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Ernest Ising (10.05.1900 — 11.05.1998).

ICMP-98-32 2

BCTVII

Posnouari pik romy Isunrisepki unranus (ous. 2Kypuas disuunux no-
caimxkenn, 1. 1, No 2, 1997, crop. 298) Bzke MOXKHA I0YATU HA3UBATU TPa-
mumitianmu. OpranizoBani BoHU 0yJ/H, AK i MUHYJIOTO POKY, [HCTUTYTOM
disuku kougencopanux cucreM HAH Yxkpainu cuisibao 3 Kadeapoio Teo-
peruunoi disuku JIbBiBCchKOIrO jIepKkaBHOrO yHiBepcurery im. I. @panka.

Mougesib [3unra, saBasiku s#AKiii iM’s nporo (isuka craao BigoMum
UPOKOMY HAYKOBOMY 3araJiy, €, HAIEBHO, OIHHUM i3 HalACKpaBimmmx
MPUKJIAIIB AK /N KOMIIEKC (Bi3mdHUX MPOO/eM MOXKHA 3BECTHU IO
mpocToi, aste HaA3BUUATHO edekTuBHOI Momei. bararo i3 Toro, mo 0yJ10
3amponoHoBaHo misHime (momesb [aiisenbepra, momens IlorTca, BOCh-
MuBepIMHHa Mojes b Bakcrepa, RP™ 1 moneni) nos’szane 3 ycnixamun

He craBisunm cobi 3a MeTy OykBaJjibHE BUKOPUCTAHH:A MOme i [3unra,
JOTIOBifadi IHOTOPIYHUX YNTAHb HArOJIONTyBAJIM Ha MaTeMaTWYHil 9u
disuuniii COOPIAHEHOCTI MOC/IIIKYBAHUX HUMU ABUIN 10 €T MOIEJTi.
[Iporpama dmraHb OXOILIIOBAJIA MUPOKE KOJIO MPOOJIEM, 30KpeMa 11e:

PospaxyHOK TemioeMHoCTi B 0Ko/1i A-tiepexony B pinkomy He? (I. Ba-
Kap4yk, JIbBiBcbkuil nepxasuuii yuisepcurer im. 1. ®@panka).

Craructuuna teopis JjiaBud B mponeci camoopramizanii (O. Osem-
ckoii, Cymcbkuii nepxkaBuuii yHiBepcurer).

Kpuruuni ssuwa B 6inapaux cymimax (O. ITauaran, IOKC HAH
Ykpainu).

IMosepxuesi kpurnuni asuma (M. Hlnor, IPDKC HAH Ykpaiuu).

Onruko—pedpakiiiiiini JOCTIIXKEeHHS KPUTHIHAX iHIEKCIB (Ha3oBUX
nepexomiB B kpucranax (B. Awunpiescokuil, JIbBiBChbKuii mepkaBHUil
yuisepcurer im. I. ®panka).

Bnasia nobymosa nporpamu, Ha HAINY AyMKY, HE JO3BOJIAIA 3AMKHY-
THUCA K B IIEBHOMY OOMexKeHoMYy Kouii (pizuuHux npobJieM, Tak i Ha [eB-
HUX METOIaX iX HOC/IiMKEeHHA, TAloun JeAKY MMaHOpaMy AK OIHWX, TakK i
apyrux. EHnuK/I0nequdHicTh i XOpoImnii CTH/Ibh BUKJIALY OLIBIIOCTI [10-
TIOBifIelt, AK i akamemivHuit iHTepec 10 camoi momesi [sunra nae migcrasu
PEKOMEHIyBATH YIAaCTh B HACTYITHUX YUTAHHAX OLIBIIOI KIIBKOCTI MO-
JIOOUX BYEHHUX Ta CTYIEHTIB.

VYixke micisa 3akindennsa dunraHb Haniinia cymua 3sictka: B [leopii
(urrar Lninoiic, CIITA) 11 rpaBus Ha 99-My poui :KuTTsa momep npodecop
Epncr Isunr. Xodverca Biputu, mo JIbBIBCbKiI YMTaHHA CTAHYTh OTHIEIO
i3 Her/IMHOK B aM’ATHUKY UbOMY BUIaTHOMY (hi3uKy Haol go0u.
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3 IIpenpunT

3MmicT

STATISTICAL FIELD THEORY OF HIERARCHICAL
AVALANCHE ENSEMBLE (Alexander I. Olemskoi) 4

KPUTUYHI HABUIITA Y BIHAPHUX CYMIIIAX

(Okcana ITauaran) 14
1. Beryn 14
2. CepemsabonosboBuii minxin [1], [7] — [9] 15
3. Meropn, iHTErpajibHUX PIBHIHD 16
4. ®PeHoMeHOJIOTiYHI Teopil 17
5. Iepapxiuna 6asucHa Teopiz (HRT) 19

ITIOBEPXHEBI KPUTUYHI ABUIITA (Mukonaa ITnor) 24

1. Monenp 25
2. IlepeHopMmyBaHHA 27
3. CrhemiajgbHuuii mepexi, 29
4. 3Buualinuii nmepexis, 32
5. IloBibHI BUMIPHOCTI MPOCTOPY: ABHUH po3paxyHOK 34

6. IloBepxHeBl KPUTHYHI IIOKA3HUKYU TPUBUMIPHHUX HaMiBOG-
MeXKeHUX CUCTEM 34

OPTICAL-AND-REFRACTIVE INVESTIGATIONS OF
CRITICAL INDICES OF PHASE TRANSITIONS IN

CRYSTALS (Bohdan Andriyevsky) 39
1. Introduction 39
2. Experimental 41
3. Results and Discussion 42
4. Conclusion 47

ICMP-98-32 4

STATISTICAL FIELD THEORY OF
HIERARCHICAL AVALANCHE
ENSEMBLE

Alexander I. Olemskoi

Physical Electronics Department, Sumy State University
2, Rimskii-Korsakov Str., 244007 Sumy UKRAINE

E-mail: Alexander@olem.sumy.ua

In recent years considerable study has been given to the theory of self—
organized criticality (SOC) that explains avalanche dynamics in a variety
of systems such as ensemble of grains of sand moving along increasingly
tilted surface (sandpile model [1]), intermittency in biological evolution
[2], earthquakes and propogation of forest—fires, depinning transitions
in random medium and so on (see [3]). The above models had been
mostly studied by making use of scaling—type arguments supplemented
with extensive computer simulations [4]. By contrast, in this work we put
forward the related statistical theory that deals with avalanche ensemble
in the course of SOC progressing.

It is known that the SOC process has originated from the evolution
of hierarchically subordinated ensemble of avalanches [5,6]. The maxi-
mum number of avalanches N is on the bottom hierarchical level s = 0
where the avalanche intensity equals f. Correspondingly, there is the
only avalanche of the intensity F' > f on the top level s = so > 1. The
problem is to find the dependencies N(s) and F'(s) that define the dis-
tribution of avalanche number and their intensity over hierarchical levels
s € [0, So — ].]

The first part of the problem can be approached in terms of geometry
by representing the avalanche ensemble as a hierarchical Cayley tree [7,8].
The basic types of the trees are shown in Fig.1: regular tree with integer
branching ratio j, regular Fibbonachi tree with fractional j = 7 ~ 1.618,
degenerate tree with the only branching node per level and the tree of
our primary concern — irregular tree. Let k be the numbering index for
the levels, so that k increases from the top level to the bottom one. The
variable

s=s9—k (1)

then defines the distance in the ultrametric space [8,9]. Geometrically,
objects of this space correspond to the nodes of the bottom level (k = sg)
of a Cayley tree. Since the distance between the nodes is defined by the
number of steps to a common ancestor, the distance is eventually the
level number (1), counted from the bottom.
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Figure 1. Different types of hierarchical trees (the level number is indi-
cated at left, corresponding number of nodes — at right): a) regular tree
with j = 2; b) Fibonacci tree; ¢) degenerate tree with j = 3; d) irregular
tree.

As it can be seen in Fig.1a, in the simplest case of regular tree with in-
teger branching ratio j the number of avalanches Ny, = j* exponentially
decays to zero with the distance s between them:

N(s) = Nexp(—slnj), N = j%. (2)

In Eq.(2) the equality (1) is used and the avalanche number N is related
to the total number of levels sg. For the Fibbonachi tree (see Fig. 1b),
where Ny = q7%, ¢ ~ 1.171, 7 =~ 1.618 [7], we have

N(s) = Nexp(—slnT), N = q7°°. (3)

When Eq.(3) is compared with Eq.(2), it is clear that the exponential
decay remains unaltered in the case of fractional branching ratio and
characterizes the regularity of tree.

For the degenerate tree (see Fig.lc) Ny = (j — 1)k + 1 and Eq.(1)
provides the following linear dependence

N(s)=N—(j—1)s, N=(j—1)s+1. (4)
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It can be shown that in the case of irregular tree, displayed in Fig.1d,
the power law dependence is realized:

Ny =k, a>1. (5)

The latter can be regarded as an intermediate case between the expo-
nential Eqgs.(2,3) and linear Eq.(4) rates obtained for the limiting cases
of regular and degenerate trees, respectively. It is convenient to rewrite
Eq.(5) in term of the distance

N =N(1-s/s9)%, N = sg, a>1. (6)

Formally, the approximation (5) means that a function N(z) defined on
the self-similar set of hierarchically subordinated avalanches is homoge-
neous, N (kx) = k*N ().

Let us define Fj as an intensity of avalanches on the k—th level, so
that the density of hierarchical current can be taken in the form:

dFy,

= —-D(F},)——
gk ( k) dk ’ (7)
where the effective diffusion coefficient
D(F)=DF* (8)

depends on the constant D > 0 and the exponent a. The basic assump-
tion of this section is that the total current of all avalanches at given
level is independent of the hierarchical level:

g Nk = const = J. 9)
Inserting Eqs.(6-8) into Eq.(9) gives the avalanche intensity
F,=Fkb  b=(a-1)/1-a)>0 (10)

normalized by the maximum value F' = Fj—;. Introducing the distance
(1), we get
F(s) = f(1—s/s0)", (11)

where the intensity at the bottom level s = 0 is
f=Fsyb=FN~"2, (12)

After generalizing Eqs.(10,12), the following scaling relation can be
obtained
Fy = N ik (13)
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where f, is a slowly varying function. According to Eqs.(7-9), this func-
tion obeys the Landau-Khalatnikov equation:

dz oV
- o (14)
where
K=k,  x=fi/fe 1-a = (J/pbp) N~(a=1)/a (15)
and the effective potential is
w1+o< 1'2
V= l+a 2° (16)

As indicated in Fig.2, the potential V' reaches its maximum value
Vo = (1 —a)/2(1 + a) at © = 1 and decreases indefinitely at z > 1.
So, in order to initiate the global avalanche formation, a low intensity
avalanche with f < f. at the bottom level needs to penetrate the bar-
rier Vp of the potential (16). It implies fluctuation mechanism for the
SOC regime progressing provided that z is a stochastic variable and we
proceed with Langevin-type equation derived from Eq.(14) by adding a
Gaussian white noise to the right hand side:

dz oV
EP +¢, (17)
(()=0,  ({(k)C(K")) =2Dd(k — &), (18)

where the noise intensity D equals the diffusion coefficient in Eq.(8).
The usual way to study a set of solutions to the stochastic equation

(17) defined in the ultrametric space is to introduce distribution function
w(k,x) associated with the probability of solution’s realization. It is
known that w(k,x) obeys the Fokker—Planck equation [10]:

ow J9j oV ow

4+ 2 =0 = —w— — D—. 19

0k = Ox ’ J ox Ox (19)
Since there is no current at the equilibrium state (j = 0), the distribution
function of avalanche intensities at the bottom level

wo () o exp (=V (z)/D) (20)

is dictated by the potential (16). In the case of non—equilibrium steady
state the probability density w does not depend on the hierarchical level
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variable x and the current j being constant, in compliance with the
conservation law (9), can take a nonzero value.

From Eq.(19) the stationary distribution then is expressed in terms
of the equilibrium distribution wy(x) and the current j [11]:

w(f) _J *© dx
wo(f) D £/ e wo(x)’

where the boundary condition w — 0 as f — oo is taken into account.

(21)

V -

0.5

Vo

0.0 f———

-0.5

-1.0

-15

Figure 2. The effective potential (32) as a function of f/f. at @ = 0.1.

Given the intensity f Eq.(21) allows the current j to be found. In
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trying to do it, special consideration should be given to the fact that the
intensity f is bounded from below, f > G [4]. The appearance of the
gap @ is inherent in hierarchical ensemble of avalanches. Indeed, after
merging of avalanches within a hierarchical cluster of the size s, all s,
such that s < s4, are appeared to be dropped out the consideration as
well as low intensities with f < f(sy) = G (see Fig.1). The expression for
the current j then can be derived from Eq.(21) with the second boundary
condition w(G) = wo(G). The result reads

-1

. 11—« G
Jj=2DW 1+erf< 5D <1_ﬁ>> , (22)
where the factor . )
-
W o exp <_1+aﬁ> (23)

gives the probability that fluctuation will suramount the barrier of the
potential (16). Eq.(22) shows that in the case of small gap, G < f, the
current j is about WD, but the current is doubled under G = f.. It can
be understood if we picture the effect of the gap as a mirror that reflects
diffusing particles at the point f = G; if G < f. a particle penetrating
the barrier can move along both directions, but in the case of G = f. the
mirror is placed at the point corresponding to the top of the barrier and
all particles go down the side where the intensity f grows indefinitely.

Given the current j the stationary distribution function w(x) is de-
fined by Eq.(21), according to which, w(z) ~ wo(x) in the subcriti-
cal region f < f., while in the supercritical range f > f. we have
wo(xz) > w(z) due to indefinite increase of wg(z). As far as the sta-
tionary distribution is concerned, it can be derived from the current
definition (19), where the last diffusion term is negligible for supercrit-
ical intensities: j & —(0V/0x)w. The result is that [12] the probability
w(f) remains almost unaltered w(f) =~ w(f.) in the range from f. up
to the boundary value f, and w(f) = 0 at f > f,. The growth of f, is
governed by the equation

% fg - fc

2 =D T (24)

Since the above picture is essentially statistical, it enables the critical
avalanche intensity f. for the transition point to be found. Indeed, when
the definition of the macroscopic current J in Eq.(9) is compared to
that of the microscopic current j in Eq.(19), it is apparent that they
differ from one another only by the factor N(e—1)/a = 58_1 dependent
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on the total number of avalanches N (see Eq.(6)). On this basis, the last
expression of Eq.(15) and Eq.(22) at G = 0, D < 1 give the desired
result:

fe=Fexp (—%) , (25)

where the pre—exponent factor F' determines the probability of the bar-
rier penetrating and cannot be calculated within the framework of the
presented approach. Eq.(25) bears a resemblance to the well known re-
sult of the superconductivity BCS theory for the temperature of the
phase transition and predicts the slow growth of the critical intensity f.
of elementary avalanche with the hierarchical diffusion coefficient D that
plays the role of the parameter of effective interaction.

Since the ensemble of hierarchically subordinated avalanches repre-
sents a self-similar set, the probability distribution of avalanches P(F; s)
in the course of SOC process is a homogeneous function of s [4]:

P(F,s) = s7Tw(f), (26)

where w(f) is the stationary distribution of elementary avalanches con-
sidered in the previous section and 7 is the positive exponent. Physi-
cally, Eq.(26) implies that the intensity F', being measured by the scale
(1—s/s0)~", equals the intensity of an elementary avalanche f in accor-
dance with Eq.(11).

Let us describe now kinetics of the global avalanche formation pro-
duced by virtue of the hierarchical coupling established between elemen-
tary avalanches. This process can be conceived of as diffusion in ultra-
metric space that makes the distribution (26) mounted. In order to find
the conditional probability P(t) that no global avalanche will appear at
time ¢ one has to integrate over s the distribution (26) weighted with
the function

ps(t) = exp (=t/t(s)),  t(s) = toexp (F(s)/D) (27)

descriptive of Debay relaxation with the time ¢(s) governed by the barrier
height F(s). By using the steepest descent method, it is not difficult to
derive the late time (¢ — oo) asymptotic formula

o= ()" - () T
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Eq.(44) has been obtained by assuming that the condition 1 < s, < sg
is met, where s,, denotes the location of the maximum of integrand and
obeys the equation

Dr (1 —g)tt?b m
b_;%:%exp (—%(1—m)_b>, .’EEZ—O. (29)

Taking into consideration the scaling relation for the number of hierar-
chical levels sg, which is the cut—off parameter,

sooc(fc—f)l/g, oc>0 (30)

we readily come to the conclusion that the condition is satisfied provided

Fofo<f,  t>teexp ((fc/D)*l/”_1)_b. (31)

Clearly, from Eq.(31) the intensity f in Eqs.(28,29) can be replaced by
fe. Note that in accord with Eq.(28) the probability P(t) = 1 — P(t)
of the global avalanche appearance logarithmically increases in time up
to the value P = 1 — (f./D)7/®. In order for the probability P to be
non—negative the factor F = (e/2)(1+«)~! in Eq.(25) and the effective
diffusion coefficient must be bounded from above by the value Dy =
(1/2)(1+ )L,

The initiated elementary avalanches form statistical ensemble of hi-
erarchically subordinated objects, characterized by intensities f and dis-
tances s in ultrametric space (avalanche size [4]). Since the global avalan-
che formation is caused by effective diffusion in the space, then, similar to
Brownian particle with coordinate f at time s, the ensemble can be de-
scribed by Langevin equation (17) subjected to the noise Eq.(18) with D
being the effective diffusion coefficient and corresponding Fokker—Planck
equation (19). The stationary intensity distribution and the steady—state
current are given by Eqgs.(21,22). The condition of current conservation
Eq.(9) yields the avalanche intensity distribution (11) over hierarchical
clusters in the ultrametric space. The ensemble of elementary avalanches,
being weakly dependent on s, is governed by the effective potential (16)
that reaches its maximum at the critical intensity (25) (see Fig.2). So, the
global avalanche generation requires supercritical elementary avalanche
intensity, f > f., to suramount the barrier V with the characteristic
time (cf. Eq.(23))

T x exp (Vo/D). (32)

This picture bears some resemblance with the formation process of su-
percritical embryo in the theory of the first—order phase transitions [11].
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Figure 3. The dependence of the maximum probability P = 1 — P of the
global avalanche appearance on the intensity variance D in ensemble of
elementary avalanches.

In the course of phase transformation the next stage is the diffusion
growth of the embryo and, analogously, in the case under consideration
the above growth implies an increase of the supercritical avalanche in in-
tensity F'(s) (Eq.(11)) due to the diffusion growth of hierarchical cluster
in ultrametric space.

As aresult of the total cluster formation, we have the logarithmically
slow large time asymptotics for the probability of the global avalanche

appearance:
e _T —1/67 77
1-p (mt ) ,

tef

tes = (/0P "to, (33)

where time ¢ is counted from the instant T', Eq.(32), and P is the maxi-
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mum probability that no global avalanche will occur

) i) e

From Eq.(34) the probability is determined by the ratio of the noise in-
tensity D (see Eq.(18)) and its maximum value Dy = (1/2)(1 + a)7L.
The key point is that the maximum probability P = 1 — P of the global
avalanche appearance is completely suppressed under high intensity vari-
ance in ensemble of elementary avalanches (see Fig.3).
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KPUTNUYHI ABUITIA V¥V BIHAPHUX
CYMIIITAX

Okcana Ilamaran

Inemumym $izuku Kondencosanuxr cucmem HAH Yxpainu,
290011 m. Jlveis, syas. Ceenuiuyvkozo, 1

1. Beryn

B roii yac sk (pasoBa nHoBEHAIHKA OJHOKOMIIOHEHTHUX (DJIFOLIIB € moaio-
HOIO Mixk c006010, GiHApHI cyMimri, HABITH cyMimIi iHEpTHUX ra3iB, JEMOH-
CIPYIOTh BeJIMKYy pisHOMaHiTHICTH TomoJsiorii ¢pazoBux miarpam. Hampu-
kian, kpurunaai Toukn (KT) ras-pimuea (I'P) dnmcrnx KOMIOHEHT MO-
KyTh OyTHu 3’€mHaHi HETepepBHOIO JiHie, AKka € Jtinicro KT rasz-pinuna
cymind (Bunamok cuwmimi Ar-Kr). AGo, Moxke OyTH BUIAIOK, KOJIU 3
k0xkHOI KT 49mcTol KOMIIOHEHT! MOYMHAETHCA OKPEeMa KPUTUIHA JIiHLA
(Bunanok cymiwi Ne-Kr). Haasuicrs npyroi sinii KT Bkasye na npu-
cyrricTh ¢azosoro nepexomy (PII) smimysanus- nesMimysauus. Biib-
e TOro, MOXKJIMBUil Buna ok, kouu JiHis KT raz-pinuna #emepepBHO
MEePEXOIUTh y KPUTUYIHY JIHIIO piauHa-pigumHa ado ras-ra3 He3MilnryBaH-
Hs. 3pyuno kiacudikyBaru (azoBy noeminky OiHapHux cywmimeil wa
OCHOBI TuHiB KpuTudyHuX 1 TpudasHux JiHiil i 3a cnocobom ix nepe-
TuHy. Buepure raka kiacudikaniiina cxema 0OyJia 3alpOIIOHOBAHA BaH
Koninenteprom i CkorroMm [1]. Bona BK/OUaE TpU KJIACH i OXOILIIOE
mIicTh OCHOBHUX THHIB (a30Bol moBeninku GimapHux cymimeit [2]-[6]:

e Kirac 1. Cywmimi ABOX KOMITOHEHT 3 OJIN3bKAMU KPUTUIHUMU TEM-
neparypamu I'P anctux kommonent. B takux cymimax KT anctux
KOMIIOHEHT HenepepBHO 3B’s3ani KpuTudHOIO Jiinien. Cucremu 3
Or0 KJIACY € NEeBHOI0 MipOoI0 i/leajIbHUMU B TEPMOIMHAMIYHO-
MYy CeHCi i He IeMOHCTPYIOTh KPUTUYHOI TTOBEIiHKN 3MilllyBaHHA-
He3MiNTyBaHHA.

e Kirac 2. Cywmimi nBoX KOMIIOHEHT 3 [IyK€ Pi3HUMU KPUTHUIHAMN
Temneparypamu I'P ancrux kommoneHT. B nux cymimax Hema He-
repepBHOi JiHii, fKa 3B’ a3ye KT unctux KOMIOHEHT.

o Kirac 3. Hyxe ckmagni cymimi, sAKi HIeMOHCTPYIOTh TaKe ABUIIE
JAK HUKH:A KPUTUYHA TOYKA po3dnHenH:A. B cucremax mporo xia-
cy aszoBa noBeiHKa CIPUYMHEHA B3AEMOIIAMY Mi2K KOMIIOHEHTA~
MU, fKi TPUBOIATH A0 BUCOKOTO CTYTIEHA BIOPANKYBAHHA B PiIKiit
cymMimmi.
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[Is excnepuMeHTaJIbHO BUBYEHa Pi3HOMAaHITHICTH (PA30BOI IOBELIHKU
cyMmimeil Bimobpazkae Toil pakt, 1O BiAHOCHA IHTEHCUBHICTH MizKMOJie-
KYJIAPHUX B3AEMO/Iiil Bilirpae BUpIMAIbHY POJIb ¥ (Pi3UIll TAKUX CUCTEM,
cripuAfoan uu nepemkoazxkaoun @I smimysanna-ne3MinryBanu.

He nuBnsuuch Ha Bimomuii BeJMYesHU eKCleprUMeHTaJIbHUI Ma-
repian [2]- [6], TeoperuuHi NOC/ILIKEHH: UPUCBAYEHI BUBYEHHIO KDPU-
TUYHUX BJIACTUBOCTE OiHApHMX CyMmimmeil He MpencTaB/AI0TbL COD0I0 3a-
Bepmenoi kaptuuu. 1li Teoperudni poboTH MOXKHA YMOBHO TOIIUTH HA
TaKi KJIacw:

1. CepennbonosiboBuii minxig B myci Teopii Ban-nep-BaaJibca.
2. Meton inTerpaabHUX PiBHAHD.

3. ®enomenosioriyHuil maxis.

4. Iepapxiuna 6asucua teopia (HRT).

5. Mero KOJIEKTUBHIAX 3MIHHUX.

Tyt Mu 3ynuHuMCA HA NEPIIUX YOTUPHOX IiAXOHAX.

2. CepennabsononsoBuii minxin, 1], [7] — [9]

CepenHboroIboBMii TAXi[ TPYHTYETHCA HA PIBHAHHI CTAHy BaH-IEP-
Baasnbca, yzarajipbHeHOMY HMM HA BUMAIOK CyMiImmi me B KiHII MHUHY-
JIOTO CTOJITTA. Bke Tomi HAa OCHOBI CBOTO PiBHAHHSA CTaHy HUM OyJ10
mependavYeHo iCHYBaHHA TPHOX TUIMIB ABOGA3HOI PIBHOBArU B CyMimax:
ras-pinnea, pinnHa-pianea i ras-ras [7].

PiBusannsa crany Ban-gep-Baasbca njia cymimnmi Mae Takuil ke BUTJIAL
SK 1 U1 OIHOKOMIIOHEHTHOI cucremu (onHoduioigne Habumxenns) [1]:

RT a

P=vy— "=

3 THM IO MapaMeTpu a i b BuUpaxKaroThCsa depes JiHiiiHy KoMOinario
napuiajibHUX apamMerpis i € PyHKIiAMU KOHUEHTpaUil :

a = (1-1x)%ay +2(1—)zas + r2am
b = (1 — $)2b11 + 2(1 — m)xblg + .Ingg.

B niux piBHAHHAX IPUCYTHI TEpEXPECHi mapamMeTpu a2 i byo, AKi Bupaxka-
IOThCS Yepe3 OOHOCOPTHI, HANIPUKJIA 3a npasusoM Jlopenna-beprtiio:

1 3
a2 = 4/a11a22, b2 = B (51{3 + 17%3) .
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B poborax [1]-[9] no rakoi Ban-uep-Baasibcisebkoi cymiwi ,Oyiu 3acto-
coBaHi piBHAHHA mida BusHadenna KT:

2 3
26\ _, (PG _,
0z? T ox3 T

(G - BinbHa enepria ['66ca Ginapuoi cymimi) i ymoBu Ha (has30By piBHO-
Bary:

=T P*=P°  pud =gy, ps =

[Tpryomy, pos3TAANAINCH Pi3HI CHIBBIIHOIEHHA MiX IapaMeTpaM# d;j 1
bi;. B 3amexHOCT Bif CHiBBimHOMeEHHA MiXK HIMM OyJIM OTpUMaHi pi3Hi
tunu ¢azoBux miarpam. PakTUIHO, HA OCHOBI PIBHAHHSA CTaHy BaH-IEp-
Baanbca nepenbadeno Ha AKiCHOMY piBHI BCi Tunm Has3oBux miarpam 3
Bulesrananol kinacudikauiitnoi cxemu [9], Kpim ocTaHHBOIO.

3. Meron, inTerpajibHUX PiBHAHD

pyrum migxogom, AKWi Na€ KJAACUIHUNA ONMUC KPUTUIHOI MOBEMiHKU
Gimapuux JI0IIiB, € METOI IHTErpaJIbHUX PiBHAHB. BMe)ax mporo mimi-
XO/Iy BU3HAYEHH: yMOB (ha30BOTO BiIOKPEMJIEHH B CyMilllaX TPYHTYETh-
sl JK MPABUJIO, HA OOYUC/IEHHI CTPYKTYPHOTO (PAKTOPY KOHIEHTPAIisA-
konuenrpania Se.(k) npu k = 0:

Scc(k) = C(]. - C)(]. - C)Sll(k) + CSQz(k) - 2\/ C(]. - C)Slg(k),

ne Si;j (k) — mapuianpruit crpykTypHuil dakTop, i, j = 1,2 — innexcu cop-
Ty, ¢ — KOHIIEHTPAIlisA 9acCTUHOK Apyroro copry. llpu miaxomni mo coinomadti
"raz-piguna”’ abo ”3miuyBanns-uesmimyBanus” S..(k = 0) posbiraerb-
¢, OCKIJIbKH, AK 100pe Bimomo, Mix S..(0) i yMOBOI0O Ha CHiHOmAJb iCHY€
3B’ 30K

Oc?

2
S0c(0) = NkgT/ (a GM) ,
T.P

ne GGy — BuIbHA eHepria 3mimyBanua 1'i06ca myia 6iHapaoro JIiLy.

ITiorepcrko0 poboToo B wiii obmacti Byna pobora Baiicmana [10].
Bin posriisiHyB cCUMETPUYHY CyMill 3 OJIHAKOBUMU I'yCTUHAMMU YACTUHOK,
JAKI B3a€MOI0Th Yepes rBepauil Kop mioc norenuiain KOkasu:

o0 akmo 1 <1
Uij(r) = { Kij o —z(r—1)

r

aKmo 1 > 1
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B mopeni Baiicmana gacrtunku toro camoro copry (”nopi6bui” wyacrun-
KU) 11032 KOPOM [PUTALYIOTHC: 1 pisnux copris (”nenonibui” yactuHku)
BimmToBxyoThcs (K11 = Koo = Kjo ). Baiicman poss’ssaB cepemnbo-
chepuune nabsmxkenus (CCH) mis uiel momeni i nokasas, mo icuye
00JTaCTh B TJIOMWHI TEMIEPATYpPa-TYCTUHA, € HEM3 PEAJHHOTO PO-
3B’#3Ky. Bin inrepuperysas ueil ¢pakr sk HasBaicrs @II 3mimryBanHs-
uesminryBanns. B [11] aBropu postisiny/u posmwupeny Monesb Baficma-
Ha (K11 = Koo # Kio ). Poss’asaBun anamituano CCH Bonu mokasa-
JIM, O B CyMimmi MOXKyTh BimOyBarucs nsa tumu PII B 3as1€kHOCTI Bif
crmiBBigHOmeHHA Mix K11 i Kq9: I'P i 3mimyBanasa-aesmimyBanusa. Po-
601u [12]-[19] upucssiveHi yucesibHOMY PO3PAXYHKY IHTErpajibHUX DiB-
HAHB. TyT PO3IIATAINCE, 3 OTHOTO OOKY, O1/IbII CKJTAIHI CyMillli TBEPANX
cdep pisHux po3mipis, sAKi B3a€MOIIIOTh Yepes pizui norenmiaau Okasu
(K11 # Koy # Ky ) [12]-[13],[17]-[19] i 3 inmoro Goky, cymimi gacTu-
HOK, fAKi B3a€MOIII0ThH 3 moTennianamu Jlennapma-Ixomnca [15]-[16]. Bei
pobOTH IEMOHCTPYIOTH 3HAYHUN Mporpec y BuBdeHHi Baactuocteir @II
y GiHapHux cymimax sk (PyHKUIfl MIKPOCKOIIYHMX B3a€MOIill MixK 4a-
cruakamu. OnHak, KpiM TOro, mo ueil maxin gae KjaacudHy IOBEIiHKY,
TyT icHy€ me psan npobsiem, a came: 1) TepMoauHAMIYHA HECYMICHICTDH
Teopii, Aka BUKOpuUCTOBY€E 3amukanusa taki axk CCH, HepKyca,—IU/IeBiKa.
i rinepJrannorose; 2) aHajiTuYHUE pPO3B’#A30K piBHsAHHA OpHInTeiiHa-
Hepwike icaye Tisbku y Bunajaky z€aitupocrimoro 3amukanns - CCH niis
[eKIJIbKOX NAapHUX HOTeHuiaiB; 3) obuaBa piBHsAHHs Iepkyca-Ilesika i
rimepJIaHIIoroBe JEMOHCTPYIOTH JIiMIT cTabiapHOCTI Mo Temmeparypi T’
Oy1a ganoi cywimi mpu dbikcoBaHil KOHIEHTpaIii i TycTuHi. Axmo Temmne-
parypa MOHUKYETHCA BITHOCHO IHOTO JIIMITY, OCMOTUYHA 1 i30TepMivTHa
CTUCJIMBOCTI 3POCTAIOTH i CTAE BCE BaXK4e OTPUMATH IUCJIOBY 30iKHICTD.
Brpara 36i:KHOCTI 9MCI0BOTO aJIrOPUTMY HE 3aBKOU [IOB A3aHA 3 iCTHH-
HOIO pO36ixkuicTIO Kopessauifinux ¢yukuiil. Tomy inrepuperauis Ts(p)
CIHOJAJIHFHOIO JIIHIEI0 CYyMilTi He € OYeBUIHOIO.

4. PeHOMEHOJIOTiYHI Teopil

InTepnperariiss KpUTHIHUX ABUIL B CyMilIax BCE IIe 3HAYHOIO MipOTO CIIu-
paerbcs Ha (penomenosoriuauii minxig. B ocHoBi ¢dprenomeHos10ri9HOrO
[iIXO0Iy JIe2KATh IPUHIMI YHIBEPCAJIbHOCTI 1 rinoresa isomopdHOCTi.
BrnacTuBocTi cuctem B OKOJIi KPUTUYHUX TOYOK MOXKYTH OyTH 3PO-
3yMLIl Ha MOBi MPWHIWTY YHIBEPCAJIbLHOCTI AKWIl TOBOPUTH, IO ACUM-
MTOTUYHA TEPMOOUHAMIYHA TIOBEJIIHKA CUCTEM, K1 HaJIeXKaTh 10 OJIHOTO
KJIaCy YHIBEPCAJIbHOCTI 33/I0BlJIbHAE CKEWJIIHIOBUM 3aKOHAM 3 YHiBep-
CaJIbHUMU KPUTUYHUMU 1HJIEKCAMM 1 YHIBEPCAJIbHUMU CKEWJIIHrOBUMU
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dyukuismu. Crovarky OPUHIMI yHIBEPCATBHOCTI KpUTHIHOI TOUKHU Oy B
PO3BUHYTHII /I CUCTEM 3 i30JIbOBAHOI0 KPUTUYHOIO TOYKOIO 3 [IBOMA
CKEMJTIHTOBUMU TIOJISAMU: CJIA0UM, TEMIIepATypPHOMOIIOHNM CKeWTiHTO-
BUM IIOJIEM i CUJIBHUM, BIOPAIKOBYIOUNM CKEHJIIHTOBUM IIOJIEM, CITP-
JKEHIM IO TapamMeTpa MopALKY NoB A3aHOro 3 dpasoBuM nepexomom [20].
[Ipuknamom Takol cucremu € ogHokomuonenTHuil guioin. OnHak, 6i1b-
IICTh PEeAJIbHUX CHCTEM HEMOHCTPYIOTH JIHII ab0 MOBEPXHI KPUTHUIHUX
TOYOK B 3aJIEKHOCTL Bill IMC/Ia T€PMOOWHAMIYHWX CTYIEHIB BLIBHOCTI
(nanpukam, Ginapui cymini). Posmupenns npuHnuity yHiBepcaJbHOCTI
KPUTUYIHOI TOYKHU HA CUCTEMHU 3 OiJIbII Hi’K ABOMA CTYIEHAMY BiJIbHOCTI
6y.10 3anpononosano ['piddinom i Beenepowm [22], a rakoxk Caamom [23].
Byno mokaszano, mo TtepMomumHAMIYHA MOBEHIHKA, CYMilli 3ad0Bi/IbHSAE
THUM CaMUM CKEWJIIHrOBUM 33aKOHAM 3 THUMHU CAMUMU KPUTUYHUMU iH-
JIeKcaMu i CKeTiHroBuMY (DYHKIIAMY $IK i OMHOKOMIIOHEHTHA, CUCTEMA,
AKIIO CYMIII BUBYAETHCA MPH TMOCTiitHOMY mouii £, 3B’sA3aHOMY 3 Ximiu-
HUMM [OTEHIiaJlaMi KOMIIOHEHTIB, a He IIpU MOCTifiHIfl KOHIEeHTpaIllii.
BignosinHuM 4MHOM BuiijieHa izomMopdHa BlIbHA €Hepris Marume Ta-
Ky caMmy yHiBepcaJ/ibHy HEaHaJIITUYHY 3aJI€XKHICTh Bij [IBOX XapaKTepu-
CTUYHUX 3MIHHUX AK 1 BiZIMOBi/IHA BijIbHA €HEpTis OTHOKOMITOHEHTHOI
cucremu. CUCTEMHO 3a/1€KHI KOHCTAHTHU, & TAKOXK KPUTUYIHI TAPAMETPU
3a/IeKATUMYTh MapaMEeTPUYHO Bim ”’mpuxoBaHoro” mosisa &.

Ha npakrumi ekciepuMenTasibHi yMOBH HAKJIAAAIOTH OOMEKEHH Ha,
BuOIp TEPMOIMHAMIYHUX 3MIHHUX: €KCIIEPUTMEHTAJIbHI JaHi 3BHIaliHO
OTPUMYIOTHCS TIPU MOCTilHINA KoHmeHTparii. Ak Oyso mokazano Pimre-
pom [21], mpu mocTiiiHiii KOHIEHTpaIlli XapakTep KPUTHYHOI MOBEIIHKN
cywmimi mMaB Ou 3MIiHIOBATHCH, OCKLJIBKU BiIOYBAaETHCA PEHOPMAJII3AI A
kpurtnaHuX inmekciB. Tak, i3orepmiuna crucauBicTb GiHApPHOI Cymimmi
MaJjia 6 MaTu Habararo cjaadiry po36iKHICTH HiK B OIHOKOMIIOHEHTHHX
duoigax, a NUTOMAa TEIJIOEMHICTh IPH IOCTiiHOMY 00’eémi He MaJjia 6
MaTy po30iKHOCTI B3araJii. Ajie eKCIIepUMEeHTH J9acTO MOKa3yI0Th SKPa3
TOYHO Ti 3HAYEHHA KPUTHUYHUX iHIEKCIB IO I OJJHOKOMIIOHEHTHI CUCTe-
mu. Ileit dhakr moxe Oyru nosicHenuit B pamkax (PEeHOMEHOIOriYHOro
migxomy THM, MO ICHYE CHJIBHUAN KPOCOBEP, AKUI 3MEHIIYE ACHMIITO-
tuuny obsactb [24]. Ile poburb BaxKKUM ONHO3HAYHE NiATBEPHAKEHHSI
TEOPETUIHUX PE3Y/IbTATIB.

Kpim toro, npu posrysani diioinHux cywimeil, B AKUX BiIOyBa€Th-
cA Ha KpuTwudHiil Jinii #Henepepsuumii mepexin Bim KT rasz-pinuaa mo
KT 3wmimyBannsa-He3MilIyBaHH:A, BHHIKAE IOTPeda B y3arajabHEHHI Tpa-
JMIIAHOro crocoly 3uilicHeHHs i30MOpPdHOro GpopMyIIOBaHHA KPUTUY-
uux apwuil. Take ysaragpHenHs 6y10 3oiiicaene B podorax M.O. Anicimo-
Ba 3i cniBaBropamu [25]-[29]. 3ynuHEMOCA KOPOTKO HA OCHOBHHX iNesX,
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BUKJIQJIEHUX B IuX poboTax.

3rifgHo npuHIKIY YHIBEPCAIBHOCT] TEPMOIMHAMIKA OMHOKOMIIOHEHT-
wvoro (utoimy 6is KT rasz-pinuna i ”wectucansoi” 6inapHoi cymimmi Oisist
KT pinmna-piguHa xapakTepusyeThbCA ABOMA CKEHTIHTOBUMU MOJIAMMT:

hiy = g+aT-T,)
hy = T —-T.+bg,

e g € XiMiuHu TOTEHIa/I OTHOKOMIIOHEHTHOTO (DJIIOIY 49U g = 1 — U2
(w; — ximivauit MOTEHIia/ YaCTUHKU COPTY ) [JIsi ABOKOMIIOHEHTHOI
?HecTuCUBOL” pinkoi cywmimi. Byso mokaszano, mo AKIIO 3MiIlTyBaHHA
[I0JIbOBUX 3MIHHUX HE BIJINBAE€ HA ACHUMIITOTUYHY HOBEIIHKY OIHOKOM-
nonenTHOro dutioimy i ”HectucsanBoi” cywimi, TO y 3araJbHOMY BHIIA-
Ky OiHApHOI CyMimmi Take 3MillyBaHH:A TPUBOAUTD B OLIBIIOCT] BUMIAAKIB
JO 3MiH aCUMTITOTUYHOI KPUTUIHOI NOoBemiHKu. BiamosimHo mo rimoresu
isomopduocti, cuiibHO posBeneni posuunau Oina KT ras-pinuna i cia-
60 cTuc/uBi pinki cymimmi 6isi TOYKH PO3UYMHEHHA MOXKYTh OyTu 00’€1I-
HaHi y Bu3HadeHHI moseit hy i ho, BBOmsuM ”mpuxoBaHi” MoJis, CIpsi-
)KeHl 10 " npuxoBaHux” TYCTUH, a CaMe, PI3HUINI0 XIMIYHUX TOTEHIAIIB
9UCTUX KOMTOHEHT i KoHmenTparii y Bumanky KT ras-pimmaa i ximiv-
HUil TOTEeHIiaT OMHIE] 3 KOMIIOHEHT 1 3araJibHy ryctuHy y Bunanky KT
3MinryBaHHA-He3MinryBanuA. Tomi kpurrani napamerpu KT ras-piguna
po3BeneHOl cymimi OyayTh QYHKIIAME [ = i3 — flo, a00 dyHKIiszAMYI
w1y Bunanky KT sminryBanHA-HEe3MinTyBaHHA €/1a00 CTUC/IMBOL PiIUHMA.
ITo6 posmupuru mpuaimn yaiBepcasibHocTi KT Ha 3araspHuii Buma-
JOK, aBTOPHU TPHUITYCKAIOTh, 0 TEPMOIMHAMITHA MOBEMIHKA CYMiIlIi Bce
e XapakTepu3y€EThCs IBOMA CKefiminroBumu mosiamu hy i hg, AKi Tenep
€ KoMOininisimu Tppox disuanux 3minaux AT =T —T., Apy = 1 — fae,
Ap = p— pe:
h1 = alA/}q +CL2AT+G3A/L
hg = blA,Ul + bgAT + b3A,U,.

Bci cucremno 3anexui napaMerpu, a came, KoedimienTu a; i b; Tak camo
AK 1 KkpuTwaHi mapameTpu T¢, pi. 1 Y 3a7€xKaTh MapaMeTpPUYIHO Bif
TIOJIOYKEHHA HA KPUTUIHIN JTiHil.

5. Iepapxiuna 6a3ucna teopis (HRT)

B cranpmapraomy niaxoni pesopmrpynu puiyKTyanii JOKaJbHOIO [apa-
Merpa HOP:AJAKY cuepury mignarrbes @yp’e nmeperBopeHHio, i Toai gpJiyk-
Tyalii BeJIMKMX XBUJIbOBUX BEKTODIB (CKaxkiMo k > Q) BimiHTerposy-
0TbCA. B pesysbrari 3mifiCHIOETHCA Tepexis OO0 HOBOrO eMEeKTHBHOTO

ICMP-98-32 20

lamisibroniany mis uiykryauiil mapamerpa nopsaaky 3 k < Q. Ila apo-
Heaypa Moxe OyTH MOBTOPEHa, 3MEHIIYI0Yr BeKTOp 00pizanHsa () moku
BCi dytykryarnii He OymyTh B3aATI 00 yBaru. B Takwii croci® remepyerh-
cs1 mocIimoBHICTh edekTuBHUX ['amMibTOHIaHAB, KOXKEH 3 AKX OMUCYE
daykTyarii HuXK4Ye MeBHOrO OOpi3aHHA.

Bamicrs Toro asropu [30]-[36] npononyiors iHmmil ninxin. Bonu ne
3MifiCHIOIOTh YACTKOBOI'O IHTErPYBAHHA i HE OOMEXKYIOTh CTYIEHI Bijib-
HOCTi: BOHU aHAJI3YIOTh fAK BiJIbHA eHeprid i kKopensmiitai dyskIii Mo-
mudiKyIOThCA B pe3yJ/IbTaTi BBEIEHHA BEKTOpA OOpizaHHs: () B miarpam-
HUU PO3KJIAM, AKWI BU3HAYAE CIIOCTEPEXKYBAHI BEJININHU.

Posrnanaerbcsa cucrema KjIacMYHUX YACTUHOK 3 EHTPAJIBHUM, IIO-
[APHO—IUTHBHUM MiKIaCTHHKOBHM IOTEHINAIOM Vj;(r):

vij (r) = v (r) + wi; (r),

ne vg (r) onucye BLOWITOBXYBAHHA HA MaJuX Biacransx, i ¢dpisuuni Bia-
CTUBOCTI CyMimmi, B3a€MOIiA B AKiil OMUCYEThCA Tepe3 vf;‘; (r) BBaKamOTH-
ca BimomuMmu. w;;(r) omucye npurAranHda. €nuHa yMmMoBa Ha (YHKILO
w;j(r) e icuyBamua ®yp’e obpasy. lepapxiuma Gasucra reopia rpys-
TYETbCA HA HACTYIMHUX KPOKAX.

PosriisagaeThest mocaigoBHICTD ()-CCTeM, TaKUX IO

v2(r) = vl () +wl(),

e

w

Q(k)— w(k) ma k>Q
YA\ 10 s k> Q

Posnp mapamerpa () € npunymyBatu (GhJIyKTyaliil 3 XBUIbOBUMU BEKTO-
pamu k < @. Tomy ciM’st Q-cucremM MOXKe BBaKATUCH K [TOCJIIOBHICTD,
sAKa HabJIMKAETHCs 10 CUCTEMU 3 IIOBHOI B3a€MOIIEI0, ae (JiyKTyauil
Ha BiacraHax Olmbmux HiX 1/Q € cunbro npumymeni. Ipyruit Kpok
MTOJIATA€ Y BUBEIEHHI TOYHUX PIBHAHBb €BOJIIONIL I BJIACTUBOCTER (-
crucTeM, KO BEKTOp OOpisaHH:A 3MiHIOETHCA Bim () mo () — d@). Bso-
auTbesa MoaudikoBaHa BlibHA eHepria ['esbMronbua AC s Q-cucrem
TaK, MO0 BKJIIOYUTHA CEPEIHBOIOILOBI BK/IAIH, AKi BiAMOBIIAIOTH Pi3HATIL

B3aEMOMI w;; — wg:

AQ _ AQ 1 2 ~ . ~Q .
DA [Wij (k = 0) — w5 (k = 0)]
1
+opilwii(r =0) — wit (r = 0)].
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Ha ocnoBi miarpaMHUX PO3KJIAIIB 3aMKUCY€ETHCA PIBHAHHA €BOJIIOII, AKE
Kepye 3MiHo0 Moau@ikoBaHOi BijibHOI eHepril:

d (ZBASN 1 [ dY% Q)i
( >_ /kQ Indet[1 + B[CK)] W (k)].

dQ \ Vv 2 (27)3

Ty BBemeni marpuuni nosmadenna mia C9(k) i W(k), cg (k) — @yp’e
obpaz momudikoBanoi mpamoi Kopesaniinol ¢yukmii. lle piBHAHHA €
[epluM 3 HEeCKiHYeHHOI iepapxii piBHsHb. AHaJIOriydi piBHAHHHA €BO-
sronii sanucyorbes mia C Q@ (k) 1 muist npsamux KopessAuitnux yHKuiit
Bumux nopsAnkis. s cucrema piBHAHDL mificHa B yciit obsiacti rycrun i
Temneparyp. Hocimxyodn GiHapHy CyMimn, aBTOpU POOJIATH PAI, Ha-
OJinKeHb: 1) 0OMEKYIOTHCs NEPUINM PIBHAHHAM i€papxii; 2) npumycka-

Q (k) amamitnani 8 KT:

OTh, IO BCi oy

¢ (k)kmo ~ €2(0) = bisk® + ...,
e

9*A°
€5(0) = 5.
P Op)

ABTOpU MOKA3yI0Th, O PIBHAHHSA €BOJIIOUIl B [IOBIOXBU/ILOBIN I'PaHMLi
CTAIOTh IIEHTUIHUMU [0 PIBHAHD PEHOPMIPYIH 114 e(DEKTUBHOIL Hil, AKa
BKJIIO4ae nBa GuiykTyoodi mosisa. OcHOBHI pe3ysbTaTi I[OTO IMKJIY
poOiT HacTyIHi:

1. Tlokasano, mo KpuTuYHi iHAeKCH GiHapHOI cywmimn € moB’A3aHi H0O
KPUTUYHUX 1HIEKCIB OIHOKOMIIOHEHTHOI CHUCTE€MU BIIIOBIAHO 10
(EeHOMEHOJION YHUX [IPUILY IEHD;

2. HOnsa cymimi Ne — Xe orpuMano Temmeparypy Kpocosepa, T <
1078;

3. OrpuMaHO KpuUBY CHIBICHYBAHHS Ta3-piaMHa [1Jisi CUMETPUIHOL
CyMillli YaCTUHOK, fAKi B3a€MOMIIOTH 3 MOTeHIiajgamu JleaHapma-
Ixxouca. Hana kpuBa m00pe y3TOMKYETHCA 3 PE3y/IbTaTaMU, OT-
PUMAHUMU METOHAMY YUCIOBOTO MOMEIOBAHHS;

4. Asropu pobJisiTh BUCHOBOK, IO MPOTSKHICTH ACUMITOTUYHOI 00-
JIACTi HE € HEOOX1MHO MAJIOT0, /1A NeBHUX OiHAPHUX cyMimred i npu
[IeBHUX PEKMUMAX BOHA MOXKe OyTH HOCATHYTA €KCIIEPUMEHTAJIHHO.
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IITOBEPXHEBI KPUTNUYHI ABUIIIA

MuxkoJga IImoor

Inemumym $izuku Kondencosanuxr cucmem HAH Yxpainu,
290011 m. Jlvsis, sya. Cecnyiyvkozo, 1

3a ocranui 25 pokiB Meromu Teopii moJisd HAOY U OCODIMBOI BAXKJIU-
BOCTi B cy4acHiit Teopii pazosux nepexosnis i kpuruanux asum [1-3]. Ix
BUKOPUCTAHHA TPUBEJIO 10 BEJTMYE3HOTO MPOTPECY B OMUCI KPUTHIHUX
SABUIN, MO BiIOyBaIOTHCA B 0E3MEKHO BEIUKHAX ~imeabHUX’ MOIE/Ib-
nux cucremax. I[Ipore Bci peasbui 00’€kTH, MO iCHYIOTH y IPUPOIi, HE
€ imeapHIMU. BOHI MaOTh CKiHYEHHI po3Mipu, 0OOMeKeHi MOBEePXHAMU,
a TAKOXK MiCTATH pi3ui momimkw i crpykTypHi HeomHopimmocti. ¥ Ta-
KX CHCTEMax BimOyBalOThCA TaKOXK cuernudivni disudni ABUIIA, AKAX
HeMag B imeaspHuxX cucremax. Q4ueBumHO, MO Teopisa ha3z0BUX MEPEeTBO-
PEHb y CHCTEMaX, MAKCUMAJIbHO HAO/IMKEHUX 0 peasIbHUX, MPEICTa-
BJIA€ 3HAYHUN iHTEpec IJid eKCIIEPUMEHTATOPIB i creniaJicriB 3 KOM-
IT'IOTEPHOrO0 MOIETIOBAHHS, AKI 3 HEOOXITHICTIO MaiOTh CIPaBY i3 CKiH-
JeHHUME 00’ €KTaMu HOCTiaKeHb. Taka Teopist € Habararo CKJIaIHIIIOO,
i1l po3BUTOK TpEICTABIAE TAKOXK OE3CYMHIBHUI iHTEpEC [jIsd TeOpeTHd-
woi (isuku B3arasi. TyT K010 HEPO3B’A3aHUX 33124 i MPODJIEM € 3HATHO
MIUPIINM, 5K B Teopii imeabHIX OE3MEKHUX CHCTEM.

Brajiadi Bulle Merogu Teopii 1oJisd 0YaJ/iu YCIIIIHO 3aCTOCOBYBATH-
cs B Teopil NOBEPXHEBUX KPUTUYHUX sABULIL HA 104arky 80-pokiB (aus.
orsisAnu [4,5]). TonoBHIM MeTOIOM PO3paxyHKy OYB JO IIbOTO Yacy € -
poskiaz [1], To6To po3Kas 38 MaIMMK BIAXMIEHHAME BUMIPHOCTI TPO-
cropy d Bin d = 4: ¢ = 4 — d << 1. Pesysiprarun po3paxyHkisB orpumy-
Basucsa y Buriisai koporkux (1o 11 2 nopsukis) psagis 3a creneHsmu
€. Iisi orpuManis (Bi3suYHUX pe3yJibTaTiB y peajibHOMY TPUBUMIPHO-
My TPOCTOpPI 3 € - PO3KJALy HEeOOXigHA eKCTPAarmoJIAlisa o € = 1, mo
HE 3aBXK/IM € TPOCTUM 3aBIAHHAM. Hampukjiam, OTpuMaHi TaKuM IHHOM
3HAYEHHs [IJIsl KDOCOBEPHOIO MOBepXHeBoro nokasHuka & [4] na 20-30%
Bimpi3HAMUCA BiI pe3y/IbTATiB YUCETbHUX PO3PAXYHKIB MeTomoM MomHTte
Kapo.

Y Hammx pobOTaX MU y3araJbHIOEMO T.3B. MACHUBHY TEOPII0 MOJIsS
[3] ma HamiBoOMe:keHI cucTemu 3 MIOCKOI ToBepxHew. lle mae mo-
JKJIABICTD JOCJIIKYBATH MOBEPXHEBY KPUTUYHY MOBEIIHKY Oe3mocepes-
HbO y (izuuniit Bumipuocti npocropy d = 3 (6iibi 3arajibHO - y 10BLIb-
nux Bumiprocrsax 2 < d < 4) [6]. Takum uunOoM, 30KpeMa, Mu OTpU-
MY€EMO YUCEJIbHI 3HAYEHHHA [MOBEPXHEBUX KPUTHUIHUX HOKAZHUKIB IJIsd
[IBOX TUIIB moBepxHeBUX (azoBux mepexomin: ssudaiinoro (”ordinary”)
[6] i cnenianproro [7]. Hami pesysnbraru [8] B pAgl BUNAAKIB MOMpaBILA-
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IOTDH TIOMEPETHI OMiHKN, OTPUMAHI 3 € - PO3KJIALY, i H0Ope y3roaxK yIOThCI
AK 3 HARHOBIMIIMY JaHUME €KCIEPUMEHTAJIbHUX poOiT, Tak i 3 Hailkpa-
UMW Pe3yIbTaTaMU IUCETbHUX TOCTiIKeHb MeTomamu Moute Kapio.

Bigsnaunmo Takoxk icHyO4i mpobsemMu B €KCIEPUMEHTAJILHUX I0-
CHIKEeHHAX KPUTUYHOI TMOBEMiHKN Ha TOBEPXHAX. fK mpaBmsio, mo-
CJIJIDKEHHA PI3HUX TUIIB MOBEPXOHb 334 IOINOMOIOIO0 PO3CIAHHA PEHT-
reHiBCbKMX IPOMEHIB! BUABJIAIOTD 1IE€BHI XapaKTepHi pucH, 1O BiIIoBia-
[OTH Pi3HUM THUIIAM MTOBEPXHEBUX (PA30BUX TMEPEXOIIIB, a CaMme - 3BUYaii-
HOTO i €KCTPaOpANHAPHOrO. 30KPEMA, HE CIIOCTEPITa€ThCA KPOCOBED 10
”9quCTOro” eKCTPAOpPAUHAPHOTO mepexony. Taka CUTyallis 3 eKClepuMeH-
TAJIbHUMU PE3YJIbTATAMU CIIOHYKA€ TAKOXK [0 IOJAJIbIIOr0 TeOPeTHd-
HOTO JTOCJIIZKEHHs XapaKTePHUX 0COOJTMBOCTEH MOBEPXHEBOI KPUTUIHOL
[OBEIIHKYU IIPY €KCTPAOPAUHAPHOMY IIE€PEXOIi.

1. Moneas

Kpuruyna noseninka nHaniBoOMe:KeHMX CACTEM 3 7T - KOMIIOHEHTHUM
[AapaMeTpOM IOPANKY OMHUCYETbCA €(PeKTUBHUM FaMiIbTOHIAHOM THILY
Jlaungay - I'iusGypra - Binscona [4]

ol = [ (5 707+ gmie+ guolol’) + [ (Gas) . @

Ha Bigminy Bim mpocTOpOBO-HEOOMEKEHUX CHCTEM, B JAHOMY BHUMIAIKY
cucrema ”3ajimae” BEpXHIO OJIOBUHY d- BUMipHOro npoctopy V = Ri =
{# = (F,2) € R? | 7€ R 2z > (0}, obmexkeny MI0CKOI0 TIOBEPXHEIO
OV npu z = 0. Ilosie n- KOMIOHEHTHOTO TAPAMETPA OPAIKY OMUCYETHCS
smirHOO ¢ = {$%(Z),a = 1,...,n}. IlouaTkoBi, HenepeHOpMOBaHi Mapa-
MeTpu Teopii €: "maca” mj - niniitna dyHKIia TemMneparypu; KOHCTaAHTA
3a’A3Ky ug > 0, mo xapakTepusye (JIykTyarii moJiB B 00’emi cucremu;
Co - JIOKAJIbHUI IOBEPXHEBUII napaMerp, IO OIUCY€E BIIXUJIEHHHA CUJIU
nosepxueBux B3aemouiit Big 06’emuux (”surface enhancement” B anrsio-
MOBHI# JiiTepaTypi).

Hac nikaBuTuMyTh KpUTHYHI ABUIIA, MO BiIOyBAIOTHCA y MTOBEPXHE-
BOMY Imapi Takoi HAmBOOMEXKEHOI cucTemu, Koau B ii 06’emi mpu Tem-
neparypi Kropi T, BinbyBaerbcs pasoBuii nepexisg apyroro pouy. B 3a-
JIEZKHOCTI BiJI CUJIM TOBEPXHEBUX B3a€MOIill ¢y MOKJIMBI Pi3Hi TUIU 1O-
BEPXHEBUX I€PEXOIiB:

1) AKmo Besmm4uHA ¢ GLIBIIA 32 NEBHY CHENiabHY BEJMIHHY Cof , TO
TIOBEPXHEBI B3aE€MO/Iii HE JOCTATHLO CUJIBHI [IJIs1 TOTO, MO0 Ha MOBEpPXHi

1KopoTKuil Oryifm cy4acHOI eKCIepuMeHTAIbHOI CUTYyalil i HOPiBHAHHA 3 OCTaH-
HiME TEOpeTmYHMMU pe3yJsibTaraMu npuseneHi B poboti [8].

ICMP-98-32 26

MOIJIO BUHUKHYTH caMmocTiiine Buopsankysanusa npu 1 = T,.. Y uiil cury-
anii KpuTU4Hi 0COOIUBOCTI JIOKAJIbHUX HOBEPXHEBUX (PI3UYHUX BeJIMIUH
"iHnyKyoThCA” (DIIyKTyalliAMu mapaMerpa nopAnky B ob’emi V' cucre-
MU, IO BIOPAIKOBYETHCS MPU 3HUKEHHI TEMIEPATypu A0 BeanduHu 1.
Taxwit moBepxHEBMil MMepexin HA3NBAECTHCA 3BUIANHIM.

2) komu ¢g = ¢’ 1T — T. (m3 — m3.), nosepxus AV i 06’em V
CHCTEMU BIOPAIKOBYIOTHC ogaovdacHo. [Ipu npomy noBepxuesuit ¢pazo-
BUil mepexin Ha3WBAETHCA crermiajabHnM. ”Crnemiaabaa’ Touka dha30Boi
niarpamu (m3,, cp) € MyJIbTUKPUTUYHOIO.

3) npu ¢y < c;’ moBepxHeBi B3a€MOmil € JOCTATHBO CHIBHUME 15
BUHUKHEHH [IOBEPXHEBOI'O BIOPAIKYBAHH:A IIPU TEMIIEPATYPAX, BULIUX
3a KpuTu4ny. K HACIIOOK, NPy NONAJIBIIOMY 3HHUKEHHI TeMIleparypu
po T = T,., dpaszosuil nepexin B 06’eMi cucremu BiiOyBaeTbCs BKe B
MIPUCYTHOCT] JAJIEKOCAXKHOTO BIOPANKYBaHHA Ha ToBepxHi. [loBepxHe-
BUil mepexin, MmO mpu HbOMY BiZOyBAETHC:, HABUBAETHCI EKCTPAOPIH-
HapHUM.

SayBaKkuMo, IO ABa OCTAHHI TUIIM OBEPXHEBUX (HPA30BUX HEPEXOMIIB
MOZK/JIMBI TIIbKH B TOMY BHUIIQAKY, KOJIU BHMIPHICTH mpocTopy d mepe-
BUIIY€ HUXKHIO TPDAHUYHY BUMIpHICTH dy(n), npu sKiifi MOXK/IMBaA MOABA
da3u 3 MOBEepXHEBUM YIIOPAIKYBAHHAM. Binbire geraseil momaHo B po-
Gorax [4,8].

3Buyaiinmii i cienia/ibHuil nepexonu € ” JOCHKHUMKU’ 3 BUCOKOTEMIIE-
parypHOi, HOBHICTIO HEBLOPsAKOBaHOI pasu. Tomy ix Teopernyunuii onuc
€ 3HAYHO MPOCTININM 33 ONUC €KCTPAOPAMHAPHOTO TMEepexoay. ¥ MbOMY
OCTAHHHOMY BUTIAJIKY HEOOXiTHO MaTH CIpaBy 3 HEHYJILOBUM, IPOCTOPO-
BO 3MinHuUM npodisem napamerpa nopaaky (¢(Z)) (ak npu T < T, Tak i
upu T' > T,), wo CyTT€BO YCKIIAIHIOE PO3PAXyHKK. A 1yis 3Bu4aiiHoOro i
CIIelia/IbHOIO [IePEXOAiB napHa Kope/iAuiina QyHKIiA HAO/IMKEHHs MO-
JIEKYJIAPHOrO 110J1s (BlibHuil npouararop) npufiMae BiIHOCHO mpocruit
BUTJIAL,

G2, 2") = 2_,1% |:e—mo|z—z'| _ % e—no(z+z’)] 7 (2)

e
Ko =\/p> +md . (3)
Kopesisitop (2) sanucanuit y 1.38. pz-upeuncrasienni: ue — Dyp’e-

MEPETBOPEHHA KOOPAMHATHOIO MPEICTABJIEHHS KOpeJIAMiitnol (yHKIil
G(7;z,2") BimHOCHO KOOpAMHAT 7, HApaJe/IbHUX 10 IOBEpXHI - Ha-
npsMiB, y AKUX 30epiraeThbCs TpaHC/sAIiliHa iHBapiaHTHICTH. P - Bimd-
nosiguuit (d — 1) - Bumipuuii ” napasnesbuuii” xsusbosuii sBekrop . Ilep-
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wuil 1oJaHOK y npasiit yacruni piBusnus (2) upencrasise cobo pz-
MPECTaBIEHH BIIBHOTO 00’€MHOIO TPAHC/IAIINHO iHBapiaHTHOTO MPO-
nararopa. Poskyaau 3a Teopiero 30ypensb 3 nmponararopoM (2) MOXKyTb
OyTHU peryJsisipu30BaHi 33 JOMOMOTOI0 TPOIELypu ” 00pisanH:a” - TOKJIa1a-
049n é(ﬁ, z,2') =0 maa |p] > A, abo 3a 10MOMOrow0 Npunucis po3mMipHoi
peryJispu3ariii.

2. IlepenopMmyBaHHsA

l'o/10BHOIO METOIO TIEpEHOPMYBAaHb B TEOPIii KPUTUIHUX ABUIL € (hopMy-
BAHHA T.3B. ’MEPEHOPMOBAHOI Teopii”, Teopia 30ypeHb [y AKOL € Bijib-
HOIO Bim ysabrpadiosieTroBux um iHdpadepBonux posdikHOCTEi i HE 3a-
JIEXKHOIO Big HOBijbHOIO iMiyJsibca obpisanasa A. Hamor renepimnboro
METOT0 € TOCJTiIKEHHSA IOBEPXHEBOI KPUTUIHOI [TOBEIIHKY HAITIBOOMEKe-
HUX CHCTEM, IO BU3HAYAIOTHCA edekTuBHUM ramijbronianom (1), mpu
TeMneparypax, OJim3pKux 40 00’emMHOI KpuTudHoi Temmeparypu 1. Lle
O3HAavae, 110 HAIIA Teopis MOBMHHA BKJIIOYATH B cebe NeBHY CTAHIAPTHY
[OBENiHKY O0’€MHUX KOpPesaliifinnx (pyHKUill, 10 ONUCYIOTh IOBEIiHKY
[OJ1iB, BiJIJaJIeHUX BijJ IOBEPXHI.

2.1. O6’emui Kopeaniiiai opyHKIH

151 06’eMHUX KOpeAIiitanx GyHKII# My BHONPAEMO CTAHIAPTHI Y MOBH
HOPMYBaHHA MACHBHOI T€OpIi MO/ B MPOCTOPOBO HEOOMEKEHUX CHUCTE-
max [3],

Maliren@wm)| _ =m’, (4)
6i(]2 l:‘1(021)111‘:,1“en(q;u’m) o =1, (5)
fgﬁlli{,ren (‘17 i, m) LY (6)
f&)ﬂk,ren({(ﬁh Uam)‘{ﬁza} =mu. (7)

i ymoBM HOpMYyBaHH#A, AK 3BUYANHO, CTOCYIOTHCA 00’€MHUX BEPIIHH-
nux Gyskuiii ' i BusHauarors 06’emHui penopmasisauiiini Z- ¢akropu,
AKI BXOHATH y B3aE€MO3B’s3KM MiK MOYATKOBAME i IEPEHOPMOBAHUMUI
MOJISAMU 1 KOHCTAHTAMU 3B’ A3KY

6 = 1Zo)]* dren, ¢ = [Zo(w)] " [0y - ®)
ug = Zy(u)mu, 9)
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a TAKOXK HepeHOpMoBaHy Macy m?2. Y TepMiHax mi€i BeMuuHE KpUTHY-
Ha rpanung T — T, nocaraerbca npu m? — 0, wo $izuuno Bimnosinae
PO3OIKHOCTI 00’€MHOI KOPEJIAMIAHOL JOBKWHI TpK HAOJIMKEHHI H0 KPH-
TUYHOI TOYKU. B KpuTudHiii rpaHnili mepeHOpPMOBAHA, KOHCTAHTA 3B’ A3KY
U TEPEXOOUTh B iH(ppadepBOHO-CTIiKy HEpYyXOMy TOUKY u* > 0.

2.2. IloBepxHeBi Kopessniliui ¢dyHKIT

Bsenemo 3B’sa3ui Kopessiifini GyHkiii (KyMy/IgaHTH), MO BKJIIOYAIOTH B
cebe sk 00’emui, Tak i nosepxuesi nous (N, M, I,I; > 0),

GUPMEID QAT AK b L ki, wo, cosd) = (10)
N M I 1 . I 1 .

= m=1 c

1 IO3HAYNMO
G(N,M) = G(N,M;I:O,Ilzo) ) (11)

71 mepeHOPMYBAHHSA TAaKUX KOPEIAmNHUX (DYHKIIH HaM HEOOXimTHO
BBECTH HOBI peHOpMautizaniiini daxtopm Z; i Zy2, WO BU3HAYAIOTH
B32€MO3B’A3KN MiXK MMOYATKOBUMHU 1 MEPEHOPMOBAHUMU MMOBEPXHEBAMU
[IOJIAMU

65 = [Z6Z1]"% [0slen » (8)% = [Zs2] " [(65)*]gen »  (12)

a TAaKOXK BU3HAYUTH [TEPEHOPMOBAHY MOBEPXHEBY KOHCTAHTY 3B’A3KY C,
3B’s3aHYy 3 MOYATKOBUM TapaMerpoM Teopil ¢y depes 3mimenns dc. Ta-
KUM 9UHOM, [IJIs IEPEHOPMOBAHUX KOPEIAMINHNX (DYHKIINR MU MaTmMe-
MO

Grog" " Gmyu,e) = (13)

Z;(N+M)/2Z;M/2 [Zg2]" [Zg2]™ GO (s, ug, o) -

i coiBBimHOmIEHHsT MATUMYTh CKiHYeHHI rpaHuni mpu A — oo micis
BiOMOBITHOI pemapaMeTpusallii BeJIuauH Mg, Ug 1 Cg, MO BXOIATb y KO-
penaniiini Gynxuii GNVAGLI)

Mg BusHAYEHHA HOBMX PEHOPMIDPYNOBUX QYHKUiH Z1, Zy: i ¢ Mu
3aIMCYEMO HOBI YMOBM HOPMYBAHH:A [IJIf [MOBEPXHEBUX KOPEJIALINHUX

dbyHKIIii:

A (0.4 1
G(OJ) . ‘ - 14
ren (p,m,u,c) p=0 m+c ’ ( )
0 2,(0,2) 1
4 . - @ 1
o 2 Gren (pzm7u7c)‘p: 2m(m+c)2 ’ ( 5)
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~4(0,2;0,1) (> 3.
Gren (p,P,m,u,c) L B8 =

PG (m+¢c)2. (16)

PiBusnus (14) BusHAYa€E MEPEHOPMOBAHY MOBEPXHEBY KOHCTAHTY 3B’s13-
Ba HOpMYBaHH:A 3a0e311e4ye€ Te, 10 CleliabHuil oBepxHeBuii (pasoBuii
nepexin BinmOyBaerbcs npu m = ¢ = 0. 3Buvaiinuii nepexin Bianosigae
rpanuni m — 0 npu dikcoBanomy ¢ > 0. ¥ mpoMy pexumi mepeHopmo-
BaHa JIOKAJIbHA MOBEPXHEBA CIIPUHHATINBICTH

Xitren = Gien) (p=0) = ¢! (17)

i 3a/IMMAETHhCA, AK i TOBUHHO OyTH, CKIHYEHHOIO B TOYI mepexomy. Bi
OCTaHHI YMOBW HOPMYBAHHA BU3HAYAIOTHh HOBI TTOBEPXHEBI peHOpMAJIi-
saniitni gakropu 2y i Zg:

Z1Zy = —2m(m + c)? (18)
o G0 psmo(m ) ua(m, ) ole mo )|
2, =102, o+ o) (19)
o G2 Osmoon, ) walm, )l

IMinkpeciaumo, wo Haw Bubip "nosepxueBux” ymoB HopmyBanus (14) -
(16) nepenbauae, wo nosepxuesi Z- paxropu, B3arasii Kaxy4u, € QyHK-
[isfIMKA K TEPEHOPMOBAHOI KOHCTAHTH 3B’ A3KY, TaK i 0€3p03MipHOL 3MiH-
HOl ¢/m. Take 3arasibHe GOPMYJIOBAHHA JI03BOJIAE, B MPUHINI, OXO-
MUTH K TPAHWYHI BUMAIKN CIEMiaJIbHOTO i 3BUYAHOTO (ha30BUX mepe-
XOMiB, TaK i KPOCOBEPHY 00JIACTDH MiK HUMHU.

3. CrheumiajpHul mepexi,

iz onmCy CreniajbHOIO IePexoly MU IPALIOEMO B OKOJIi MyJIbTUKPHU-
TUYHOI TOYKH, siKa mocsaraetbesa npu ¢ = 0. Ilokmananusa ¢ = 0 B onu-
caniii Buiie Teopii He NPUBOAUTDH 10 OyAb-AKUX MIPOOIEM, 38 YMOBH, IO
MOTNepPeIHbO OYJI0 BUKOHAHO MEPEHOPMYBAHHS TMOBEPXHEBOI KOHCTAHTH
3B’ a3ky. [lpu ¢ = 0 Mu oTpumyemo penopmatizariitai daxTopu

27" (u) Zg(u) = (20)

—2m s GO [pimo(m, w), uo(m, w), i (m.w)] |

p=0
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[z22)] " = —m? 127 () 2o )] (21)
0

_ GA(072) I:O’ mo (m, U), Ug (m7 U’)7 CO]

dco co=cg? (m,u)

3a JOTIOMOTOI0 SKUX BU3HAYAIOTHCA MEPEHOPMOBAHI KOpe IAliiiai dhyHK-

.. (N,M;I,Il) _ __ sp . . .
uii Grengp~ 1pu ¢ =0 (co = ¢y") (nus. p-ua (13)). Penopmanisauiiini
dbaxropu Z;*(u) i Z;’;(u) 3a06€e3Me9yI0Th CKiHIeHHICTH TePEHOPMOBAHO]

Teopii 1pu creniajibHOMY Iepexojii i B 1oro oKoJii.

3.1. PiBuanna Kannana-Cumansika

Kputnyna moBeminka mpu cHemiaJbHOMY MEepeXOdi OTPUMYETHCHA IIJIsA-
XOM JIOC/TIIKEHHA ACUMITOTUIHOI MOBEOiHKN PEe3yIbTYI0OY0i MACHBHOL
Teopii 3 ¢ = 0 B rpanuni m — 0. Y mpoMy BUNAJIKY NEePEHOPMOBAHI

. . ~(N,M) . . .
KopeJsaniitai dyskiil Gren,sp 3a/I0BLIbHAIOTH AuEepeHiiiiumM piBHsH-
HAM 3 YaCTKOBUMHU MOXITHUMU, AKi € y3araJbHEHHAM BiTOMUX PiBHAHD
Kasmana-Cumansika:

0 0 N+ M M N,M
M+ B(u) 5 + o) + i ()| G g . w)
- AGren (22)
e
AGren = — [2 — o (u)] m? / EX GO ). (23)
\4
Koedinientni peropmrpynosi byHKIIl y ux piBHAHHAX €
Bu) = m—- (24)
u) =mo— . u,
0 B dln Z,(u)
Ne(u) = me— . InZg(u) = ﬁ(u)T (25)
i
d In Z;? (u)
sp _ v sp — 1
i) = mp| Iz = g IS 9

[lepmi nBi 3 HUX - cranmaptHi 00’emui dbymkmii, a 77 (u) - mOmATKO-
Ba, crenudivaa A1 TpobieMu, mo posnianaeThea. CuMBoI |g o3HavaE,
o noxigHi OepyThcs mpu (hiKCOBAHUX HEMEPEHOPMOBAHUX MMTapaMETPax
(i immysibci obpisanns A). st NOC/IIKEHHS aCUMITOTHYHOL IPaHULi
JOCTATHBO PO3ryisigar onHopinui piBusuus (22) 3 AG,e, = 0.
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s inenTudikauii KpocoBepHOro nokasuuka ® norpibHo posriisaia-
TH BIAXUJIEHHA BiI MyJIbTUKPUTHYHOL TOUKH, Acy = ¢o — ¢, 1 BUKOHA~
TU PO3KJIAM] KOpeaAmiiunx QyHKIiil 3a num MajauM Bigxuiaerasam. [Ipu
IbOMY HE BUHHWKAIOTHh iH(ppadepBOHI PO30iKHOCTI, TaK sIK BUKOPUCTO-
BYETHCS MacueHa Teopis. Anajiorom Besmmuuau Acy y TepeHOPMOBaHIN
Teopii BucTynarume

Ac = [Z;g(u)] B Acy . (27)

[TepenopmoBani kopenaniiiai GyHKINl 3a/€KaTUMyTh Bill HOTATKOBOI
6e3p03MipHOl 3MiHHOI
c=Ac/m, (28)

a PEeHOPMIPYNOBI PIBHAHHA /i HUX MAaTUMYTb Yy JIiBill yacTuHi noaar-
KOBUii nuepenmiaabamii onepaTop

[l o (20)

e 3’sBIAEThCA HOBA KoedimieHnTHa (DYHKITiA

neP(u) = mo—

am, In Z;g(u) = ﬁ(u)i In Z;’z’(u) . (30)

du

3.2. CkeliyiiHroBa IoBeIiHKa B OKOJIi CHeIliaJbHOrO IIePexomy

Posp’asku ysarasiprHenux piBuanb Kastana-Cumansika BU3HAYAIOTH
acuMOTOTUYHI cKeiiinrosi (opmu KopessAuiiHux ¢GyHKUid nobsmsy
MYJIbTUKPUATUIHOI TOYKKA. My BUKOPUCTOBYEMO BiIOMi CITiBBiAHOIIEHH S
00’eMHOI MACUBHOI TeOpii moJist

m ~ (mg —mg,)" ~ 7", (31)

Zg ~ (u— u*)”/“’ ~m", (32)

ne T = (T'—T.)/T. - masie BinHocHe BiaxuieHHs BiJl KPUTUYIHOI TeMIiepa-
TypH, & V - KpUTUIHAN MOKA3HUK KOPEIANiHOL moBxKuHu. fK 3Buvaiiuo,
(u—u*) ~m¥, ne w= pF'(u*) >0, a n- Mayuuil KpuruaHuil iHgEKC.
AnaJjioriuHUM YMHOM HOBOAATH cebe 1 HOBI ”noBepxuesi” Z- dpaxTo-
pu:
7% ~ (u— u*)nf‘“(U*)/w ~mm ) (33)

25~ (u— )1 e ) (34)
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upu v — u* (m — 0). Bukopucranns iux aCUMITOTUYHUX 3aJ1€2KHOCTEl
[IPUBOJIUTH 0 CHiBBiAHOIIEHD
—nSP(y* _ sp(, %
Ac~m " W) Ay, ¢~ BRI A | (35)
3 JAKUX BUILIUBAE ineHTudikanis ckefiiiHroBoi 3MiHHOL 7T PAc i KPOCO-
BEPHOTO IIOKA3HUKA,

@ = oL+ 5 (u”)] . (36)

3 poss’zaskiB piBaanb Kajmana-Cumansika i HaBemeHuX BUIE pe-
3yJIbTATIB BUILIMBAIOTH HACTYIIHI aCUMIITOTUYHI cKeilinrosi (¢popmu Ko-
peJidiiinux GyHKUiil B OKOJIi Clenia/ibHOrO IePEXOILy:

GNM (7 mg, ug, co) ~ (37)

mNBTMBI) /v g (N.M) (ma':', mr, m’q’/”Aco)

Tyr 31 ;7 - crammapThi 06’€MHHIi i MOBEPXHEBUIT KPUTHYHMIA TTOKA3-
HUKW, M0 XapaKTePU3yIOTh MOBENiHKY BiNMOBITHMX HaMarHideHOCTeil.
[okaznuk () 38’ A3anuil 3 MOBEPXHEBUM KOPEJIAIINHUM MOKA3HUKOM 1)||
CKEeMJIIHIOBUM CIIIBBIIHOIIEHH M

b=z (d=2+m), (38)

e, Y BUIAQJKY CHEeUiaJIbHOTO IePEeXOLy, 77|S|p BU3HAYAETHCA Yepe3 PEeHop-

mrpynoBy dbyskuio 7;” (u) Ak

0P = () + 0 (u”) (39)

4. 3Buuailinuii nmepexi

Y Bumanky 3BUYAHOIO nepexomy HeoOXiqHO PO3IVIANATH IPAHUYIHE pe-
Kum ¢/m — oo. e nos’s3ano 3 Bigomoo rpyauicrio. Cupasa B TOMYy,
Mo 3aBHAKK rpaHngHiit ymosi Iipixsie, sAKiil 3aI0BOJIBHAIOTH TOBEPX-
HeBl MOJIA MIpY 3BUYAIHOMY Tepexofi, B TPaHUI ¢/m = 00 KOpeJsIAliiai
bysknii GNV-M>0) o priTIOUAOTE X0Y OfIHE TOJIE Ha MOBEPXHi, TO-
TOXKHBO 00EPTAIOTHCSA B HYJb. AJie, OCKIJIbKU TPU TPAHUYHUX YMOBAX
Hipixsie Bemydum ”omeparopom” MOBEPXHEBOIO OIIEPATOPHOIO PO3KIIAILY
[4,5] wosist (7,2 — 0) € HOpMasIbHA NOXINHA UHOIO IO/ HA [OBEPX-
Hi 0,¢(F), To HeoOximua iHndopmaris Moxe OyTU OTPUMAHA 3 POTIIALY
HOBUX KOPEJIAMINHUX DYHKITIH

N

M
g(N,M)(fl,,..,FM) = H¢aj(fj) Hanﬁbbk(ﬁc) . (40)
k=1

Jj=1 ¢
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GN'M ye 3pukaoTh pu ¢y = 00, i JAIOTh TAKUM YUHOM MO-

OyuKIIii
KJuBicTh [6] BusHaduTy ckeiliinroBy Bumipsicts nosts Op¢(7), Aka Bu-
3HAYa€ KPUTUIHUI TOKA3HUK MOBEPXHEBUX KOPEJIANiil mpy 3BUYaiiHOMy
nepexoi, nﬁ”i

Cxema po3paxyHKy HacTymnHa. BBOOMTHCA €PEHOPMOBAHE TIOBEPX-

HeBe I110J1e

(Ond)ren = [Z1,00Zg] M/* 000, (41)
i nepesopmoBani KopeJisAniiai ¢gyHkuii
5(N,M
G en ({7}: {2y mow) = (42)

Z5 WPz WP (G5 (5 {z5)) - oy 622 (0)

Hosuii penopmanizamiiinnii paxtop Zi o (u), mo Binmosimae 3a mepe-

HOpMyBaHHH BeJINYNHU 6n¢, MHN BU3HAYAEMO 3 yMOBI/I HepeHOpMyBaHHH
1

= (43)

p=0 2m

9 5(0.2)

6—])2 oo,ren(P5 m,u)

Y poborti [8], BUKOPUCTOBYIOUM ACUMIITOTUYHUI aHa/i3 upu ¢/m — oo
HAIMUX 3araJIlbHUX YMOB HOPMYBAHHA 3 PO3HLIY 2.2, MU MOKa3aJjIu, IO
Z-parTop Z1,00(u) 38 A3ammii 3 Z-pakropoM Z1 (u, c/m) (mo Bianosigae
38 MEPEHOPMYBAHHS MOBEPXHEBUX 70416 () CIIBBIIHOMEHH M
Z1so(w) = lim [Zi(u,c/m)]"" . (44)
¢/m—o0

3 BUKOPHUCTAHHAM I[IHOTO CIIiBBIIHOIIEHHS MPOIEMOHCTPOBAHO TAKOXK,
IO B pEXKUMI ¢/m — 00 KOXKHE TIOBEPXHEBE M0JIe ¢5 BHOCUTD CBiii dak-
TOP m(d72+nlo\rd)/ g ACUMITOTUYHY HOBEMIHKY KOpeAniiHnX yHKIi
GWNM) 3 pops (11). Takum 9MHOM NMOKA3AHO, MO B OKOJI 3BHYAKHOIO
repexoy KopeJiAnifiai ¢pyHkuil gf,év M) 3 M HopMaJbHUMH HOXiTHUMUI
On¢ i GN-M) 3 M noBepxHEBEME HOJIAMI ¢y MAIOTH OJHAKOBY ACHMIITO-
TUYHY KPUTUYHY MOBEIiHKY, & 3aIPOIIOHOBAHA HAMU HOBA ~c-3as1€KHa”
cxeMa MepPeHOPMYBaHb YCITIITHO MPAIIOE V BCiX HEOOXITHUX TPAHUIHUX
pexunmMax.

A 11t IBHOTO PO3pAXyHKY KPUTUYHUX MOKA3HUKIB 3BUYANHOrO 1e-
pexomay HeOOXigHO BU3HAYNTU PEHOPMIPYTIOBY (DYHKIIIIO

0 0lnZy oo (u
eo(u) = mp| 2 oo(u) = lu) #() (45)
1 BiIOBi/THUI TTOKA3HUK KPUTUYHUX KOPEJIALiit
" =24 07" () + me(u*) (46)
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5. IloBijibHI BHMipHOCTI HpOCTOpPY: sIBHHII pO3paxy-
HOK

Ockinbku Hama “macueha” Teopis € BiabHOWO Bij iHppadepBOHUX PO3-
OizkHOCTEll, BOHA MOKE 3aCTOCOBYBATHUC /1A BCIX BUMIPHOCTEN ITPOCTO-
py d, d.(n) < d < 4, mo npencraBag0Th iHTepec. 3arajbHi BUpasu s
peHopMrpynoBux (DYHKIIH 3 HOBUILHUM d MOXKJIMBO OTPUMATHU SBHO B
OIIHOTIET/THOBOMY HAOJIMKEHH] [7] g BUManKy creniajJbHOTO MePeXoLy

MH MAa€MO: +9
) = -2 ‘ 47
m (W) n+81+ce (47)

- :n—|—2 € |{_94 . p 3—el+e3+el 4
ne? (u*) - S e i e e A (48)

e € =4 —d > 0 ne 0608’sA3K0BO Ge3mexHO Mate, a o F(...) - 3Bugaii-
Ha rinepreoMerpuyHa GyHKIiA. 3 HAmKUX (GOPMYJT BIATBOPIOIOTHC IPU
€ — 0 Bigomi pesysbraré ¢- poskiany. A npu d = 3 MOXKHA OTPUMATH
YUCeJIbHI OIIIHKN

1
n'(n=0) = n’(n=0)= 3= -0.13, (49)
S S ]'
nf(n=1) = nllp(nzl) =—5= —0.17 (50)
i
sp 1
nPn=0) = £(1-4n2)=-022, (51)
1
nP(n=1) = 6 (1-4In2)~—-0.30. (52)

Besmmuunu, orpumani B 4poMy Halnpocrimomy Hab/mMKeHsl a1 1,7, 1y~
J)Ke 100pe y3roIzKyIOThCA 3 Pe3yJIbTaTaMi HAINX CKJIAIHUX TBOIETIHO-
BUX PO3paxyHKiB. ['ipmum € y3romKeHnHsa y BUIAIKY 1P : AK BUABIIAETD-
¢, psin reopil 30ypenb i i€l pyHkuii moBoguTh cedbe Habararo ripue,
i ny1s HAMIMHUX IMCETbHUX OIMIHOK HEOOXiTHO MepexoanT J0 BUMNX Ha-
OJTMKEHDb 1 32CTOCOBYBATH CIIEIIAIbHI METOIM [TEPECYyMyBaHb.

6. IloBepxHeBi KPUTHWYHI MOKA3HUKHU TPUBUMIPHUX
HaMiBOOMEKEHUX CUCTEM

Bignmosinuo no cdopMy/Ib0BaHOI BUIlE 3arajibHOI CXEMU TEPEHOPMYBaHb
MU BUKOHAJIU ABHI PO3PAXYHKN PEHOPMIPYNOBUX (DYHKIII, 10 BU3HAYA-
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JOTH [IOBEPXHEBI KPUTUYHI MOKA3HUKHU, B PAMKAX [IBOIIETIHOBOIO HAO -
kenns y ¢izugniit Bumiprocri mpocropy d = 3. Ierasieit po3paxyHKiB 3a
Teopiero 30ypeHsb Ta 00UYnC/IeHb BinmoBimuux interpaJsiB Pelinmana mu
He TIPUBOAMMO 3 OTVIALY HA BIICYTHICTH MiCIld, BOHU HOKJIQTHO OTUCAHI
B poGori [8]. IIpuBeneMo TiIbKM KOPOTKO HAII Pe3ysbTaTh JJiA IBOX
THUIIB [MOBEPXHEBUX I€PEXO/IiB: CIIEiaJIbHOIO 1 3BU4aiiHOrO.

6.1. CremiajibHul mepexin,

IIBomeT/IhOBi pEHOPMTPYTIOBI 7)-byHKIII, 10 6€3M0CEPETHbO BU3HAYAIOTD
KPUTHUYHI TTOKA3HUKY CIEIiaJbHOTO TTOBEPXHEBOTO MEPEXOLY, €

n+2

UNO A eyl (52)
?:1;;)PA—”;Q(1—hunn2+”;;ﬂu2
i
n?w):_21§<2m2—%>u— (54)

A = 0.202428 i B = 0.678061 - uucesibni 3navenus inrerpasis Oeiin-
MaHAa, OB A3aHUX 3 IBONET/ILOBOIO Jiarpamoio 3 TPhOMAa €KBiBaJIEHTHH-
MU BHYTPIMTHIMY JIiHIAMHA, AKi He BIAJIOCA PO3PAXyBATH AHATITUIHO, HA
BiMiHy Bin ycix iHmmx BHECKIB. Buxonaam 3 poskiamis s 7)) (u)SP i
neP (u), a Takox Bimomux 06 emmux (ynkmiii 1(u) i v(u), Mu renepyemo
aHAJIOTIYHI psau Teopii 30ypeHsb [jid IHIUX MOBEPXHEBUX MOKA3HUKIB,
BUKOPUCTOBYIO4M Binomi cKeilinrosi cuiBeinuomenus [4]

A = g (d—my), (55)
=120 (56)
51=g(d—2+77||) ; (57)
Y11 =V (1 - 77||) ) (58)
N =v(2-n1), (59)
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A d+2-n

oA _dt2-n 60

TR d—2+y o
Ay d—n

5= _dom 61

T8 T d—2+ o

A =a+v—-14+®=1-v[d-2-Pu), (62)

Al =atv—2+20=—v[d—3—nP(u)] . (63)

Ak Bimomo 3 6iabIT JOCTiIZKEeHOT 06’ eMHOI Teopil, PO3KIaau TAKOIO THILY
€ acuMnToTuYHuME. Ij1s OTprMaHH: HAAIHHUX YUCe/IbHUX OIIHOK KPu-
TUYHUX MOKA3HUKIB 3 TAKWUX PIAMOIB, 10 HUX HEOOXITHO 3aCTOCOBYBATH
crieriajibHi TpOIEeaypu nepecyMyBaHHs:A. 1 KOKHOTO psamy Teopii 30y-
penb (55)-(63) i a1 0bepHEHOrO oMY psALy MU OyILyEMO BiIIOBLIHY Ta-
omumio Ilage, a Takoxk BukoHyeMO rnepecymyBanns tumy Ilame-Bopests.
Pesynbpraru ynceibHEX PO3PAXyHKIB IPUBEIEH] y BUTJIAL TAOIHUID Y PO-
6orax [7,8], nops i3 mokJaagHUM onMcoM ciocobiB ix orpumanus. Tyr
MU HABEIEMO TIJIbKU [IesKi MPUKJIAIN HAIIUX YUCEIbHUX OIHOK, MOPiB-
HIOIOYH 1X 3 pe3yJIibTaraMu po3paxyHkKiB tumy Moute Kapio.

Haumii pesysibraru mjist KpocoBepHoro nokasuuka ®(n), ®(1) = 0.539
(xs1ac yniBepcasbHocTi Mogedi Isinra) 1 ®(0) = 0.518 (kJiac yHiBepcasib-
HOCTI noJiiMepHUX cucreMm) 100pe y3rofKylTbCsd 3 HalHOBiLIUMU De-
3yJIbTaTaMy KOMITIoTepHOro monesoBanHa ®(1) = 0.461 £+ 0.015 [10]
i ®(0) = 0.530 £ 0.007 [11], ®(0) = 0.496 + 0.005 [12], na BigmiHy
Bif momepenHix, ABHO 3aBHUIIEHNX YMCEJIBHUX OIHOK 3 €- PO3KJamy [4]
®(1) ~ 0.681 ®(0) =~ 0.67.

Hama uncenbra ouinka aj)(n = 1) = —0.182 nepenbauae BUuKoHAH-
H#A HEPIBHOCTI

all <0 (64)

114 i3inriBebkux cucrem. Ls HepiBHICTD €, paKTUIHO, KpUTEPIEM HECY T-
reBocti [13] ci1abKol KOPOTKOCHKHO KOPEJIbOBAHOI 3aMOPOKEHOI HEBIIO-
PAIKOBAHOCTI HA [MOBEPXHi [IjI CUCTEM TAKOI'O THUILY Yy TPUBUMIPHOMY
mpocTopi nmpu croeriabaOMY Tepexomi. Lleit dakt HecyTreBocTi OyB mim-
TBep/KeHnil ocTanHiM JacoMm cumynaniamu Morte Kapso [14].

6.2. 3Buuaiinuii mepexis,

ABHuit BUpa3 oy peHOPMIpPymoOBOi Dy HKIIII T’lolrd’ AKa BU3HAYAE ITOBEPX-

HEeBl KpUTUYHI IOKA3HUKK 3BUYAKHOIO IIE€PEXOLy, Y [IBOIETIbOBOMY Ha-
OJINKCHHI Ma€ BULJIAL

or . n+2 24 (n+2) n+14\ ,
U d(u)—2—2(n+8)u— (n+8)2 <C’+ 9% >u. (65)
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ne C = 197 — Z1n 5 — 0.094299 = —0.105063. Hosi psuu Teopii 36ypens
[IU1 TIOBEPXHEBUX HOKaXHUKIB (55)-(61) Mu anaiisyeMo aHAJIONIYHO, AK
iy Bunazgky creniasgbHoro nepexony [7,8]. He Bnarounch y po3paxyHKOBI
moApoOUIIi, HABEIEMO NEAK] MPUKJIAIN HAIMUX 9UCE/IbHUX PE3yJ/IbTATiB.

Hami ominkm 7% = —0.388 i 7¢"? = 0.680 mn1a k1acy yHiBepcasb-
Hocri nosiimepiB (n = 0) npekpacHO y3rOUKYKOTbCH 3 HAWHOBiLMMHU,
i, oueBHIHO, HaliTOUHIMUMI HaHUMK PO3paxyHKiB Tumy Monte Kapiio
[12] v¢74(0) = —0.383(5) i 4?74 (n = 0) = 0.679(2). Ilomi6bro, m1a KIACY
yHiBEpCATLHOCTI i3iHTiBChKUX cucTem Hamm sesmaman ({74(1) = 0.796 i
¥9r4(1) = 0.769 € myxe 6aM3BKEME 10 OmiHOK MeTomamu Monte Kapiio
[15] 0.807(4) i 0.760(4). Hafinosiui uncensni ouinku [14] cniBnanaors,
B MeKax 1X TOYHOCTI, 3 HAIIMMH.

Mu mpomoHyEMO TAKOXK YUCETbHI OIMIHKN AHAJOTIIHOI AKOCTI [11s
TTOBEPXHEBUX MMOKA3HUKIB CHCTEM 3 BHUIIUMHU BUMIDHOCTAMHU HapameTpa
nopaAnKy —n = 2 in = 3. a4 TakuxX CUCTEM € OyKe MaJio aJbTepHa-
TUBHUX JITEPATYPHUX [IAHUX, IO [IOB’:A3aHO, OYE€BUIHO, 3 TPYIHOIIAMA
iX KOMII'IOTEePHOIO MOOEJIIOBAHHS.

Hami gucesnpHi omiHKT 100pe y3roaKyIOThCA TAKOK 3 HAABHUMHE €KC-
IEPUMEHTAIbHUMA JaHuMU. 11033 MOXKIMBUMHU NOPIBHAHHAME I CH-
CTeM 3 OIIHOKOMIIOHEHTHWM TIapaMeTpOM TOpAIKY [8], mpuBememo Jiniie
onmH npukaan aaa n = 3. Hame smagenna $974(3) = 0.824 mpaktuano
CIiBIAJIA€ 3 KJIACHYHOIO €KCIIEPUMEHTAJIbHOIO BEJIMYUHOIO, OTPUMAHOIO
na nosepxui (100) nikeso [16], 3 = 0.82570 05,
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INDICES OF PHASE TRANSITIONS IN
CRYSTALS

Bohdan Andriyevsky
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Mefodiya Street, Lviv, 290005, Ukraine

1. Introduction

It is known, that critical behaviour of spontaneous polarization P, at the
2nd order phase transition (PT) in crystal is described by the critical
index f,

Py ~ (Tc - T)B: (1)

where T, is the PT temperature [1].

At the other hand, experimental temperature dependences of crys-
tal’s parameters in the range of PT, describing in the frame of Landau
theory, can be interpreted usually with the help of the coefficients of ther-
modynamic potential expansion. According to Landau theory, the elastic
Gibbs energy G in the case of uniaxial ferroelectric can be expressed in
the very simple polynomial form

1 1 1
= ~AD? + ZBD*+ =CD° 2
G1 5 + 1 + 60 , (2)

where D is electric displacement, A, B and C are coefficients [2]. Here,
energy is measured in the non-polar phase and the polynomial is arbi-
trarily terminated at DS. Dielectric equation of state E; = 0G1/0D;
takes on the following form

E =AD+ BD? + CD?, (3)

where FE is the electric field. In the first approximation, which is in many
cases satisfying, we assume:

A=A (T -T.). (4)

Coeflicient A, is usually determined from the measurements of di-
electric constant as a function of temperature in the paraelectric (PE)
phase. In the ferroelectric (FE) phase the coefficients B and C can be
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determined from the temperature dependence of P, (E=0, D=P;). The
dielectric state equation (3) can be now written as follows

B

P =
2C

For the characterisation of the order of the phase transition the pa-

rameter V = % can be used [2]. The physical sense of the parameter
is clearly visible in the description of the first-order PT. The polarized

state becomes stable at the temperature T, = T, + %, whereas the

(1 + 44,(T. 1)) = 1), (5)

upper limit of a superheating is T} = T, + %. When the line of
the first-order phase transition approaches the line of the second order
phase transitions, the absolute value of V' decreases at the tricritical
point T, = T = T.. We believe that both approaches, based on the
formulae (1) or (5) for approximation of temperature dependences of
spontaneous polarization, can be useful for describing the critical behav-
ior of ferroelectrics near the PT point. In the first five columns of the
table 1 V parameter as well as the parameters of the equation of state
A,, B, C for some ferroelectric crystals are presented [2].

Table 1. Coefficients A, B and C of the dielectric state equation (5), co-
efficient V', and corresponding critical index 3 (1) for some ferroelectrics

Crystal A [Y2] B[Vé’és] C[V(ngg] V= %zc g

TGS 3.7-10" [ 75-10"" [ 5-107° 3.03 0.38
I TGSe | 2.63-10" [3.97-10" | 3-10" 020 ]0.30
| DTG(47DGN [ 1.26-10" [ 6.1-10” [ 9.5-10" [ 3-10° [ 0.50 |
| DMAAS [ 3.69-10" [ 3.5-10"" [ 4.2-107 079 ]033]

|
|
|
| MAPBB [ 557-10" [1.64-10” [ 2.6-10° [ 188 ] 0.36 |
|
|
|

| MAPCB [1156-10" [ 7.2-10" [ 2.4-10"7 188 037 ]
|  TAAP [ 297-10" [ 6.9-10"" [ 1.5-10" [ 10.38 | 0.44 |
1 CDP | 1.56-10° | 1.32-10° [ 1.5-10" 0.07  Jo.28]

On the basis of the values in table 1, we have calculated the temper-
ature dependences of spontaneous polarization by the formula (5), and
then obtained corresponding critical index  using the formula (1). The
most frequently used in practice the temperature changes of the retarda-
tion by birefringence An, D = §(I- An), are identified with the changes
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of birefringence § An. But the geometrical size [ and birefringence An can
have different temperature dependences. The temperature dependences
of D(T') and I(T') are usually investigated in different experiments. This
restricts an accuracy of determination of corresponding dependence of
An(T) and {(T), and complicates the comparing of these different pa-
rameters of crystal in the region of PT. We have proposed the technique
of simultaneous determination of temperature dependences of electron
susceptibility 7 = n — 1 and geometric thickness [ of sample.

Temperature dependences of the refractive indices and linear thermal
expansion of TGS in the range of PT were already studied [3-5], but the
corresponding critical indices have not been determined. The goals of
the present investigation were precise measurements of temperature de-
pendences of interferometric retardation of the sample-air type for the
TGS in the range of 2nd order PT at 322K, calculation of the temper-
ature dependences of refractive indices and linear thermal expansion for
the main crystal physics directions, and the study of these dependences
using the corresponding critical indices 20.

2. Experimental

Temperature dependences of retardation by the susceptibility n for two
interfering beams, one of which has passed through a sample studied,
and the other one trough an air, were measured with the help of Jamen
type home built interferometer (Fig.1).

In this case the retardation D and its temperature dependence D(T')
can be written in the form

D=1-(n=1)=1-n,D(T)=UT) n(T), (6)

where n is the refractive index of the sample. The laser light of the
wavelength A=632.8 nm was used in the experiments.

Proceeding from the relation (6), the temperature changes of relative
retardation AD/D along three main crystal physics directions can be
written in the form of system of linear equations

= +—, 7’7.7:]-7273; ? 1) 7
i N # 1) ™)
where index i denotes the direction of light propagation, index j denotes
the direction of light polarization. On the basis of six temperature de-
pendences AD;;/D;; measured we have determined the relative temper-
ature changes of geometric thickness Al;/l; and susceptibility An;/n;[6].
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Figure 1. Scheme of the experiment. 1: He-Ne laser; 2: the polarizer;
3: glass plates of Jamen type interferometer; 4: the sample; 5: the di-
aphragm; 6: the photodiod; 7: the thermocouple; 8: the thermostat; 9:
the electrical supply block; 10: the recording block

Results of computer calculations have shown, that the relative errors
of temperature changes determination of geometric thickness d6l;/1; and
susceptibility dn;/n; caused by solving of the system (7) did not exceed
5% of the respective maximum magnitudes Al;/l; and An;/n; for the
case of TGS crystal. The initial /; and n; values were measured indepen-
dently at the initial temperature Tp. In our case (=5 mm and n=1.5)
the error of determination of the interference order was dm(T) < 1/4,
that corresponds to the errors of 6D/D ~ 61/l ~ dn/n ~ 1075.

3. Results and Discussion

Temperature dependences of the relative changes of retardation for TGS
crystal AD;;/D;; are shown on Fig.2. Refractive indices n;(T,) of TGS
crystal were taken from the paper [5]. The forms of temperature de-
pendences of geometrical thickness Al;/l; and susceptibilities An;/n;
calculated from the system of equations (7) are characterized by similar
anomaly at PT temperature.

On the basis of known relation for temperature changes of order
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parameter p for 2nd order PT in the T' < T, range,

A T.-T \*°
AY, ~ P}~ 7 = (711 — Tmm> : (8)
we have calculated the double critical indices 23, replacing P? value by
the spontaneous increases of AY,(T)/AYs(Trin) (Y=D, l and 7. Here
T.=49°C is the temperature of PT, T,,,;, is lower edge of the temperature
range studied (77,,;,=39°C in our case), AY,(T) and AY,(T,in) are
spontaneous increments, corresponding to the T, and T,,;,, temperatures.
The double critical indices 23 of TGS in the range of 39-49°C are shown

in Table 2.

)

1]

10°(AD,, /D
S

-40

60 - | - - |
20 30 40 , 50 60
T (C)

Figure 2. Experimental temperature dependences of the relative changes
of optical thickness AD;;/D;; of TGS crystal (indices ij indicate corre-
sponding curves)

The results obtained testify to not exact fulfilment of the functional
dependences for quadratic electrooptic effect

Ang ~ P? (9)
and electrostriction
Al, ~ P2, (10)

If these effects would displayed in the form indicated, the double critical
index 24 would be equal to unity, 26=1. Therefore we tried to explain
this experimental fact.
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Table 2. Critical indices 23, corresponding to the temperature depen-
dences of spontaneous increments of ADg/D, Als/l and An,/n for dif-
ferent crystal physics direction of TGS crystal

265 [ 28 | 2850 | 2850 | 2650 | 285
0.899 | 0.898 | 0.888 | 0.893 | 0.945 | 0.924
2600 [ 260 T 287 [ 287 [ 2807 [ 255"
0.910 | 0.895 | 0.923 | 0.876 | 0.925 | 0.877

Analytical relation of the observed temperature dependence of retar-
dation ADg/D induced by spontaneous polarization can be presented in
the most common form

AD,/D(r) = a(r) - P}(r) = a(r) - T, (11)

where a(7) is temperature dependent coefficient. It is follows from
the character of experimental dependences of spontaneous increases of
AD,/D, Als/l, and Ang/n, that corresponding a(7) coefficients are max-
imal in the region of PT (Fig.3).

To obtain additional proofs of validity of this viewpoint, we performed
experimental study of artificially induced electrooptic effect in TGS crys-
tal in the temperature range of 30-65°C. This investigation was carried
out in the same arrangement as was done for the effect induced by spon-
taneous polarization. External electric field of F = 3.5kV/cm magnitude
was applied to sample at different temperatures along the [010]-direction
of spontaneous polarization P, and the corresponding induced incre-
ments of the retardation AD./D were measured. The maximum-like
AD,./D temperature dependence obtained (Fig.4) correlates well with
the temperature dependence of a(7). This maximum-like character of
coefficient mentioned is connected with the non-equality 23 < 1.

Taking into account that the temperature dependences of sponta-
neous increments of AY;/Y parameters can be presented in two forms,
Y(r) = %%, and Y (7) = a(7)7, one can obtain the relation for the
temperature dependence of a(7) coefficient

a(t) =712 - 1. (12)

In the cases of 28 < 1 and 7 < 1, we receive a decreasing depen-
dence of a(7) coefficient in the ferroelectric phase at the removal from
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1=(T “T)/T,
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Figure 3. Temperature dependence of the relative temperature derivative
d(ADg32/D3s)/dr in ferroelectric phase.
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Figure 4. Temperature dependence of the relative optical path differ-
ence AD,.32/D3ss of TGS crystal induced by the constant electric field of
3.5kV/cm magnitude along the [010]-direction
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the PT point 7 = 0 (Fig. 3). Taking into account all the results obtained,
we can summarize for the temperature dependence of the coefficients of
quadratic electrooptic and electrostriction effects for TGS crystals (see
relations (9) and (10)). Analysis of the Table 2 testifies for certain segre-
gation of the [010] direction of spontaneous polarization. Among the tem-
perature changes of spontaneous increments Al; and Anj; (4,5 = 1,2,3)
the dependence Aly(7) is characterised by the least index 23, but the de-
pendence Ans(7) is characterised by the greatest one (Table 2). On the
other hand, a proximity of the values 2551) & Qﬂén) (Table 2) is observed
on the background of obvious inequalities of similar characteristics for
other two main crystal physics directions 2,3?)3 > 26§’3n) (Table 2 and
Fig.5).

1.0
7
7
7
0.8} -
’
— s
)= s
E 06} /
e g
> /
L o4t / n,
e / o
G / 3
o 02t J7
y
V4
0.0 I 1 1 1 1
0. 1.0

02 04 _ 06 08
(T-DINT-T . ))

Figure 5. Dependences of normalised spontaneous changes of deforma-
tions (I3) and changes of susceptibilities (n3) of TGS for the [001] direc-
tion on the normalised temperature (T, — T')/(T; — Tmin) in the range
of 39-49°C

The last features can be interpreted as different rate of the ordering of
two subsystems, one of which determines electron susceptibility and the
other one is connected with geometric parameters of the crystal’s unit

cell for the directions [100] and [001]. The equality 285" ~ 28" for the
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direction of spontaneous polarization [010] can be interpreted as good
correlation of the mentioned above subsystems in TGS crystal. From
such viewpoint, the observable inequalities of the indices 2,(3((?73 > 25%
testify to various speeds of temperature changes of corresponding subsys-
tems of the crystal in the temperature range (AT ~ 10°C) below the PT
point. It is seen from Fig. 6 and corresponding to two different indices
and (2. The crossing of the curves, corresponding to two different indices
B (Fig.6), will takes place in all cases if the experimental temperature
dependence of the parameters studied (V = AD;s/D, Al /1, Ans/n) will
be described by the power like law, V ~ 720,

2.0

1.5

dV/dt

1.0

05r
0.0

0.5 1.0
1=(T-T)/(T T, )

Figure 6. Temperature derivatives of the dependences from Fig. 5.
We suppose that such a peculiarity in the temperature dependence

of different parameters can be characteristic for the ordering of another
ferroelectric crystals.

4. Conclusion

1. Original laser interferometer technique of Jamen type for measur-
ing the temperature change of retardation of transparent sample
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is proposed. The techniques gives possibility to define temperature
dependences of geometric thickness I(T") and susceptibility 7(T") of
crystal on the basis of measurement of temperature dependences of
the retardation of crystal D(T") = [(T)n(T") for different directions
of light propagation and polarization.

2. Deviation from the unity of the double critical index 23 for the
temperature dependence of retardation of TGS sample induced
by spontaneous polarization is explained by significant tempera-
ture dependence of the maximum-like character of the coefficient
of electrooptic, inverse piezooptic, and electrostriction effects.

3. An anisotropy of the critical indices 251@ and 255"), and nonequal-

ity 251@ # 2@(") testify for different speeds of temperature changes
of different subsystems of the crystal studied, taking place in fer-
roelectric ordering in the range of AT ~ 10°C below T-.
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