KYPHAJT ®I3UYHUX JOCIIIZKEHD
1. 6, Ne 2 (2002) c. 197-204

JOURNAL OF PHYSICAL STUDIES
v. 6, No 2 (2002) p. 197204

HYDROSTATIC PRESSURE INFLUENCE ON DIELECTRIC PERMITTIVITY
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We measured transverse and longitudinal dielectric permittivities of KH2PO4 and KD2POy4 in
the piezoelectric resonance frequency region under the hydrostatic pressure. The transverse per-
mittivity of both crystals decreases with pressure in the paraelectric phase and increases in the
ferroelectric phase. The pressure dependence of the transverse permittivity of deuterated KD2PO4
is well described by the presented theory. The longitudinal dynamic permittivity of the crystals
obeys the Curie—-Weiss law above the transition point, the pressure dependence of the Curie con-
stant accords with the earlier data for a static permittivity. Near the transition point, multiple

peaks in the longitudinal permittivity are revealed.
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I. INTRODUCTION

An important role in the phase transition and dielec-
tric response of ferroelectrics and antiferroelectrics of the
KH2PO, family is played by the geometry of hydrogen
bonds in these crystals. A problem is to find the geomet-
ric parameter which is crucial here. Katrusiak [1] ana-
lyzed a local geometric structure of a separate hydrogen
bond, with taking into account the changes in the elec-
tron structure of atoms forming the hydrogen bond. He
showed that for hydrogen bonds of the Cy symmetry (as
in KH3POy,), the primary parameters are distances be-
tween a hydrogen and the two oxygens, as well as some
of the angles formed by oxygens and groups to which
they are attached. The other parameters usually used,
like the the O.. H-O length and separation § between
equilibrium proton (deuteron) sites on a bond, appear
to derive from the primary independent dimensions.

However, it is still not clear what parameter of the H-
bond influences most macroscopic properties of a crystal.
Ichikawa [2,3], systemizing experimental data for several
hydrogen bonded ferroelectric crystals, argued that it is
the O...H-O length that determines the transition tem-
perature in them. Structural measurements performed
by Nelmes indicated that rather a separation J is a
unique parameter that sets the transition temperature
in KHyPO, family crystals. A universality of the lin-
ear Tc vs § dependences has been revealed for KHoPOy,
NH4H5PO4, and their deuterated forms [4-7]. The pro-
ton ordering model successfully explained this universal-
ity [8] and predicted that it holds also for all deuterated
ferro- and antiferroelectric crystals of the KHyPO,4 fam-
ily with a general formula MeD; X0, (Me = K, Rb, NDy,
X = P, As) having a 3D network of hydrogen bonds.

Model calculations also indicate that the H-site dis-
tance is an important parameter in setting the dielectric
characteristics of the KHoPO4 type crystals: its pres-

sure dependence governs the corresponding dependences
of the transition temperature and longitudinal static di-
electric characteristics of the crystals [8-10].

High pressure studies are one of the most useful meth-
ods of exploring the role of hydrogen subsystem geom-
etry. Influence of hydrostatic pressure on the transition
temperature, spontaneous polarization, and Curie con-
stant of the KH;PO4 family ferroelectrics is well studied
experimentally. This influence for the prototype com-
pounds KH;PO4 and KD3;PO, was theoretically de-
scribed yet in Refs. [9,10] using the four-particle cluster
approximation for the proton ordering model. The fact
that this model can account for the external pressure
effects is considered as one of its experimental evidences.

However, much less is known about pressure effects
on the transverse dielectric characteristics of these crys-
tals. Only in Ref. [11] the variation of transverse permit-
tivity €11 of an undeuterated KH,PO,4 with hydrostatic
pressure at room temperature was measured. It was es-
tablished that €11 decreases with pressure, and the slope
|de11/dp| decreases as frequency is increased from 400 Hz
up to 25 kHz. As far as we know, there is no experimental
data for influence of external pressures on transverse di-
electric properties of KHyPO,4 at other temperatures or
of deuterated KH2POy4 type crystals. Neither is it known
in what way external pressure affects the longitudinal
or transverse dynamic dielectric characteristics of these
crystals.

The aim of the present study is to explore the depen-
dences of transverse and longitudinal dynamic dielectric
permittivities of the KH,PO4 and KD5PO4 on hydro-
static pressure in a wide temperature range. Measure-
ments are carried out at the frequency of 1 MHz, that
belongs to the piezoelectric resonance frequency region
of these crystals. This fact should not affect the behavior
of the transverse permittivity, provided the samples are
oriented precisely, but the temperature curves of the lon-
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gitudinal permittivity must be essentially different from
the static and high-frequency (10° — 10'? Hz) ones. The
pressure dependence of the transverse permittivity of a
deuterated KDsPO, is described within a microscopic
theory. Role of pressure changes in the hydrogen bonds
geometry in the pressure dependence of the transverse
dielectric response of this crystal is explored.

II. EXPERIMENTAL METHODICS

We measured the dielectric permittivity of two crys-
tals: a pure KH3 PO, (transition temperature at ambient
pressure Teg ~ 123 K) and a highly deuterated sam-
ple with T ~ 210 K (0.87 nominal deuteration), here-
after abbreviated as KDsPQO,4. The obtained decrease
of the transition temperatures with hydrostatic pressure
ITc /9p is —4.6 K/kbar in KH,PO,4 and —2.1 K/kbar in
KD3POQOy, that well accords with the literature data [12].

Permittivity was determined from the samples capac-
ity, measured by the conventional bridge method using
the ac bridge E7-12 (working frequency 1 MHz). As elec-
tric contacts a silver paste was used. Optic grade sam-
ples were placed in a autonomous hydrostatic pressure
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chamber, with silicone oil serving as a pressure trans-
mitting medium. Pressure was measured by mechanical
and manganin manometers with an accuracy £2 MPa.
Temperature was measured to £0.1 K with a copper-
constantan thermocouple. Capacities were obtained in
a dynamical regime with a temperature change rate
2 -1072K/c. Details and some of experimental data ob-
tained en route but not included in the present paper are

given in Ref. [13].

III. EXPERIMENTAL RESULTS

Closeness of the measuring frequency to the piezoelec-
tric resonance region, as expected, does not essentially in-
fluence the transverse permittivities of the KH,PO,4 and
KD3POQOy, ferroelectrics. The measured curves (see Fig. 1)
have a well-known typical form of the static transverse
permittivity in these crystals [14-17]: In the paraelec-
tric phase €11 slowly increases on lowering temperature,
reaching its maximal value at 7'~ T + 15 K, somewhat
decreases in the interval Tc < T < Tc + 15 K, has a
jump at the transition and gradually decreases to a cer-
tain limiting value as temperature is lowered down in the
ferroelectric phase.
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Fig. 1. Transverse dielectric permittivities of KH2PO4 and KD2PO4 as functions of temperature at different values of

hydrostatic pressure. Symbols are experimental points, lines are drawn for clarity.

At temperatures far above the transition points the
magnitudes of transverse permittivities of both crys-
tals decrease under hydrostatic pressure (Jlney1/9p =
—3.6%kbar~! in KH,PO4; at 77 = 160 K and
—1.13%kbar=! in KD2POy4 at 7' = 260 K). In the ferro-
electric phase €17 increases with pressure, but this effect
results from the changes in the distance of a given tem-
perature point from the transition temperature, whereas
the low temperature limit of €11 18 not affected. Such
pressure behaviour is analogous to the pressure depen-
dence of the transverse permittivity in antiferroelectric
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crystals NH4H2AsO4 and ND4D2AsOy4 [19].

In Figs. 2 and 3 we present the measured at 1 MHz
temperature curves of the longitudinal dielectric permit-
tivity of a pure KHyPO,4 and undeuterated KDsPO, at
different values of hydrostatic pressure.

Near the transition point, we detect multiple clear
maxima and/or bends in the permittivity curves of the
crystals, reproduced at different values of hydrostatic
pressure as well as at heating or cooling [13]. Due to the
narrowness of the temperature interval where the permit-
tivity exhibits these peculiarities, in KD3 POy the multi-
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peak structure was detected only at 1.9 kbar (see Fig. 3).
For the other pressures, the bends in the curves of €33
were observed in this region (the narrow peaks must have
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been skipped at measurements). Under hydrostatic pres-
sure this temperature interval becomes even narrower, so
that some peaks of €33 may merge.
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Fig. 2. Longitudinal dielectric permittivity of KHoPO4 at v = 1 MHz (cooling) as a function of temperature at different
values of hydrostatic pressure. Symbols are experimental points, lines are drawn for clarity.

The e33, measured at lower frequencies [13] as well
as at frequencies above the piezoelectric resonance but
below the dielectric dispersion region [20], has a typical
form of the permittivity with one peak at the transition
point and the Curie-Weiss behaviour in the paraelectric
phase. Apparently, the peaks of the longitudinal permit-
tivity at 1 MHz are a dynamic effect connected with a
piezoelectric resonance phenomena. Most likely, they are
the peaks at different piezoelectric resonance frequen-
cies (harmonics) or can be attributed to resonances in
domains of different sizes. Harmonics frequencies are de-
termined by sample (domain) dimensions and by the ap-
propriate elastic constants (only by ¢ for a 45° Z cut
sample). In KHyPO,4 and KDyPOy, the 656 has a pecu-
liarity at the phase transition point [18], dropping from
about 6-101° dyn/cm? to zero and increasing back to this
value in the paraelectric phase. Therefore, at changing
temperature in the vicinity of the transition point, the
resonant harmonics frequencies span a wide frequency
range, so that at certain temperatures they may coin-
cide with the measuring frequency.

At temperatures below the peaks, the longitudinal per-
mittivity of deuterated KD2PO4 has a typical shoulder-
like form, caused by the multi-domain structure of the

samples. Qualitatively similar dependences can be traced
in a pure KH2 POy as well, but the “fine structure” of e33
here is fancier. Hydrostatic pressure almost does not af-
fect the shape of the temperature curve e33(T < T¢).
Width of the plateau is about 30 K in both crystals,
with the height of about 400 being practically pressure
independent.

Above the transition point (see Figs. 2 and 3, the
Curie—Weiss law is obeyed for 6531 of KHsPO,4 and
KD3PO4 in a rather wide temperature range, except
for the vicinity of the transition point. The Curie con-
stants at ambient pressure C' = 2949 K in KH,PO,
and C' = 3770 K in KH,PO,4 are very close to the cor-
responding static ones [12] and decrease with pressure
linearly with the slopes d1nC/dp = —0.48%kbar~! in
KH,PO4 and —1.5%kbar™! in KD3PO4 (the literature
data [12] for the static Curie constants are C' = 2910 K
and 91n C/dp = —0.66%kbar~! in KHPO, and 3700 K
and —1.43%kbar~! in KD2PO4).

Note a strong dependence of the logarithmic pressure
derivatives of the dielectric characteristics of the crys-
tals on deuteration and the fact that this dependence is
different for the transverse and longitudinal quantities:
|01ne11/0p|in KHoPOy is much higher than in KDsPOy,
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whereas for |0 1n C'/Jp| the reverse holds. A similar effect
has been revealed earlier [12] for the transition tempera-

ture, saturation polarization and Curie constant of these
crystals.
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Fig. 3. Longitudinal dielectric permittivity of KD2PO4 at » = 1 MHz (heating) as a function of temperature at different
values of hydrostatic pressure. Symbols are experimental points, lines are drawn for clarity. The insets show the permittivity

in the vicinity of the transition point.

IV. THEORY

We restrict our theoretical calculations by the case of
a highly deuterated KDsPO4. The known models of di-
electric relaxation in hydrogen-bonded crystals [21,22],
based on Glauber’s [23] dynamics of pseudospins, are
suitable for description of the high-frequency permittiv-
ities (10° — 102 Hz) only, when a crystal is effectively
clamped [24]. Therefore, in order to describe the above
presented pressure dependences of the longitudinal di-
electric permittivity one must develop a special model of
dielectric relaxation which would take into account dy-
namics of piezoelectric strain ¢ as well. However, since
this dynamics is not essential for the transverse dielectric
response of KDyPOy, the latter can be described within
static models. We shall do that within the proton order-
ing model modified to the case of strained crystals [8].
We have already found the transverse dielectric constant
of strained KD,PO, [25], but had no experimental data
available. Previously, the transverse dielectric constant
for these crystals at atmospheric pressure has been cal-
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culated by Havlin et al [14-16]; our results well accord
with theirs.

Calculations are performed with the conventional four-
particle cluster Hamiltonian [8]

Tg1 Og2 Tg2 043 Tq3 Og4 Tg4 Og1
H:V[ii q2 Oq 43 0q q4 g
4 2 2 2 2 2 2 2 2
Tq1 O¢g3 Tg2 Tg4 Tg1 Og2 0g3 Og4
U{Li 92 9q q1 0q2 0g3 Oq 1
TR T 9 9 9 9 (1)

The internal fields z,¢ include a long-range interactions
between deuterons (dipole-dipole and lattice mediated)
taken into account in the mean field approximation, clus-
ter fields A, which describe the short-range interactions
with the pseudospin ¢4; not explicitly included into the
cluster Hamiltonian, and an external electric field applied
along the a-axis of the tetragonal unit cell
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T 41 £1
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u;f 1s the projection on the a-axis of the effective dipole
moment created by displacements of heavy ions and re-
distribution of electron density induced by deuteron or-
dering. Symmetry of the transverse effective dipole mo-
ments /1; ;s

1 1 1 1
H1 = Hg1 = —Hg3s Hg2 = Hga = 0.
Parameters of the short-range deuteron correlations U,
V', @ are functions of the so-called Slater energies ¢, w,

U=——¢,

5 5 ® =4e — 8w+ 2wy. (3)

Usually w; — oo. Pressure dependences of the Slater en-
ergies and parameters of the long-range interactions are

modelled as in Ref. [8]

c=o]i-

ww

Z:: }, w=w [1—%?—;25]}, (4)
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Here we take into account the quadratic dependence of
these parameters on the separation § between two equi-
librium deuteron sites on a bond, whereas the pressure
dependence of ¢ is known to be linear [26]

(5:(50-1-51]):50(1_

28, &
5@2%)’

S = Z?jzl S}f). According to [8,10] we suppose that the
only essential mechanism of the pressure influence on the
Slater energies is a decrease in the D-site distance §. How-
ever, for the parameters of the long-range interactions
there exist other important mechanisms of variation with
pressure (for instance, the dipole-dipole interactions in-
crease when the distance between deuterons is reduced),
taken into account in (5) via the expansions in the diag-
onal components of the strain tensor ¢; (¢ = 1,2, 3).
The transverse dielectric permittivity of a KDy;POy4
crystal calculated with the Hamiltonian (1) reads [25]

Bp?  2(a+bcosh z)
v D —2(a+ bcoshz)p

£51(T,p) = €100 + 47 (6)

where €14, 1s a high-frequency contribution, and

J;; 1s the long-range interaction matrix Fourier transform
at g = 0. We also use the following notations

D = cosh 2z 4+ 4bcosh z + 2a + d,
I+n

zEquzzqzzzquzq4:§ln1_ (0)n;
a=-exp(—pFe), b=-exp(—pw), d=exp(—puwr),
3
_Ju+2J1a+ iz 0 246
Vc—f— |: § Z_: i|+21/)6262

At zero strains ¢;, the above expression for the trans-
verse permittivity transforms into that of Havlin [14].

The order parameter n = (551) = (042) = (043) =
(0g4) 1s found by minimization of the free energy

f= g > eijeic —

ij

2w + 2v.(0)n? 4+ 27 In ————,

whereas to find the strains we should solve the set of
equations

3

—p = cijei (7)

j=1

where ¢;; are the elastic constants of the whole crystal,
being determined from an experiment. Contribution of a
deuteron subsystem to pressure or temperature depen-
dences of the elastic constants is neglected.

V. NUMERICAL ANALYSIS

The values of the theory parameters for a deuterated
crystal KDoPOy4 with the transition temperature at am-
bient pressure To = 210 K are presented in Tables I, II.
They were found in Ref. [8] and used for a description of
the uniaxial pressure p = —o3 dependences of the tran-
sition temperature, longitudinal dielectric permittivity,
and spontaneous polarization of the crystal. The elastic
constants of the paraelectric crystals coincide with the
experimental data of Ref. [27]. The new parameters v,,
I = (u)?/v, and €14, are found by fitting the theoret-
ical temperature curve of the transverse permittivity to
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experimental data (v, sets the slope de11 /9T, whereas
f1 and €14 give the magnitude of €17).

The so-called deformation potentials 14;, which en-
ter only the expression for the transverse permittivity,
do not essentially affect the permittivity. Therefore, for

the sake of simplicity we put ¢,; = 0. Contributions of
deuteron configurations with four deuterons close to a
given PO, group or with none are neglected as well by
taking wy — oo.

e Jw| vl [va [AFIA” [Yalvo] v& [¢4]01/6 - 10°
K

(kbar~1)

87.6]785[37.05]—32[830[520 [ 120[100]—545] 110

—7.5

Table 1. The theory parameters for a KD2POy crystal with Tco = 210 K, 87¢ /0p = —2.1 K/kbar. Plus and minus indices
denote the quantities used in the paraelectric and ferroelectric phases, respectively.

FT o5 T T [
11| %12 %3 |%3 (%1

€12 |€13] %29 [©23|C33

6.93|—0.78]1.22|5.45|6.8

—0.78]1.0(6.99(1.0(5.3

Table 2. Elastic constants of the considered crystal (units of 10° bar).

Hence, the only new theory parameter, governing the
pressure dependence of the calculated characteristics, 1s
the ratio &1 /dp — the relative rate of the pressure changes
in the D-site separation §. We choose it so that at all
other parameters unchanged the correct dependence of
the transition temperature on the hydrostatic pressure

0Tc/0p = —2.1 K/kbar is obtained.

In Ref. [8] we have shown that at the chosen anal-
ogously values of &;/dy, the recalculated dependences
T (9) for six deuterated ferroelectric and antiferroelec-
tric crystals with a three dimensional network of hydro-
gen bonds MeD32 X0, (Me = K, Rb, NDy, X = P, As)
form a single universal linear dependence. Experimen-
tally this universality has been established by R. Nelmes
et al [4] for undeuterated KH2PO4 and NH4H5PO4 and
deuterated KD3;PO4 and ND4DsPO,4. At the adopted in
this paper value of §; /8y for KDoPOy4 with Tep = 210 K,
the dependence T (p)[d(p)] for this specific crystal also
accords with the universal line [8].

The slopes dp; /0p are determined without introducing
into the theory any extra fitting parameter by the follow-
ing simple half-empirical formula, nevertheless yielding a
fair agreement with the experiment.

:%+;. (8)

It follows from that major assumption that the deuteron
ordering in the system results in displacements of heavy
ions and electron density which contribute to crystal po-
larization. We suppose [8] that the heavy ions displace-
ments are proportional to a deuteron shift from its cen-
tral position on a hydrogen bond to the off-central one
(0/2) and to the corresponding lattice constant ;. The
pressure dependence of the effective longitudinal dipole
moment ps, calculated with (8) provides a fair agree-
ment with the available experimental data for the pres-
sure dependence of spontaneous polarization of KD2PO4
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and of the static dielectric permittivities of KD, PO, and
RbD,POy, [8].

In Fig. 4 we depict the theoretical curves of the trans-
verse static dielectric permittivity of KD, PO, along with
the experimental points of Section III.
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Fig. 4. Transverse dielectric permittivity of KD2PO4 as
a function of temperature at different values of hydrostatic
pressure (kbar) 1 — 0; 2 — 4.1. Lines are calculated theoret-
ically; symbols are experimental points of the present work.

The theory qualitatively well reproduces the tempera-
ture curve of the permittivity, including a decrease with
temperature in the paraelectric phase and the jump at
the transition point, but is not able to explain the exis-
tence of a small broad maximum of €11 at temperature
slightly higher than the transition point. That is a com-
mon drawback of all existing calculations of the trans-
verse permittivity [15], that can be removed by assuming
a temperature dependent high-frequency contribution to
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the permittivity €10o.

As one can see, a satisfactory quantitative agreement
with experimental data for the rates of a decrease in the
permittivity with pressure in the high-temperature phase
and of an increase in the low-temperature phase is ob-
tained. The fact that the value of the ratio d; /dp, yielding
the correct theoretical pressure dependence of transition
temperature, provides the correct pressure dependence
of the transverse dielectric permittivity, no extra fitting
parameters being introduced into the theory, gives one
more evidence on the important role played by the hy-
drogen bonds geometry, namely the separation § between
equilibrium deuteron sites, in the phase transition and
dielectric response of the hydrogen bonded crystals.

VI. CONCLUDING REMARKS

We performed experimental studies of hydrostatic
pressure influence on transverse and longitudinal dielec-
tric permittivities of ferroelectric KHsPO4 and KDoPO4
crystals at 1 MHz, the frequency that belongs to the
piezoelectric resonance region.

The obtained temperature curves of transverse permit-
tivity €11 are similar to the corresponding curves of static
permittivity of the crystals, while the pressure depen-
dences of the permittivities are analogous to those in the
antiferroelectric crystals NH;H2AsO4 and ND4D5sAsOy.

Unlike €11, the temperature curves of the longitudi-
nal permittivity ¢33 at 1 MHz are qualitatively different
from static ones. The multipeak structure of the permit-
tivity in the vicinity of the transition point is observed.

Above the transition point, the longitudinal permittivi-
ties of KH3PO,4 and KD, POy obey the Curie—Weiss law;
the pressure dependences of the corresponding Curie con-
stants well accord with the data for the Curie constants
of static permittivities.

The measured rates of decrease with pressure in the
transition temperature and permittivity €11 in the para-
electric phase and of an increase in €17 in the ferroelec-
tric phase in a deuterated KD,PQO,4 are well described
within the proton ordering model. Theoretical pressure
dependences of T and €17 to a great extent are gov-
erned by the ratio 81 /dg. This parameter denotes relative
pressure changes in the separation § between equilibrium
deuteron sites on a bond. Obtained in the present paper
theoretical description of the pressure dependence of 11,
a similar agreement with experimental data for sponta-
neous polarization and longitudinal static dielectric per-
mittivity [8], as well as the previously revealed univer-
sality of [8,4] of the transition temperature vs H(D)-site
distance ¢ in the MeD2 X0, (Me = K, Rb, NDy4, X =
P, As), KHoPO, and NH,H2PO, crystals, indicate that
an important role in the phase transition and dielectric
response of the crystals is played by the geometry of hy-
drogen bonds, in particular, by the separation § between
hydrogen sites.
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BIIJINB I'THPOCTATNYHOT'O TUCKY HA OIEJIEKTPUYHY ITPOHUKHICTDb KH,PO,
I KD,PO, B OAIJIAHII IPE€30OEJIEKTPUYHOI'O PESOHAHCY

P. P. JleBmpkuit!, O. I'. Comska?, A. II. Moina', IT. M. JIykaua?, A. M. I'yiiBan®
L Inemumym $isuxu xondencosanux cucmem Hauyionaroroi axademii nayx Yepainu,
esy.a. Ceenyiyvroeo, 1, Jlveis, 79011, Vxpaina
2 Varczopodevruti nayionaavruii ynisepcumen,
6y.n. Boaowuna, 32, Vorceopod, 88000, Yxpaina

FExcriepumentaabio AOCTIKEHO BILUIMB TiAPOCTATUYHOTO TUCKY HA IMOMEPEYHY Ta MO3I0BKHIO JHesTeK TPUYIHI
nporukHOoCcTi Kpuctaais KH2PO4 1 KD2 POy B wacToTHIll mutgaHIn 11’€30e/1eKTPUYHOTO pe3oHaHcy. [lomepedna mpo-
HUKHICTH 060X KPHUCTAJIB CHaldac 3 TUCKOM y MMapaeJleKTpudHIil pasi Ta 3pocrae B cereroenekrpudHiii. Bapuama
3aJIEXKHICTh TOMEPEYHOl MPOHMKHOCTH IOeiTepoBaHoro kpuctaiga KD2PO4 mobpe onmcyerbest 3amporioHOBaHOIO
Teopiero. [lo3moBxkHA TUHAMIYHA TPOHUKHICTH KPHUCTAJIB 3aT0BOJIBHAE 3aK0oH Kropi—Befica Buime Bim TOYKHM Ie-
pexony, a bapuwyHa 3aJIeKHICTH KOHCTAHTH Kropl gobpe y3romKyeThes 3 JaHUMM MOMEPEeTHIX BUMIPIOBAHb IJIA
CTATHYHOI MPOHUKHOCTH. [lo6au3y TOUKM mepexoly BUABJIEHO YMCJIEHH] MKW MMO3I0BXKHBOI IPOHUKHOCTH.



