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We elaborate a modification of the deformable two-sublattice Mitsui model of [Levitskii R.R. et al., Phys. Rev. B.
2003, 67, 174112] and [Levitskii R.R. et al., Condens. Matter Phys., 2005, 8, 881] that consistently takes into
account diagonal components of the strain tensor, arising either due to external pressures or due to thermal
expansion. We calculate the related to those strains thermal, piezoelectric, and elastic characteristics of the
system. Using the developed fitting procedure, a set of the model parameters is found for the case of Rochelle
salt crystals, providing a satisfactory agreement with the available experimental data for the hydrostatic and
uniaxial pressure dependences of the Curie temperatures, temperature dependences of spontaneous diago-
nal strains, linear thermal expansion coefficients, elastic constants c{”;. and cﬁ, piezoelectric coefficients d;
and g1; (¢ = 1,2, 3). The hydrostatic pressure variation of dielectric permittivity is described using a derived
expression for the permittivity of a partially clamped crystal. The dipole moments and the asymmetry param-
eter of Rochelle salt are found to increase with hydrostatic pressure.
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1. Introduction

The Mitsui model [1] (two-sublattice Ising model with asymmetric potentials) has been origi-
nally proposed for description of the reentrant phase behavior in Rochelle salt crystals. It considers
the motion of certain ordering units in two interpenetrating sublattices of asymmetric double-well
potentials. The model with certain modifications is also applicable to several other ferroelectrics
[2], like those of the Rochelle salt type (deuterated and ammonium-doped [3] Rochelle salt at least
at low doping ), RbHSOy type 4, 5], AgNa(NO2)s (SSN [6, [7]), SASD type [8] (NaNH4SO4-2H20
and NaNH,SeO4-2H50), etc.

Very often, inclusion of deformational effects into the Mitsui model is indispensable for a proper
description of the system behavior even at ambient pressure. Thus, a strong piezoelectricity asso-
ciated with polarization P; and shear strain 4 essentially affects the dynamic dielectric response
of Rochelle salt due to the effect of crystal clamping by the high-frequency measuring field. The
conventional Mitsui model yields a qualitatively incorrect behavior of the relaxation time and
dynamic dielectric permittivity near the Curie temperatures. This problem is resolved [|9] by tak-
ing into account the piezoelectric coupling with €4, also permitting to describe the phenomena of
piezoelectric resonance and sound attenuation [10].

The sequence of phase transitions observed in NH4HSO4 crystals can be described within
the mean field approximation for the Mitsui model only with temperature dependent interaction
constants [5]. It means that one must take into account the effect of thermal expansion, which is,
ultimately, a deformational effect.

Since high pressure studies are the only means to continuously vary the system geometrical
parameters, such as the orientation angles of atomic groups that form the dipole moments, inter-
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atomic distances, hydrogen bonds parameters, etc, as well as the interparticle interactions, and
other parameters of the system, they can provide a valuable information on the mechanism of the
phase transitions in ferroelectric crystals. A better insight is obtained if the effects of hydrostatic
and various uniaxial and biaxial pressures are explored. Irrespectively of the crystal symmetry,
these pressures produce diagonal components of the lattice strain tensor &; (i = 1,2,3). In low-
symmetry systems, shear strains ¢; (j = 4,5,6) can be induced as well. The diagonal strains also
arise due to the thermal expansion of the crystals.

Nowadays, Rochelle salt [11-14] and other crystals |[15] described by the Mitsui model often serve
as test materials for experiments with nanosize phenomena. Properties of the ferroelectric nano-
inclusions in a solid matrix are strongly affected by surface tension and thermal mismatch stresses.
Thus, radial stresses in the plane perpendicular to spontaneous polarization arise in Rochelle salt
nanorods grown in pores of alumina films [11, [12], inducing diagonal strains only. A phenomeno-
logical theory of ferroelectric properties of such nanorods was presented in [16].

The simplest way to incorporate an external pressure into a spin model is to consider its param-
eters (interaction constants) phenomenologically as linear functions of pressure. This approach has
been used for different versions of the Mitsui model to describe the hydrostatic pressure variation
of the transition temperatures in Rochelle salt |[17] and SASD |18]. However, to describe a uniaxial
stress dependence of T¢ in the same way, one would have to find new values of the fitting param-
eters for each stress direction. A unified model description of hydrostatic and uniaxial pressure
effects, and, at the same time, the crystal thermal expansion at ambient pressure, with a single set
of the fitting parameters is possible if we include into the model the lattice diagonal strains, instead
of the pressures. Such a microscopic-like model of bulk crystals that includes the diagonal strains
will be very helpful when one develops a model description of the above mentioned nanocrystal
behavior.

The goal of the present paper is to develop a modification of the deformable Mitsui model with
the shear strain e4 |9], which would also take into account the diagonal components of the lattice
strain tensor. The first attempt to create such a modification was made in [19]. The interaction
constants and the asymmetry parameter were taken to be linear functions of the diagonal strains.
Expressions for the piezoelectric and elastic characteristics of Rochelle salt, associated with these
strains, have been obtained. However, all actual calculations were performed in the approximation
of zero thermal strains; the external hydrostatic or uniaxial pressure effect was not considered, and
the fitting procedure was inappropriate. Here we shall use the model of [19] and take into account
the thermal expansion strains properly. We shall develop a consistent fitting procedure, free from
the drawbacks of the previous [19] calculations, allowing us to obtain the above mentioned unified
description of high pressure effects, thermal expansion, as well as physical properties of Rochelle
salt associated with the diagonal strains.

Bulk Rochelle salt undergoes two second-order phase transitions at Tc; = 255 K and Tcy =
297 K, with the intermediate ferroelectric phase. Spontaneous polarization P; is directed along the
a axis, accompanied by spontaneous shear strain €4 in the bc plane. The crystal is orthorhombic
(space group P212121) in the paraelectric phases and monoclinic (P2711) in the ferroelectric phase.
As it follows from the analysis of symmetry elements of its point group 222 and of the uniaxial
pressure point group oco/mmm, no uniaxial or biaxial pressure applied along the orthorhombic
crystallographic axes of a Rochelle salt crystal changes its symmetry. Neither do the hydrostatic
pressure or thermal expansion of the crystal.

The mechanism of phase transitions in Rochelle salt remains rather obscure. According to the
most recent measurements |20, |21], the largest displacements at a ferroelectric phase transition are
undergone by the Og, Og, O19 oxygens. It appears that the dipoles of the Mitsui model, moving in
the double-well potentials, should plausibly be associated with the OHg and OH;(y groups. Their
motion, coupled with displacive vibrations of OHg groups seems to be responsible for the phase
transitions, as well as for the spontaneous polarization. It would be interesting to elucidate the
pressure variation of the dipole moments, as well as of the asymmetry parameters of the double-well
potentials. This can shed some light on the details of the transition mechanism.

The set of experimental data for Rochelle salt, used for verification of the present modification
of the Mitsui model, includes the hydrostatic pressure dependences of transition temperatures
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[22, 23] and dielectric permittivity [23], the uniaxial |24, 125] and biaxial [26] pressure dependences
of the Curie temperatures. Related to the diagonal strains, components of piezoelectric (e.g. dy;,
i =1,2,3) and elastic (c;4) tensors [27-29], appearing in the ferroelectric phase only, should be also
described by the model. The other characteristics, included into the fitting, are thermal expansion
coefficients and dilatations |30, I31], as well as the diagonal-strain-related elastic constants|32] ¢;;
or compliances s;; (i, = 1,2,3).

We introduce the diagonal strains €1, €2, €3 into the two-sublattice Mitsui model with the shear
strain €4 |9] in the manner it was done in [19]. In section 2 we make a further modification of the
model by taking into account the host lattice contributions into the thermal expansion. Section 3
contains the obtained expressions for thermal, elastic, dielectric, and piezoelectric characteristics.
In section 4 we propose a new fitting procedure. Using the found set of the fitting parameters for
the Rochelle salt crystals, we show that the developed theory is capable of describing the entire
complex of the phenomena, related to the diagonal strains: thermal expansion, temperature behav-
ior of monoclinic piezoelectric and elastic characteristics, hydrostatic, uniaxial, and biaxial pressure
dependences of the Curie temperatures in Rochelle salt. The behavior of the dielectric permittiv-
ity under hydrostatic pressure is described using the derived expression for the permittivity of a
partially clamped crystal.

2. System thermodynamics in the presence of diagonal strain S

We consider an orthorhombic piezoelectric crystal in the paraelectric phase, to which an external
hydrostatic or uniaxial or biaxial (along the crystallographic axes) pressure can be applied. All these
pressures produce diagonal strains ¢; (i = 1,2, 3); these strains are also present due to the thermal
expansion. Paraelectric piezoelectricity is associated with the shear strain 4. The Rochelle salt
symmetry is presumed having the spontaneous polarization directed along the a axis and coupled
to the strain e4.

We start with the modified two-sublattice Mitsui model with a piezoelectric coupling to the
shear strain €4 and with the diagonal strains |9, [19]. A unit cell of the model consists of two dipoles
(two sublattices), oppositely oriented along the a-axis (the axis of spontaneous polarization); they
are compensated in the paraelectric phases and get non-compensated in the ferroelectric phase.
The actual unit cell of a real Rochelle salt crystal is twice as large and contains four dipoles. At
the transition to the monoclinic phase the angle between the b and ¢ axes changes from 7/2 to
7/2 — e4. The diagonal strains €1, €2, £5 describe the relative changes in the lattice constants a, b,
and c, respectively, due to thermal expansion or under pressure.

In the mean field approximation, the model Hamiltonian reads [9]

N N N Oq1 0q2
H, = NUseed + g«](?ﬁ + 77%) + ZKnﬂh - %:[E(l)% - (2)%}7 (1)

where 1y = (o45); N is the number of the unit cells; J, K are the Fourier-transforms (at k = 0) of
the constants of interaction between pseudospins belonging to the same and to different sublattices,
respectively.

The phenomenological part of the Hamiltonian Ugeeq is a “seed” energy of the host lattice of
heavy ions which forms the asymmetric double-well potentials for the pseudospins. For the case of
Rochelle salt symmetry in presence of diagonal strains, shear strain €4, and field E, it reads

3 3

Yo Eo_2 0 Vo€0 <02 | VO EO0 EO0 0 0

Useed = 3044 €5 — voei sl — 5 X1 BT + > E Cij €i€j — Vo E Cij O (T -T, )Ej . (2)
ij=1 ij=1

Here ¢¢ is the vacuum permittivity; vy is the unit cell volume of the model. The three first terms
in Ugeeq are the elastic, piezoelectric, and electric contributions due to the shear strain 4 and
longitudinal electric field E;. Two last terms are related to the diagonal strains. Here £, 050, e,
are the “seed” constants describing the phenomenological contributions of the crystal lattice into

the corresponding observed quantities ¢}, 05, and e4. In fact, the index F in ¢Z0 is redundant, as

)
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the difference between the observed 05 and cf-; ati,7 = 1,2, 3 is negligible. The “seed” quantities are
zeros if the corresponding observed quantities are zeros in the most symmetric phase (orthorhombic
in the case of Rochelle salt).

The last term, absent in the earlier model [19], is the contribution of the host lattice into
the energy of thermal expansion. af are the “seed” thermal expansion coefficients; T are the
temperatures at which the components of this contribution vanish. It is known that the thermal
strains can be set to be equal to zero at any arbitrary temperature Tj (the reference point for
thermal expansion). This can be achieved by choosing the values of T accordingly; they will
differ from T due to the pseudospin system contributions to the thermal expansion. To take into
account the “seed” contribution of the host lattice is indispensable for a proper description of
thermal expansion.

The coefficients

E(1) = %Jm + %Km + A = 2¢p4e4 + p1 B, E(2) = %an + %Km — A —2pgeq + By (3)
in (D) are the local mean fields acting on pseudospins of the first and second sublattices in the ¢*®
unit cell. The parameter A describes the asymmetry of the double well potential; i is the effective
dipole moment. The model parameter 1, describes the internal field created by the piezoelectric
coupling with €4 and essentially determines the piezoelectric and elastic characteristics associated
with the shear strain €4 |9, [19]. It is also assumed that a longitudinal electric field E; is applied.

3
JEK=Jo£Ko+2> e, (4)
i=1
as well as the asymmetry parameter
3
A=DNog+ ) e (5)

i=1

are taken to be linear functions of the diagonal strains [19]. Here 1/)55 are introduced simply as
the expansion coefficients. However, for J and K such an expansion is equivalent to taking into
account the electrostrictive coupling with the diagonal strains. For A it implicitly describes the
changes in the asymmetry parameter due to the changes produced by external pressure or thermal
expansion in the interatomic distances and in the geometric parameters of the potential, like the
distance between the potential wells, etc. The parameters 13;, are analogous to the deformational
potentials 2y = A /e introduced in the Anderson-Halperin-Varma-Phillips [33, 34] model of two-
level systems with asymmetric double-well potentials in order to describe ultrasound attenuation
and thermal conductivity in amorphous solids at very low temperatures.

The thermodynamic potential of the considered model is obtained within the mean field ap-
proximation in the following form

J+K
4

J-K , 22 1

4
+90 -0
£+ — In cosh VT cosh VT + v ;pi& , (6)

92FE (pi7 T) = Useed + 1 g ﬂ ﬂ

where 8 = 1/kpT, kp is the Boltzmann constant, and

J—-K
2

=6 (T ez mm), o=

o+ A> .
Here p1 = p2 = p3 = py for hydrostatic pressure; p; # 0 and ps = p3 = 0 for the uniaxial pressure
applied along the axis a, etc. The shear pressure py is introduced formally, in order to find the
elastic and piezoelectric characteristics associated with it; after that it is put equal to zero.

We introduced the following linear combinations of the mean pseudospin values

1 1
5—5(771 +12), 0—5(771—772)7
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£ is the parameter of ferroelectric ordering in the system. The parameters £ and o are determined

from the saddle point of the thermodynamic potential (B]): a minimum of gop with respect to &

and a maximum with respect to o are realized at equilibrium. The corresponding equations are
sinh sinh §

¢ coshy + coshd ’ 7 cosh~y + cosh § ™)

3. Physical characteristics of Rochelle salt related to dia gonal strains

Using the following thermodynamic relations

1 (0g2k 1 (0g2E )
- - - - P —1+:4
v < e )El . v (5]51 )g 0 )

3 . .
where v = wvo(1 + > ;_; &) is the pressure and temperature dependent unit cell volume, and
retaining only linear in ¢; terms in the “seed” contributions, we obtain expressions for strains and
polarization

3 3
1 _ .

gi=—> si'p;+ad(T—T) + Q—Zszow*fuwja +2¢350), (i=1+3), (8)

j=1 j=1

D4 et E 214 9)
€4 = =0

B L e
Pr = ciea +eoxiV B + e (10)
Here 5/7° are the elements of the matrix inverse to the matrix of “seed” elastic constants ¢;7°.

Two first terms in equation () represent the host system contributions into the Hooke’s law
and thermal expansion with regular pressure and temperature behavior. The sum in equation (8]
gives the pseudospin subsystem contributions into the strains, having anomalous behavior in the
ferroelectric phase. The second term in equation (8) was absent in the previous model [19].

From equations (8)—(I{) we can derive expressions for other characteristics related to the diago-
nal strains. Thus, the coefficients of linear thermal expansion are obtained in a rather cumbersome

form
Ogi\ > 0 1
“T (8_T)p - ZBM{% ! 200T (02 — Agp3)
X ZS [0 E€(N2b — @37) + (¥ 0+ P35) A2y — $50)] }, (11)
where
-1
B= [I + 870 } ,
. B _ _ _
Cj —m{(?ﬁj@M + w;_@u)f - ¢j¢j€2@3 + (Y 0+ 3i)(; o + ¢3j)905}7
go = — | LD a2 -

[ is a unit matrix. The other notations are

1 =V &ps — (U 0 +U3) Aa,

J K? - J? K—-J
@221—%)\1—62176()\%_)\3)7 903:)\14'%()‘%_)‘%))
2 2
AN o=1-¢6%2-02, Ay = 2€0, A= 61}@%-
VoCyy
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Alternatively, the coefficients of thermal expansion can be found by numerical differentiation of
equation (§) for the strains ¢; with respect to temperature; the results, of course, coincide. The
coefficients «; are expected to have small anomalies at the Curie temperatures |30, [31]].

The molar specific heat at constant pressure of the model is obtained from the molar entropy

. Na 091E(€i7T 7'UONA E0_0 7 5 v—90
SiiT(T) = Zc o g5+ 2In2 + Incosh —— shTf'yffda ,

17=1

where g15(gi,T) = g2r(0i, T) —vo >, pi€i; R is the universal gas constant, and Ny is the Avogadro
constant. Thus, the molar specific heat of the model is

09 UQNAT Z £o o R S
P (aT) b KA 4(p2 — Ayps) (o0 = @s7) {7 +¢ ~ kp vi

} . (12)

As we shall see, it has small anomalies at the transition points. To obtain the total specific heat
of a crystal that can be compared to experimental data, we have to add to equation (I2]) a regular
term linear in temperature (within the considered temperature range) that would correspond to a
contribution of lattice vibrations not taken into account within our model. Thus,

3
—(A27 — &56) [5 - Z ]j_];(l/);ff + 3i)
i=1

C;Ot = Cp + Cyibr 5 Cvibr = A + BT; (13)

the coefficients A and B will be specified by fitting equation (3] to experimental data. Often, an
inverse procedure is performed, when a regular linear contribution is subtracted from the experi-
mental data; the obtained result is then compared with the theoretical specific heat of the ordering
subsystem.

The other found characteristics are, in particular, the elastic constants at constant electric field
(Za] = ]-a 27 3)

E _ Ipi
G = (85]-)15 T
= ¢ - 2@?@2 {(ﬂ’f@ij + ) 04)€ — b0 E s 4+ (Y7 0 + 3i) (W5 0+ b35)es |, (14)
E _ % Pai
Cia = vy P2 ’ (15)

as well as the monoclinic piezoelectric coefficients

eri = (GPI) _i(Bew €
' 851 EliT v 2902 1 + 223:1 Ei 7
4
Oe;
di; = . = sPeij, 16
1 (aEl),,i,T ; Y 1o

and

E

where s;7 is the matrix of elastic compliances, inverse to the matrix of elastic constants cE

59

PELT) 2 - x3).

P5 = A1 — 1

The other piezoelectric and elastic characteristics are

oF el oF dy; Op;
h1i< 1> = hg ) gli( 1> = hg g 05< p2> :Cg+elih1j'
Ogi ) p,  €oXTa Opi ) p,  €oXTh g P,T
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Here,
1 (0P Bui w3
€ 0 1

- - sl 17
X11 = (aEl)E X11‘f‘2%0<p2 (17)

is the dielectric susceptibility of a clamped crystal, and

L (0P 0, BU? ey 1Y

7 = =7 — id1; 18
X11 e <5E1>p X11 T 2020 p3 — Ao + P e1:d1 (18)

is the static dielectric susceptibility of a mechanically free crystal |19]. Here we introduce the
following notations

0
py = 1 — 27/14d(1)4 ) d(1)4 = % ) Xﬁ) = Xi(f + i6(1)451(1)4 .
Cyy €0

In paraelectric phases, this expression for the free susceptibility coincides with that obtained within
the modified Mitsui model without thermal strains [10]. The sum e;* " e1;d1; , different from zero
in the ferroelectric phase and not exceeding 5% of the total susceptibility, was absent in the earlier
model.

As one can easily verify, monoclinic quantities e1;, d1s, h1s, 914, 5, cfz (1 =1,2,3) differ from
zero only at non-zero polarization, in agreement with the symmetry considerations.

The temperature of the second order phase transition is determined from the condition that
dielectric susceptibility of a free crystal xJ, diverges at T' — T¢. From equation (I8) and using
equation (@) we obtain

o (J—K A K+J 22
cosh ( oc + ) = o ,
4kBTc Zk’BTC 4k’BTC VoCyy kBTC

(19)

where the model parameters J, K, A are taken at T¢, being renormalized by diagonal strains
according to equation ().

Equation (3] is valid both for the ambient pressure case and for the stressed crystal. It can be
rewritten in the two following convenient forms:

ksTc
O Rl v el (20)
4 71055740

which gives an explicit expression for ¢ at the transition points, and

_ Jo — Ko K+J 21/}2
51' ci c ; ci:*A - 7 5 0Gc¢ 2kpTcA h )
zi: 3i€ci + O, zi:% 3 0 5O + 2kgTcArccos \/4/€BTC + 0Pk Te

useful in the fitting procedure. Here ¢; are the strains at the Curie temperature.

4. Numerical calculations

4.1. Fitting procedure

The model parameters must provide a fit of the theory to the experimental data for the following
characteristics: the Curie temperatures at ambient pressure Tcy (K = 1,2 in Rochelle salt) and
their hydrostatic and uniaxial pressure slopes 0Tcy/0Opn and 0Tcy/0p;, the temperature curves
of thermal expansion strains ¢;, linear thermal expansion coefficients, monoclinic piezomodules
914, and elastic constants ¢;; and ¢4 (¢, = 1, 3). Simultaneously we check for an agreement with
experiment for the quantities previously described |9, [10] by the modified Mitsui model without
thermal strains, such as spontaneous polarization, static free and clamped dielectric susceptibilities
X171, piezomodule dy4, specific heat, elastic constant at constant field cF,, as well as microwave

43602-7



A.P. Moina, R.R. Levitskii, I.R. Zachek

dielectric permittivity 11 (v, T). A detailed analysis of the effect of diagonal strains on the physical
characteristics of Rochelle salt associated with the shear strain €4 will be given elsewhere.

The adopted values of the model parameters are given in table[I} details of the fitting procedure
are described below.

Table 1. The model parameters used for description of Rochelle salt.

ao Bo Jo/k]} Ko/k‘B AO/”b‘B ¢4/kB H(l) kTt 6?4 Xclrlo
(K (1073%° C:m) (K1) C/m?
0.3162 0.662 764.63  1476.46  745.14 —750 8.7 —0.0008 0.033 10.1

vk W3 ks ¥F ks Uy Jks ¥y /ks 5 [ks Ya1/ks Ya2/ks  a3/kn

X)
—13000 —12000 —9850 10614 13537 1080 —12125 —15993  —6043
af af a§ 7 T3 T3
(10° K1) (K)
5.800 3.353 4.333 23835 18532 31L.71
(10'° N/m?)
2.842 1.794 1.541 4.219 2.031  3.987 1.18

The temperature variation of the order parameter £ is determined by numerical minimization
of the thermodynamic potential [@l); o is found from equation (7); the strains are determined from
equations (8) and ([@). As the reference point for thermal expansion (where ¢; = 0 at p; = 0) we
chose the upper transition temperature Tco = 297 K. This condition allows us to express 7} from
equation (§) via af, ;" , and 1s,. Strictly speaking, T are not the fitting parameters of the model,
since the reference point can be chosen arbitrarily. At 308 K and at ambient pressure, the lattice
constants are |35] a = 11.927 A, b = 14.292 A, ¢ = 6.225 A.

The “seed” linear thermal expansion coefficients af were chosen to yield the thermal strains
g; at Tcy equal to a7 (Tcy — Tez), where a7 are the experimental |31] values of the expansion
coefficients in the middle of the ferroelectric phase (at 275 K).

Special care has been taken that below 20 kbar for the hydrostatic pressure and below 200 bar
for uniaxial or biaxial pressures and between 0 and 350 K, no additional phase transition takes
place in the system, apart from those taking place at ambient pressure.

The number and (if any) temperature and order of the phase transitions for the Mitsui model
without thermal strains are usually analyzed in terms of the dimensionless variables @ and b

_ K—-J - 8A
a/:K+J+§,¢)28E0’ b:KJrJJr&wQSEo (21)
vo Y4544 vo V1544
and the dimensionless transition temperature
4kgT,

= :
K+ J + isty

The phase diagram of the conventional (undeformable) Mitsui model in the (@,b) plane [36-38]
shows the regions with different numbers and types of the phase transitions; its topology is not
changed by inclusion of the shear strain e4. It has been found that only in a very narrow region
of the (@, b) plane, the system undergoes two second order phase transitions with the intermediate
ferroelectric phase.

In the presence of diagonal strains, @ and b become functions of temperature and pressure. In
the fitting procedure we shall deal with the values of @ and b at the upper Curie temperature and
at ambient pressure ao and by. Absence of additional phase transitions at the chosen values of
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the model parameters is verified directly, by calculating the order parameter at all temperatures
between 0 and 350 K and at pressures below 25 kbar (hydrostatic) or 200 bar (uniaxial). The values
of @y and by should be from the same region of the (@, b) phase diagram of the undeformable Mitsui
model that yield two second order phase transitions. With decreasing ag, the maximal values of
spontaneous polarization, spontaneous strain ¢4, and anomalous parts of diagonal strains increase.
We choose the value of ag that gives the best agreement with experiment for these characteristics.
Once the values of ag, by, ¥4, and ¢ are chosen, we are in a position to find Jy, Ko, and Ao,
using equations (20), 1), and 22]).

The parameters cf}, 14, and u; are varied around their values obtained in the previous study
[9] in order to get the best fit for spontaneous polarization P;, piezoelectric coefficient dy4, static
free and clamped x7;" dielectric susceptibilities and dynamic dielectric permittivity €11 (v, T). The
dipole moment p; is assumed to decrease linearly with an increasing temperature as

pr = pd [+ k(T — Tea))] -

The values of 1 and kr are given in table [II

We require that the theoretical values of the elastic constants 05 (1,7 = 1,3) at Tea should
coincide with their experimental values [39], available for 307 K (this is a reasonable approximation
due to a very weak temperature dependence of 05) Thus, we can easily determine cgo using
equation (I4).

It is required that the best possible description of experimental |24, [25] uniaxial pressures
dependence of the two Curie temperatures should be obtained. To this end, at the chosen ay,
bo, V4, ciP, w;r , the six parameters 1; and t3; are determined from six linear equations (21))
written at T¢, = Ty + (0Tck/Opi)pi (k=1,2 and i = 1,2,3) at p; = 100 bar and combined with
equation (20)). The slopes 0Tck/Op; were varied around their experimental values|24]. The strains
at the Curie temperatures were approximated as

Ecl(Ték) = 045275 (Ték - T82) - Sﬁopi

during the fitting. The obtained values of §; and 3; were found to be independent of the used
values of p;.

One of w;r parameters, say, ¥3 , can be determined from the condition that the lower Curie
temperature should be Tc; = 255 K. For the two remaining parameters 1] and 15 there is the
condition that the two calculated transition temperatures at hydrostatic pressure of 1 kbar and
the lower transition temperature at 20 kbar would be in agreement with the experimental data
[22, [23]. However, the dependences of the transition temperatures on uniaxial pressures and on
the hydrostatic pressure are not completely independent, (this will be discussed later). Therefore,
normally ¥;" and 3 can be varied continuously in certain ranges and provide correct theoretical
dependences Tcy(py) at given ag, by and 4. From these ranges we should select the values which
yield the best fit for the temperature curves of the piezoelectric coefficients g1;, anomalous parts
of thermal strains €g; in the ferroelectric phase, and thermal expansion coefficients «;. It should
be mentioned, however, that a perfect fit both for g1; (]27]) and e ([31]) cannot be obtained
simultaneously, so a certain compromise has to be made.

A criterion to make an unambiguous choice of the theory parameters hardly exists. Since the
chosen set of wgti is not unique, it is not possible to precisely establish the temperature and pressure
variation of the interaction constants. However, the overall tendency is such that the hydrostatic
compression enhances the asymmetry parameter A, as well as the constants of interactions between
the pseudospins within the same and in different sublattices. Pressure slopes of A, J, and K are
very sensitive to the choice of by at given @, while the observable quantities are not that much
sensitive. The average slopes are about 1-3% /kbar for J and 4.5-7% /kbar for A and K. This issue
will be explored in more detail elsewhere.

4.2. Thermal expansion and specific heat

The temperature dependence of the diagonal strains &; caused by thermal expansion of a crystal
in the absence of external pressures is plotted in the inset to figure [l
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The experimental points, obtained from the data for thermal dilatations [31], are well described
by the proposed theory.

807a (107 K™

i T(K)
240 260 280 300 320

0_
4 -
1 T(K) T(K
-8 T T T T T T T T 1 20 T T T T T T T T ( )I
260 280 300 320 340 20 260 280 300 320

Figure 1. Anomalous parts of thermal diago-
nal strains of Rochelle salt as functions of tem-
perature: 1, 0: €515 2, O: €525 3, At €53. Inset:
total strains as functions of temperature: 1, [J:
€152, O: e2; 3, /A: g3 Lines: a theory; symbols:
experimental points taken from [31].

Figure 2. Coefficients of linear thermal expan-
sion of Rochelle salt as functions of tempera-
ture. 1, O, B: a1; 2, O, & ag; 3, A\, A: as.
Lines: a theory. Open and closed symbols are
experimental points taken from [31] and from
[40], respectively.

In the ferroelectric phase, the ¢;(T") curves have small bucklings (anomalous parts) caused by
electrostrictive coupling to spontaneous polarization. In order to extract these anomalous parts of
the diagonal strains, Imai |31] extrapolated the measured temperature curves of the strains from
the paraelectric phases onto the ferroelectric phase and subtracted them from the total measured
strains. With the same purpose, we calculate some hypothetical paraelectric strains e (coinciding
in the paraelectric phases with the actual strains ¢;) from equation () by putting £ = 0 at all
temperatures and determining o from equation (), and find the spontaneous strains as e5; = Ei—E?.
The obtained results are shown in the major part of figure[Il As one can see, at the adopted values
of the model parameters, the theory well reproduces the asymmetric shape of the e43(T) curve,
but underestimates the magnitude of €5; and e42. The agreement can be improved by choosing
different values of the model parameters, but the agreement with g1,(7") will be spoiled.

The corresponding linear thermal expansion coefficients are shown in figure 2l The theoretical
and experimental values of their jumps at the Curie temperatures are summarized in table

Table 2. The calculated jumps of the thermal expansion coefficients and specific heat at Curie
temperatures. The values in parentheses are experimental data of [31].

Aoq AOCQ AO&3 Acp
(107K~ (J/mol K)

Tc1 —6.0 (-7.0) 3.0 (3.5) 3.7 (4.5) 0.74

Tcoo 4.7 (7.1) -2.1(-3.7) -1.1(-2.0) 1.09

We have a fairly good agreement with experiment [31] for «; and a3, both for the signs and for
the values of the coefficient anomalies at the transition points, as well as for the temperature slope
of the curves in the ferroelectric phase. The agreement is worse for as. It should be noted that
the experimental behavior of as(T") is somewhat different from that of a; and as, with a marked
decrease below the lower Curie temperature and a large difference between the coefficient values
in the two paraelectric phases. No perceptible temperature variation in the ferroelectric phase was
experimentally detected, also in contrast with the cr; and a3 behavior. The theoretical temperature
curve of az(T) is very much like that of a3 and qualitatively similar to that of a;. The theoretical
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as in the upper paraelectric phase well accords with the single experimental value of [40] obtained
from the synchrotron radiation Renninger scan, although the reported error of these measurements
is so large that the values of [31] also fall in this error range (see figure [2]).

352 C, (Jmol K)

387+

348+
384+

344}

TR S T
252 255 258 261 294 297 300

Figure 3. Specific heat of Rochelle salt as a function of temperature. Lines: a theory. Solid line:
this work; dashed line: the modified Mitsui model without the thermal strains [9]. Symbols:
experimental points taken from [43].

Figure Bl shows that the present model yields a better agreement with experimental data for
the small anomalies of specific heat of Rochelle salt at the Curie points than it was obtained with
the earlier model |9], especially for the magnitude of the upper anomaly. The regular contribution
of lattice vibrations was taken to be cyip, = 105.845 4 0.855T (J/mol K) for the present model and
103.456 4 0.944T (J/mol K) for the previous model.

The calculated values of the specific heat jumps are given in table 2l We obtain positive anoma-
lies at both transition points, in accordance with the most recent measurements [43]. The jumps
were defined as the differences between the ferroelectric and paraelectric values of specific heat or
expansion coefficients at the Curie points.

4.3. Diagonal-strain-related piezoelectric and elasticc  onstants

Figure @ shows temperature dependences of piezoelectric constants g1;. As one can see, a fairly
good agreement with experiment is obtained, including the opposite signs of g11 and of gi5 and
913, asymmetric shape of g13(7) dependence, as well as the interception of the gi2 and g13 curves
near the lower Curie point. The overall behavior of ¢1;(7") is similar to that of 4;(7T).

2 10 2
004t 9y (m’/C) 01rc,+c,, (107 N/m’)

P, AP
Cut Cy

0.02

0.00

-0.02

-0.04
[ . T (K) T (K)
240 260 280 300 240 260 280 300
Figure 4. Piezoelectric constants of Ro- Figure 5. Elastic constants c5y + ¢y and &, +
chelle salt as functions of temperature at c4y of Rochelle salt as functions of temperature
Ei=5%kV/cm: 1, O: g11; 2, O: g12; 3, A: g1s. at E1 = 500 V/cm. Lines: a theory; symbols:
Lines: a theory; symbols: experimental points experimental points taken from |29].

taken from [27].
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We do not depict the calculated elastic constants 05 and cf-; (1,7 =1,2,3), as they are practically

temperature independent between 230 and 330 K. A very small variation can be detected in the
ferroelectric phase for 05, with the difference between 05 and constant cf-; being less than 1% of 05
at most. The maximal values of monoclinic constants cf are more than by one order of magnitude
smaller than cf; The shape of the experimental c&, + c£, vs T curve is qualitatively reproduced by
the proposed model, as seen in figure Bl A quantitative agreement with experiment is reasonable.

The coefficients of piezoelectric strain di; are shown in figure [0 at zero and high bias fields
E;. The data of [27] were extracted from the given therein values of the di1g11 product and of
g11- In absence of external field di; actually diverges at the Curie temperatures, due to the term
proportional to s% in equation (I8]); the bias field smears out these anomalies and lowers the peaks
of the coefficients. A good agreement with the experimental points is obtained.

-12
d, (10°C/N)

d, (10™CIN)
200} P
13
100+ -30+
d1z\
-604
O_— i
d !
-100+ u i T(K)
240 260 280 300
-200+
T(K)

250 275 300 325 350 375

Figure 6. Piezoelectric coefficients di; of Rochelle salt as functions of temperature. The inset:
d11 as a function of temperature at different fields 1 (kV/cm): 1, 0; 2, A: 0.304; 3, B: 5. Lines:
a theory; symbols: experimental points taken from [27] (W) and 28] (A).

4.4. Hydrostatic pressure effects

Below we shall discuss how the high-pressure effects are described by the proposed modification
of the Mitsui model. Figure [7] shows the calculated hydrostatic pressure dependence of the Curie
temperatures. The proposed theory reproduces the experimentally observed linear increase of both
Curie temperatures with pressure at its low values, as well as the increase of 9T¢1/0py at higher
pressures. The calculated slopes are 3.7 K /kbar at low pressures and 4.3 K /kbar above 12 kbar.

350 - TC (K)
325 1
300
275 1
p (kbar)
250 T T T T T T T T
0 5 10 15 20

Figure 7. Hydrostatic pressure dependence of the Curie temperatures of Rochelle salt. Lines: a
theory; open and closed symbols: experimental points taken from [22] and [23].

43602-12



Mitsui model with diagonal strains

To describe the pressure variation of the static permittivity we need to make some changes in
the theory parameters. The above given value of u; provides a roughly equal fit to many different
experimental data for x7; in paraelectric phases at atmospheric pressure. However, the sample to
sample variation of permittivity at ambient pressure reaches 10% even in good samples [42] and is
much larger in samples with defects. This is comparable with the changes in the Curie constants
produced by hydrostatic pressure |9, 23] below 10 kbar. Thus, it seems impossible to try to describe
these fine high-pressure effects, using for a non-deformed crystal the averaged value of p; given
in table [Il Instead, we shall determine separate values of pj, which provide the best fit to the
experimental data for static permittivity obtained in 23] and in [41] at each pressure considered
therein. Thus, the possible pressure variation of the effective dipole moment w1 can be inferred.

The measurements, reported both in [23] and in |41)], revealed a decrease of the peak value of
permittivity at a lower Curie temperature with increasing pressure. This is attributed [23] to a
partial clamping of the samples due to the increased viscosity of the pressure-transmitting fluid
and suppression of the piezoelectric shear strain €4. To calculate the dielectric permittivity of a
partially clamped crystal we assume that the clamping caused by the viscous fluid under hydrostatic
pressure is uniform throughout the crystal sample. We assume that, at least, the part of shear strain
¢4 induced by the measuring electric field (normally at 1 kHz) is smaller than the one given by
equation (). The total strain is then equal to

e 2
g4 =¢csatk (%El - %gi) - (23)
Cya VCyy

Here €44 is a spontaneous part of the strain; &; is the field-induced part of the order parameter.

The introduced phenomenological coefficient 0 < k < 1 describes the extent to which the
external pressure suppresses the shear strain e4: the cases ¥ = 0 and k£ = 1 correspond to the
totally clamped and free crystals, respectively. Values of k are, naturally, pressure and temperature
dependent and are different for experimental setups with different pressure-transmitting liquids.
Thus, the level of clamping at T; was apparently much higher in the experimental setup of
[41] than in |23], possibly because the corresponding temperatures are lower, and the viscosity of
pressure-transmitting liquid is higher (benzine and silicone oil [41] vs pentane isopentane mixture
f23).

Substituting equation (23] into equation (I0) we obtain the corresponding polarization. Dif-
ferentiating it with respect to Ej, taking into account equation ([7]) and neglecting variation of
diagonal strains with the field, we get the dielectric susceptibility of a partially uniformly clamped
crystal
Bu1)* s

2’U€Q @2 — k‘AgD3 ’

Xt =X + (24)

where

k
X5 =51 + 56?465(1)4 ; 1y = p1 — 2kady, .

From equation (24]) in the limiting cases k = 0 and & = 1 we obtain susceptibilities of totally
clamped and free (in the paraelectric phases) crystals. In the ferroelectric phase, a more accurate
expression for susceptibility should also contain terms like Y eq;dy;, albeit small, produced by
contributions of diagonal strains. In this subsection these contributions will be neglected, and
permittivity will be calculated using equation (24)).

The temperature curve of dielectric permittivity near the lower Curie point at atmospheric
pressure presented in [23] appears to be drawn qualitatively. In the fitting procedure we relied on
the data of [3] for these temperatures. Near the upper Curie point, the data of |23] and |3] agree
fairly well.

Comparison of the calculated temperature dependences of the permittivity with experimental
data is given in figures 8 and [@l A fairly good description of the experiment in paraelectric phases
is obtained at a proper choice of k and p; values. The disagreement at 2.2 and 4.1 kbar in figure
is due to the mismatch between the calculated and experimental Curie temperatures at these
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pressures. The disagreement observed in the ferroelectric phase is due to the essential domain
contributions to the permittivity, not included into the present model.
To fit the data of |41] the coefficient k is taken
to be 1 at 297 K (a free crystal). At 255 K we use el
the following values of k: 0.65, 0.4, 0.25, 0.2 at 0, 11 4
0.5, 1.2, 2.0 kbar, respectively. A linear interpola-  0-020
tion between these values at 255 K and 1 at 297 K 1
is used. For 3.2 kbar we use k = 0 at 265 K and 1~ 0.015+
at 297 K, also with a linear interpolation for the 1
intermediate temperatures. For the data of [23] we ~ 0.010
use k = 0.9 above 11.7 kbar for the lower Curie
temperature. 0.005
The pressure and temperature variation of the
dipole moment p; is more complicated and contra-  0.000
dictory. First, to fit the experimental data of [41]
for permittivity at ambient pressure we have to as- Figure 8. The temperature dependence of the
sume that p1 increases with temperature; whereas inverse static permittivity of Rochelle salt
for the data of 23], |3] it should be assumed to at different values of hydrostatic pressure py
decrease with increasing temperature, but slower (kbar): 1, O: 0; 2, O: 0.5; 3, A: 1.2; 4, V:
than it was given in table il 2; 5, >>: 3.2. Lines: a theory; symbols: exper-
To fit the permittivity points at high pressures imental points taken from [41].
we need to assume that the pressure dependence
of 111 is opposite to its temperature dependence: if it decreases with increasing temperature, then it
increases with pressure and vice versa. Thus, for the data of |23] we use the following dependence

py = pd [L+kr (T — TS,)] (1 + kyp)

with 4§ =8.94-1073% C-m and kr = —0.001 K~1. The pressure coefficient k, was 0.03 kbar~! for
pressures below 5 kbar and 0 above 10 kbar.

T T T T T T T
240 260 280 300 320

11
-1
et 0.03
0.02 4

0.02 1

\1

0.01+

0.01

il T(K

0.00 0.00 T (I )

T T T T T T T T l T — T
240 260 280 300 320 340 360
(b)

Figure 9. (Color online) The temperature dependence of the inverse static permittivity of
Rochelle salt near the upper (left) and lower (right) Curie points. The values of hydrostatic
pressure are: 1, %, 0: 0; 2, A: 2.2; 3, O: 3; 4, vV : 4.1; 5, >: 5; 6, o: 11.6; 7, <1: 14; 8, €P: 16.6;
9, B: 20. Symbols are experimental points taken from [3] (%) and |23] (other symbols). Lines:
a theory.

This behavior is quite unusual since the dipole moments are expected to be reduced by hydro-
static pressure or by decreasing temperature due to the overall reduction of interatomic distances.
The increase of p; with hydrostatic pressure can be explained with the help of a certain assump-
tion used in constructing the spatial four-sublattice model of Rochelle salt [44]. It states that the
dipole moments in it are actually the 3D vectors, which are not oriented along the a-axis like in
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the two-sublattice model. Their projections on the b and ¢ axes are different from zero, but com-
pensated at all temperatures, unless an electric field perpendicular to spontaneous polarization is
applied. The a-projections are the dipole moments of a two-sublattice Mitsui model, compensated
in paraelectric phases. It may be assumed that hydrostatic pressure rotates the spatial dipoles
in such a way that their projections on the a-axis (and ) increase. This increase is fast at low
pressures and slows down above 10 kbar, possibly because the dipoles are already oriented along
the a-axis.

To fit the data of [41] we use u§ = 1.0-1073% C-m, kr = 0.003 K1, and k, = —0.012 kbar 1.
This is consistent with the picture when pressure and temperature affect the dipole moment w4 in
the opposite ways. The measurements [41] of humidity (extreme drying and wetting) effect on the
permittivity of Rochelle salt have shown that in strongly wet samples the permittivity increases
significantly as compared to the permittivity of normal samples, especially in the upper paraelectric
phase. It appears that the samples used in the hydrostatic pressure studies [41] were moderately wet.
On the other hand, a decrease of p1 with increasing temperature (like in |3, 123, [42]) seems to be an
intrinsic behavior of normal Rochelle salt samples. To explain the increase of 1 with temperature
in wet samples we can assume that due to the excess of water, the crystal conductivity increases,
thus increasing the dielectric permittivity, especially at high temperatures where the mobility of
charge carriers is very high.

4.5. Uniaxial pressures effects

To get a clearer picture of the uniaxial pressure effect on the Curie temperature and dielectric
permittivity, it is useful to analyze it within the phenomenological approach. We start with the
thermodynamic potential

3 3 3
G 1 Sﬁ 9 9 1T 5, 1. 4
vV -3 1'3'2;1 SijPibj — = Pa— P ;Muz;pim + 914aP1ps + P ;Qupi +gabPr + B8Py,

(where sf; = M4 Py are the elastic compliances, and the My, are simply the proportionality
coefficients between sf; and polarization. Also, Q1; are the electrostriction constants; o = (T —
TE,) or a = ar(T8; — T), B are the coefficients of the Landau expansion). Hence, one gets the
following expressions for the temperature and magnitude of the permittivity maxima

2/3
3 3
max 2 3 (4B)"°
X =T¢, ar Z Quipi + 1 ( a)T E - Z Miiapipa + g14pa ;
=1 =1
; ; 2/3
Emax = 5(45)1/3 Ei — Z Miiapipa + g14pa : (25)

ij=1

In the absence of the fields conjugate to the order parameter (E; and p4), the T75™ correspond
to the phase transition temperatures. As one can see, in this approximation the uniaxial and
hydrostatic (pn, = p1 = p2 = p3) pressures lead to linear shifts of the Curie temperatures, where
the permittivity still diverges. In combination with the shear pressure p; they smear the transitions,
shift the permittivity maxima, and lower the peaks height. It also follows from equation (28] that
if P4 = 0

oTcr 5 Tcy

Opn op;

(26)

In table Bl we summarize the experimental data on the uniaxial pressure slopes of the transi-
tion temperatures of Rochelle salt and present our results obtained within the herein developed
modification of the Mitsui model. The data of [25] are estimated from the presented therein 11 (7T)
curves, each being measured at a single value of p; near the upper Curie temperature.
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Table 3. Uniaxial pressure derivatives of the transition temperatures of Rochelle salt (in K/kbar).

[24] [25] [26] this work
0Tc1/0p1 —29 ~26.6
0Tc1/0p2 15 14.8
6T01/6p3 17 18.0

0Tc1/0(p2 + p3) 30+ 2 34.0
OTca/Om 35 35.6 32.9
0Tca/0p2 -16 18 -16.5
0Tc2/0ps3 -8 6.7 -8.5

OTca/d(p2 + p3) —22+1 ~26.2

The theory and experiment for the uniaxial pressures agree within 10%, which is close to the
experimental error [24]. The theoretical dependence of the Curie temperatures on the biaxial pres-
sure pa +ps is a little stronger than the experimental one. Also it can be noticed that equation (28]
is not fulfilled.

Independent measurements |25, 26, 41)] of dielectric susceptibility of Rochelle salt under different
uniaxial and biaxial pressures revealed a decrease of the peak values of susceptibility at the Curie
points as well as smearing out of the peaks. These effects are enhanced with increasing pressures.

A uniform partial clamping of samples by an apparatus creating the uniaxial pressures can
explain the observed lowering of the peaks, but not the smearing of the transitions. As an intrinsic
phenomenon, both these effects can be caused by application of an external field conjugate to the
order parameter: the electric field F; directed along the axis of spontaneous polarization or the
shear stress o4, that is, by the field which induces polarization P; in the paraelectric phases. In an
ideal experiment, no uniaxial or biaxial pressure applied along the orthorhombic crystallographic
axes should act in this way, because piezoelectric coefficients associated with these pressures are
zeros outside the ferroelectric phase.

It appears that the observed smearing of the anomalies is an artefact caused by experimental
errors. We can think of the following factors that in a real experiment can lead to the smearing.

(i) Stress inhomogeneity. Even a weak inhomogeneity of the applied pressure, partial clamp-
ing/sample end constraints, surface irregularity result in a non-uniform strain distribution
over the crystal sample; thus, in different parts of the sample the phase transition is shifted
to different temperatures. The higher is pressure, the larger is the difference between these
temperatures, and the more diffuse is the transition, exactly as observed in |41].

(ii) Stray shear stress o4, whose effect would be enhanced by its combination with the uniaxial
pressures p;, as it follows from equation (25]). The stress o4 can arise even at a slight misori-
entation of the samples, as a component of the uniaxial loading intended to create py or ps
pressures. There can also occur built-in local shear stresses o4 caused by sample defects, e.g.
dislocations.

There will be too much uncertainty if we try to take the effect of these factors into account in
the theory. Thus, we shall not attempt to describe the behavior of the static dielectric susceptibility
in uniaxially stressed Rochelle salt crystals.

5. Concluding remarks

We proposed a generalization of the deformable Mitsui model |9], which along with the piezo-
electric shear strain €4 takes into account the diagonal strains €1, €2, and 3 as well. In contrast to
the previous attempt [19], in order to incorporate the diagonal strains into this model, the thermal
expansion is consistently taken into account.

43602-16



Mitsui model with diagonal strains

In the mean field approximation we find polarization and the strains, as well as thermal, elastic,
and piezoelectric characteristics related to diagonal strains. For the case of Rochelle salt we suggest
an elaborated fitting procedure and choose the set of the model parameter values, providing as
good as possible consistent description of all these characteristics, as well as of external hydrostatic
and uniaxial pressure effects.

The expression for susceptibility of a partially clamped crystal is derived in order to describe the
behavior of the observed susceptibility of Rochelle salt under hydrostatic pressure near the lower
Curie point. By fitting the theoretical curves to the experimental points, the pressure variation
of the effective dipole moment p; is estimated. An increase of p; with hydrostatic pressure at
low pressures and a decrease with increasing temperature seem to be an intrinsic behavior for
this crystal. The interaction constants and the asymmetry parameter were found to increase with
hydrostatic pressure too. This is consistent with the picture, where the dipole moments in Rochelle
salt are 3D vectors [44], assuming they rotate under pressure in such a way that their projection
on the a-axis increases.

Apart from Rochelle salt, the developed modification of the model with appropriate changes
can be used for consideration of the pressure effects and thermal expansion in other ferroelectric
crystals described by the Mitsui model. The fitting procedure, however, for each such crystal will
require extensive experimental data; further measurements will, therefore, be necessary.

The presented model and the found values of its parameters are a good starting point for
developing a model description of ferroelectricity in nanosize inclusions of compounds, to which
the Mitsui model is applicable, grown in a porous matrix |11, [13, [14].
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Moaenb Miuyi 3 giaroHanbHUMuN pedopmadiasmu: 06’'eaHaHN
ONUC BMNJIUBY 30BHILUHIX TUCKIB | TENJIOBOro PO3LUMPEHHS B
cernervosin coni NaKC 4H,O¢ - 4H,0

A.M. Moind®, PP Nesuubkuii, 1.P. 3auer@

1 IHCTUTYT @i3nku koHAeHcoBaHUx cuctem HAH Ykpainu, 79011 Jibsis, Byn. CBeHUiUbKkoro, 1
2 HauioHanbHWA yHiBepcuTeT “JIbBiBCbka nonitexHika”, 79013 J1beis, Byn. C. Bannepu, 12

3anponoHoBaHo Moaudikauito aedopmisHoi asonigrpaTkoBoi mogeni Miuyi po6it [Levitskii R.R. et al,
Phys. Rev. B. 2003, 67, 174112] Ta [Levitskii R.R. et al., Condens. Matter Phys., 2005, 8, 881], aka mno-
CNifOBHO BPaxoBYE AjaroHasibHi KOMMOHEHTU TeH3opa Aedopmalii, Wo BMHMKAIOTb Nif, OiEl0 30BHILLHIX
TUCKIB Y/ BHACNIOOK TEMJOBOro pPo3lMpeHHs. Po3paxoBaHO MOB'A3aHi 3 UMMK gedopmanisMmni Tenno-
Bi, M'€30€NEKTPUYHI Ta NPYXHi XapakTepPUCTUKM CUCTEMU. BMKOPNCTOBYIOHYM 3aNPONOHOBAHY CXeMy, A4S
KpUCTaniB cerHeToBOi COJi 3HaAeHO Taknii Habip NapamMeTpiB Teopii, Wo 3abe3nevye 3a40BifbHE Yy3ro-
IDKEHHS 3 eKCnepuMeHTaNbHUMU OaHUMW 419 3asiexHocTen Temnepatyp Kiopi Big rigpoctatndHoro ta
O[HOBICHMX TUCKIB, @ TaKOX TeMMNepaTypHMX 3aNeXHOCTeN Tennosmx gedopmaLiii, NiHiiHMX KoedilieHTiB
TEMNJIOBOr0 PO3LUMPEHHS, MPYXHUX CTaInX 05- i ciE4, n'e3oenekTpunyHnx koediuieHTiB di; 1 g1; (1 = 1,2, 3).
3anexHoCTi AieNeKkTPMYHOi MPOHMKHOCTI Bif, MAPOCTaTUYHOIO TUCKY ONMCaHOo 3a A0MNOMOro OTPUMAaHOro
B po6OTi BUpa3y AJ1 NPOHUKHOCTI YHaCTKOBO 3aTUCHYTOro KpucTany. BusiBneHo, Wo AnnosbHi MOMEHTU Ta
napameTp acMMETPIi B CEFHETOBI CoNi 3pOoCTatoTh 3 riAPOCTATUYHUM TUCKOM.

Knio4oBi cnoBa: cerHetosa Cisib, Tern/10Be PO3LUNPEHHS, MapOCTaTUYHU TUCK, O4HOBICHWI TUCK,
mogesnb Minyi
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