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Within the modified four-sublattice pseudospin model of deformed RbHSO, ferroelectrics, using
the Glauber method and the mean field approximation, we calculate the dynamic dielectric permitti-
vity of a mechanically clamped crystal and explore its dependence on hydrostatic pressure in wide
temperature and frequency ranges. A satisfactory quantitative agreement with the experimental

data is obtained.
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I. INTRODUCTION

The RbHSO, crystal is an interesting subject of study,
because it is sensitive to the influence of hydrostatic
and uniaxial pressure or electric field (see [1]). At T =
263.65 K [2] it undergoes the phase transition from
the high-temperature paraelectric phase to the low-
temperature ferroelectric phase; the spontaneous polari-
zation is directed along the c-axis (Fig. 1,a). The crystal
is monoclinic (the space group P2;/c in the paraelectric
phase and P/c in the ferroelectric phase) [3-5].

The phase transition is associated with the order-
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ing of the sulphate groups (SO4)1f in one of the two
asymmetric positions.

In order to describe the dielectric, piezoelectric,
and elastic characteristics of RbHSO4 in [1, 6-9],
the four-sublattice pseudospin model of RbHSO4 wi-
th asymmetric double-well potential has been proposed,
which also takes into account the piezoelectric coupli-
ng of the pseudospin and lattice subsystems. This model
allowed us to obtain a qualitatively correct description of
experimental data for the elastic constants and a quanti-
tively correct description of the dielectric and thermal
properties of this crystal, as well as the deformational
and field effects in it.
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Fig. 1. The primitive cell of RbHSO4 (a) and the scheme of the orientation of effective dipole moments dgs of the sulphate
groups (SO4)1y in the paraelectric phase (b)

In the present paper, we use the model of [1] to explore
the behavior of the dynamic dielectric permittivity of
RbHSO, at different values of hydrostatic pressure.

II. FOUR-SUBLATTICE MODEL OF A
DEFORMED CRYSTAL

In order to calculate the thermodynamic characterist-
ics of RbHSO,4, we use the model [1] and take into
account the presence of four structural units (sulphate
complexes (SO4)11, (SO4)12, (SO4)13, (SO4)14) in the
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primitive cell, which move in double asymmetric potenti-
al wells. We ascribe to these units the dipole moments
dys, 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. 1.b.
The changes Ad,s are responsible for the appearance of
spontaneous polarization in the ferroelectric phase.

The pseudospin variables Z&,..., % describe the
reordering of the dipole moments associated with the
structure elements dgy = ufU%f. The mean values of

(%) = 2(nq — ny) are connected to the differences in the

2701-1


https://orcid.org/0000-0002-1888-8664
https://orcid.org/0000-0002-2170-2445

A.S. VDOVYCH, R. R. LEVITSKII, I. R. ZACHEK, A. P. MOINA

populations of the two possible equibrium positions of
groups (SO4)15: ne and ny.

The model Hamiltonian in the pseudospin represen-
tation reads:

a4 £/
H NUsccd Z Z Jff qq f q2f (1)
qq’ f.f'=1
4 o
*ZZ(A#ME)%
q f=1

where N is the number of the primitive cells.

The term Ugeeq in (2) is the “seed” energy, which
corresponds to the lattice of heavy ions and is not expli-
citly dependent on the configuration of the pseudospin
subsystem. It includes the elastic, piezoelectric, and di-
electric parts, expressed via the electric fields E; (i =
1,2,3) and strains u; (j =1,...,6) [1]:

6
1
seed 5 Z C 'U,JU] (2)
J,3'=1
3 3 1
=D B D7 X EEY)
=1 j=1 3,1/ =1

The parameters ¢, (T), e;, xj{ are the so-called seed

elastic constants, piezoelectric stress coefficients, and di-
electric susceptibilities; v is the primitive cell volume.

The second term in (2) describes the interactions
between the pseudospins, taken into account in the mean
field approximation

_,Z Z Jff qq Qf0q2f’ (3)

qq’ f.f'=1
Ny ny
*ZJff (aq) —fi—ZJff (aq') 75 2f~
ff/ ff,

Here o4y is the z-component of the operator of the
pseudospin, situated in the ¢-th cell at the sulphate group
(804)1f (f = 172a354)7 ng = <O—(1f>

The third term in (2) describes the interaction of the
pseudospins with the external electric field E and with
the local fields Ay. The p; parameters are the effecti-
ve dipole moments per one pseudospin p; = py =
(1®, ¥, 12), s = pa = (u", —p¥, p*).

The Fourier-transforms of the interaction constants
Jrpo= > Jrp(¢¢") at k = 0 and the local fields Ay

pr

are linearly expanded over the strains u;:
0 0
Trpr=J90 + Y brpgug, Ay =AY+ opu;. (4)
J J

Taking into account the crystal symmetry, the
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parameters J7 s read

Jy = J0+ Z Yruw + Priaus + Y116,
1=1,2,3,5

Ja = JP) + > rw — st — Prisi, (5)
I

Jiz = Jiy + Zﬂflzluz + Y124us £ 126U,
I

Jis = Ji3 + > s, Ju = Ji + > b,
I !

A= A + Z pru £ praus £ @16,
1

A% =AY - Z PrU F P14Us F P16U6-

l

As aresult, in the mean field approximation the initial
Hamiltonian (2) reads:

4
H = NUscea + % S Tpmpng = ZHf% (6)

I q f=1

where

1
=3 > Jpng + Af + psE. (7)
f/

In [1], the system of equations for the order parameters
1y and strains u;

ng = tanh ng. (8)
6 3
oj = Z c?j, (Tuj — Zengi (9)
§=1 i=1
4
(2 @
- %WW/ “ o
f.f'=1 f=1

and the polarization vector components

P = Zewuj‘i‘ZXuOE +7Z/-Lf nfs

/=1

have been obtained.

I11I. DYNAMIC DIELECTRIC PROPERTIES OF
A CLAMPED RbHSO; CRYSTAL. ANALYTICAL
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

— 0 (00g) = (oasll — ogp tamh Sfegs(B]), (1)
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where the o parameter sets the time scale of the dynamic
processes in the sytem; g,/ (t) is the local field acting on
the f’th pseudospin in the gth cell; this is the factor
at oq/2 in the initial Hamiltonian. In the mean field
approximation, the local fields e,7(t) are the factors at
04f/2 in the one-particle Hamiltonians (7):

1
€ fZHf=§ZJff/nf/+Af+uerz. (12)
f/
As aresult, from (11) we obtain the following system of
equations for the mean values of pseudospins (o,r) = ¢

a%nf = —ny + tanh @ (13)

In the solution of Egs. (13) we shall restrict our consi-
deration to the case of small deviations from equilibrium.
To this end, we present n; and the effective fields Hy
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 zeroth order and linear terms

ng = 1nf + Nt (14)
Hy = 7:lf +Hye

1 5 1
= B ZJff/??f/ + Af +M;EZ + 5 ZJff/T]f/t Jruchzt.
I 1

tanh 2L _ ann PR g PPt
2 2 2

Krp=1- ﬁ ke 2 o

5= (tanh —)* = 1 — 7.

Substituting (14) into (13) and taking into account
Eq.(8), obeyed at equilibrium, we obtain the system of
equations for the non-equilibrium contributions to the
order parameters

d

Bl1 -
agnpe="np+ Ko | 5 > Jrpmpe+ piEz |- (15)
f/

In the presence of the field E.;, from the symmetry
considerations it follows that 11, = 13¢, N2t = Nas, ﬂ; =
u*, and the system of equations (15) reads:
Bl1

12

d
dtmt = -t + K1 (Ju1 + Jiz3)me

) }
+§(J12 + Jia)nor + WP E |, (16)

(1
o+ Ko D | L

212 (J21 + Joz)m1e

OéaTIQt =

1
+§(J22 + Joa)nor + WP EL |

We can rewrite the system (16) in a more convenient
form:

d Nt a1l a2 Nt b1
— = *E., (1
dt (772t ) (a21 a2 N2t T\ b B e, (17)

where

a1 =(—-1+ Klg(Jll + J13)) /e,

K
a12 = K1 b (J12 + Ju1), b= ?1
o
a1 = K2 B (J21 + Jas),
K
Qg9 = (— 1+ Kzﬁ(hz + J24))/a by = 25 (18)

Solving Eqgs. (17), we obtain the time-dependent mean
values of the pseudospins. Substituting the solutions of
(17) into (10) and differentiating the results with respect
to the field, we obtain the expression for the dynamic
dielectric susceptibility.

W d(me + nse)s

lim
X33 + o ;

X33( ) E3;—0 v

The obtained components of the susceptibility consist of
the “seed” contribution and two relaxational modes

2
0 X1
= — P 19
X33(w) = X33 + ;:1 1+ iwn (19)

where

- B i (w)? (-

Vv T9 —T1

1)1—1{191 + by
+ 7i[brage + baair — (biag + b2a12)]}7

71,2 are the relaxation times

(r12)7" = ;{ — (a11 + az)

++/(a11 + ag)? — 4(ar1a20 — a12a21)}' (20)

The components of the dynamic dielectric permittivity
of the pseudospin subsystem of GPI read

eg3(w) = 1+ dmyxss(w). (21)

IV. COMPARISON OF THE NUMERICAL
CALCULATIONS WITH EXPERIMENTAL DATA

The values of the model parameters have been
determined in [1] by fitting the calculated characteristics
to experimental data for the temperature dependences
of the spontaneous polarization Ps;(T') [3, 10], dielectric
permittivity e33(T") in the absence of external influence
[3, 10, 11] and at different values of hydrostatic pressure
[2] and electric field [12], molar specific heat C(T) [13],
and elastic constants ¢;; (T') [11].

The interaction constants in an undeformed crystal
JPe (f, f' =1,2,3,4) and the local fields A}, creating
the asymmetry in the populations of the two equilibri-
um positions are as follows Ju/kB = J/kp = 372 K,
J12/ij = J /]CB = 310 K, AY /k‘B = 244.81 K. The rest
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of the parameters J¢; and A} are determined by the
crystal symmetry of RbHSOy, as discussed in (5).

The deformation potentials 1/ ; and y; are: Y111 =

—1700 K, Y112 = —4600 K, U113 = —-500 K, V114 =0K,
Y115 = 1200 K, 9116 = 3500 K, ¥121 = =500 K, th120 =
—3040 K, Y123 = =500 K, 9124 = 0 K, 9125 = 400 K,
Y126/kp = —T000 K, yrpj = thsp;/kp.
The analysis shows that the calculated thermodynamic
characteristics depend on the sums ¥11;+¥13;, Y121 +U141
(I = 1,2,3,5). For simplicity’s sake, we take them
to be equal, Y131 = Y11, Y1y = Y12. The rest of
the parameters ;s ; are determined by the crystal
symmetry of RbHSOy, as discussed in (5), ¢¢; =0 K.

x10"° (z,)"

8

) 0 2 AT, K

Fig. 2. The temperature dependence of the inverse relaxation

time (72)7' at different values of hydrostatic pressure. The

lower index in h, denotes the value of pressure p (kbar). The
solid circles (o) correspond to the data from [14]

The effective dipole moment equals ©*=2.8-10730 C-m.

The “seed” dielectric susceptibility X“u piezoelectric
stress coeflicients e%, and elastic constants c?] are:
X4 = 0.159 (note that in [1] we took it to be equal
t0 0.35), x19 = 0.0; ), =0 -5

m2

Ay =3.06-1010 25§, =1.54-1010

)

2=

013—08 1010%

,=38-1010 N 3. =067-100 X,
633—362 1010m£
9 =0.48-10"0 N 0 =0.53.1010 N,
s = 1.25-1010

0o 0 _ 0 _ — N
5 = 5 = ¢35 = g = 0.0 3

The primitive cell volume of RHS is
v = 0.842-107%"m3

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

There are two contributions to the components of the
dynamic dielectric permittivity tensor in the RbHSO,
crystal. Only one of these contributions to the permi-
ttivities is crucial (x2 > x1); the respective relaxati-
on times are 79 > 7. Related to the relaxation ti-
me 75 is the typical of this crystal relaxation frequency
vs = (2m72) 1, which nominally separates the regions of
the low-frequency and high-frequency dynamics of the
system.
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Fig. 3. The frequency dependences of the real €55 and imaginary 45 parts of the dielectric permittivity of RbHSOy4 at different

values of AT and hydrostatic pressure p (kbar). In the quantity ho”

the upper index denotes the temperature AT = —2.0 K;

AT = —5.0 K; AT = —10.0 K, whereas the lower index denotes the pressure magnitude

Influence of hydrostatic pressure on the relaxation ti-
me is illustrated in Fig. 2 by plotting the temperature
curves of (73)7! at different values of pressures.

The magnitude of (71)~! decreases as the system
approaches the transition temperature and tends to zero
at T'=T,. As one can see in Fig. 2, hydrostatic pressure
decreases (1)~ at the fixed AT in the ferroelectric
phase, and first slightly inreases and then (at high
pressures) decreases (71)~! in the paraelectric phase.

As a result, the dispersion region in the frequency
dependences of &45(v) and e45(v) shifts to lower
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frequencies in the presence of pressure in the ferroelectric
phase (dashed lines in Fig. 3), as compared to the solid
lines, corresponding to the ambient pressure. In the
paraelectric phase, the dispersion region at low pressures
(dashed lines in Fig. 4) shifts to higher frequencies, as
compared to the solid lines for the ambient pressure, and
then shifts back to lower frequencies at higher pressures.

Below the dispersion and in the ferroelectric phase, the
curves e55(p,v) and €45(p, v) in the presence of pressure
pn, run higher than the corresponding curves at ambi-
ent pressure (Fig. 3); the opposite is observed in the
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paraelectric phase (Fig. 4). This is due to the increase  dependences of the real ¢4, and imaginary ef; parts

in the static permittivity by hydrostatic pressure in the  of the dielectric permittivity of RbHSO4 at different

ferroelectric phase and to the decrease in the paraelectric  frequencies v (low frequencies: Fig. 5, intermediate

phase. frequencies: Fig. 6, high frequencies: Fig. 7) and different
In Figs. 5, 6, and 7, we plot the temperature values of pressure py,.

70 35

60 30
50 25
40 20
30 15

20 10

10

Fig. 4. The frequency dependences of the real €55 and imaginary €53 parts of the dielectric permittivity of RbHSO4 at different

AT and different values of hydrostatic pressure p (kbar). In the quantity h5'" the upper index denotes AT = 2.0 K — 4 [14],

¢ [15], @ [16]; AT = 5.0 K — v [14], ¢ [15]; AT = 10.0 K — » [14], H [15]; AT = 20 K — W [15],  [16], and the lower index
denotes the pressure magnitude (kbar)
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Fig. 5. The temperature dependences of the real 43 and imaginary €45 parts of the dielectric permittivity of RbHSOy, at

different frequencies v (GHz) and different values of pressure p,. In the quantity h;, the upper index denotes the frequency

(GHz) 0.105 — 1, » [14]; 0.455 — 2, « [14]; 3.27 — 3, A [14]; 9.50 — 4, Vv [14], and the lower index denotes the pressure
magnitude (kbar)

-10 -5 0 5 10 15 20aT,k -10 -5 0 5 10  154AT,K
Fig. 6. The temperature dependences of the real €53 and imaginary €45 parts of the dielectric permittivity of RbHSO4 at
different frequencies v (GHz) and different values of pressure ps. In the quantity h, the upper index denotes the frequency

(GHz) 8.72 — 1, ¢ [17]; 12.5 —2, M [17]; 22.55 — 3,3, # [17]; 41.7 — 4, % [17]; 78.5 — 3, X [17], and the lower index denotes
the pressure magnitude (kbar)
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Fig. 7. The temperature dependences of the real €55 and imaginary €45 parts of the dielectric permittivity of RbHSO4 at
different frequencies v (GHz) and different values of pressure ps. In the quantity h, the upper index denotes the frequency

(GHz) 118 — 1, « [16];

190 — 2, e [16]; 253 — 3, A [16]; 366 — 4, ¥ [16], and the lower index denotes the pressure magnitude

(kbar)

As one can see, in the ferroelectric phase at
temperatures far from T¢, the magnitude of the dielectric
permittivity 4, in the presence of the pressure (dashed
lines) is larger than at ambient pressure (solid lines),
which is due to the above mentioned increase in the
static permittivity with pressure. At temperatures close
to T, the values of 55 are lower than at ambient pressure
due to the increase in the relaxation time with pressure.
In the paraelectric phase, the permittivity 5, in the
presence of pressure is smaller than at ambient pressure
at all temperatures, both close and far from T.. This
is due to the decrease of the static permittivity with
pressure and a weak influence of the pressure on the
relaxation time in the paraelectric phase.

V. CONCLUSIONS

The model of deformed RbHSO, predicts a linearly
increasing dependence of the Curie temperature on
hydrostatic pressure. The phase transition remains of
the first order. In the ferroelectric phase, the hydrostatic
pressure increases the relaxation time and shifts the di-
spersion region to lower frequencies. The magnitude of
the dielectric permittivity increases. In the paraelectric
phase, the relaxation time first slightly decreases
with pressure, and then slightly increases. As a result,
the dispersion region at low pressures shifts to higher
frequencies, but as the pressure increases, shifts back to
lower frequencies. The magnitude of the dielectric permi-
ttivity decreases with pressure.
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INFLUENCE OF HYDROSTATIC PRESSURE ON DYNAMIC DIELECTRIC CHARACTERISTICS OF RbHSO4

BIIJINB I'TIPOCTATNYHOI'O TUCKY HA JVMHAMIYHI JIEJIEKTPNYHI
XAPAKTEPNCTHUKUW RbHSO,

A. C. Bposuu', P. P. Jlesunpkmii!, 1. P. Bawex?, A. TI. Moinal
Inemumym gisuru wondencosarnuz cucmem HAH Yrpainu,
eya. Ceenuyiyvrozo, 1, JIveis, 79011, Yxpaina,

2 Hauionanvnuts ynisepcumem “/Iveiscoka nosimesnira’,
eya. C. Bandepu, 12, 79013, JIvsis, Ykpaina

CerueroenekTpuK i3 Bognesnmn 38 ss3kamMn RbHSO4 € mpukiamom kpucrasa, e mepexis i3 BMCoOKoTeM-
mepaTypHOoi mapadasu B HU3bKOTEMIIEPATYPHY ceraerodasy MoB’ I3aHuil 3 yITOPSIKYBAHHIM HE TPOTOHIB,
a cynbdaraux rpyn SOy, gki cTpubaroTh MiXK JIBOMa MoJOXKeHHsMU piBHOBaru. Ha ocuoBi moaudikosa-
HOI YOTHPHUIIArPATKOBOI MCeBAOCIIHOBOI Mojemi jgedopmoBanoro cerneroesiekrpuka RbHSO, y mexax
merony InayGepa B HAOGIMIKEHHI MOJIEKYISPHOTO MOJST OTPHMAHO CHCTEMY DIBHSIHB IS YaCO3AJIEKHIX
cepenHix 3HaYeHb mceBaocminiB. 1o cucremy piBHSIHB PO3B’SA3aHO JJI8 MAJIMX BiAXWJIEHb Bij piBHOBaru
K BIATYK Ha MaJje 30BHIITHE daco3aseskHe mose. TakoxK 3HailIeHo BUpa3 M1 9aciB pesrakcarrii.

VHoxigHuBIIN AUHAMIYHANE PO3B’SI30K 3a MOJIEM, OTPUMAJIN BHPA3 i MO3I0BKHBOI TUHAMIYHOL JTi-
€JIEKTPUIHOI TPOHUKHOCTI MEXaHi9HO 3aTUCHYTOTO Kpuctana. Onep:kaHa AUHAMIYHA Ti€IeKTPUIHA, TIPO-
HUKHICTHh CKJIQIAETHhCA 3 JABOX BHECKIB 13 BiAmoBimHnMu dacamu penakcarii. Oane i3 mux BHECKIB i Biamo-
BimHMiT oMy 9ac pesakcariii Ha TPHU MOpsakn Oiabmmii 3a inmmit. ToOTo mieTeKTpUaHa TPOHUKHICTD M€
[IPAKTUYHO MOHOAMCIEPCHHUI XapakTep. 3a MaJuX 4acTOT JieJJeKTPUIHA IPOHUKHICTD IOBOAUTHCA K CTa~
TUYHA; 33 YaCTOT, CyMipHUX 3 00EPHEHUM YACOM PEJIAKCAIlil, CIIOCTEPITaeThCs pesTaKCalliitHa Iucnepcis; 3a
BEJINKWAX YaCTOT MPOSABIISETHCS JINIIE T'PATKOBHUI BHECOK Y Ji€JeKTPUIHY MPOHUKHICTD, & TICEBIOCTiHOBHI
MPAKTUIHO 3HUKAE. JIOCTIIKEHO BILTUB TiAPOCTATHIHOrO THCKY HA AUHAMIYHY MieJIeKTPUIHY TPOHUKHICTD
y IIEPOKOMY TE€MIEPATYyPHOMY ¥ 9aCTOTHOMY /lialla30Hax.

YCTaHOBJIEHO, IO TiIPOCTATUYHWI TUCK y cerHeTodasi 301/IbIye dac pesakcallii Ta 3CyBa€ IUISTHKY
JUCIEpCil AieIeKTPUIHOI MPOHMKHOCTI B OIK HMKYINX 9acTOT. BogHOYaC AieIeKTPUYIHA MPOHUKHICTH 3PO-
crae 3a BemauHO0. Y mapadasi gac pesakcarii 38 HASBHOCTI TUCKY CIIOYATKY C1a00 3MEHIIYETHCH, a 33
BEJIMKWX TUCKIB 3HOBY €1a00 3pocTae. ¥y pe3ysabrari JistHKa AUCIePCii 3a MaJnX TUCKIB JEII0 3CYBAETHCS
JI0 BUIUX YaCTOT, 8 3 MOJAJIBINUM 30iIbITEHHIM THUCKY 3HOBY 3CYBAaETHCS 10 HUXKYMX YACTOT. BomHO-
9ac JieIeKTPUIHA TPOHUKHICTH 3MEHIIYEThCS 33 BEJIMYMHOI i Ji€o Tucky. OTpuMaHo 3a10BLIbHUN
KiJIbKICHUT OIUC BIANIOBIIHUX €KCIIEPUMEHTAJIbHUX JIAHUX.

Kuitro4oBi ciioBa: CEerneToeieKTPUKHY, JIeJeKTPUIHA TPOHUKHICTh, €(DEKTH THUCKY.
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