 0a30BBIMU HAHOCTPYKTYPaMH U COOTBETCTBYFOIIIH-
MU UM R pyip,-CTPYKTypaMU yCTAHOBJICHBI TOMOJIOTUYECKHE COOTHOLIEHUS. ONpeeeHbl PAIbI
JIBYMEPHBIX 0a30BBIX HAHOCTPYKTYP, KOTOPBIC CBSA3aHBI APYT C JPYTOM HETMPEPHIBHBIMH TOIIOJIO-
THYECKUMH TIPEOOpa3OBaAHUSIMH.

Pabota BrITOTHEHA TPU YaCTUYHOM (PMHAHCOBOH Mo iepkke MUHUCTEPCTBAa 00pa30BaHUs
u Hayku (PenepanbHas LeneBas nporpamma «MccnenoBanust U pa3pabOTKU MO0 IPUOPUTETHBIM
HaIPaBJICHUSIM Pa3BUTHUSI HAYyYHO-TEXHOJOTUYecKoro komiuiekca Poccun Ha 2007-2012 ronmbi»,
'K Ne 16.516.11.6073).
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NHDOOPMALIUA U ITPABUJIA 1JIAA ABTOPOB

TpeboBanusi K 0pOPMIICHHIO CTATEH VISl JKyPHAJIA
«Hanocucrembl: Gpu3NKa, XUMHUSA, MATEMATHKA»

XKypHan npuHuMaeT K myOIMKalUU UCCIIe0BAaTENbCKUE U 0030pHBIE CTAaThH, a TAKXKE
KpaTKue Hay4yHbIE COOOIIEHUS, HUTJE paHee HEe ONyOIMKOBaHHbBIE U HE MPUHSATHIE K U3JaHUIO
B JIpyrux xypHanaxX. CTaTb MOTYT OBITh NpPENOCTABIEHbl HAa PYCCKOM MM aHIJUICKOM
a3blKe. Bce cTtaThu pelieH3upyIoTes, Mociie Yero npu HeoOX0JMMOCTH BO3BPALLAIOTCS aBTOPY
Ha opaboTky. [lnaTa 3a myGnukanuio pykonuceil He B3UMaeTcs.

IIpenocraBiasieMblie MaTepuabl

1. @aiin cTaThy Ha PYyCCKOM WJIM AHTJIMKMCKOM S3bIKE, conaeprkamuii naaeke YK, Ha3Banue
CTaThbU, MHULMANIBl U ()aMUIIMU aBTOPOB, MOJIHBIE HA3BaHUS MECT PaOOThI, JIEKTPOHHBIH
aZipec, aHHOTALMIO, KJIoueBble cioBa, uHAEKC PACS (pekoMeHI0BaHO), TEKCT CTATbH,
CIIUCOK JINTEPATYPBI.

2. @aiin Summary Ha aHIIMHCKOM S3bIKE, COJACpXAIlUil Ha3BaHWE CTAThbU, (PaAMUINHM U
MHMIMAIBI aBTOPOB, Ha3BaHUs MeCT paloThl, ajpeca 3JIEKTPOHHOW MOYTHI, AHHOTALUIO
CTaThH, KIIOUEBBIE CJIOBa, a Takxke MoapoOHyro wuHopmamnuio o0 astopax: O.M.O.
HOJHOCTBIO, MECTO pabOThl, TOJKHOCTb, YUEHAs CTENEHb, YIEHOE 3BaHUE.

3. ConpoBoauTEIbHOE MUCHBMO (IUIsI PYCCKOSI3BIUHBIX AaBTOPOB), COZIEpIKAIIEEe HAa PYCCKOM
s3pIKe MHPOpMAIMIO O CcTaThe (Ha3BaHWE cTaThM, WHAEKC Y JIK, KirodeBwie cIlioBa,
AQHHOTAIIMIO, CIIMCOK JIUTEPATYphl) U O BCeX aBTopax ((pamMHuiINK, UMEHA, OTYECTBA, TIOJTHOE
Ha3BaHUE MECT pabOThl, MOYTOBBIA agpec ¢ MHJEKCOM, HOMEp KOHTaKTHOIo Tesie(oHa ¢
KOZIOM TOpoJia, 3J1EKTPOHHBIN aJpec).

4. DKCHIEpPTHOE 3aKJIIOUEHHE O BO3MOXKHOCTH OIyOJIMKOBAHMS CTATbU B OTKPHITOM Ie4aTu
(nnst aBTOpOB M3 Poccun).

ABTOpCKME MaTepHaabl MOTYT OBbITH MEpelaHbl B PEAAKIMIO Ha JIIOOOM 3JIEKTPOHHOM

HOCUTENe, TPUCIaHbl HAa  DBJEKTPOHHbIE  ajapeca  nanojournal.ifmo@gmail.com;

popov@mail.ifmo.ru  wiM  mpeacTaBIEHbl  Yepe3  AJIEKTPOHHBIM  CaWT  JKypHala

http://nanojournal.ifmo.ru

TpeOoBaHusi K 0(p)OPMIICHUIO TEKCTA

Crarbu npuHuMarotcs B popmate LaTeX (mpeanoururensho) uiu MS Word.

PekoMeH0BaHHBIIT 00BEM KpaTKUX COOOIIEHU 4-6 CTaHUI], HCCICIOBATEIbCKUX
crateit 6-15 crpanuil, 0630poB 10 30 cTpaHuIl.

@opmat cTpaHullbl — A4, HOJsA CTpaHMILBL: MPaBOE — 2 CM, OCTalbHbIE — 2,5 CM.
[pupt — Times New Roman, pazmep mpudrta — 12 pt, MEKCTpOUHBIH HHTEpBaT — 1.
Ao63ansbiii orctyn — 1,5 cm. HazBanue craThy mevaraeTcs 3ariiaBHBIMH OyKBaMH, pa3Mmep
mpudTa 16 pt, MOy KUPHBINA, BEIpABHUBACTCS 1O IeHTPY. MHUIMAaNs u GpamMuimm aBTOpoB
nevararorcs mpudtom 12 pt, 0OBIYHBIN, BEIpaBHUBACTCS 1O eHTPY. Ha3BaHue opranu3anumn
W JJIEKTPOHHBIM anpec medyataeTcss mpudTom 12 pt, OOBIUHBIN, BHIPABHUBACTCS IO IICHTPY.
Annoranus nevaraetrcs mpudTom 10 pt, oObIYHBIN, BeIpaBHUBaeTCA Mo mupuHe. OObeM He



136 Hngpopmayus u npasuna ons asmopos

nojokeH npesblaTh 150 cioB. KitoueBwle cioBa mevararorcs mpudrom 10 pt, oObIUHBIM,
BbIpaBHMBaeTcs 1o mupune. HazBanus pasznenos nedatatotrcs mpudrom Times New Roman,
12 pt, momy>XUpPHBIA, MEXKCTPOUHBIM HHTEpBal — 1, BBIpAaBHUBAETCS IO JIEBOMY Kpalo,
OTJeNsAeTCs OT MPEeAbLAYIIEro pa3jiena MoJlyTOpHOM mycToit ctpokoil. Ha3zBanue noxpasaenos
nevaratorca wpudrom Times New Roman, 12 pt, momyXupHbI, MEXKCTPOUHBIH HHTEP-
BaJ — 1, BBIPAaBHMBAETCS IO JIEBOMY Kparo, OTAENAETCS OT MPEbIAYLIEro nojapas3zesna myCcTon
ctpokoil. [loamucu k pucyHkam neuartatorcss mpudprTom 10 pt, oObluHBIN, 0e3 ab3alHOTO
OTCTYIIA, BBIPABHUBAETCS M0 HIMPHUHE.

Odopmienne cratbu B LaTeX

IIpn noaroroBke cratbu B LaTeX, moxamyiicra, BKIOYaUTE B IMPEAOCTABIISIEMBIC
MaTepuaibl kak ucxoaubiii Teket LaTeX, Tak u orkomnunupoBanubiii PDF ¢aiin. Bl moxxere
UCIIOJIb30BaTh J1t00bIe TakeThl LaTeX, koTopble BXOAT B CTaHAApTHBIE JUCTPUOYTUBBI. Eciaun
Bbl BBIHY)KJEHbl HCIOJIb30BaTh CHEIU(PUUECKUI NakeT, Bbl JOJDKHBI HPUIOXKHUTH BCE
HeoOXoauMble JUIsl KoMOWIsAUuu (aiiasl. OnpeneneHHble BaMU MaKpOChl HE JOJKHBI
NIEPEONPEIENAT yKE CYIIECTBYIOLIHE.

JlJis BKJIIOUEHUSI PUCYHKOB B TEKCT MCIOJIb3YyHTE CTaHAAPTHBIE KOMaHMAbI, HAIPUMED,
\includegraphics, unu co3naBaiite pucyHku c mnomouibto komana LaTeX. OGparure
BHUMaHWE, YTO WCIOJIb30BaHUEe KoMaHa PostScript mans cozmanus cnenuanbHBIX dPQEeKTOB
HEINOCPEACTBEHHO B TEKCTE CTAaThH 3aIPELIECHO.

Jlnst Habopa BBIAETCHHBIX (POpPMYIT HCHOIB3YHTE OKpY)KeHHe equation, gather, align.
[ToxxanylicTa, He NCIIOJIB3YHTE OKPYKEHUS array U eqnarray.

Jns yckopeHus mpouecca moAroTOBKY Ballle CTaThy, MoAroToBiaeHHOM B LaTeX, BbI
MOJKET€ MCIIONb30BaTh CO3JaHHbIM HaMu Kiacc nsart.cls (KOTOpbIE MOMKHO 3ampOCHUTh B
PEeIaKIUY WK CKavaTh ¢ caiiTa )kypHaia http://nanojournal.ifmo.ru/).

Od¢opmaenne cratbn B MS Word

ITpu odpopmnenun cratbu B MS Word dopmynsl HaOupatorcss B peaakrope Math
Type. OyHKIMM W CHMBOJBI XUMHUYECKUX 3JIEMEHTOB HaOupatorcs mpudrtom Times New
Roman, npsimoit; nepemennsie Times New Roman, Haki10HHBIH; rpeyeckue OykBbel — Symbol,
npsMOii; cuMBOIIBI — Symbol, mpsimoii; marpunbl-Bekropa — Times New Roman, mpsimoii,
nony>kupHbIi; uncna — Times New Roman, npsimoii. Pasmepsr: oObrunbIi — 14 pt, KpymHBIIT
unaekc — 10 pt, menkuil uugexc — § pt, KpynHeiii cumBoa — 16 pt, menkuit cumBon — 12 pt.
Hywmepauuio hopMys 1 CCBIIIKM Ha JIUTEPATYpy KeJaTeIbHO AeaTh BPYUHYIO.

TpeGoBanns kK HWILTIOCTPALIUSIM

WnmocTpanii  MpeocTaBisIIOTCS  OTAETbHBIME  daitnamu. [IpenmouturensHee
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WKB-BASED SCHEMES FOR TWO-BAND SCHRODINGER EQUATIONS
IN THE HIGHLY OSCILLATORY REGIME

J. Geier, A. Arnold

An efficient and accurate numerical method is presented for the solution of highly oscillatory
differential equations in one spatial dimension. While standard methods would require a very
fine grid to resolve the oscillations, the presented approach uses first an analytic WKB-type
transformation, which filters out the dominant oscillations. The resulting ODE-system is
much smoother and can hence be discretized on a much coarser grid, with significantly
reduced numerical costs.

Here we are concerned with stationary two-band Schrodinger equations employed in quantum
transport applications. We focus on the Kane-model and the two band k- p - model. The

accuracy of the presented method is illustrated on a numerical example.
Keywords: Schrodinger equation, Kane-model, two-band k- p -model, highly oscillating

wave functions, higher order WKB-approximation, asymptotically correct finite difference
scheme

J. Geier — Institute for Analysis and Scientific Computing, Vienna University of Technology,
Wien, Austria, jens.geier@tuwien.ac.at

A. Arnold - Institute for Analysis and Scientific Computing, Vienna University of
Technology, Wien, Austria, anton.arnold@tuwien.ac.at

COULOMB EFFECTS ON THE SPIN POLARIZATION OF QUANTUM RINGS
A. Manolescu, C. Daday, V. Gudmundsson

We consider electrons in a circular nanoring of zero width, in magnetic field, and with Rashba
spin-orbit interaction. We include the Coulomb interaction in the the "exact diagonalization"
manner. The Coulomb interaction has strong effects on the spin polarization which may be
totally different than for noninteracting electrons. Our current results include up to four
electrons, but this number can easily be increased.

Keywords: quantum ring, spin-orbit interaction, Coulomb interaction
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MODELING MICROSTRUCTURAL STRESSES IN POLYMER-SILICATE
NANOCOMPOSITE WITH THE INFLUENCE OF SPHERULITIC STRUCTURES

A.S. Korlyakov

Polymer nanocomposites based on polyolefins and layered clay minerals (smectites) are
multi-layered structure. Even unfilled polyolefins (polyethylene, polypropylene, etc.) are
structurally heterogeneous environment consisting of amorphous and crystalline phases.
Adding filler further complicates the structure of the material.

The results of computer simulation of interaction of silicate inclusions, crystalline
supermolecular formations in the matrix (spherulites) and its amorphous part.

Composite is modeled as a square periodicity cell with inclusion and spherulites. Inclusion
was a pack of silica plates separated by thin layers of polymer. Spherulite modeled as
““snowflakes" of crystallized lamellae (band areas with an ordered arrangement of polymer
molecules). Problem was solved by finite element method in nonlinear-elastic formulation
(plane strain).

Keywords: microstructural stresses, polymer-silicate nanocomposite, spherulitic structure.
A.S. Korlyakov — Institute of Continuous Media Mechanics UB RAS, Perm, Russia,
korlaykov@icmm.ru

MECHANICAL PROPERTIES OF POLYMER NANOCOMPOSITES BASED ON
STYRENE BUTADIENE RUBBER WITH DIFFERENT TYPES OF FILLERS

A.G. Pelevin, A.L. Svistkov

This article examines the theoretical description of the mechanical behavior of elastomeric
nanocomposites based on butadiene styrene polymer, and several species with different filler
volume fraction in 30phr and 50phr. To construct the determining equations we use the
scheme, whose points are connected by elastic, viscous, plastic and transmission elements. To
describe the properties of each element used well-known equations of nonlinear elasticity
theory, the theory of nonlinear viscous fluids, the theory of plastic flow of material in the
finite deformation of the medium. To obtain the constants of the model used stepwise
algorithm. Used in the experiments (cyclic loading, relaxation and creep) can get more
information about the viscoelastic properties of rubber.

Keywords: polymer nanocomposites, styrene butadiene rubber, filler

A.G. Pelevin — Institute of Continuous Media Mechanics UB RAS, Perm, Russia,
pelevin@icmm.ru

A.L. Svistkov — Institute of Continuous Media Mechanics UB RAS, Perm, Russia

PLANAR FLOWS IN NANOSCALE REGIONS
S.A. Chivilikhin, 1.Yu. Popov, V.V. Gusarov
Last years, fluid flows in nano-sized domains are intensively studied due to nontriviality of

observed effects and practical importance of this part of hydrodynamics. At present, there are
no general equations of nano-hydrodynamics. Usually, the molecular dynamics is used for
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computations. As for analytical approaches, the simplest one involves introducing the slip
condition at the boundary together with classical hydrodynamics equations. The small scale of
nanochannels gives us the possibility to use, in some cases, the Stokes approximation for
motion equations.

In this work we apply the planar Stokes model with slip boundary conditions for describing
nano-flows. We have developed a method of flow calculation, which is based on the
expansion of pressure in a complete system of harmonic functions. Using the pressure
distribution, we calculate the velocity field and stress on the boundary. This method can be
used for description of various problems of nanofluidics: hydrodynamics of nanochannels,
flows along superhydrophobic surfaces, etc.

Keywords: nanofluidics, Stokes flow, nanostructure.

S.A. Chivilikhin - Saint Petersburg National Research University of Information
Technologies, Mechanics and Optics, Saint Petersburg, Russia, associate professor,
sergey.chivilikhin@gmail.com
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V.V. Gusarov — Saint Petersburg State Institute of Technology (Technical University), Saint
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THE FEATURES OF STRUCTURE TRANSFORMATION
CAUSED BY NANO-BURNISHING PROCESS

A.l. Dmitriev, A.Yu. Nikonov, V.P. Kuznetsov

In the paper the method of molecular dynamics is used to investigate the features of structure
transformation, which are taking place during the process of surface treatment. The force field
of a cylindrical shape was used to imitate the motion with constant velocity of hard indenter.
The following parameters of tasks were varied: the radius of indenter, initial immersion
depths, surface roughness, number of passes and the initial position of the indenter.
Calculations were performed for the pure crystallites of copper and iron. According to the
modeling the treatment of the surface layer can leads to formation of numerous structural
defects, which can provide effect of nano-fragmentation of material near the surface. A
comparison of surface topography before and after treatment was analyzed also. Results of
our study are in good agreement with experimental data.

Keywords: molecular dynamics, structure transformation, nano-burnishing
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INFLUENCE OF SHEAR STRAIN ON STABILITY OF 2D TRIANGULAR LATTICE
E.A. Podolskaya, A.Yu. Panchenko, K.S. Bukovskaya

Stability of 2D triangular lattice under finite arbitrary strain is investigated. The lattice is
considered infinite and consisting of particles which interact by pair force central potential.
Dynamic stability criterion is used: frequency of elastic waves is required to be real for any
real wave vector. Two stability regions corresponding to horizontal and vertical orientations
of the lattice are obtained. It means that a structural transition, which is equal to the change of
lattice orientation, is possible.

Keywords: Stability, triangular lattice, finite strain, pair potential, elastic wave, shear,
structural transition

E.A. Podolskaya — Institute for Problems in Mechanical Engineering (IPME RAS), Saint
Petersburg, Russia, Junior research fellow, M. Sc. In Mechanics, katepodolskaya@gmail.com
A.Yu. Panchenko — Saint Petersburg State Polytechnical University, Saint Petersburg, Russia,
Assistant, Ph. D. student, ArtemQT@yandex.ru

K.S. Bukovskaya — Saint Petersburg State Polytechnical University, Saint Petersburg, Russia,
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NONLINEAR DYNAMIC VARIATIONS IN INTERNAL STRUCTURE
OF ACOMPLEX LATTICE

A.V. Porubov, B.R. Andrievsky

Essentially nonlinear model of a crystalline bi-atomic lattice described by coupled nonlinear
equations, is considered. Its nonlinear wave solutions account for dynamic variations in an
internal structure of the lattice due to an influence of a dynamic loading. Numerical
simulations are performed to study evolution of a kink-shaped dynamic variations in an
internal structure of the lattice. Special attention is paid on the transition from kink-shaped to
bell-shaped variations. It is shown how predictions of the known exact traveling wave
solutions may help in understanding and explanation of evolution of localized waves of
permanent shape and velocity in numerical solutions.

Keywords: bi-atomic lattice, numerical simulations

AV. Porubov — Institute for Problems in Mechanical Engineering (IPME RAS), Saint
Petersburg, Russia, alexey.porubov@gmail.com

B.R. Andrievsky — Institute for Problems in Mechanical Engineering (IPME RAS), Saint
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THERMAL EXPANSION COEFFICIENT FOR COPPER NANOCLUSTERS
BY MOLECULAR-DYNAMIC METHOD

E.l. Golovneva, I.F. Golovnev, V.M. Fomin
In the work it is carried out the molecular-dynamic research of thermal expansion linear

coefficient (TLC) for copper nanoclusters of spherical and cubic shapes in the wide range of
size. To this purposes the heating of nanocluster was carried out by stochastic forces method.
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The calculation of number of characteristics was made in certain time steps number. In
particularly it were computed the linear sizes of nanostructeure under investigation, its
volume, the system temperature. Further the magnitudes of TLC were obtained by known
expressions with the help of interpolation; the TLC dependences on nanostructure size were
plotted. It was shown that the TLC depends on both nanostructure size and nanostructure
shape.

Keywords: Molecular dynamic modeling, copper nanocluster, thermal expansion coefficient
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THE MODELING OF SiC PHASES ON BASIS
OF NANOSTRUCTURES

E.A. Belenkov, E.N. Agalyamova, V.A. Greshnyakov

The classification scheme and modeling method of formation of silicon carbide phases on
basis of nanostructures was offered. The geometrically optimized structure of silicon carbide
clusters was calculated by molecular mechanics methods and semiempirical quantum-
mechanical methods; the structural parameters and some properties, such as density and
energy of sublimation were defined. It was established that twenty silicon carbide phases can
exist. The structure of seventeen of them was featured for the first time for silicon carbide.
Keywords: silicon carbide, phases, polytypism, polymorphism, molecular modeling, phase
formation.

E.A. Belenkov — Chelyabinsk State University, Chelyabinsk, Russia, Professor, Doctor of
Science, belenkov@csu.ru

E.N. Agalyamova — Chelyabinsk State University, Chelyabinsk, Russia, Post-graduate student,
ehlvira.agaljamva@rambler.ru

V.A. Greshnyakov — Chelyabinsk State University, Chelyabinsk, Russia, Post-graduate student

ON THE LIMITING THICKNESS OF THE PEROVSKITE-LIKE BLOCK
IN THE AURIVILLIUS PHASES IN THE BIl,03-FE;O3-T10, SYSTEM

N.A. Lomanova, V.V. Gusarov

The stability of the Aurivillius phases in the system Bi,O3-Fe,O3-TiO, was investigated.
Structural and physicochemical parameters, allowing to calculate the limits of the length of
the homologous series of the compounds Bin+1Fen3TisOsn+3 Were identified. It was found that
the maximum thickness of a perovskite-like block of these compounds is ~ 3.7 nm.
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SYNTHESIS AND PHYSICAL AND CHEMICAL PROPERTIES OF LITHIATED
NANOWHISKERS BASED ON VANADIUM OXIDES

S.V. Balakhonov, D.S. Luchinkin, M.V. Efremova, B.R. Churagulov, Yu.D. Tretyakov

Lithiated whiskers were obtained hydrothermally in the present work. Composition,
morphology and electrochemical properties of the product were investigated by different
methods. Influence of cations with large radius in crystal structure of material to stability of
its electrochemical performance was suggested.

Keywords: nanowires, whiskers, vanadium oxide, hydrothermal synthesis, cathode material,
Li-ion batteries, diffusion coefficient.
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SYNTHESIS OF AQUEOUS SOLS OF NANOCRYSTALLINE CERIA DOPED
WITH GADOLINIA

G.A. Gasymova, O.S. Ivanova, A.Ye. Baranchikov,
A.B. Shcherbakov, V.K. Ivanov, Yu.D. Tretyakov

Novel method of synthesis of Ce;.xGdxO2-s (x = 0-0.2) aqueous sols for magnetic resonance
tomography applications was proposed. Detailed physico-chemical study of sols was
performed using electron microscopy, energy-dispersive X-ray spectroscopy, X-ray
diffraction, UV-Vis spectroscopy and dynamic light scattering. It was shown that the lattice
constant of as-prepared solid solutions obeys Vegard’s law. The particle size in sols prepared
by combination of anionite and hydrothermal-microwave treatments is substantially smaller
than the size of the particles prepared by conventional hydrothermal treatment.

Keywords: ceria, gadolinia, solid solution, hydrothermal microwave treatment.
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INFORMATION AND STRUCTURE: MODULAR DESIGN
OF 2D-NANOSTRUCTURES AND THE FRACTAL LATTICES

V.V. lvanov, V.M. Talanov, V.V. Gusarov

Modular design principle is discussed and the system of informational structural and genetic
codes of 2D structures is presented, too. The thesis about bond between of informational
codes and structures was formulated. The evolutionary models of both 2D structures and
fractal structures forming are suggested. The probable topological connections between some
2D structures were analyzed. The possibility of fullerene-like nano-particles forming from
some designing pre-fractals by its rolling onto spherical surface was showed.

Keywords: information, structural code, genetic structural code, fractal structures,
evolutional iteration model, 2D-nanostructures.
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