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Within the four-particle cluster approximation for the proton ordering model,
we study effects of external pressures which do not lower the symmetry
of crystals on deuterated ferroelectrics and antiferroelectrics of KHxPO,
family. We show that the universality of the transition temperature vs D-
site distance dependence observed experimentally in some of the crystals
deformed by hydrostatic pressure is also obeyed by the other crystals of
the family as well as under the uniaxial pressure p = —o3.
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Potassium dihydrogen phosphate KH,PO, (KDP) is a prototype for a family
of hydrogen bonded crystals undergoing ferroelectric or antiferroelectric structural
phase transitions. When the results of Raman scattering experiments [1] raised se-
rious doubts about the validity of the proton ordering (or tunnelling) model, which
for years had been generally accepted as the established basis for describing these
phase transitions, the explanation by this model of the observed in these crystals
increase in the transition temperature with deuteration (isotope effect) by a decrease
in tunnelling integral as far as protons are replaced with deuterons, was excluded,
too. If the tunnelling model is discarded, the isotope effect is accounted for within
the theory of the so-called geometric isotope effect [2] where the shift in the transi-
tion temperature with deuteration is attributed to the changes in the geometry of
hydrogen bonds, namely, to an increase in the separation  between two possible
hydrogen sites on a bond and/or in H-bond length.

Hence, even though the high pressure studies are not able to unambiguously
establish the mechanisms of the phase transitions, they come to be extremely im-
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portant as far as they are the only means to continuously vary the parameters of
hydrogen bonds and happen to be the best tool to study the dependencies of crystal
characteristics on the H-bond geometry and explore its role in the physics involved.
For instance, by means of high pressure research, the universality of the dependence
of transition temperature on H-site distance has been established [3] for four crystals
of this family having a three dimensional network of hydrogen bonds, namely, KDP,
KDQPO4, NH4H2PO4, and ND4D2PO4.

Since the tunnelling model still remains the most elaborated and widely used
approach to describing the phase transitions in the KDP family crystals, it seems
worthwhile to examine its ability to describe the universality of the transition tem-
perature vs H-site distance dependencies observed in KD,PO,4 and ND,D>PO, un-
der hydrostatic pressure. We also verify whether this universality is obeyed by other
crystals of this family under hydrostatic or uniaxial pressure.

1. The model

We consider a deuteron subsystem of a ferroelectric (FE) or an antiferroelectric
(AFE) crystal of KHoPO, family with a general formula MeD2XOy4, where Me =
K, Rb, NDy4, X = P, As. The crystals possess the tetragonal symmetry in the
paraelectric phase. In our calculations we use the model of strained KHoPO, type
crystals by Stasyuk et al [4], as well as some ideas of the previous theories by Blinc
[5] and Torstveit [6]. In the present work, we consider only pressures which do not
lower the system symmetry: hydrostatic or uniaxial p = —o3 applied along the
ferroelectric axis c.

We perform our calculations within the 4-particle cluster approximation which
enables us to adequately take into account the strong short-range correlations be-
tween deuterons. The 4-cluster Hamiltonian has got the conventional form [7-9]:

Og1 O¢2 Oq2 043 0aq3 Og4 Og4 Og1
H :V[q q 92 7 q 935~ q a2 - q <1>
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two values of the Ising spin o,y = 1 are assigned to two deuteron sites on the f-th
bond in the g-th cell. Fields zé s include the effective cluster fields Af} s created by the
sites neighbouring to the ¢f-th site, and the long-range interactions (dipole-dipole
and indirect via lattice vibrations) Jss(qq’) within the mean field approximation.
Depending on the choice of the theory parameters, Hamiltonian (1) can describe
both the ferroelectric and antiferroelectric ordering.

Constants V', U, and ®, describing the short-range correlations between deute-
rons, are the following functions of Slater energies €, w, and w1y, which are, of course,
different for ferro- and antiferroelectrics

FE : V:—%, U:—5+%, ® = 4e — 8w + 2wy
AFE: V= U:’Szwl, O — 2 — 8w + 2w,.
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The Slater energies ¢, w, and w; and the long-range interactions J;p(qq’) are
proportional to the square of the separation between two possible positions of a
deuteron on a bond — D-site distance §. Assuming the linear dependence of § in all
MeD,XO, crystals on hydrostatic and uniaxial p = —o3 pressure (according to [10],
the variation of § with hydrostatic pressure in KDsPO, is linear indeed) § = d¢+d1p,
we expand €, w, wy, and Jrp(qq’) in powers of pressure p up to the linear terms
(expressing p via the resulting strain e; + €3 + £3). Other mechanisms of pressure
influence the energy parameters of the model, like, for instance, electrostriction.
So, the changes in distances between the dipoles due to the lattice deformation are
taken into account by expanding €, w, wy, and Jyp/(qq’) in diagonal components of
the strain tensor (which do not split degenerate Slater levels) up to the linear terms,
so that

20 o N
Jip(aq) = J}}(QCJ)[I gé—;zej]+z¢}f/(qq)€j
7j=1

Here S=3,.S ; 9 and S = Z S3 © for hydrostatic and uniaxial p = —o3 pressures,

respectively; SZ-(]Q) are elastic compliances. The parameters ¢ ff,(qq) and ¢;; are the

same for all the pressures (not lowering the system symmetry) applied to a given
crystal, whereas the ratio d1/dg is different for hydrostatic and uniaxial pressures.

After conventional cluster approach calculations, the thermodynamic potential
of strained crystals is obtained [7,8]

f_ v (0) £12 2
g = 'U;Eipi + 5 ;CU €i€j — 2w +2VC(0)[77] +2Tln W’

v 2
g =7 Z eipi + = Z cg;])sisj — 2w+ & + 2va(kz)[n*)* + 2T In R PR el
g2 A=) D
indices “f” and “a” stand for “ferroelectrics” and “antiferroelectrics”, respectively;

cg]) are the so-called “seed” elastic constants of a crystal, describing the elasticity

of a fictitious lattice without deuterons; v = v/kg; v is the unit cell volume,

e(0) = 1 (F(0) + 27(0) + J(0)) = 2(0)[1 - %% Z o] + 3 a0

24

alkz) = 70 (kz) = Jsllez) = 12(kz) [ 1 - ) "o+ X vl

are the eigenvalues of Fourier transforms of the long—range interaction matrices;

D' = cosh 22 + 4bcosh 2! + 2a +d, D?* = cosh2z* + 4bcosh z* + a + d + 1;
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The order parameter and lattice strains are to be found from

1
nt* = e ~(sinh 22" 4 2bsinh 2%),  —p; = > Cig€is (3)
¢;j are the elastic constants of the whole crystal; the first equation of (3) was obtained
by minimizing the thermodynamic potential with respect to 7.

The temperature of the first order phase transition can be determined from the
following condition on the values of the thermodynamic potential

g9(n'(or n*), T (or Tx), p) = g(0, T (or Tx), p). (4)

2. The fitting procedure

All the theory parameters were chosen such that the best fit to the pressure
dependence of transition temperatures was obtained.

The parameters €°, w®, 12(0) and v,(kz), relevant to unstrained crystals, have
been found earlier in [9,11,12].

The ratio d;/dg describing the rate of the pressure changes in the D-site distance
is the only theory parameter different for hydrostatic and uniaxial pressures. For all
crystals and pressures, we treat d1/dy as a free parameter.

The contribution of lattice strains to the pressure dependence of the Slater en-
ergies can be neglected (§;; = 0), so the latter is caused mainly by the pressure
changes in the D-site distance §.

Unlike the Slater energies, the parameters of the long-range interactions are es-
sentially influenced by the lattice strains. To estimate the values of the deformation
potentials 1.;(0) and 1,;(kz), which describe this influence, we use the fact that,
loosely speaking, the dipole-dipole part of the long range interactions, and the part
which describes the lattice mediated interactions are proportional to a2 and a~¢,
respectively [5]. The best fit to the experimental dependence of the transition tem-

perature of KDsPO4 on hydrostatic pressure is obtained if

Zj S3; -~ 0
Lo = —s0) (5)

at T' > T¢. For the other crystals 1.1(0) or ¥,1(kz) can be set consistently by

277Z)01 (0) + ,lvz)c?)(o)

’gZ)cl(O)[OI' ¢a1(kz)](MeD2XO4) _ I/O(O)[Ol" 14 (kz)](M6D2X04)
¥e1(0)(KDoPOy) 1¢(0)(KD2POy) ’

(6)

whereas 1.3(0)[or ¥43(kz)] can be found from equation (5).
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A detailed description of the scheme of setting the values of elastic constants is
given elsewhere [7,8]. As the first approximation, we took the available experimental
values of ¢;; compiled in [13].

The values of the theory parameters yielding the best fit of theoretical depen-
dencies of transition temperature on the pressure to experimental data are given in
table 1. Values of deuteration x for K(H;_,D,),PO, crystals are nominal.

Table 1. The theory parameters for the crystals considered.

crystal Tco OTc/Op 61/60-103| 0y ¥y 5 o 5 [ & w® 20
(K) (K/kbar) (kbar—1) (K) (K)

KDsPOy4 220 —2.0[14] —6.4 [130 110 —560 120 —560| 92.0 830 38.0

KD>POy 220 —3.0 [15] —7.6 |130 110 —560 120 —560| 92.0 830 38.0

K(Hp13Do.s7)2PO4| 210 —12.5[16] —33.5 [120 100 —545 110 —545| 87.6 785 37.05
K(Ho.16D0.81)2PO4| 208 —3.0 [15] —9.8 [110 90 —545 100 —545| 87.6 785 36.0
RbD,PO, 207.3 —3.7(17]  —10.7 [110 90 —450 100 —450 95.9 828 29.9

KD2AsOy 159.7 —1.6[18] —6.0 |80 60 —220 70 —220|73.0 800 21.6
RbD>AsO, 169.8 —2.7 [18] —8.5 |100 80 —210 90 —210| 77.8 795 23.3
ND4DsPOy4 235.0 —1.4 [19] —4.9 |310 290 —500 290 —560| 77.0 709 85.75
ND4D2AsOy4 286.3 —1.4 [20] —4.4 |380 360 —680 370 —680(105.0 810 103.65
crystal Cli Cl Cly clen cn Cy Gy Cy ca
(10°bar)
KD3POy 6.14 —0.71 1.05 4.82|/6.14 —0.71 1.0 6.14 1.1 4.3
K(Hop.13Do.87)2P04(6.93 —0.78 1.22 5.45| 6.8 —0.78 1.0 6.99 1.0 5.3
RbD>PO, 685 —0.1 1.3 52|68 —-0.1 1.3 685 1.2 5.2
KD2AsOy4 6.5 08 136 49|66 08 133 6.5 1.37 4.9
RbD5AsOy, 49 —1.92 048 3.8 14.98 —1.92 0.48 4.978 0.48 3.8
ND4D2POy4 6.28 0.39 1.9 3.25/6.28 0.39 1.6 6.28 1.59 3.25
ND4D2AsO4 64 09 24 38564 09 24 63 22 385

a) 19 = v0(0) and ¢; = 1.;(0) for ferroelectrics; 1° = 12(kz) and 9; = 14 (kz) for antifer-
roelectrics. ; and w;r are the values of the deformation potentials below and above transition
point, respectively.

b) values of 9T¢/dp and 61/ for K(Hg.13Dg.87)2PO4 correspond to p = —o3.

c) difference between ¢;; of K(Ho.13D0.87)2PO4 and K(Hg.16Do.84)2PO4 is neglected.

In figures 1a and 1b we plot the dependence of the phase transition temperature
of the six MeD»XO, (Me = K, Rb, ND4, X = P, As) crystals on hydrostatic pressure
along with the experimental points. Naturally, a perfect fit of theoretical results to
the experimental data is obtained. The T vs uniaxial pressure p = —o3 line for
K(Hp.13Dg.87)2POy is presented in figure 1c. A rapid decrease in transition tempera-
ture with the uniaxial pressure p = —o3 was detected experimentally [16]; to describe
it, a negative value of §;/dy was used in calculations. The fact that variation of T¢
with uniaxial pressure is more pronounced than with hydrostatic is understandable,
since the uniaxial pressure deforms the crystal stronger than the hydrostatic pressure
does. The unexpected outcome of the fitting process is that the uniaxial pressure
p = —og shortens the hydrogen bonds and D-site distances (01/dp < 0): one would
rather expect the pressure applied along the c-axis to expand the D-bonds lying in
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the ab-plane. One of the possible explanations of this shortening is that p = —o3
pressure flattens PO, tetrahedra along the c-axis, thereby enlarging their projection
on the ab-plane and reducing the distances between oxygens of different PO, groups.
However, this conjecture should await an experimental verification.
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Figure 1. Pressure dependence of transition temperature: a) O, [15] — KDyPOy,
A, [17] = RbDoPOy (tetragonal), KD2AsOy4, RbD2AsOy; b) O, [19] — ND4D2POy,
and O, [20] — ND4D3AsOy; ¢) K(H;—,D;)2PO4 with nominal values of x: 0.87
(Tco = 210 K) — O, [16], dashed line; 0.84 (Tcp = 208 K) — O, [15], solid line.

Universality of the transition temperature vs D-site distance dependence is cle-
arly manifest in figure 2. The values of § are calculated using the values of the ratio
01/dp from table 1, which provide the correct slopes 0T /0p and assuming a uni-
versal To(9) dependence for all these crystals at atmospheric pressure. As one can
see, the points T¢(d) and Tx(d) plotted for several ferroelectric and antiferroelectric
crystals of KHy,PO, family, strained either by hydrostatic or uniaxial pressure, lie
on a single line. Therefore, the proton ordering model not only describes the univer-
sal T vs 0 dependence [3] observed in KD,PO, and ND4DyPO, under hydrostatic
pressure, but also predicts that this dependence is also obeyed by the other crystals
of the family strained by hydrostatic pressure as well as by the K(H 13D0.87)2POy4

strained by uniaxial pressure p = —o3. This fact again emphasizes the importance of
the D-site distance in the phase transition in hydrogen bonded crystals and supports
our assumption that pressure p = —o3 reduces 9.

3. Concluding remarks

We presented a unified approach enabling us to describe the effects of hydro-
static and uniaxial pressures on the phase transition in deuterated ferroelectrics and
antiferroelectrics of KDP family. We also studied the pressure influence on dielectric
properties in these crystals. Results of the studies will be published elsewhere.

The calculations performed within the proton ordering model in the framework of
the four particle cluster approximation confirm the possibility of the proton ordering
model to describe the behaviour of KDP-type crystals under external pressure. The
proposed scheme of choosing the theory parameters makes it possible to describe the
influence of different pressures on a transition temperature of the crystals. The main
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Figure 2. Transition temperature vs D-site distance dependence for several crys-
tals of the KHoPOy4 family.

parameter which determines the pressure dependencies of the transition tempera-
ture (and, as we show elsewhere, of spontaneous polarization and static dielectric
permittivities) is the ratio d,/dy, which is the rate of the pressure-induced changes
in the D-site distance. Our calculations show that the universality of the transition
temperature vs D-site distance dependence observed experimentally in some of the
crystals deformed by hydrostatic pressure is also obeyed by the other crystals of the
family as well as under the uniaxial pressure p = —o3. The theory predicts that
this uniaxial pressure should shorten the D-site distance, even though it is applied
along the axis perpendicular to the plane in which the hydrogen bonds lie. Further
structural measurements of the hydrostatic and, especially, uniaxial pressure effects
on the KDP family crystals will enable us to ascertain the values of the theory
parameters and verify its predictions.
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TemnepaTtypu nepexoay aedopmMoBaHUX KpUcTasnis
cim’i KDP

PPNesuubknin ', A.M.Moina ', I.P.3auex?

IHCTUTYT ®i3ukn koHaeHcoBaHnx cuctem HAH YkpaiHu,
79011 JibBiB, ByN. CBEHLjUBKOrO, 1

2 [lepxaBHuii yHiBepcuTeT “JIbBiBCbKA MOniTEXHIKa”,

Ykpaina, 290000, Jibsis. Byn. bangepu, 13

OTpumaHo 4 xoBTHA 1998 p.

Y HabnMXeHHI YOTUPMHACTUHKOBOIO KlacTepa Ass Moaeni NPOTOHHOIo
BMNOPSALAKYBAHHSA OOCNIOKYIOTECA eDeKTn, BUKIUKAHI 30BHILLHIMW TUCKa-
MU, LLLO HE MOHUXYIOTb CUMETPIi KpUCTanis, Ha LENTEPOBaHi CerHeToe-
NEeKTPUKM i aHTucerHetoenekTpuku cim’i KHoPO,. MNMokasaHo, wo ekcne-
PUMEHTANbHO BUSIBIEHA A9 OESKUX 3 LUMX KpucTanie, edopMoBaHUX
rigpoCcTaTtuyHMM TUCKOM, YHIBEpCabHa 3aNexHiCTb TeMnepaTtyp nepe-
xoay Bif, Bigaani Mixk MOX/IMBUMN NMONOXEHHAMN OENTPOHA Ha 3B’A3KY,
NOLUMPIOETLCH TAKOX i Ha iHWI KpMcTanu uiei ciM’i, o MoxyTb 6yTu ae-
$opmMOBaHi i OAHOBICHUM TUCKOM.

KniouoBi cnoBa: KDP, Tuck, ¢pasoBuii nepexia.

PACS: 77.84.F
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