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A description of thermodynamics of the DMAGaS-DMAAIS family ferro-
electrics improved by taking into account the Gaussian fluctuations of po-
larization is presented. Fluctuations become important in the vicinity of the
second order (or the first order close to the second order) phase transitions
which is the case of the mentioned crystals. The more elaborated theory,
adapting the Onyszkiewicz approach to the purpose of the four-state mod-
el, provides equations for components of polarization, their fluctuations and
free energy in a simple form with a clear physical sense. The results ob-
tained by numerical calculations demonstrate that in the considered system
at the sufficiently long-ranged interaction the Gaussian fluctuations lead to
the slight decrease of temperatures of phase transitions from paraphase to
ferrophase and in the region of the triple point they are of the same order
of magnitude for both first and second order phase transitions.
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1. Introduction

The present work is devoted to the investigation of thermodynamics of complex
order-disorder systems on the basis of the four-state model. Such a model was pro-
posed earlier [1] for a description of dielectric properties of the ferroelectric crystals
(CH3)2NHoMe(SOy)s - 6H,O (Me = Al Ga) (dimethylammonium aluminium (or
gallium) sulphate hexahydrate — abbreviated as DMAAIS or DMAGaS, respective-
ly) [2-4]. The model can also be used in order to consider of the phase transitions in
crystals KHCO3 and KDCOj;, the proton rearrangements in the trimers Hy(SeOy)
in the crystals (NHy),Hy(SeO,) as well as the correlated anharmonic motion in the
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pairs of the neighbouring apex oxygen ions in the high-T, superconducting systems
of the YBayCu3O7_s type. In the framework of the four-state model the sequential
phase transitions from paraelectric to ferroelectric and antiferroelectric states in the
DMAGaS and DMAALIS crystals during the lowering of temperature were described
taking into account the spontaneous ordering of dimethylammonium (DMA) groups
[5]. Each DMA group can be oriented in four different ways; the orientational states
differ in pairs in their energy. The results obtained in the mean field approximation
(MFA), such as the temperature behaviour of spontaneous polarization, the changes
in occupation of the orientational states and phase diagrams [5], are in satisfactory
agreement with the experimental data [2-4,6]. The effect of suppression of the fer-
roelectric phase in DMAGaS under the influence of hydrostatic pressure [7] was also
explained by the model.

The obtained phase diagrams show that the paraelectric-ferroelectric phase tran-
sition in the DMAGaS crystal is of the first order close to the second order (and
close to the tricritical point) [5]. It is also situated near the triple point where the
para-, ferro-, and antiferroelectric phases coexist. In the case of the DMAAIS crystal
the situation is slightly different. The presence of only one phase transition (between
para- and ferroelectric phases) is indubitably established. It corresponds to another
cross-section on the phase diagram for the systems of this type.

The shape of the phase diagrams and the absolute values of the phase transition
temperatures can change when we go beyond the MFA. Usually the fluctuation
effects, growing up near the transition point, lead to the decrease of T,. Their role
in the case of the four-state model is not yet elucidated, especially in the vicinity of
the tricritical point.

The fluctuations of the order parameter (which determines the spontaneous po-
larization of the crystal and in the considered case is connected with the differences in
occupations of the orientational states) can be taken into account in the simplest way
within the Gaussian approximation. According to this approach, in the present work
we will perform an investigation of the effect of fluctuation using the scheme pro-
posed for the Ising model and developed for models of this class by Onyszkiewicz [8].
The scheme is based on the thermodynamically consistent description of quadratic
fluctuations (with respect to the MFA mean values) by self-consistent determination
of the variation of the corresponding Gaussian distribution. We will generalize this
approach on the case of the four-state model. The calculation of the temperature
dependences of these characteristics and estimation of their magnitudes will be per-
formed. As a specific example, the application of the model to the description of
phase transitions in the DMAGaS and DMAALIS crystals is considered.
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2. Hamiltonian of the four-state model: mean field and fluctua-
tion parts

According to the four-state model [5], the Hamiltonian of the subsystem of DMA
groups constructed on the basis of their four orientational states looks as follows:

H= Zz/\ksst - %ZZZ\I}%@,(””,)DSkBg;kH (1)
nk s nn’ kk' aao’
where

A1 = g2 = €1, A3 = g4 = €2,
D =do (X2 — X)), Dl =dy(Xpi —X35), D=0 (2

The Hubbard operator X?*; = |nk,s)(nk,s| describes the DMA complex residing
in the orientational state s (s = 1,...,4) at the lattice site n and the sublattice
k (k= 1,2), d, is the magnitude (defined by the structure of the crystal) of the
a-component D%, of the dipole moment of the complex, ¥ (nn') is the energy of
the dipole interaction, e; and €5 are the energies of the DMA groups in the positions
(k,1), (k,2) and (k, 3), (k,4), respectively. Here the possibility of reorientational
hopping of DMA groups is neglected.
Hamiltonian (1) can be separated into two parts:

H = Hypa + H', (3)

where the mean field term is equal to

Hyra = NUp+ Z Z Mes X35 — Z > FeDg.
Uy = _Zzwkk’ Dk’)
kk' aao!

Fe = Z Z wk;/a Dk’
e = Z \Ifz‘z/mn') (4)

and the explicit structure of the matrix w;g,gs’, which is the Fourier transform of the
interaction matrix at q = 0, looks like

a b ¢ d e f
b g h —e k [
s~ ¢ h m f =l n
Y= d —e f a —-b ¢ ’ (5)
e k -l —=b g —h
f L n ¢ —h m

143



[.V.Stasyuk, O.V.Velychko

the matrix elements a,...,n are considered to be the parameters of the dipole-
dipole interaction. Here the rows and columns are numbered by a composite index
{ka} = {1z, 1y, 12,2z, 2y, 2z}. The fluctuation part is given by

1 aa’ «a «a o o
H' = _QZZZ\DW (nn)(Dpy, — (D)) Dy — {Dii)). (6)
nn’ kk' aa’
(we do not consider here the phase transitions which are accompanied by the change
of the lattice period). The Hamiltonians Hypa and H' commute; so the average
projections of dipole moments can be expressed with the allowance for fluctuations
as

(Dy) = (Dge P M)o/ (™), (7)
where the averaging (...)¢ is done in the MFA
(..o =Tr(...ePHMra) /Ty o PHyra B=1/0=1/kgT. (8)

The expansion of the right-hand side of expression (7) into the power series with
respect to H' and the averaging of each term are performed in the framework of tech-
nique [9] with the help of semi-invariants built on X-operators. The ovals encircling
the sites of diagonal X-operators correspond to semi-invariants in the diagrammatic
representation; the components @Z)g‘,‘j/(q) are represented by the interaction lines.

In our case all diagrams, containing the parts without external vertices connected
to the rest of the diagram by a single line (single-tailed diagrams), are already
included in the zero approximation. So, every connected diagram in our expansion
is formed by the blocks (ovals) containing external vertices with additional elements
connected to them by two, three etc. interaction lines (polytailed diagrams). We
restrict our study to the double-tailed diagrams which allows one to take into account
the fluctuations of the mean field in the form of the Gaussian distribution (for the
case of the simple Ising model, such an approach is analyzed more in detail in [10]).

The simplest approximation (when only the first term of the series expansion
for the pair (X X)-correlator from the double-tailed diagram is taken into account)
leads to nonphysical results. For this reason we base our study on the Onyszkiewicz
approach [8] where the (X X)-correlators in the double-tailed diagrams are self-
consistently calculated at each stage of derivation of equations for the mean values
of dipole moments (Df) and Gaussian fluctuation parameters as well as on the
evaluation of free energy. Owing to this procedure the theory becomes internally
consistent.

3. Equations for components of dipole moments in the double-
tailed diagram approach

Lets us write the series for the mean value of the dipole moment component
(D) including contributions of two-tailed parts of diagrams. In the diagrammatic
notation [8] it looks like

OGO GO =G, o
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A corresponding analytic expression is

82

3 i
Jek I g a0y +..., (10)
| 1 4
2 Py I(By") ... 0(Byp*)
where oL
(4 k
by (Vi up) = 208y (11)
k

is the generating function, which also determines the contribution to the (Dg) mean
value in the MFA. Here L, = In Z;, and

7y, = 2e77[eP2 cosh(Bd,yy) + e P2 cosh(Bd,y})] (12)

is the partition function in MFA (e = (e1 +€2)/2, A = (62 — €1)/2). The internal
fields y¥ = >, Voo (D) are introduced, namely

yi = (D) +d(D3) + b{DY) + e(D3),
yi = D7) —e(D3) + g(Dy) + k(D3),
y; = d(Dy) + a(D3) — e(DY) — b{D3),
y; = e(Df) —b(D3) + k(DY) + g(D3). (13)
At last, the matrix
fer = T

denoted by the solid line in the diagram representation, describes the contribution
of the two-tailed parts (its explicit form will be discussed below). After applying the
Fourier transformation the infinite series in expression (10) can be summed up [10]

400 400
1
<Dz‘> — / —(2 )2 /e(ykzl)Tlel(yk 22)T2 exp( Z]a1a27a17a2> drdr
T

[e5¥e%
—00 —0o0 142

X bg(Zl, 22)d21d22. (]_4)

Let us substitute 7, by new variables 7,
k=
= Z Uy, Ty (15)
“w

where U, = uk op 18 the matrix of unitary transformation reducing the matrix Jp =
[7o2%?] to the diagonal form with eigenvalues A; and A;. Now the double integral

over the variables 7y and 7, splits onto independent parts and can be written as

2 oo 2 k2
1 (wy)

QWi MTidF, | = exp (— L ) , (16)
1:[ 2m / ' 1_[1 24 /7r)\ﬁ 4/\113

—00
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where

wp = Y (Y = za)ufye (17)

Respectively, expression (14) looks like

2 +oo 2
— H exp ( j;’sz)) ) b9 (21, 29)dz1d 2o, (18)
le

or, making use of the identity zo =y — >, w/’jug”, we can transform it to the form

2 +o00 k22
1 (wy)

oy - [[ e ( u )
}_[1 2¢/mAE S AN

X ba <yk Zulnl 7717 yk Zu27’]2 ng) dwl de (19>

The last expression could be made more physically transparent when the fluctuations
of the mean field component will be presented in an explicit form. Let us use the
relations

(wh)* 1

[TV = et =Dx D=1 D AW — 2 —2), (20)
© % K aa’
where the matrix Ak, inverse to the Jj matrix, is introduced
ao’ 7— 1
kk = (Jk; 1>04CV/ = ZUZMVU];/M. (21>
P 1
Let us also use new variables o = — Y uf, wh (s0 zo = yp + 7). As a result,
formula (19) for (Dy) can be written in the final form
(D) = b (yics i) (22)

where the line over an expression means its averaging over the Gaussian fluctuations

+oo
— 1 ) ) )
Fy, = VD // eXp( ZA ik TRTy )Fk(yk + ay, yi + xy)dxpday. (23)

Now we consider the contribution of two-tailed parts. In general, a two-tailed part
contains, as the intermediate structure element, the full semi-invariant pair correla-

tion function [10]:
-
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or
I (q) = 82 Y o (M (q), (25)
k'y17v2

where 2% (q) are Fourier transforms of the interaction constants and M].7? are the
pair correlators constructed on the Dj operators

My, = (D" Di?)*. (26)

In the Onyszkiewicz approximation the correlator M,}'®* is given by the series,
which is analogous to expression (9). The semi-invariants calculated in the MFA
(corresponding to the simple ovals) are renormalized in a similar way by the fluctu-
ation contributions of two-tailed parts [8]:

N\ NN _
CO=Co+E e ¢ D+GE e 3 VIV =G D @

A respective analytic expression, which can be obtained by the procedure similar to
the described above, is as follows:

aon 1 z
My ™ = bkilw(ym Yr), (28)
where P21
bm yx7yy — _ k —.
kalag( k k) a(ﬁykl)a(ﬁykz)
Relations (22), (25) and (28) form a set of integral equations determining both

equilibrium value of average dipole moments (D¢) and the variables )‘ﬁ proportional
to the root-mean-square (r.m.s.) deviations of the respective Gaussian fluctuations.

(29)

4. Free energy in Gaussian approximation

The set of the self-consistency equations for the average values (and their r.m.s.
deviations in the case of the Gaussian approximation) is a necessary tool for the
study of thermodynamics of the model. The separation of solutions of the set of
equations (22), (25) and (28), which correspond to the thermodynamically stable
equilibrium state of the system, can be performed using the usual criterion of the
minimum value of the free energy (calculated in the same approximation).

In our case we need to generalize the procedure of constructing the appropriate
expression for this function given in [8]. The required formula for the free energy F'
must lead to equations (22), (25) and (28) by satisfying the stationary conditions

A(F/N)/o(Dy) = 0, (30)
I(E/N)[0ji™ = 0, (31)

where the (Df) averages and j;“* r.m.s. deviations are considered to be independent

variables; it should also go over into the MFA expression when the contributions

147



[.V.Stasyuk, O.V.Velychko

connected with the two-tailed parts are neglected. Such a form in the Onyszkiewicz
approach for the model under investigation is given by

F/N = ZZDk kk;’ Dk;’ @Zﬂk(y};”,yi)
k

kk’ fe7e%

Z Z ZJQIQQ Zélko/éQ Vlvzjz}lzz. (32>

kk' aiog y17y2

Here the matrix

551];2 M2 Z¢§é7l )22 (q) (SIZ},Z2’a1a2 _ 5«13720/2,7172) (33)

is introduced (its structure is considered in appendix A).

The bar over the expression in the second term of (32) denotes its average with
the Gaussian distribution. In fact, the MFA form [5] could be obtained neglecting
both the last term and the averaging over fluctuation in the second one.

It is easy to see that the expression (32) satisfies the condition (30)

p 8L/
A(F/N)/o(Dg) = Zwkk/ D) Z% -
= Zwkk’ Dk’ bk/a/):O (34)

when relation (22) is fulfilled.
The proof of the fulfillment of condition (31) is more complicated. This condition
can be written as

(F/N) 1 Q Q102,7172 ;Y172 9 T (2T Y\
g D (ST — @WLk(ykaylZ) = 0. (35)
ik k'y1y2 ik
Making use of relation
jl?/iag BQ Z Sa1a2 “/1“/2 ;/1]}27 (36)
k'y172

one can simplify the first term in (35) and the condition becomes much more compact

ala 1 9 T (. Y\
Mk:kl *= ﬁza Ot1a2L (ykﬂyz)‘ (37>

Applying the following identities
0 1 1

= - Agzen 38
ajach\/sz 2@ kk ( )

and
DAL 0] = — A AT (39)
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12192 could be taken as

0Ly, oy
. — oc o A’nalAOlz’YQ Y1 .72
W // < AR T

’Yl "2

(see the proof in appendix B) the derivative with respect to j}

1 ! oo T T T
X CXp <_Z Z ARy )Lk(yk + k. Yy + o) dyday. (40)

ao’

On the other hand, following definition (28) one can write down

+oo
o 1 / 1 a Lk- T
Mkk - 47_(_\/@ //exp( ZA )ﬁz axala och kdl‘z (41)

After that, integrating twice by parts in (41), we obtain

ala _1 1 ad o, .o «a oL k T
Mp™ = ﬁz 47r\/_ // QQXP<_ZZAM; Lp T, ) ZA i w] or aldwkdxi,

[o7e% Y2

- S / (-5 +3 ZAA)

Y172

1 CMO( o T T T
X exp <_Z Z ARk Ty )Lk(yk + @i, yp + ) deiday. (42)

The last expression coincide with the derivative 9Ly /952" (formula (40)). It is the
evidence of the fulfillment of the condition (37) and thereby of satisfying the equation
(31).

Hence, expression (32) for the free energy, which satisfies the necessary condi-
tions, can be used for the analysis of equilibrium states of the four-state model. It
should be mentioned that in the diagrammatic representation the fluctuation part
of this expression corresponds to the sum of the ring diagrams created by two-tailed
parts (this question is analyzed more in details in [11] on the example of the pseu-
dospin system with the indirect interaction).

5. Thermodynamics of the phase transitions in DMAGaS-
DMAAIS ferroelectrics (numerical analysis)

The results obtained in the previous section can be illustrated on the example
of DMAGaS-DMAALIS ferroelectrics. Unfortunately, the set of equations (22), (25)
and (28) is itself a sophisticated challenge for numerical methods and in the most
interesting region in the vicinity of triple and tricritical points a problem is further
complicated due to the interplay between different orderings as it will be shown be-
low. So our study is limited only to the case of the sufficiently long-ranged interaction
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Figure 1. Phase diagram © — A; solid and dashed lines indicate the first order
and the second order phase transitions, respectively.

between DMA groups. Nevertheless, the obtained results allow one to estimate the
relative magnitude of the Gaussian fluctuations. At small values of structure factors
(71 = 72 = 1 x 107°) the phase diagram obtained in MFA [5] remains practically
unchanged, so it is used as a starting point for further study (figure 1). In all figures
parameters of the dipole-dipole interaction are made dimensionless by normalization
on (a — d) with the following values: a = 0.7, b = 2.075, d = —0.3, e = —0.525,
g = 1.05, k = —0.55, d,/d, = 1.4. Such a set of numerical values of interaction

1.5+
L (@) - (b)
p \\\\ #A 1.4" - \\
~ (a»)] \
1.0 N \
< 1.2- '
0.5-
1.0 _
0.0 -
— T 0.8 — T
0.8 1.0 1.2 1.4 0.8 1.0 1.2 1.4
B A ® B A ®

Figure 2. Temperature dependences of polarization (a) and the r.m.s. variation
of fluctuations (b) for the DMAGaS-like case (A = 1.5855); solid and dashed
lines indicate thermodynamically stable and unstable solutions, respectively.
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Figure 3. Temperature dependences of polarization (a) and the r.m.s. variation
of fluctuations (b) for the DMAAIS-like case (A = 0.7).

constants was used in paper [1] in the description of thermodynamics of the con-
sidered family of crystals in the MFA and was obtained by fitting the results of the
theoretical calculations to the experimental data. The difference A between the site
energies as well as temperature © are given in (@ — d)d? units while the variable \;
characterizing the r.m.s. deviation of fluctuations is counted in (a — d)d, units.

In the case typical of the DMAGaS crystal both the phase transitions (the
points A and B in figure 1) in the sequence of para-ferro-antiferroelectric phases
take place in a close proximity to the triple and tricritical points. Figure 2a illus-
trates temperature dependence of the order parameter p = (D7) + (D) which is
proportional to the z-component of the polarization of the system P, = p/v., where
v. is the volume of a unit cell. Usually the Gaussian fluctuations do not play an
important role for the first order transitions (except those close to the second order
transitions). But in our case the fluctuations are of the same order in both points of

1.5 2.0
(b)
P (@ —~
()
1.0 —
N—’
-
1.8
0.5 1
0.0 -
T T I T 1 16 T T i ¥ 1
0.9 1.0 1.1 0.9 1.0 1.1
D ® D ®

Figure 4. Temperature dependences of antipolarization (a) and the r.m.s. varia-
tion of fluctuations (b) for the Ising-like case (A = 3).

151



[.V.Stasyuk, O.V.Velychko

phase transitions (figure 2b). The corresponding A; variable (which is the maximum
eigenvalue of the matrix jk) describes fluctuations of both ferroelectric and antifer-
roelectric order parameters with their nearly equal contributions. Such a behaviour
has a simple explanation: the true first order transition in the point B is very close
to the point of instability of paraelectric phase with respect to the appearance of
antiferroelectric state. The corresponding transformation is not of the second or-
der but the magnitude of fluctuations significantly increases in the transition point.
In other words, near the triple point the Gaussian fluctuations play an important
role even at the first order phase transitions. Such a mutual influence of different
orderings greatly complicates the numerical analysis.

It is interesting to compare the behaviour of fluctuations far from the triple
point for other different cases: the DM A AlS-like one (the point C in figure 1), where
all four orientational states have nonzero occupation, and the Ising-like case (the
point D ibidem), where only one pair of states is occupied. As one can see in figures 3
and 4, the behaviour of the order parameters (p and p’ = (D7) — (D3) which has
the meaning of antipolarization) and the Gaussian fluctuation parameters are very
similar in both cases and rather usual for the second order phase transitions (see,
for example, [10]).

6. Conclusions

The present paper extends the field of application of the Onyszkiewicz method of
describing of the Gaussian fluctuations of polarization from the Ising-type (two-level)
models to the multi-level models with pair-wise interaction of particles. We develop
a thermodynamically consistent procedure to determine the order parameters (the
components of the dipole moments) and the r.m.s. variations of fluctuations as
functions of temperature. Ferroelectric crystals of the DMAGaS-DMAAIS family,
where the adequate description of the sequence of phase transitions between para-,
ferro- and antiferroelectric phases was obtained by means of the four-site model
(such a model considers possible orientational states of the DMA groups), serve as
an example of practical utilization of our scheme.

The phase diagram for the considered system is obtained in the MFA corrected
by the allowance for fluctuations. At the sufficiently long-ranged interaction between
particles, it successfully reproduces the experimentally observed sequences of phase
transitions both for DMAGaS and DMAAIS at different values of parameters. The
r.m.s. variations of the Gaussian fluctuations of the order parameters have a tem-
perature behaviour typical of the second order phase transitions in the Ising model
[8] (the maximum is reached in the phase transition point) far from the triple and
tricritical points. In the vicinity of the triple point, fluctuations grow up for both fer-
roelectric and antiferroelectric states, so the r.m.s. variations are of the same order
for all types of phase transitions. However, in the case of the first order transition
they demonstrate a jump-like behaviour in the phase transition point while for the
second order transitions a peak-like dependence takes place.

At higher values of v, and -, parameters (less long-ranged interaction) one should
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expect more pronounced changes of the phase diagram (7', A) (lowering of temper-
atures of phase transitions, especially for the second order ones) and the respective
increase of the r.m.s. variation \;. This case needs a more detailed study but the
conclusion about a near equivalent role of fluctuations for all the transitions placed
near the triple point of the mentioned diagram seems to be still valid.
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A. Matrix of effective interactions

The Fourier transform of the matrix of dipole-dipole interactions can be simpli-
fied in the spirit of the MFA

(@) = D W (et R
n—n'

kk/ N Z eIQ(Rnk R /k’) (Al)

n—n’

The following notation is assigned to the momentum dependent factor in the ex-
pression above

1 (R
i (Q) = N D @B Ry (—q) = (). (A.2)

There are only two various combinations of such factors in the matrix [S)}7%7"]

= % Z Ti(a), Z Yi2(a)y21(a (A.3)

Using the definition
S = = Z U @) (A4)

one can write down the explicit form of the matrix

a*y,  aby,  abm by dPye  deyy  deys €y
abyy  agy WPy bgn —deyy  dkyy, —€’yn ek
abyy Uy oagm bgm —deyy —e*yy  dkys ek
Py bgm bgm P € —ekye —ekya Ky (A5)
d*yy —devyy, —deyy  €*ya  aPyy —aby, —aby, by | '
deyy  dkyy —€*ya —ekya —abyi  agm WPy —bgm
devy —€%yy  dkvys —ekyy —abyy Vv agy —bgm
vy ekyy  ekyo Ky Uy —bgm —bgm  ¢*n

U
I
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B. Some relations for inverse matrices
Let A be a nonsingular matrix. Then
Ay = (=1)"* Dy, = 0D/ dayy,, (B.1)

where A;, and Dy, are the algebraic complement and the minor of the element a;,
respectively, D is the determinant of the matrix A. Let A~! be the matrix inverse
to the A

ATTA=AAT =1, (B.2)
where I is a unit matrix; R
(A" Yk = Agi/D (B.3)
and
(A A D Z Alkau = 5kl (B4)

Let us take the partial derivative of the above expression with respect to an element
of the matrix A

9 - o < Oa;
o > (A 1)/@@2‘1:2{3@ (A~ )m] azl+ZA ’“aal (B.5)

i

After the multiplication of both sides by (A™!);; and the subsequent summation over
7 one can obtain such a relation

Z [ 4 (Al)kz:| &iz(Ail)lj + Z(Ail)kiéiméln("élil)lj =0 (B6>
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Faycogi ¢pnykTyauii nonapu3sauii B oonacti ¢pasoBux
nepexoaiB y cerHetoenektpukax DMAGaS-DMAAIS y
pamMKax 4OTUPUCTaAHOBOI Mmoaeni

|.B.Ctactok, O.B.Benunyko

IHCTUTYT i3nkm KoHaeHCcoBaHMX cuctem HAH Ykpainu,
79011 JibBiB, Byn. CBEHLUjLUBKOTrO, 1

OtpumanHo 12 nuctonaga 2003 p.

MpeacTtaBneHo BOOCKOHANEHUM ONNC TEPMOAUHAMIKM CErHETOENEKTPU-
kiB cimerictea DMAGaS-DMAAIS, wo BpaxoBye raycosi ¢pnykTyaLii no-
napwuaadii. ix ponb 3poctae B okoni ¢pasosmx nepexoais Apyroro (abo
nepworo, 651M3bkoro 40 Apyroro) poay, Wo MalTb MiCLe B 3rafaHux
kpucTanax. Teopisi, NnoBygoBaHa LUASXOM y3arajibHEHHS HabGNMXEHHS
OHuwkeBMYa ans BMnaaky HoTUPMUCTAHOBOI MOAENi, Aae NPoCTi 3a pop-
MOIO i YiTKi 3a Pi3NYHMM 3MICTOM BMpa3n OJiss KOMMOHEHT nongpu3aadii,
ix ¢pnykTyauin Ta BinbHOI eHeprii. OTpMMaHi Yy1cnoBMM cnocobom pe-
3ynbTaty NOKa3yTb, WO Y AOCNIAXYBaHii cUCTeMi raycosi gykTyadii,
NPUBOAAYM MPU 4OCTATHBLO AANIEKOCSXHIN B3aEMOLji 4O HE3HAYHOIO NO-
HUXEHHS TemnepaTtypu ¢a3oBmX Nepexonis, B OKONi NOTPINHOI TOYKU €
0JHaKOBOIro NOPSAKy BEINYMHU NPU Nepexoaax sk nepLioro, Tak i Apy-
roro poay.

Knwouoei cnoBa: cerneroenexktpukn, DMAGaS, DMAAIS,
MiKpoOCKOniYyHa MoAesb, raycoBi ¢aykTyauii

PACS: 77.84.-s, 64.60.Cn
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