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Within the modified four-sublattice pseudospin model of deformed RbHSO, ferroelectrics,
using the Glauber method and in the mean field approximation we calculate the dynamic
dielectric permittivity of a mechanically clamped crystal and explore its dependence on
uniaxial pressures in wide temperature and frequency ranges. A satisfactory quantitative
agreement with the experimental data is obtained.
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1. Introduction

Studies of the effects produced by mechanical stresses of different symmetries on the physical charac-
teristics of ferroelectrics give a deeper insight into the mechanisms of the phase transitions in these
crystals and also allow one to search for new physical effects, not observed at ambient pressure.

Rubidium hydrosulphate RbHSO, (RHS) is an order-disorder ferroelectric. It has a single Curie
point (T, = 265K) [1]. The spontaneous polarization arises continuously, indicating the second order
phase transition. In the high-temperature phase the crystal structure of RHS is monoclinic, the space
group P2y /c— 025h' Below the transition point the crystal symmetry is still monoclinic, but the space
group changes to Pc — C? [1-3]. In both phases the unit cell contains eight molecules: Z = 8.

The phase transition is associated with motion of the sulphate groups (SO4)11, (SO4)12, (SO4)13,
(SO4)14 between two asymmetric equilibrium positions. The complexes (SO4)21, (SO4)22, (SO4)2s,
(SOy4)24 are fully ordered at all temperatures and do not play any role in the ferroelectric phase
transition. These complexes form the lattice of elementary dipoles, directed along the z axis (Fig. 1).

The dipole moments, formed in the

paraelectric phase by the (SO4) com- / ogém) ‘Rb .L\/i(m &
(0}
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ments, formed by the complexes of the

(21) and (22) type are antiparallel to a b

the dipole moments formed by the (23) Fig. 1. The primitive cell of RbHSOy4 (a) and the scheme of the

orientation of effective dipole moments dg¢ of the sulphate groups
(SO4)1y in the paraelectric phase (b).

and (24) complexes.

Two equilibrium positions (poten-
tial wells) of these complexes (1f) (f = 1,2,3,4) are not equivalent. Above the transition temperature
T. the complexes (1f) sit in their more energetically favourable equilibrium positions (deeper potential
wells). Mathematically the non-equivalence of the equilibrium positions expresses via an additional
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longitudinal field A, acting on the dipole formed by the sulphate complex. These fields are antiparallel
for the (11) and (14) complexes, as well as for the (13) and (12) complexes.

In [4] the four-sublattice model with an asymmetric two-well potential has been proposed for the
RbHSOy4 crystal, which also takes into account the piezoelectric coupling between the pseudospin and
lattice subsystems. This model permitted to obtain a qualitatively correct description of the elastic
constants, and a quantitatively correct description of the static and dynamic dielectric and thermal
properties of this crystal; in [5] the dielectric properties of deuterated RbDSO,4 have been successfully
described by the same model. The influence of hydrostatic pressure on the phase transition and
longitudinal dielectric permittivity of RbHSO,4 were explored [6]; an attempt to predict the effects of
the uniaxial pressures and the shear stress o5 on the dielectric permittivity was made in [6,7]. However,
the model [4] does not take into account the splitting of the parameters of interactions between the
pseudospins in presence of the shear strains €4 or €¢; hence, no reliable prediction of the shear stresses
o4 or og effects on the thermodynamic characteristics can be made within its framework.

In [8] the model [4] of the RbHSOy crystal has been modified to the cases, when the system symme-
try is lowered down by the shear stresses o4 and og. Influence of these mechanical stresses of different
symmetries on the phase transition, dielectric, piezoelectric, elastic, and thermal characteristics of this
crystal have been studied. The influence of electric field on these characteristics and the electrocaloric
effect have been explored as well.

In the present paper we calculate the temperature and frequency dependence of the dynamic di-
electric permittivity of RbHSO4 and explore its behavior in presence of uniaxial pressures.

2. Four-sublattice deformable model

In order to calculate the thermodynamic characteristics of RbHSO,4 we use the model [8] and take into
account the presence of four structural units (sulphate complexes (SO4)11, (SO4)12, (SO4)13, (SO4)14)
in the primitive cell, which move in double asymmetric potential wells. We ascribe to these units the
dipole moments d,¢, where ¢ is the primitive cell index; f is the index of the dipole moment within
the cell (f = 1,...,4). In the paralectric phase the sum of these moments is equal to zero; their
orientations are shown in Fig. 15.

The changes Ad,s are responsible for appearance of spontaneous polarization in the ferroelectric
phase.

The pseudospin variables ng .. 024 describe reordering of the dipole moments associated with the
structure elements dgy = 2f The mean values of (§) = %(na —ng) are connected to the differences
in the populations of two possible equilibrium positions of groups (SO4)1f: ng and ny.

The model Hamiltonian in the pseudospin representation reads

H NUseed — Z Z Jff’ (](] faqfl ZZ Af_‘_lj'fE (1)
a.q f.f'=1 q f=1
where IV is the number of the primitive cells.
The term Useeq in (1) is the seed energy, which corresponds to the lattice of heavy ions and is
not explicitly dependent on the configuration of the pseudospin subsystem. It includes the elastic,

piezoelectric, and dielectric parts, expressed via the electric fields E; (i = 1,2,3) and strains wu;
(7=1,...,6) [8]:
1 6
Useed = v 3 Z c? o (T)ujug — ZZe”uj Z XMOE E;|. (2)
3'=1 i=1 j=1 1,1 = 1

The parameters c?j,(T), e?j, X%O are the so-called seed elastic constants, coefficients of piezoelectric

voltage, and dielectric susceptibilities; v is the primitive cell volume.
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The second term (1) describes the interactions between the pseudospins; og4¢ is the z-component of
the operator of the pseudospin, situated in the g-th cell at the sulphate group (SO4)1¢ (f =1,2,3,4).
We write the second term in (1) in the mean field approximation

——Z Z Jysrlaq) L= ZJff' (ad) L ZJff' (aq) -2 (3)

0.9 [,f'=1

7. f’ 7. f’

The third term in (1) describes the interaction of the pseudospins with the external electric field E
and with the local fields Ay. The parameters p, are the effective dipole moments per one pseudospin
By = po = (U%, @, p1i7), pg = py = (p®, —p¥, pi*).

The Fourier-transforms of the interaction constants Jyp = zq, Jrp(qq’) at k = 0 and the local
fields Ay are linearly expanded over the strains u;

g =JT7p + Z Yrpgug,  Ap =A%+ Z P ity (4)
With taking into account the crystal synimetry the parameters Jy ff read
Ju = Th+ D i+ Pruaua + Yiisus, Ja3 = T+ i — Priata — Yrigus, (5)
I=1,2,35 1
Jiz = Tl + > i £ Prasua + iogus, J = Jis + ZZ:Tﬁlszul, Ju = Jis + Zl:¢14zul,

l
— _ 0 _
As a result, in the mean field approximation the initial Hamﬂtonian (1) is

A

1
3

N N o,
H = NUseeat 5 > _Jrpmpny = Z % qf7 (6)
ff q f=1
where ]
fl

3. Thermodynamic characteristics of RbHSO4

To calculate the thermodynamic characteristics of RbHSO4 we use the thermodynamic potential per
unit cell, obtained in [8] within the mean field approximation

G 1 s
g:N:Useed‘Fg%;Jff’nf??f’— 51n2——21ncosh Hf—v;aju] (8)

From the conditions of the thermodynamic equilibrium

B (), -
anf E;,04 7 8uj E;,04

we obtain the system of equations for the order parameters 7y and strains wu;:

ns = tanh g?—[f, (9)
: ’ ¢ff' P
=D Ty — Z e Ei - Z — Ny = QUJ ny- (10)
j'=1 L=t =1

For the uniaxial pressure applied along the OX axis —p; # 0, —p2 = 0, —p3 = 0, 0; = 0, along
the OY axis —p2 # 0, —p1 = 0, —p3 = 0, 0; = 0, and along the OZ axis —p3 # 0, —p1 =0, —p2 =0,
05 = 0.
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4. Dynamic dielectric properties of mechanically clamped RbHSO, crystal. Analytic
results

Hereafter we study the longitudinal dynamic dielectric characteristics, when the shear stresses are
absent. In this case the shear strains u4 and ug are equal to zero. We use the approach based on the
ideas of the Glauber stochastic model. In this approach the following system of the Glauber equations
for the time-dependent one-particle correlation functions of pseudospins is obtained

d 1

a5 (0us) = (s |1 = gt 320y 0)| ) (1)

where the parameter « sets the time scale of the dynamic processes in the system; e,/ (t) is the local

field acting on the f’th pseudospin in the gth cell; this is the factor at o4 /2 in the initial Hamiltonian.
In the mean field approximation the local fields e,¢(t) are the factors at o4¢/2 in the one-particle

Hamiltonians (7), reading

1
caf =My =5 Ty +Af + 1B, (12)

As aresult, from (11) we obtain the following system of equations for the mean values of pseudospins
(o4f) = ny within the single-particle approximation
BH s
—nf=— tanh —= 13
a— =~y +tanh —=, (13)
In solving Egs. (13) we shall restrict our consideration by the case of small deviations from equi-
librium. To this end we present 7y and the effective fields H; as sums of the equilibrium parts of the

quantities and their fluctuation parts (mechanically clamped crystal), and also expand tanh(...) in
series over Hy, retaining only the zero order and linear terms

ng =1y + Nyt (14)

- 1 - 1
Hi=H;+Hp = B ZJff’Uf’ + Ay —I—,Uj:Ez + 3 ZJff”?f’t -|-,uerzt-
1 I

tanh @ = tanh 572.[ + K 57;]%

Substituting (14) into (13) and taking into account Eq. (10), obeyed at equilibrium, we obtain the
system of equations for the non-equilibrium contributions to the order parameters

BH N
Kle—tanhszzl—n?.

d 3 (1

In presence of the field E,; from the symmetry considerations it follows that 7 = 93¢, n2: = 14,
p7 = p*, and the system of equations (15) reads

d [ my ) < ai; a2 ) < M1t ) ( by > 2
4 _ E.., 16
dt < M2t a1 a2 N2t * by Bi B (16)

where
K
ap = (—1+ Klg(tfll + Ji13))/a, aip = Kl b (J12 + J14), b = 2—01
K
a = Kz b (J21 + Ja3), azp = (—1+ Kzﬁ(zbz + Ja1))/a, by = 2—5- (17)

Solving Eqgs. (16), we obtain the time-dependent mean values of the pseudospins. The components of
the dynamic dielectric susceptibility of a clamped RHS crystal are determined as

MZ d(me +13t)3
lim ——————2=,
Xss(w) = X33 + E3;—0 U dFEs3;
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The obtained susceptibility components consist of the “seed” contribution and two relaxation modes
2

X1
X33(w) = X33 + Z T+ ion (18)
=1

where

2\2
= %%(-Ul_l {b1 + b2 + my[brage + baa11 — (braz1 + baai12)]},

71,2 are the relaxation times

_ 1
(r12)7' = 3 {—(au + ag) £ v/(a11 + ax)? — 4(ajzas — 6112&21)} . (19)
The components of the complex dielectric permittivity of the pseudospin subsystem of RHS read
4y . dnwr; X
— (2 /i 1A 20
ehg(w 633—’_214-(,07' , egz(w) = 271+(w72) (20)

5. Comparison of the numerical calculations with experimental data

The values of the model parameters have been determined in [8] by fitting the calculated characteristics
to experimental data for the temperature dependences of the spontaneous polarization P3(T) [1,9],
dielectric permittivity e33(7") in absence of external influence [1,9] and at different values of hydrostatic
pressure [10] and electric field [11], molar specific heat C(T") [12], and elastic constants c;;(T") [13].

The interaction constants in an un-deformed crystal J](c]f, (f, f' =1,2,3,4) and the local fields AY,
creating the asymmetry in the populations of two equibrium positions, are the following JY, /kp =
I kg = 312K, J% kg = JY kg = 310K, AY/kp = 244.81 K. The rest of the parameters J})f, and
AO are determined by the crystal symmetry, as discussed in (5).

The deformation potentials ¢y ; and ¢y; are: 7/)111 = —1700K, ¢112 = —4600 K, ¢113 = —500K,
P114 = 0K, Y115 = 1200K, 116 = 3500K, 1121 = —500K, t120 = —3040K, 1123 = —500K, 124 =
0K, 1195 = 400K, 1/1126/k:3 = —7000K, z/Jff/ Y¢pi/kp. The analysis shows that the calculated
thermodynamic characteristics depend on the sums v11; + Y131, Y12 + 141 (I = 1,2,3,5). For the sake
of simplicity, we take them to be equal, that is, ¥131 = Y111, Y141 = Y¥121. The rest of the parameters
Yypr; are determined by the crystal symmetry of RbHSOy, as discussed in (5), ¢y = 0K.

The effective dipole moment equals /f =2.8-107%C-m. x 10" @)

The “seed” dielectric susceptibility x3% 0 coefficients of piezo-
electric voltage elj, and elastic constants ng are: x4 = 0.159
(note that in [8] we took it to be equal to 0. 35) X?:(J,) = 0.0; eo =
0 Cz,cn =3.06-10'0 I 2,612 =1.54.10%0 & 2,613 =0.8-1010 L
9y = 3.8-1010 1 2, 023 = 0.67-100 & 2, 633 = 3.62 - 1010 %
Ay =048 - 1010 1 oA A = 053 1010 B el = 1.25 - 100 1,
s =5 =5 =clg =005 m2

The primitive cell volume of RHS is v = 0.842 - 10727 m3

The parameter o = P + R|T —T,|, where P = 1.6- 107145,
R=-0.011-10"s.

0
-20 -10 0 10 20T, K

o Fig.2. The temperature dependence
There are two contributions to the components of the dy- of %he inverse relaf()ation time IZT2)_1 at

namic dielectric permittivity tensor in the RbHSOy4 crystal.  jifferent values of external pressures.
Only one of these contributions to the permittivities is crucial — The symbols h, and 1,, 2,, 3, cor-
(x2 > x1); the respective relaxation times are 75 > 7. The  respond to the hydrostatic and uniax-
magnitude of (73)~! decreases at approaching the transition  ial pi, p2, ps pressures, respectively.
temperature and vanishes at T = T,. Influence of the uniaxial =~ The lower index denotes the pressure

pressures p; on the relaxation time is illustrated in Fig. 2: the p (kbar), e [14].
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temperature dependences of (72)~! at different values of pressures are shown. The uniaxial po, p3
and hydrostatic py pressures increase the value of the relaxation time 7o in the ferroelectric phase at
fixed AT, whereas the uniaxial pressure p; decreases it. In the paraelectric phase the effect of the
pressures p; on the magnitude of the relaxation time 75 is much weaker than in the ferroelectric phase;
the uniaxial po and hydrostatic py pressures decrease 1o, whereas the p1, ps pressures increase it. The
influence of the p3 pressure on 75 is the smallest, as compared to that of the p1, ps pressures.

33
35 < 25 = 12
25— 00000 | ESEF=EE= b2
30 ’ 1 N
2 i n2 20} 5 \ 10 BURNAY
5 2wk WM 1?2 2,2 37 h2 12 3 "’/ 12
U _ J
2y ~ 8 A
20 2 W A 15 12 ~y S~
O 5 U/ -5\
2 1, 6 . o 7o\
15 2 3 El==l=slaafs = o 3% L5 1°
W 2, 120 20 10 2 W2 2
25 \& 2 2| k- - -10 VNN
S 2 4 2 U s N, 2D
10 /A 7 o 20 2 YN\3° 7 1710
b 320 1 5 >y 5
2y, 5 0N
5 4 Z 2 0 ING X =
% 4 , -10 ,-10 o-10 ,-10 TS
. 27 M 1,72, 310 17 2z AL
0 0 = = =
8 9 10 11 7 8 9 10 11 ) 9 10 11
10 10 10 107 v, Hz 10 10 10 10 10 ViHz 10 10 10 10 v, Hz

Fig.3. The frequency dependences of the real €4 Fig.4. The frequency dependences of the real e}4
and imaginary 45 parts of the dielectric permittivity and imaginary e4; parts of the dielectric permittivity
RbHSO4 at different AT and different values of the RbHSO, at different AT and different values of the
pressures (kbar). The symbols h,, 1,, 2,, 3, corre- pressures (kbar). The symbols h,, 1,, 2,, 3, corre-
spond to the hydrostatic and uniaxial p;, p2, ps pres- spond to the hydrostatic and uniaxial pi, p2, p3 pres-
sures, respectively. In the quantities 1§T, 2PAT, 3pAT, sures, respectively. In the quantities 1§T, 1pAT, lpAT,
h3T, AT =2.0K - A [14], O [15], o [16]; AT =5.0K ~ h3T, AT = —2.0K; AT = —5.0K; AT = —10.0K,

v [14], O [15]; AT = 10.0K — > [14], O [15]; AT = 20K whereas the lower index denotes the pressure.
— O [15], o [16], whereas the lower index denotes the
pressure.

10 /
-4 -2 0 2 4 6AT,K -4 -2 0 2 4 6AT,K -10 -5 0 5 10 154TK

Fig.5. The temperature dependences of the real e4; Fig.6. The temperature dependences of the real e54
and imaginary 45 parts of the dielectric permittivity and imaginary e4; parts of the dielectric permittivity
RbHSO, at different frequencies v (GHz) and differ- RbHSO,4 at different frequencies v (GHz) and differ-
ent pressures. The symbols 1,, 2,, 3, correspond to ent pressures. The symbols 1,, 2,, 3, correspond to
the uniaxial pressures pi, p2, ps, respectively. In the the uniaxial pressures pi, p2, ps, respectively. In the
quantities 17, 27, 3} the upper index denotes the fre- quantities 1}, 2%, 3} the upper index denotes the fre-
quencies: 0.455 — 1, « [14]; 3.27 — 2, A [14]; 9.50 — quencies: 8.72 — 1, o [17]; 22.55 — 2, ¢ [17]; 41.7 —
3, ¥ [14], whereas the lower index denotes the pressure 3, * [17], whereas the lower index denotes the pressure
(kbar). (kbar).

Related to the relaxation time 73 is the typical for this crystal relaxation frequency vs = (27m) 7t
which nominally separates the regions of the low-frequency and high-frequency dynamics of the system.

Since the relaxation time decreases with pressures po, p; in the paraelectric phase, the curves
ehs(p2,v) and e54(p2,v), ehq(pn,v) and €54(pp,v) are shifted downwards by these pressures (Fig.3),
whereas the curves ehs(p1,v) and €45(p1,v), eh3(ps,v) and €45(ps,v) are shifted upwards, since the
relaxation time 79 increases with these pressures.
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In the ferroelectric phase the increase of the relaxation time 7o with the pressures po, ps3, pn leads to
the increase of the values of e45(p, ) below the dispersion frequency v, and to the decrease at v > v,
whereas the values of €45 (p, v) are increased by these pressures at all frequencies (Fig. 4).

The pressure p; decreases the values of e45(p1,v) at frequencies v < vs and increases at v > v,
(Fig.4). With increasing AT =T — T and frequency, the influence of the pressures p; on the values

of ehs(pi, v) and e45(p;, v) weakens.

The dispersion region in the frequency dependences of e55(p;, ) and e45(p;, ) both in the para-
electric and in the ferroelectric phase is shifted to lower frequencies by the pressures p; (Fig. 3, 4).

Figs. 5, 6, and 7 show the temperature
dependences of the real e45(p;, T') and imagi-
nary ef45(pi, T') parts of the dielectric permit-
tivity of RbHSO4 at the different frequen-
cies v (low frequencies: Fig.5, intermediate
frequencies: Fig. 6, high frequencies: Fig.7)
and different values of uniaxial pressures p;.

The influence of uniaxial pressures on
the temperature dependences of the dynamic
permittivity consists, mainly, of the shifts of
the ehs(p2, T) and e45(p2, T), €54(ps, T) and
43(p3, T') curves to higher temperatures due
to the increase of the transition temperature
T. with pressures po and ps3, respectively,
whereas the curves e54(p1,T') and €55(p1,T)
shift to lower temperatures.
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Fig. 7. The temperature dependences of the real e, and
imaginary €4, parts of the dielectric permittivity RbHSO4
at different frequencies v (GHz) and different pressures.
The symbols 1,, 2,, 3, correspond to the uniaxial pres-
sures pi1, P2, P3, respectively. In the quantities 1;, 22, 3;
the upper index denotes the frequencies: 118 — 1, « [16];
190 — 2, e [16]; 366 — 3, A [16], whereas the lower index
denotes the pressure (kbar).

The permittivity curves e53(p1,T) and e34(p1,T) are shifted upwards by the pressure p; in the
paraelectric phase and downwards in the ferroelectric phase. The values of e55(ps,T) and €%5(p3, T)
are slightly increased by the pressure ps in the paraelectric phase. Application of the uniaxial pressure
p2 decreases the magnitudes of 45(p2, T') and £45(p2, T') in the paraelectric phase and increases them
in the ferroelectric phase.

6. Conclusions

The model of the deformed RbHSO4 crystal predicts a linearly increasing dependence of the transition
temperature T, on the uniaxial pressure po, decreasing on the pressure p;, whereas the pressure ps is
predicted to hardly affect the transition temperature. Similarly, the influence of ps3 on the dynamic
permittivities is minor.

With increasing frequency the influence of the uniaxial pressures p; on ehs(pi, T) and e54(pi, T')
weakens. The influence of p; on ehs(p;, v) and e45(p;, ) weakens with increasing AT =T — T¢.

The obtained temperature and frequency dependences of the dynamic permittivities of RbHSO4
in presence of the uniaxial pressures p; are the predictions of the model and should be verified experi-
mentally.
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Bnane ogHOBICHUX TUCKIB HA AMHaAMIYHI gleNneKTPUuYHi
xapaktepuctnkn RbHSO,

Jlepumpxuit P. P.!, Bauek 1. P.2

! Inemumym gisuru xondencosanux cucmem HAH Yrpainu,
syn. Ceenyiuvkozo, 1, 79011, Jlvsis, Yxpaina
2 Haugonanvnuti yrisepcumem “Tvsiscora noaimerwira’,
eyn. Bandepu 12, 79013, Jlveis, Yipaina

Ha ocnoBi MomudikoBaHOT 90THPHUITATPATKOBOI IICEBIOCIIIHOBOT MOJEl 1edOPMOBAHOTO
ceraeroesiekrpuka RbHSO,4 B mexxax meromy [taybepa B HaOIMKEHHI MOJIEKYISTPHOTO 10~
JIST PO3PAXOBAHO JIMHAMIYHY JIieJIEKTPUYHY ITPOHUKHICTh MEXAHIYHO 3aTHUCHYTOT'O KPHUCTa-
JIa, a TaKOXK JIOCJ/IJI?KEHO BILIMB Ha, Hel OJJHOBICHUX THUCKIB B MIMPOKOMY TEMIIEPATYPHOMY
i yacrorHomy mianasoni. OTpuMaHO 3aJ0BUIBHUI KiJIBKICHUI ONUC BiIIIOBIIHUX €KCIIEPH-
MEHTAJbHUAX JTAHUX.

Knwouosi cnoBa: ceznemoesexmpuru, dieaekmpuyuna OuHaAMINHG NPOHUKHICTIG, 6NAUG
MUCKY.
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