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Amnorairisi. B nabiuxenni 4oTUPHYACTHHKOBOIO KJIacTepa Hjld MOHEJIi Ipo-
TOHHOI'O BIOPAOKYBAHHHA IOCILIXKYIOTHCA edeKTH, BUKJIMKAHI 30BiHimHIMHT
THUCKAMH, M0 He IMOHHXKYIOTh CHMeTpii KpPHCTaJIiB, Ha OeiiTepoBaHI cerHeTo-
esiekrpuku i anrucerneroesektpuku cim’'i KHyPOy4. Teopisn 3abesneuye 3a-
OBLIbHUIl OMKUC HAABHHUX EKCIEPHMEHTAJIbHUX JAHUX IJIA 3aJIeXKHOCTel Bif
THCKY TeMIIepaTyp Iepexoqy Ta CTATHIHHX OieJIEKTPUIHUX BIIACTUBOCTEIl
KPHUCTAJIIB, & TAKOXK EKCIIEPUMEHTAIbHO BUABJICHOL €UHOI I IMX KPUCTAJIIB
3aJIE)KHOCTI TEeMeNepaTyp Mepexomy Bill BiIAaJsi MiX MOXKJIMBAUMHU IOJIOXKEH-
HAMHI nedTpona Ha 3B’a3Ky. [lokaszaHo BaX/IUBICTH i€l Bimmai y ¢das3oBoMmy
nepexay Ta OieJIeKTPUIHOMY BIATYKY KPUCTAJIB 3 BOOHEBUMU 3B’ A3KAMH.

Influence of external pressure on phase transitions and dielectric
properties of kdp family crystals.

R.R.Levitskii, A.P.Moina

Abstract. Within the four-particle cluster approximation for the proton
ordering model, we study effects of external pressures which do not lower
the crystals symmetry on deuterated ferroelectrics and antiferroelectrics of
KH>PO4 family. The theory provides a satisfactory description of the available
experimental data for transition temperature and static dielectric properties
of the crystals and the experimentally observed universality of the transition
temperature vs D-site distance dependence. Importance of the D-site distance
in the phase transition and dielectric response of the hydrogen bonded crystals
is shown.
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Potassium dihydrogen phosphate KH,PO4 (KDP) is a prototype for
a well-known family of hydrogen bonded crystals undergoing ferroelectric
or antiferroelectric structural phase transitions. For years, since the so-
called proton ordering (or tunneling) model was proposed in 1966 [1,2], it
has been generally accepted that these phase transitions are triggered by
ordering of protons on hydrogen bonds. This ordering leads to displace-
ments of heavy ions, hence the spontaneous polarization arises. The tun-
neling model also easily explains the observed in these crystals increase in
the transition temperature with deuteration (isotope effect), ascribing it
to a decrease in tunneling integral as protons are replaced with deuterons.
The subsequent results of Raman scattering experiments [3,4], however,
raised serious doubts about the validity of the proton ordering model.
Another approach was proposed [5], according to which not just protons,
but the whole H,PO,4 groups play the role of ordering units. There is
also the theory of the so-called geometric isotope effect, in which the shift
in the transition temperature with deuteration is attributed not to the
decrease in tunneling, but to the changes in the geometry of hydrogen
bonds, namely, to an increase in the separation é between two possible
hydrogen sites on a bond and/or in H-bond length. Nevertheless, the
tunneling model still remains the most elaborated and widely used ap-
proach to the description of the phase transitions in the KDP family
crystals, including also mixed crystals of Rby_, (NH4), HoPOy type [6,7]
where the spin glass phase is found.

Naturally, the high pressure studies are not able to unambiguously
establish the mechanism of the phase transitions in these crystals. How-
ever, since they are the only means to continuously vary the hydrogen
bonds parameters as well as the interparticle interactions in the system,
the pressure studies happen to be the best tool to study the depen-
dences of crystal characteristics on the H-bond geometry and, thereby,
to explore the role of hydrogen bonds subsystem in the physics involved.

For instance, it is known that hydrostatic pressure reduces the tran-
sition temperatures in all KDP-type crystals [8], as well as the H-site
distance and the H-bond length [9,10]. By means of neutron scatter-
ing technique, Nelmes et al [11] found out that in four crystals of this
family having a three dimensional network of hydrogen bonds, namely
KDP, KD,PO, (DKDP), and two antiferroelectrics NH4H,PO,4 (ADP)
and ND4D>PO4 (DADP), the dependences of transition temperatures
on H-site distances almost coincide, that is, the isotope effect in these
crystals is suppressed when d is kept constant. Furthermore, it was as-
serted that in crystals with one-dimensional (PbHPOQy,), two dimensional
(squaric acid H2C404), and three-dimensional (the above mentioned
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KDP, DKDP, ADP, and DADP) H-bonds network, transition tempera-
ture falls to zero at the same value of § of approximately 0.2A.

Usually, the decrease in the transition temperature in KDP family
crystals with pressure is explained within the proton ordering (tunnel-
ing) model in the mean field approximation assuming a decrease in the
parameter of hydrogen-hydrogen interaction J and an increase in the
tunneling integral (see the book by Blinc [12] and Samara’s review [8]).
A more adequate description of pressure effects in these crystals has been
obtained in the four particle cluster approximation by Blinc [13] and
Torstveit [14]. The derivatives of transition temperature, spontaneous
polarization, and Curie constant with respect to hydrostatic pressure for
KDP and DKDP were successfully described. However, since then a lot
of new experimental data on the pressure effects has become available
for other crystals of KDP family [15-20] and for uniaxial pressures [21],
not to mention the observed universality of the T vs ¢ dependence [11].

Therefore, it seems worthwhile to re-examine the ability of the con-
ventional proton ordering model to consistently describe pressure effects
on several ferroelectric and antiferroelectric crystals of KDP family. Par-
ticularly, studies of uniaxial pressures may give a better insight into
the problem of phase transition and/or polarization mechanism in these
crystals. For the sake of simplicity we restrict our consideration with
deuterated crystals strained by pressures which do not lower the crys-
tals symmetry: hydrostatic and uniaxial p = —o3. In order to study
the pressure dependences of static dielectric properties, simple models
of dipole moment formation in these crystals are suggested. We shall also
verify whether the universality of the transition temperature vs H-site
distance dependences observed in KDoPO4 and ND4D2POy strained by
hydrostatic pressure can be accounted for in this model and whether it
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 anti-
ferroelectric (AFE) crystal of KH;POy4 family with a general formula
MeD5X0y4, where Me = K, Rb, NDy, X = P, As. The crystals are as-
sumed to possess the tetragonal symmetry in the paraelectric phase. In
our calculations we use the model of strained KHoPOy type crystals
by Stasyuk et al [22], as well as some ideas of the previous theories by
Blinc [13] and Torstveit [14]. In [22,23], the influence of the B; symmetry
uniaxial pressure o; — o2 on the DKDP type ferroelectrics was consid-
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ered, and a possibility of the pressure induced phase transition within a
monoclinic phase was shown. In the present work, we consider only pres-
sures which do not lower the system symmetry: hydrostatic or uniaxial
p = —o3 applied along the ferroelectric axis c.

We perform our calculations within the four-particle cluster approx-
imation which allows one to take adequately into account the strong
short-range correlations between deuterons. The four-particle cluster
Hamiltonian of the system has the following conventional form:

Oq1 0g2 042 043 043 Og4 Uﬂail] (1)

H, = {__ 942 943 | 943 Tq4
a 9 2 T2 2 T2 Ty

where two eigenvalues of the Ising spin o,y = %1 are assigned to two
equilibrium positions of a deuteron on the f-th bond in the g-th cell,
tunneling being neglected. Depending on the choice of the theory pa-
rameters, Hamiltonian (1) can describe both the ferroelectric and an-
tiferroelectric ordering. The antiferroelectric ordering can be obtained
only if the long-range interactions are taken into account [24].

Constants V', U, and @, different for ferro- and antiferroelectric crys-
tals, describe the short-range correlations between deuterons. They are
given by the following functions of Slater energies €, w, and w;

FE
V= %, U:—5+%, P = 4e — 8w + 2wy;
E =Eq — &g, w =¢&1 — &g, w1 = &g — €s;
AFE
v U:6+2w1, ® = 2 — 8w + 2w,

€=E¢Es —Ea, W = &1 — Eq, w1 = €0 — €a,

with €4, €4, €1 and g¢ being the energies of up-down, lateral, single-
ionized, and double-ionized deuteron configurations, respectively. The
energies of up-down configurations in ferroelectric crystals and of lateral
configurations in antiferroelectric ones are the lowest.

The fields 2., include the effective cluster fields A!; created by the
sites neighboring to the ¢ f-th site, external electric field F; applied along
one of the crystallographic axes, and the long-range deuteron-deuteron
interactions (dipole-dipole and indirect via lattice vibrations) taken into
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account in the mean field approximation

i i Oq' f i
Zap = Bl=D + Y T (QQ')< qu i + pg Bi]. (2)
af

It is known that the Slater energies £, w, and w; and the compo-
nents of the long-range interaction matrix Jy s (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 the
D-site distance § in all MeDsXO, crystals on hydrostatic and uniaxial
p = —o3 pressure (according to [9,10], the variation of 6 with hydro-
static pressure in KDyPOQOy is linear indeed, except that dg and §; are
temperature dependent)

0 = o + dp,

we expand €, w, w1, and Jyp(gq') in powers of pressure up to the linear
terms. However, there can be other mechanisms of pressure influence
on the energy parameters of the model, like, for instance, electrostric-
tion and changes in distances between the dipoles due to the lattice
deformation affect Jy s (¢q"). We take these mechanisms into account by
expanding e, w, wq, and Jyp(gq") in powers of components of lattice
strain tensor up to the linear terms, so that

j=1 i=1
25, & 3
w=ul[1- 52 3 e+ Y b 3)
j=1 i=1
245, & 3
wy = wy [1 - Zf‘ij] +> Oyigi
0 j=1 =1
and
/ ), 26) o > j ,
Jff’(‘l‘l):Jff/(QQ)[l—E%ZEj] +Z¢ff’(qq )Ej- (4)
j=1 j=1

To avoid explicit dependence of the Hamiltonian on pressure, we ex-
pressed pressure in terms of the resulting strain e; +e24¢€3; S = Zij Sg-))

for hydrostatic pressure and S = Zj S?(’?) for the uniaxial p = —o3 pres-

sure; Sg-)) is the matrix of elastic compliances. The parameters 1/13} s (ad’)
are the same for all non-lowering the system symmetry pressures applied
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to a given crystal, whereas the ratio d; /Jy is different for hydrostatic and
uniaxial pressures.

In Eqns. (3) and (4) we take into account only the diagonal compo-
nents of the strain tensor. As symmetry analysis shows, these strains do
not split degenerate Slater levels, whereas the non-diagonal components
of the strain tensor can partially remove this degeneracy [22].

Hereafter, we consider only a longitudinal electric field E3 in fer-
roelectric crystals and a transverse one E; in antiferroelectric crystals.
It brings about the following symmetry of the quasispin mean values,
effective fields 2 ;, and effective dipole moments y ;:

FE

= (oq) = (042) = (043) = (04);

13 = fg1 = Hap = Hag = Hoas

P 2 =2l =2l =20y
AFE
77313 = _<Uql) = <‘7q3): 77224 = _(Uq4> = (Uq2)7
= gy = flgg,  Hge = Hgs = 0,
2413 = —z,}l = 233, 2oy = Z;Q = —234.

The order parameter (mean value of the quasispin) of a ferroelectric
crystal is uniform, whereas that of an antiferroelectric crystal should be
presented as the sum of a spontaneous modulated part and of a field-
induced uniform part:

ngp =nfe®*? B 1ty 0t = —nf =03 =n§ = —nf,
Mag = N3 = —ME, Noap =T = —Nig-

Here k; = (by + by + b3)/2, by, by, bs are the basic vector of the re-
ciprocal lattice; the factor e®*2%« = +1 denotes two sublattices of an
antiferroelectrics.

Now we shall proceed with the conventional cluster approach cal-
culations, excluding the effective fields A from z by making use of the
self-consistency condition. The condition states that the mean values
of the quasispins calculated with the four-particle Hamiltonian (1) and
with the one-particle Hamiltonian

af 5 2 Cur = BBy
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must coincide. We obtain

FE
1 141/ BusE;
b —— f
o = 3L (O + P
AFE
“ 1 1+ o E
zgi3 = 5n 7213 + ﬁ[ua(kz)n e*zRa 4y (0)n3p + el 1],
2 T, 2
1. 1+n% :
Zgpa = Tk ﬁ + ﬁ[va(kz)n“e’kzn" + Va(O)n24E],
q

with

ve(0) = i(Jn(O) +2J12(0) + J13(0))
3
=12(0) [1 - %g—; ;Ej] + zi)/)ci(o)%

3
valk) = i(Jn(k) ~ (k) = v2(k) 1L - %g—; Zaj] + 3 btk

being the eigenvalues of Fourier transforms of the long-range interaction
matrices.
Now the free energy of strained crystals can be calculated (at E; = 0).

FE
1= 23 e — 2w+ 2O + 2T
i
AFE
fa = g chg)é‘ié‘j —2w+e+ 2Va(kZ)[na]2 +2T'In
i

2
T—WP) D’

2 .
- P D

cgg) are the so-called “seed” elastic constants of a crystal, describing
the elasticity of a “host” lattice — a fictitious lattice without deuterons;

o = v/kg; v is the unit cell volume, and

DY = cosh 2z + 4bcosh 2z + 2a + d,
D® = cosh2z* +4bcoshz® +a+d + 1.

Terms like Sged3P; and Y, qi3e; P, which usually occur in the free
energy when one considers the piezoelectric coupling and electrostric-
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tion effect (ds¢ is the piezomodule, and g;3 are the electrostriction co-
efficients), are taken into account in our expressions by 2v.(0)[nf]? (or
204 (k) [1°)?):

The order parameter and the lattice strains are to be determined
from the thermodynamic equilibrium conditions

19f _ . 10f _

P an ; —Di;

0 65—:z

p; = (p,p,p) for the hydrostatic pressure, and p; = (0,0,p) for the
uniaxial pressure p = —o3, leading to the following system of equations

1
nhe = (sinh 227+ + 2bsinh 2/:9),

Dfa
—ni= Y ey~ Fha (s 3. Q
J
where
Fj=2% —(wcx ) - ;j RO+ (%(5“ - %j—) *
+4b (6 - ggw °) cosh 2! +d (8 — ;g—;w?» :
By = 220 2 (k) - SR )) 0P +

e (o= S oo~ )

are the contributions of deuteron subsystems to crystals elasticity.
Since determination of these contributions lies beyond the scope of the
present paper, we may safely consider instead of (5) the system

1
nhe = Dra (sinh 2z7°% 4 2bsinh 2/7),  —p; = ZCUEJ’ (6)

electrostriction is neglected; c;; are the elastic constants of the whole
crystal, being determined from an experiment.

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

g, T,p)=f+v);€ipi

g(n’ (or n®), Tc(or Tx), p) = g(0, Tc(or 1), p). (7)
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It is assumed that the polarization of the crystal, triggered by deute-
ron ordering, if related to the mean values of quasispins as

N Hag (0up)
P=y S
f

with summation going over all sites of a unit cell (summation over a
primitive cell would give a sublattice polarization). Taking into account
the system symmetry, we can write that

FE AFE
4 2
P = %Tlf, P = ﬂrIilsE (8)

It is the variation of the effective dipole moments p; with pressure that
governs the pressure dependences of dielectric characteristics of the crys-
tals. Determination of this variation will be deferred till the next section.

Differentiation of (8) with respect to Es or E; at 0g;/0E; = 0 (the
strains are independent of the electric field) yields the expressions for
static dielectric permittivities of clamped crystals.

FE
2 f
f _f Bus 4oy
ex(T,p)=¢€5, +4dn————
3( ) 300 v Df . 2@5}{?{
AFE 9)
Bl [ 2 243

T,p) = 4
HTP) =Sl T4 | Do Y D g

€ico are high-frequency contributions to the permittivities, and
s) = cosh 22/ + beosh 2/ — [/ 12D7,
3¢ =1+ bcoshz®, 3% = cosh2z% + bcosh z® — [n*]* D%

1 1
‘P:)Jf = 1_7[7710]2 + Bre(0), i = 1_7[77(1]2 + Bra(0),

It should be noted that at ambient pressure above Tyo, if w — co and
w1 — oo the obtained expression for x{ coincide with that of Havlin
[25].

Permittivities of mechanically free crystals are related to those of
clamped crystals by

e, T) =, T) + 4”(2 esids; + 636d36),
i

El(p,T) =€} (p,T) + 4nd}scua,




9 IIpenpunT

d;; and e;; are crystal piezomodules.

2. The fitting procedure

We need to set the values of the following theory parameters for each of
the considered MeD2X0O,4 (Me = K, Rb, NDy4, X = P, As) crystals:

e energies of deuteron configurations °, w®, w{ for both FE and
AFE crystals, eigenvalues of Fourier transforms of the long-range
interaction matrices v%(kz) for AFE and v2(0) for FE (these pa-
rameters describe the unstrained state of crystals);

e the eigenvalue v2(0) for AFE crystals, the effective dipole moments

ugo) for FE and AFE crystals (they determine magnitudes of di-
electric characteristics at atmospheric pressure);

o the elastic constants c;;.

e the ratio d1/dp and so-called deformation potentials J;; for both
types of crystals, 1.;(0) for FE crystals and ¢4;(kz) for AFE crys-
tals (these parameters determine the pressure dependence of the
transition temperatures);

e the slopes Ou;/dp for both types of crystals, 1,;(0) for AFE crystals
(they determine the pressure dependence of the dielectric proper-
ties).

The parameters relevant to the unstrained crystals have been found
earlier [26-28]. They provide quantitative description of experimental
data for the transition temperatures, spontaneous polarization, dielectric
permittivities and specific heat of the crystals at ambient pressure. In
the present work, those parameters were slightly adjusted so that they
corresponded to the deuteration levels for which the value of 0T /dp or
0T~ /Op was available. Everywhere we neglected contributions of double-
ionized deuteron configurations, putting w9 — oo and d3; = 0.

Let us consider now the parameters which determine the pressure
dependences of crystal characteristics.

The ratio 1 /d¢ 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 d;/dp as a
free parameter. In the case of KDyPO,4 with To = 220 K and dT0p =
—3 K/kbar, for which the dependence of spontaneous polarization on
hydrostatic pressure is reported [15], the adopted value of d;/dp (see
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Table 1) is close to that calculated with the available structural data by
Nelmes [9] corresponding to a sample with Ty = 222 K, and 0Tc0p =
—3 K/kbar.

As our calculations show, the deformation potentials d;; can be put
equal to zero. It means that the contribution of lattice strains to the
pressure dependence of the Slater energies is negligibly small, and the
latter results mainly from the pressure changes in the D-site distance
d. That accords with the results of the earlier theories [13,14] where no
other mechanism of pressure effects on the Slater energies was taken into
account.

Unlike the Slater energies, the parameters of the long-range inter-
actions are essentially influenced by the lattice strains. To estimate the
values of the deformation potentials ¢.;(0) and ,;(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 describe the lat-
tice mediated interactions are proportional to a~2 and a~8, respectively
[29]. This yields Y, %¢i(0)e; ~ —(3 + 6)v2(0)e1, depending on the rela-
tive weights of the two parts of long range interactions. The best fit to
the experimental dependence of the transition temperature of KD2POy
on hydrostatic pressure is obtained if

> S3j
Zj- 5. 8v2(0) (10)

above the transition point. For the other crystals the values of ¥.;(0) or
Yai(kz) can be set consistently, using the relations

2¢cl (0) + ¢c3 (0)

Ye1(0)[or a1 (kz)](MeDyX04) _ 12(0)[or v (kz)](MeD>XO4)

¥ci(0)(KD3POy) v2(0)(KD2POy) > (D)

whereas 1.3(0)[or ¢,3(kz)] can be found from Eq. (10). Since the crys-
tals for which the experimental 9T¢/0p are known might be of different,
although high, deuteration levels, the adopted values of deformation po-
tentials 1.;(0) [or 1qi(kz)(0)] slightly differ from those calculated with
(11).

Since values of the transverse dielectric permittivity of an antiferro-
electrics are not very sensitive to small changes in the parameter

1 (0) = O - 255l + Y i)

for the sake of simplicity we assume that ¢,;(0) = 0.
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Due to the lack of the necessary experimental data, the choice of val-
ues of elastic constants is not quite plain. Thus, for K(H;_,D,)2POy4 the
elastic constants at ambient pressure are available only for deuterations
xz = 0 and z = 0.89 above the transition point [30,31]. The required
values of ¢;; for the crystals with different values of x were obtained by
linear extrapolation (interpolation) of the data [30] for z = 0.89 and of
[31] for an undeuterated sample KHyPOy. It also should be mentioned
that, usually, the elastic constants ¢;; and ¢33 are measured fairly accu-
rately, and the data of different sources are close to each other. As far
as c¢12 and ci3, are concerned, their values are much lower than those
of ¢11 and ¢33, and different measurements give different results (see,
for instance, [32]). Thus, for KD, AsOy4, ND4D2PO4 and RbD2AsOy4 the
data of only one measurement are available ([33] for KD2AsOy, [34] for
ND4D,POy, and [35] for RbDyAsOy). Therefore, in calculations we fix
the values of ¢;; and ¢33 of [33] and [35], whereas the agreement with
the experimental dependence of T (p) was obtained by varying cio and
c13 around their experimental values. For RbDoPO4 and ND4D5AsO,
the corresponding experimental data are available only for undeuter-
ated forms [36,37]. Taking into account the fact that elastic constants
of deuterated crystals are usually close to those of their undeuterated
analogs, for RbDsPO,4 and ND4D,AsO,4 we fix the values of deformation
potentials .;(0) and 1,;(kz) calculated with (11), and obtain an agree-
ment with the experimental dependence Tc(p) by changing c;; near that
of the undeuterated crystals. Since no experimental data for the elastic
constants of the crystals in the ordered phase is available, we calculated
the transition temperature of these crystals at different pressures and
different but close to c;; trial values of ¢;;» choosing those which provide
the best fit to the experimental data.

The values of deformation potentials and elastic constants yielding
the best fit of theoretical dependences of transition temperature on pres-
sure to experimental data are given in Tables 1 and 2, respectively. Values
of deuteration = for K(H;_,D,)2POy4 crystals are nominal. The number
of varied parameters could be reduced if we knew the elastic constants
and the variation of the D-site distance with pressure in crystals with
the same deuterations as in the samples for which data for the pressure
dependences of other characteristics are available.

In numerical calculations we minimize the thermodynamic potential
with respect to the order parameter 1 and find the strains ¢; from the
second equation (6); the transition temperature is determined from the
condition (7). Results of the calculations are given in the figures below.

ICMP-98-19E 12

Table 1. The theory parameters for the considered crystals.

crystal Tco O0Tc/Op 01/30-10° [ ) o, s TR
(K) (K/kbar) (kbar™!) (K)

KD>PO, 220 —2.0[16] —6.4 |130 110 —560 120 —560

KD>PO, 220 —3.0 [15] —7.6 |130 110 —560 120 —560

K(Ho13Dos7):PO4| 210 —125[21] —33.5 [120 100 —545 110 —545

K(Ho.16Do.84)2PO4| 208 —3.0 [15] —9.8 |110 90 —545 100 —545

RbD2PO4 207.3 —3.7[18] —10.7 |110 90 —450 100 —450

KD3AsOq 159.7 —1.6 [19] —6.0 80 60 —220 70 —220

RbD2AsO4 169.8 —2.7 [19] —-8.5 |100 80 -—210 90 -210

ND4D>PO4 235.0 —1.4 [38] —4.9 310 290 —500 290 —560

ND4D>AsO4 286.3 —1.4 [20] —4.4 |380 360 —680 370 —680

crystal Tco O0Tc/op | € w® ° f° uy~ Jv
(K) (K/kbar) (K) (K) (uC/em?)

KD>PO, 220 —2.0[16] | 92.0 830 38.0 | 76

KD»PO4 220 -—3.0 [15]] 92.0 830 38.0 1.55

K(Ho.13Do.87)2P0O4| 210 —12.5[21]| 87.6 785 37.05 1.25

K(Ho.16D0.81)2PO4 | 208 —3.0 [15]| 87.6 785 36.0

RbD>PO4 207.3 —3.7[18] | 95.9 828 29.9 |13.5

KD2AsO4 159.7 —1.6 [19]| 73.0 800 21.6

RbD2AsO4 169.8 —2.7 [19] | 77.8 795 23.3

ND4D>PO4 235.0 —1.4 [38]| 77.0 709 85.75

ND4D>AsOq4 286.3 —1.4[20] [105.0 810 103.65 |1400

W = 12(0) and ¢; = t(0) for ferroelectrics; 1° = v0(kz) and

Vi = tai(kz) for antiferroelectrics. 1; and ¢ are the values of the
deformation potentials below and above transition point, respectively.

2 = (u3)? /v for ferroelectrics and f° = (uf)?/v for antiferroelectrics.

values of 0T /0p and 6y /dp for this crystal correspond to uniaxial pres-
sure p = —03.
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Table 2. Elastic constants (units of 105bar) of the considered crystals.

crystal CTI CE CTS 0;3 €1 Cla €3 Cyp  Cag Cgg
KD2PO, 6.14 —0.71 1.05 4.82|6.14 —0.71 1.0 6.14 1.1 43
K(Hg.13Dg.87)2P04(6.93 —0.78 1.22 5.45| 6.8 —0.78 1.0 6.99 1.0 5.3
RbD2POy4 6.85 —0.1 13 52|68 —-01 1.3 6.8 1.2 5.2
KD2AsOq4 6.5 08 136 49|66 08 133 6.5 137 4.9
RbD2AsO4 49 —1.92 0.48 3.8 |4.98 —1.92 0.48 4.978 0.48 3.8
ND4D>2PO4 6.28 0.39 19 3.25(6.28 0.39 1.6 6.28 1.59 3.25
ND4D3AsOq4 6.4 09 24 38564 0.9 24 6.3 2.2 3.85

We neglected the difference between elastic constants of partially deuter-
ated K(H0_13D0_87)2PO4 and K(H0_16D0_84)2PO4 crystals is neglected.

In Figs. 1la and 1b we plot the dependence of the phase transition
temperature of the six MeD2X04 (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.
No experimental point for KDy AsO4 or RbD3AsQy is presented, but the
theoretical slopes 0T /0p for these crystals agree with the correspond-
ing data of [19]. It turns out that theoretical pressure dependences of
transition temperatures are mainly determined by the changes in the
D-site distance (via d1/dg) and, to a lesser degree, by a lattice strains
counterpart in the pressure dependence of the long-range interactions
(via ©¢i(0) or ¢ai(kz)).

Transition temperature vs uniaxial pressure p = —o3 line is presented
in Fig. 1c along with the experimental points of [21] and a theoretical
curve for the hydrostatic pressure. A rapid decrease in transition temper-
ature with the uniaxial pressure p = —o3 was detected [21]; to describe
it, a negative value of 4, /dy was used in calculations. The fact that vari-
ation of T¢ with uniaxial pressure is more pronounced than with hydro-
static 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 = —o3 shortens the
hydrogen bonds and D-site distances (d1/dp < 0): one would rather ex-
pect the pressure applied along the c-axis to expand the D-bonds lying
in the ab-plane. One of the possible explanations of this shortening is
that p = —o3 pressure flattens POy tetrahedra along the c-axis, thereby
enlarging their projection on the ab-plane and reducing the distances be-
tween oxygens of different POy groups. However, this conjecture should
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await an experimental verification.
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Figure 1. Pressure dependence of transition temperature: a) O, [15] —
KD3,PO4, A, [18] — RbD2POy4 (tetragonal), KD2AsO4, RbD2>AsO4; b) O, [38]
— ND4D3POy, and 0O, [20] - ND4D2AsOy; ¢) K(Hi—;D;)2PO4 with nominal
values of z: 0.87 (Tco = 210 K) — O, [21], dashed line; 0.84 (Tco = 208 K) —
0, [15], solid line.

Universality of the transition temperature vs D-site distance depen-
dence is clearly manifested in Fig. 2. The values of 0 are calculated
using the values of the ratio d; /dp from Table 1, which provide the cor-
rect slopes 0T¢/0p and assuming a universal Tco(d) dependence for all
these crystals at atmospheric pressure. As one can see, the points T(d)
and Tn(0) plotted for several ferroelectric and antiferroelectric crystals
of KH2POy family, strained either by hydrostatic or uniaxial pressure,
lie on a single line. Therefore, the proton ordering model not only de-
scribes the universal T¢ vs 0 dependence [11] observed in KD2PO4 and
ND4D,;PO,4 under hydrostatic pressure, but also predicts that this de-
pendence is obeyed also by the other crystals of the family strained by
hydrostatic pressure as well as by the K(Hg.13D0.87)2PO4 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 §.

Now we shall discuss pressure effects on the dielectric properties of
the crystals.

The slopes Ou;/dp can be determined without introducing into the
theory any extra fitting parameter on the basis of the following specu-
lations. Even though these speculations are not quite rigorous, they do
have two virtues: they are simple and their predictions agree fairly well
with the experiment.
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Figure 2. Transition temperature vs D-site distance dependence for several
crystals of the KHoPO4 family.

It is believed that the deuteron ordering in the system results in dis-
placements of heavy ions and electron density which contribute to crystal
polarization. Since, when ordered, a deuteron shifts from its central po-
sition on a hydrogen bond to the off-central one by a distance §/2, it
seems reasonable to assume that the heavy ions displacements are also
proportional to 4. This idea was used in the previous theories. In the
present work we also assume that p; is proportional to the correspond-
ing lattice constant a;, reflecting an intuitively understood fact that the
larger molecule is, the greater dipole moment arises in it. This yields

1 aui (51 &
o ==+ —.
pi p  bo p

(12)

In Fig. 3 we plot the temperature curves of spontaneous polarization
of K(H;_,D,)2POy4 crystals at different values of hydrostatic and uni-
axial p = —o3 pressures. As one can see, the model pressure dependence
(12) of the effective dipole moment us provides a satisfactory description
of a decrease in saturation polarization with hydrostatic pressure. Since
we accepted a negative value of d;/do for a uniaxial pressure p = —o3,
then, according to (12), effective dipole moment p3 and thereby the spon-
taneous polarization is expected to decrease with this pressure. Unfor-
tunately, no direct experimental data for the uniaxial pressure p = —o3
on the spontaneous polarization of KD>PQO, is available.
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Figure 3. Temperature dependence of spontaneous polarization of KD>POy
(a) and K(Hg.13Do.57)2PO4 (b) crystals at different values of external pressure
p(kbar): a) (Tco =220 K, 0Tc/dp = —3K/kbar) 1 - 0.001; 2 - 2.07; 3 — 4.14;
4-7.6; 5 15.0; 6 - 20.0. b) (Teo = 210 K) 1 - 0.001; 2 - 0.2; 3 — 0.5. Solid
and dashed lines correspond to hydrostatic and uniaxial p = —o3 pressures,
respectively. Experimental points are taken from [15] — O and [39] - ©.

In Figure 4 we present the temperature dependences of the inverse
static dielectric permittivity of KD2PO4 and RbDoPOy4 crystals at differ-
ent values of hydrostatic pressure and of K(Hg.13Dg.s7)2POy4 at different
p = —og pressures. Difference between permittivities of clamped and
free crystals is neglected. Unfortunately, experimental data for non-zero
pressures are available only for the hydrostatic one [16,40]. As one can
see, the model dependences (12) well describe a decrease in the Curie
constant with hydrostatic pressure. Due to the adopted negative value of
01 /00, uniaxial pressure p = —o3 is expected to lower the Curie constant
as well.

Hence, similarly to the pressure dependence of the transition tem-
perature, the pressure dependences of dielectric permittivity and spon-
taneous polarization of these ferroelectrics are also governed by the pa-
rameter 01 /dp, indicating the crucial role of the D-site distance in the
dielectric response of the hydrogen bonded crystals.

Let us consider now the pressure effects on the dielectric properties
of antiferroelectric crystals of the KHyPO4 family. The antiferroelectric
crystals of this family are characterized by the large values of trans-
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Figure 4. The temperature dependence of the inverse static longitudinal di-
electric permittivity Of KD2P04 (a), RngPO4 (b), and K(H0_13D0_87)2PO4
(c) crystals at different values of external pressure p(kbar): a) (0Tc¢/0p =
—2K/kbar) 1 - 0.001; 2 - 3.6; 3 —4.7; 4 - 7.6; b) 1 — 0.001; 2 — 1.1; 3 — 2.25;
4-4.0;5-6.63; 6 -7.76; c) 1 — 0.001; 2 — 0.5, 3 — 1. Experimental points are
taken from: [40] — A, [16] — O, [18] — ®, and [41] — *. Solid and dashed lines
correspond to hydrostatic and uniaxial p = —o3 pressures, respectively.
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verse effective dipole moments of unit cell. The permittivity e1(T, p)
of ND4D3AsO, exhibits a strong variation with pressure [20], and the
slopes (12) describe the experimental data only qualitatively. It means
that the mechanism of dipole moment formation in these crystals is
somewhat different from that described above for the ferroelectric crys-
tals, or rather there must be some other factor in addition to ion shifts
due to the deuteron ordering. We assume that there exists interaction
between large dipole moments of unit cells (we call this mutual polariza-
tion), which changes their magnitude and the character of their pressure
dependence. Let us consider a simple model in which a unit cell ¢ is as-
signed a dipole moment d;; the size of the dipoles is much smaller than
the distance between them. Up to the terms linear in external field, the

transverse polarization of an antiferroelectric crystal (naturally, induced
by this external field) reads

2p1 Ontsp 1 d
Ph=—"——=2Fy = —x1FEyp = — 13
1 v OFy 01 " X1L£01 v’ ( )
where (see (10))
B 1 252} 2525
= — 14
0= | Do — gt T De g | (14)

d; is the transverse dipole moment of a unit cell.
We assume that the magnitude of the dipole moment is proportional
to a complete electric field acting on it. This field differs from the external

field Fo but include also the internal field created by other dipoles of
the crystal

3(nijdj)n; — d;
di=d|Eo+) (g ]}%?” - (15)
j “

where & is the polarizability tensor, n;; is the unit vector directed from
the dipole d; to d;, and R;; is the distance between the dipoles. If all
dipoles are directed along the external field, and the magnitudes of the

dipoles are all the same, then Eq. 15 can be solved, and, for instance,
for transverse dipole moment we obtain

a1Eo;
dy = ————,
1-— a1K1

2a2n2 — b2n2 — 2n2
Ki= Y it (16)
(a2n? + b2n3 + 2n2)>/2
ninansg
a, b, ¢ are the lattice constants and ni, n2, ng are integers such that
n? +n2 +n2 # 0. From Eqns. 13 and 16 it follows that
2 1 (e5]
B =T
X11—a1K;
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Differentiating this equation with respect to pressure and choosing the
value of the derivative Oa;/0p so that it corresponds to the rate of
the pressure changes in the square of effective dipole moment y? in the
case when the mutual polarization of dipoles is not taken into account

(K1 = 0), namely
1 8041 (51 61)
— 2 - + _- ,
aq 517 do p

1 6/1,1 _ 1 6a1
wdp a1 dp

we obtain

0K
U+MKWJ+XW181 (17)

where

0K, Z a’n3(4R? — 5r1)e1 — (2R? + 5r1) (b*ndes + *nies)
ap P pR7 )

ninans

R= \/a2nff + 0202 + 2n2, 1 = 2a’n] — b*n3 — *nj,

and the pressure dependence of x; is neglected. One can see, that the
terms in Ou? /Op describing the influence of mutual polarization (via K;
and 0K, /0p) are proportional to u? and, therefore, are unessential for
crystals with small dipole moments such as p3 in KD2PO4 or RbD2POy.

The dielectric susceptibility should be now determined as a derivative
of polarization with respect to a complete field Fy = Eg + diK; =
Ep1 /(1 — a1 K7). Then, instead of (10), we obtain

_ _a :U’l X1
El(OJTap) _Eloo 4 v 1+N1X1K1 (18)
Let us mention that the difference between (10) and (18) is the larger,
the stronger the crystal lattice differs from a cubic one; at a = b = ¢,
Kl =0.

In Fig. 5 we plot the temperature curves of the transverse dielectric
permittivity of ND4D2AsO4 (DADA) at different values of hydrostatic
pressure along with the experimental points by Gesi [20]. In calculations,
we use v2(0) = —35 K and value of the piezomodule dy4 corresponding
to an undeuterated sample [42].

The pressure dependence of the coefficient p? calculated with (17)
provides a fair description of a decrease in €{ in the paraelectric phase as
well as of a slow increase in the antiferroelectric phase, showing thereby
an importance of the mutual polarization mechanism in the dielectric
response of these crystals. It should be noted that there can also be other
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Figure 5. The temperature dependence of the transverse static dielectric per-
mittivity of ND4D2AsO4 at different values of external hydrostatic pressure
p(kbar): a) 1 - 0.001; 2 - 2.62; 3 — 5.6; 4 — 7.68. Experimental points are taken
from [20].

mechanisms of pressure influence on the dipole moments of hydrogen
bonded crystals, neglected here: rotation of POy tetrahedra around the
c-axis, shortening of N-H-O bonds in antiferroelectrics, etc. It can also
be important that the dielectric permittivity of DADA [20] is measured
at v = 10° Hz, which belongs to the region of the piezoelectric resonance.
In a similar way, one describes also the variation with hydrostatic
pressure of the transverse dielectric permittivity of DKDP given by

f
(T p) = sloo + 47r5u1 L
v DI - 2%1 ‘Pl
(where >/ = a+bcoshzf and of = (1—[f]2) ! + Br,(0)) — a decrease
with pressure in the paraelectric phase and an increase in the ferroelectric
phase observed recently by Dr. A.G. Slivka of Uzhgorod State University
[43]. However, here a dipole moment d; should be assigned not to a whole
unit cell but to two linked by a hydrogen bond PO, tetrahedra along
with the four hydrogen bonds attached to one of them.
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3. Concluding remarks

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

The calculations performed within the proton ordering model in the
framework of the four particle cluster approximation confirm the ability
of the proton ordering model to describe the behavior of KDP-type crys-
tals under external pressure. It should be noted the theory can be easily
generalized to the cases of other pressures, including those which lower
the crystals symmetry, in particular [23] o3 — 02. The proposed scheme
of choosing the theory parameters allows one to describe the influence
of different pressures on a transition temperature and static dielectric
properties of the crystals. The main parameter which determines the
pressure dependences of the transition temperature, spontaneous polar-
ization and static dielectric permittivities is the ratio d; /dg, which is the
rate of the pressure-induced changes in the D-site distance. Our calcula-
tions show that the universality of the transition temperature vs D-site
distance dependence observed experimentally in some of the crystals de-
formed by hydrostatic pressure is obeyed also by the other crystals of
the family and also under the uniaxial pressure p = —o3. The theory
predicts that this uniaxial pressure should shorten the hydrogen bonds
and the D-site distance, even though it is applied along the axis per-
pendicular to the plane in which the hydrogen bonds lie. The suggested
model pressure dependences of the effective dipole moments of unit cells
provide a satisfactory agreement with experimental data for the effects
of hydrostatic pressure on the dielectric properties of the crystals. We
show that for the antiferroelectric crystals of the family with large values
of transverse dipole moments, one should take into account processes of
mutual polarization of unit cell dipoles. For the ferroelectrics with small
longitudinal moments those processes are not important. Further dielec-
tric and structural measurements of the pressure effects, especially of
uniaxial pressures, on the KDP family crystals will allow to ascertain
the values of the theory parameters, verify its predictions about the pos-
sible changes in the H-bond geometry and dielectric properties of the
crystals.

ICMP-98-19E 22

Acknowledgements

Authors would like to thank participants of the IV Ukrainian-Polish
Meeting on Phase Transitions and Ferroelectrics Physics (Dniepropetro-
vsk, Ukraine, June 1998) for their interest to the work and valuable
discussions.

This work was supported by the Foundation for Fundamental Inves-
tigations of the Ukrainian Ministry in Affairs of Science and Technology,
project No 2.04/171.

References

1. Tokunaga M., Matsubara T. Theory of ferroelectric phase transition in
KH>POy4 type crystals. I. // Progr. Theor. Phys., 1966, vol. 35, Ned, p.581-
599.

2. De Gennes P.G. Collective motions of hydrogen bonds. // Sol. St. Com-
mun., 1963, vol. 1, Ne6, p.132-137.

3. Tominaga Y. Study on ferroelectric phase transition of KH>PO4 by Ra-
man scattering — objection to the proton tunneling model. // Ferro-
electrics, 1983, vol.52, p.91-100.

4. Tokunaga M., Tatsuzaki I. Light scattering spectra of polarization fluctu-
ations in KDP type ferroelectrics. // Phase Trans., 1984, vol. 4, p. 97-156.

5. Tokunaga M. Order-disorder model of POy dipoles for KH>PO4 type fer-
roelectric phase transition. // Progr. Theor. Phys. Suppl., 1994, Ne80, p.
156-162.

6. Matsushita E., Matsubara T. Theory of phase transition in mixed crystals
Rbi_z(NH4)-H2POy4. //Progr. Theor. Phys., 1984, vol. 71, Ne2, p.235-245.

7. Matsushita E., Matsubara T. Cluster thory of glass transition in
Rbi1--(NH4).H>PO4.// J. Phys. Soc. Jap., 1985, vol.54, Ne3, p.1161-1167.

8. Samara G.A. Pressure dependence of the static and dynamic properties
of KH>PO4 and related ferroelectric and antiferroelectric crystals. // Fer-
roelectrics, 1987, vol. 71, p. 161-182.

9. Nelmes R.J. Structural studies of KDP and the KDP-type transition by
neutron and X-ray diffraction: 1970-1985. // Ferroelectrics, 1987, vol. 71,
p. 87-123.

10. Tibbals J.E., Nelmes R.J., McIntyre G.J. The crystal structure of tetrag-
onal KH2PO4 and KD3PO4 as a function of temperature and pressure.
// J.Phys.C: Solid State. Phys., 1982, vol. 15, p. 37-58.

11. Piltz R.O., McMahon M.I., Nelmes R.J. Neutron-diffraction studies of the
geometric isotope effect in H-ordering transitions. // Ferroelectrics, 1990,
vol.108, p. 271-276.

12. Blinc R., Zeks B. Soft modes in ferroelectrics and antiferroelectrics. New
York, Elseviers, 1974.




23

IIpenpunT

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Blinc R, Zeks B. On the pressure dependence fo the ferroelectric properties
of KH,PO4 and KD»POy4. // Helv. Phys. Acta, 1968, vol. 41, p.701-706.
Torstveit S. Pressure and deuteration effects on the static ferroelectric
properties of KHoPO4 (KDP) in the four-particle cluster approximation.
// Phys.Rev.B, 1979, vol. 20 , Nel1, p. 4431-4441.

Samara G.A. Pressure dependence of the static dielectric properties of
K(H:Di-,)PO4 and RbH>POy4. // Ferroelectrics, 1979, vol. 22, p. 925-
936.

Zhukov S.G., Kul’bachinskii V.A.; Smirnov P.S., Strukov B.A., Chudi-
nov S.H. The effects of hydrostatic pressure on phase transitions in
K(H1-D;)2POycrystals. // Bull. Ac.Sci.USSR. Phys.Ser., 1985, vol. 49,
No 2, p. 40-42.

Hikita T., Ono Y., Bungo A. Effect if hydrostatic pressure on the ferro-
electric phase transition in KH»AsOy4. // J. Phys. Soc. Jap., 1992, vol. 61,
Ne10, p.3794-3798.

Gesi K., Ozawa K., Osaka T., Makita Y. Effect of hydrostatic pressure on
the phase transition in monoclinic and tetragonal RbD2POy4 crystals. //
J. Phys. Soc. Jap., 1992, vol. 61, Nel, p.342-347.

Spillman W.B., Leung R.C., Tornberg N.E., Lowndes R.P. Pressure de-
pendence of the transition in the ferroelectric arsenates. // Ferroelectrics,
1977, vol. 17, p. 383-385.

Gesi K., Ozawa K. Effect of hydrostatic pressure on the antiferroelectric
phase transitions in ammonium arsenate NHsH>AsO4 and deuterated ana-
logue. // J. Phys. Soc. Jap., 1984, vol. 53, Nel12, p.4405-4412.
N.I.Stadnik, N.A.Romanyuk, and R.G. Chervonyj, Opt. Spectrosk. 84,
273 (1998).

Stasyuk I.V., Biletskii I.N. Influence of omnidirectional and uniaxial stress
on the ferroelectric phase transition in crystals of KH>POy4 type. // Bull.
Ac. Sci. USSR, Phys. Ser., 1983, vol. 4, No 4, p. 79-82.

IV. Stasyuk, R.R. Levitskii, I.R. Zachek, T.Ye. Krokhmalskii, and A.S.
Duda (unpublished).

Y. Ishibashi, S. Ohya, Y. Takagi, J. Phys. Soc. Japan 33, 1545 (1972).
Havlin S.; Litov E., Sompolinsky H. Unified model for the transverse elec-
tric susceptibility in KHoPO4 and NH4H2POy-type crystals. // Phys. Rev.
B, 1976, vol. 14, Ne3, p. 1297-1302.

Vaks V.G., Zein N.E.; Strukov B.A. On the theory of ferroelectrics of
KH>PO4-KDP type. // Phys.Stat.Solidi(a), 1975, vol. 30, p. 801-819.
R.R. Levitskii, I.LR. Zachek, and I.Ye. Mitz, Thermodynamics and longitu-
dinal relaxation of ferroelectrics K(H1—;D,)2PO4. / Preprint Inst. Theor.
Phys., ITP-87-114R, 1987; Transverse relaxation in K(H;_,D;)2PO4type
ferroelectrics. Preprint Inst. Theor. Phys., ITP-87-115R, 1987 (in Rus-
sian).

Levitskii R.R., Mits Ye.V., Zachek I.LR. Dynamics and some thermody-
namic properties of ferroelectrics such as ND4D>PQOy. / Preprint ITF-
81-137R, Kiev, 1982, 40p. (in Russian); Levitskii R.R., Mits Ye.V.,

ICMP-98-19E 24

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Zachek L.R., A.A. Volkov, V.G. Kozlov, S.P. Lebedev. Longitudinal and
transverse relaxation in ND4D,;PQOy. / Preprint ITF-82-2R, Kiev, 1982,
30p. (in Russian).

Blinc R.., Svetina S. Cluster approximation for order-disorder type hydro-
gen bonded ferroelectrics. II. Application to KH2POy. // Phys.Rev., 1966,
vol. 147, No2, p. 430-438.

Shuvalov L.A., Mnatsakanyan A.V. The elastic properties of KD2PO4
crystals over a wide temperature range. // Sov.Phys.Crystall., 1966, vol.
11, Ne2, p. 210-212.

Fritz I.J. Anomalous acoustic behaviour of KH2PO4-type crystals at high
pressure. // Phys. Rev. B, 1976, vol. 13, Ne2, p. 705-712.
Landolt-Bornstein. Numerical Data and Functional Relationships in Sci-
ence and Technology. New Series. Group III: Crystal and Solid State
Physics, vol. 16. Ferroelectrics and Related Substances, subvolume b: Non-
oxides. Springer-Verlag Berlin-Heidelberg - New York, 1982.

Adhav R.S. Some physical properties of normal and deuterated potassium
dihydrogen arsenate. I. Piezoelectric and elastic properties. // J.Appl.
Phys., 1968, vol. 39, Ne9, p.4091-4094.

Mason W.P., Matthias B.T. The piezoelectric, dielectric and elastic prop-
erties of ND4D>;PO4 (deuterated ADP). // Phys. Rev., 1952, vol. 88, Ne3,
p. 477-479.

Adhav R.S. Some physical properties of single crystals of normal and
deuterated rubidium dihydrogen arsenate. I. Piezoelectric and elastic
properties.// J.Phys. D., 1969, vol. 2, Ne2, p.171-175.

Haussiipl S. Elastischen und thermoelastichen Eigenschaften von
KHQPO4, KHQASO4, NH4H2PO4, NH4H2ASO4 und RbH2P04. // Z.
Kristallogr., 1964, vol. 120, Ne6, p.401-414.

Adhav R.S. Elastic, piezoelectric and dielectric properties of rubidium
dihydrogen phosphate // J.Appl. Phys., 1968, vol. 40, Ne6, p.2725-2727.
Skalyo J., Jr., Frazer B.C., Shirane G., Daniels W.B. The pressure depen-
dence of the transition temperature in KDP and ADP. // J. Phys. Chem.
Solids, 1969, vol. 30, p. 2045-2051.

Chabin M., Giletta E. Polarization and dielectric constant of KDP-type
crystals. //Ferroelectrics, 1977, vol. 15, p. 149-154.

Hill R.M., Ichiki S.K. Paraelectric response of KD,POy. // Phys.Rev.,
1963, vol. 130, Nel, p. 150-151.

Chabin M., Giletta G. Longitudinal and tranverse dielectric properties of
KDP type crystals. // Phys. Stat. Sol(b), 1980, vol. 100, K77-K82.
Adhav R.S. Elastic, piezoelectric, and dielectric properties of ammonium
dihydrogen arsenate (ADA). // J. Acoust. Soc. Am., 1968, 43, No 4,
p-835-838.

A.G. Slivka, (private communication).




Ipenpunrn Incruryry disuku konnencoBanux cucrem HAH Ykpainu
PO3IOBCIOKYIOTHCS Cepell HAyKoBuX Ta indopmatiitiux ycranos. Bonn
TAKOXK HOCTYIIHI IO eJIeKTPOHHI#T KoM toTepHilh mepexi Ha WWW-cep-
Bepi iHcTHTYTY 32 agpecoro http://www.icmp.lviv.ua/

The preprints of the Institute for Condensed Matter Physics of the Na-
tional Academy of Sciences of Ukraine are distributed to scientific and
informational institutions. They also are available by computer network
from Institute’s WWW server (http://www.icmp.lviv.ua/)

Poman Pomanosnu JleBunnkuii
Anna Inmvmisaa Moina

BI1J1MB 30BHIIIHEOI'O TUCKY HA ®A30BUI ITEPEXIJ 1
IIEJIEKTPUYHI BJIACTUBOCTI KPUCTAJIIB CIM’'T KDP

Pobory orpumano 2 Bepecus 1998 p.

Barsepmxkeno 10 apyky Buenoio panoio IOKC HAH Ykpaiau

PekovenmoBano oo IpyKy ceMiHApOM BiIIiTy Teopil MOIEeTbHIX
CITIHOBUX CUCTEM

Burorossieno npu I®OKC HAH Yxkpainu
(© Vci npaBa 3acrepexeni



