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On the basis of proposed earlier model the effects of applied hydro-
static pressure on the physical properties of DKDP type crystals are
studied. Within the cluster approximation for proton model the dielec-
tric, thermal and elastic characteristics of considered crystals are cal-
culated. Detailed numerical analysis of obtained results is performed.
It is shown that under the proper choice of the theory parameters,
a satisfactory description of experimental results for the pressure de-
pendencies of spontaneous polarization, static dielectric permittivities
and transition temperature is obtained. To explain the experimental
determined behaviour of elastic constants the anharmonic effects must
be taken into account.

1. Introduction

The ferroelectric properties of a potassium dihydrogen phosphate (KDP)
were discovered about sixty years ago, but despite decades of intensive stud-
ies the mechanism of a phase transition in it remains a problem.

This compound is known as a typical substance of hydrogen bonded
crystals, which undergo ferroelectric structural phase transitions. The main
feature of phase transitions in crystals of this family is a remarkable isotope
effect at transition temperature. It is strongly affected by deuteration, in-
creasing from 123K in KDP to 220K in its deuterated isomorph K D, PO,
(DKDP). To account for this large isotopic effect the tunnelling proton
model was introduced and has become the established basis for models of
phase transitions of this kind (see [1,2] and references therein).

In accordance with this model, the phase transition is triggered by pro-
ton ordering; the latter makes heavy atoms shift along the polar axis from
their paraelectric positions, hence a spontaneous polarization arises. In
high temperature phase H-atoms are disordered over two possible sites on
a hydrogen bond and order onto one of those sites below T,. It was as-
sumed that protons, moving in the double well potential, tunnel between
its two minima. The isotope effect is explained in terms of differences in
tunnelling matrix elements, arising from the mass difference between H and
D atoms: tunnelling prevents ordering; thus the larger tunnelling frequency
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(the lighter a particle), the lower transition temperature. In completaly
deuterated DKDP crystal tunnelling effects are practically negligible, so
the model reduces to the regular order-disorder one.

As far as the static dielectric and thermal properties are concerned, the
tunnelling model provides a satisfactory quantitative fit to experimental
data. It should be mentioned, that short range correlations between hy-
drogen atoms play an essential if not crucial role in the phase transition.
Therefore, any result obtained in a way when these correlations are not taken
into account adequately (e.g. in the mean field approximation) is subject to
doubt. The four particle cluster approximation, used, for instance, in [3-5]
seems to be appropriate here. It has been shown that one can find a set of
fitting parameters, which yields a good quantitative description of the iso-
tope effect on T,., Curie constant, as well as on the temperature behaviour
of entropy and spontaneous polarization [5]. Tunneling was found to be
effectively supressed by short-range correlations. Based on this statement
calculations were performed in the [6,7], where the order-disorder model
was used in the whole range of deuteron concentrations. The sets of free
parameters, allowing one to describe the temperature and concentration
dependencies of all static dielectric (including transverse and longitudinal
permittivities) and thermal properties, were found. The number of theory
parameters was much less than that of characteristics described.

While the static properties were considered, heavy atoms were assumed
to follow hydrogen motions instantaneously, and the polarization was di-
rectly determined by the level of H-ordering. Yet when the dynamics of the
system is considered, this assumption is not appropriate anymore. Then a
proton-phonon model with the motion of protons in the H-bonds coupled
to the motion of heavy ions, especially to the optic mode along the polar
axis, was proposed. Two modes appear in the system if the interaction of
protons with only one optic mode is assumed; the instability of the crystal
against the lower of them (the soft mode w_) leads to a phase transition.
Both modes were detected in experiments on Raman scattering in KDP in
z(yx)y geometry. It was found out that, first, the soft mode is heavily over-
damped in the whole temperature region, but can be made underdamped by
application of high pressure [9]. Second, in this geometry the corresponding
mode in DKDP crystal is absent [10]. Both facts are quantitatively ac-
counted for by the soft mode model, giving a strong experimental evidence
for it.

However, there do exist some experimental facts that do not accord with
tunnelling (proton-phonon) picture (an excellent review of them is given
in [11]).

In particular, the experiments on light scattering in the low frequency
region, carried out in z(yx)Z geometry have revealed [12] that, in contrast to
the z(yz)y spectrum, the peak corresponding the soft mode in DKDP does
exist. Furthermore, its frequency is larger than that in the KDP crystal,
whereas the reverse was expected. In Raman spectra of internal modes re-
gion [13] there have been found some peaks (v3 and v4) which are forbidden,
if PO, groups are of 5, symmetry above T,, but must appear in the case of
(5 symmetry. Besides, it is stated that no evidence for PO, groups of C';
symmetry ("lateral” configurations) had been found.

The very recent experiments on Raman scattering under high pressure
asserted [14,15], that the soft mode frequency w_ in forward z(yz)z + ¢
scattering was larger than that in 90deg x(yz)y scattering. Hence, w_ was
found to decrease when the scattering vector increases, although it was
supposed to increase, as a frequency of a usual ferroelectric soft mode at
I' point. This result was claimed as that which suggests a breakdown of
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the coupled proton-phonon model, since it predicts an unreasonable w — ¢
relation of the soft mode.

Another model was proposed in order to explain the facts which seem
to be inconsistent with tunnelling picture [16,17]. Within this model, PO,
groups are assumed to be of C; symmetry both below and above T,; the
phase transition originates from ordering of distorted PO, tetrahedrons.
The low-lying overdamped peak, which was thought to correspond to the
soft mode, is assigned to a libration mode of PO, groups now.

Yet it should be mentioned that the order-disorder model of PO, dipoles
meets some difficulties as well. The first, and the most important one is
that it doesn’t account for the isotope effects. Usually, the increase in tran-
sition temperature is explained in terms of the so-called geometric isotope
effect (see below), but the speculations here are rather qualitative, and no
quantitative explanation has been developed yet. Besides, there arise some
complications, concerning the ice rule constraint (two hydrogens near each
PO, group and one hydrogen on a bond).

So, now we are in a situation when after the years of investigations,
there were developed two different approaches to the problem, and the ex-
perimental evidence for and against both of them hase been found. The
question of how and why the ferroelectric phase transition in KDP crystal
occurs in fact, still remains the issue of the day.

Perhaps, an external hydrostatic pressure may become a probe which
is able to shed some light on this long-pending problem. External pressure
essentially influences physical properties of the crystal [18-24]. In mod-
ifying the geometrical parameters of internal crystal structure, we change
molecular potentials of the system and thereby significantly change its char-
acteristics. Among the most striking pressure effects is the decrease of the
transition temperature and ultimate vanishing of the ordered phase. At p of
about 17kbar the transition temperature of KDP crystal falls to zero with
an indefinite slope in accordance with the third law of thermodynamics.

Pressure reduces the magnitude of the static dielectric constant and
shifts the whole ¢.(T') curve to the lower temperatures. In the paraelectric
phase ¢, obeys the Curie-Weiss law in a wide temperature range, showing
a marked discontinuous change at the transition point, so

€0 = oot
at T > T,. Here Ty is the Curie-Weiss temperature, which is, for KDP,
the same as T, to within 0.1K . At ambient pressure the Curie constant
C decreases with pressure linearly with dInC/dp = —6.6 £ 0.2%G Pa™" in
KDP and —14.3 £ 1.0%G Pa~" in 82% DKDP [21].

Hydrostatic pressure can induce a transition from the ferroelectric to the
paraelectric phase. At a constant temperature £.(p) obeys "the Curie-Weiss
law” with respect to p:

C*
. = ’
P—="Do

P is strongly temperature dependent, whereas C* is not so.

The spontaneous polarization P, decreases with the increase of pressure
linearly with d1n P,/dp = —23.5 £ 1.5GPa" in KDP at 76 K and —8.7 &
1.0%G Pa~" at 190 K in 94%DKDP [21]. The pressure influence on P, arises
from the intrinsic changes in P, due to the changes in the density of dipoles
and in dipole momentum as well as from the shift of the whole P,(T) curve
to lower temperatures due to the lowering of T,. It is clear that the shift in
T, does not affect P, at temperatures far from the transition point.

(1.1)
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The pressure dependencies of all the studied characteristics are found
to be strongly dependent on the deuteration level. It is interesting that in
KDP crystal d1n P,/0p is much larger than dIn C/dp, and in DKDP the
reverse is true. ( [18,21]).

Pressure dependence of the elastic constants C;; of paraelectric KDP-
type crystals have been reported in [25]. Tt was found that in all studied
compounds (KDP, DKDP, ADP, DADP) C4, and Ceg constants exhibited an
anomalous non-linear (appr. parabolic) behaviour, whereas the others (C';
and Ca3) increased linearly with increasing pressure. One should expect
that at points where the constants (4,4 and Cgs extrapolate to zero the
pressure-induced phase transitions take place, although the corresponding
pressures (appr. 100kbar) are well beyond the limits of the apparatus used.

A comprehensive analysis of pressure influence on crystal structure of
paraelectric KDP-type crystals has been performed by R.J.Nelmes (see [26—
32]).

)The crystal structure of KDP-type crystals is known to be tetragonal
(space group [42d) in paraelectric phase and orthorhombic (space group
F'dd2) in the ferroelectric one. The lattice is composed of the PO, tetra-
hedra, an upper and a lower oxygen atom from different PO, groups being
connected by hydrogen bonds. 0...0 bonds and lines joining H-sites lie
almost in the xzy-plane; their inclinations to this plane are about 5.5° and
0.56° (in KDP at room temperature) respectively.

The cell-volume compressibility for KDP depends on pressure in a non-
linear way. The isothermal pressure derivative Aa/AP is 40% lower in the
high pressure range than at 1bar, while Ac/AP is not perceptibly changed.
At low pressure Aa/AP and Ac/AP are almost equal and slightly altered
by temperature and deuteration. The size and the shape of the PO, groups
remain practically unaltered in the paraelectric phase. They rotate in a
direction in which the angle of their orientation around 4-axis increases
and, hence, the bond length 2R is barely altered. (2R is reduced by only
40% of the fractional changes in a.) The K-K, K-P and P-P distances
simply scale with a and ¢ [26,28].

It is known that the deuteration significantly changes geometrical pa-
rameters of a hydrogen bond; an increase of T, is accompanied by a corre-
sponding increase in H-bond length 2R and the H-site separation §. This
fact invites the question, whether the isotope effect on T, may be completely
or partially attributable to the changes in the H-bond geometry (so called
”geometrical isotopic effect” [33]) without explicit invoking tunnelling mo-
tions. In order to answer this question, an experiment with an application
of external pressure can be extremely useful, since hydrostatic pressure in-
fluences the H-bond structure in the same way as going from the deuterated
to undeuterated crystals does.

It has been found [26,28] that the bond parameters § (H-site separation)
and 2R vary linearly with temperature at a constant pressure and linearly
with pressure at a constant temperature, so

5(P7T) = 5(P07T0) + Cl(T - To) + Cz(P - Po) + CS(P - Po)(T - TO)a

and the same is true for 2R. It enables one to extrapolate to the critical val-
ues 6, and 2R, appearing at the pressure when the ordered phase vanishes.
It turns out that T, tends to 0K at the same non-zero é, of approximately
0.2Ain all the studied compounds, independently of their crystal structure
and dimensionality of H-bond framework (1D for PbH,PO4, 2D for the
squaric acid H,C404 and 3D for KDP or DKDP). Moreover, at the same
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value of § (within 0.01A) both KDP and DKDP have the same transition
temperature! It means that deuteration effects are almost completely sup-
pressed when § is kept constant [30-32].

A comprehensive microscopic theory of high pressure effects in the crys-
tals considered above is not yet developed. Usually, the pressure dependence
of ferroelectricity in KDP family crystal is qualitatively accounted for in the
framework of tunnelling or coupled proton-phonon models, assuming that
the proton tunnelling frequency 2 increases and the dipolar proton-proton
interaction J (enhanced by the proton-lattice interaction in the case of the
coupled proton-phonon model) decreases with pressure [18,21]. Within the
mean-field approximation the transition temperature is given by the equa-
tion

4Q/J = tanh(Q/kT.).

The equation has solutions (a finite 7, does exist) only if 4Q < J. If
40} becomes larger than J at some sufficiently high pressure, the ordered
phase must vanish. In the same way the pressure dependencies of the Curie
constant and spontaneous polarization are described.

A more appropriate four-particle cluster approximation (FPCA) for the
tunnelling model was used in [34]. Effects of both deuteration and external
pressure are explained in a consistent way with a quite conservative num-
ber of fitting parameters. The free energy calculated numerically from the
theory is analysed in terms of Landau expansions in the polarization. It
is assumed that energies of non-ionized and singly ionized groups ¢ and w
are in the lowest order proportional to the squared distance 6 between H-
sites, these parameters being dependent on pressure and deuteration only
through their dependence on é. The pressure dependence of the parameter
v, introduced to describe the long-range dipolar interactions, is governed by
6 and by the constant QL (this constant specifies the contribution to the
volume electrostriction due to explicit dependence of the free energy on the
lattice constants). Proper choice of § and @ gives acceptable agreement
with experiment for the logarithmic pressure derivatives of Curie-Weiss tem-
perature, saturation polarization and the Curie-Weiss constant.

In [35] the model of coupled anharmonic oscillators was used to inves-
tigate the effects of pressure on the ferroelectric phase transition. Tt is
assumed that the model parameters depend on distance between ions of the
lattice according to some power laws. Expressions are obtained for the pres-
sure dependence of the transition temperature within MFA, the theoretical
results being in good agreement with the observed experimental findings
both for KDP and DKDP.

A rather simple model of a one-dimensional hydrogen bond with a dou-
ble Morse potential, analogous to that developed in [36] was studied by
E.Matsushita and T.Matsubara in [37]. An empirical relation between bond
length 2R and H-site distance é§ was explained. Within this theory, the ge-
ometric isotope effect is entirely caused by the tunnelling motion of hydro-
gen and cannot be a reason, apart from tunnelling, for the shift of T, with
deuteration.

In [38] the dependence of the tunnelling frequency and exchange integral
on the H-bond length and pressure with the same potential was examined.
It appears that this dependence does not coincide with that assumed in the
phenomenological theories. The pressure dependence of the transition tem-
perature calculated within MFA is found to be in good qualitative agreement
with experiment.

The purpose of this paper is to reexamine the usefulness of an proton
model for a DKDP crystal in describing the behaviour of a crystal under
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high hydrostatic pressure. It opens up the series of publications where we
study the influence of external hydrostatic and uniaxial of different geome-
tries stresses on the phase transition in crystals of K H, PO, family. Our
calculations are based on the model of the strained crystals of this type,
proposed in [39,40].

The structure of this paper is the following. In Section 2 the Hamilto-
nian of the system under consideration is formulated and the equation for
the transition temperature as a function of external pressure is derived. In
Section 3 and 4 the influence of pressure on elastic constants and piezoelec-
tric modules and on thermal properties of a crystal is studied. Expressions
for the longitudinal and transverse components of static dielectric suscep-
tibility tensor are derived in Section 5. Section 6 contains a discussion on
the obtained results.

2. Cluster approach

We consider a system of deuterons moving on O-D...0O bonds in a crys-
tal of KDy PO,4 type. The unit cell of Bravais lattice of such a crystal is
composed of two neighbouring PO, tetrahedra together with four hydrogen
bonds attached to one of them (” A”type tetrahedra). Hydrogen bonds go-
ing to another (7 B” type) tetrahedron belong to the four nearest structural
elements surrounding it 1

Figure 1. The unit cell of DKDP crystal. Here 1,2 denote H-
sites, and 1,2,3,4 in circles stand for the hydrogen
bonds numbers.

The Hamiltonian of the system at presence of hydrostatic pressure —p =
0, = 05 = 03 and an external electric field F; (i = 1,2, 3) along the crystal-
lographic axes a, b, ¢ has the following form [39]:

VIV ; <U '(I{ )>
— (9) ) fs 45
H;, = 5 ZE], €5 EiEj quQIuF]72 +

+ Z {6RQ17R426R417R436RQ17RQ4 —I_ 6RQ1+I'27RQ2 6RQ1+I'37R43 6RQ1+I'47RQ4} X
q91,9293,94
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)Ufj(ng') Ul(qu) 02(qu) UB(qu) ‘74(qu)
X{_va fi 2 TPy 2 2 > (7
fifj
o (R, g (R,.
_Z [Q'MFJZ‘J' f](Q ‘b) + i B fj(? q]) ' (2.1)
q;fs

The Hamiltonian (2.1) describes the short-range configurational inter-
actions between deuterons near tetrahedra of "A” and "B” type; r;, is a

relative position vector of a deuteron on a hydrogen bond. Two eigenvalues
of Ising spin o, (R,,) = £1 are assigned to two equilibrium positions of a
deuteron on the f;-th bond in the ¢;-th unit cell. CEJQ) are the "seed” elastic
constants; ¢; are the components of the deformations tensor; v = v/kg, v is
the unit cell volume; kg is the Boltzmann constant. F} are internal fields,
created by, first, effective long-range forces, including as well an indirect

interaction between deuterons through lattice vibrations, and, second, by a
hydrostatic pressure p. They read: [39,40]

, J J
2uly = 277(1) = 4 Z 1#1282 +on) | 22 g Z %282 +
1) J13 1) J12
+21§ + Z baies | + 2n} + Z bici]
i (1) -J12 (1) Jll
2uF, = 2 T + Z lbzi&' + 21y + Z 151252 +
(1) Jl? (1) J13
+2773 + Z ¢2252 + 2 + Z ¢3252 ”
- - - 2.2
i (1) J13 (1) le ( )
2uly = 2m e + Z ¢3i5i + 2n, e + Z Voi€i| +
)- Jll ] )- J12 -
+277 T + Z Qblzgi + 2774 4 + Z QbZzgz )
i (1) -J12 ] (1) -Jll |
2uFy = 2y e + Z Voi€i| + 213 Ve + Z i | +

L J 2 Jd L J (3 Jd
‘|‘277:(s1) [% + Z¢2i5i] + 2774(11) [f + Z ¢3i€i] ;

where 77( ) = = (07,(Ry,)); Jy,y, is a long-range dipole-dipole interaction be-

tween deuterons; Wi;, a;, a; are the so-called deformation potentials;
= ed is the dipole moment of a hydrogen bond; é is a distance between
two H-sites on a hydrogen bond.

According to [26,28], 6 is a linear function both of pressure and temper-
ature, so:

6 = 06(po, To) + c1(T = To) + ca(p — po) + e3(p — po)(T = Ty) = b0 + 61,

with 6(po, Tp) = 0.387A, ¢; = =5-107°A/K, ¢, = —3.8-10"*A /kbar, ¢5 =
4-107%A /K /kbar, py = 16.5kbar, T=295K [26]; 6, > 0 and 6, < 0.
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Taking into account the fact that J;,;, = p?J;;, we can write:

8
T = JihlL+ 26019] (2.3)

]

26—1——1.77-10_2kbar—1 at 250K and slightly decreases with lowering temper-
0

ature.

The static and dynamic properties of deuterated orthophosphates will
be considered in the four-particle cluster approximation. In terms of density
matrices [41] it reads:

e—FH: e—PHYY  —pHLE

Po= Spe—AH: — Spe~FH* Spe—FHI"’

5= (2.4)

1

T?
where HiA, HiP are the four-particle cluster Hamiltonians, which describe
behaviour of deuterons near "A” and ”"B” tetrahedra. Since the equilib-
rium distribution functions of deuterons around "A” and "B” tetrahedra
are equal within the cluster approximation, then we can consider the static
and dynamic properties of the K D, PO, crystal on the basis of Hi4 solely.

: g1 09 Oy 03 03 04 04 01 g1 03 09 0y
HZA: 22 22 22 22 U|:__ __:|
[2 2 2 2 2 2 + 2 2] + 2 2 2 2 +
+¢22@2_Zim_ (2.5)

fjﬁQ

Here V = —7 U= —¢+ 7 ® = 4¢ — 8w + 2w;. For the sake of clarity

we omitted the index (R,;) near the spin operators.
Within the proposed model the energies of deuteron configurations ¢, w,
and w, are assumed to be linear functions of deformations ¢;:

T<T, T>T,
e =¢e0 485161 + 8nen + 6363, €=+ 6f(e1 + e9) + bi5es,
w = w’ + 85,61 + 5980 + 3383, w = w° + 83, (e1 + €2) 4 6fses,
wy = w0 + 65161 + 65960 + 03363, wy = W + 85 (g1 +e9) + 6Fes.

(2.6)

The effective fields zjcj have the following symmetry:

2 = {0 + 20mV* + s s},
2= B{=Ar + 20" + 20+ Avonl” —|—,u1E1]}
z5 = B{—As+ 21/377( 742w 77( " 41/277 — iy},
2oy = 25 = 23 = B{—Doa + 2v5[m (T U(l)x] + 2y + 1/3]77211”} (2.7)
2%3 =2 =25 = f{-Ais+ 2 + V3]7713)y + 2151 21)y + nil)y]L
= B{=A, + 41/277%)31 + 2, U(l)y + 2 77( Jy -I- 115 Es]}
24 = ﬁ{ Ay + 41/27753)‘1/ +2v 77(1);; + 214 77 - HzEz]}
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where

v.(0)
4

v1;(0
1+2 p +Z¢u€“ vy = ”( ) 1+2 p +Z¢M€Z
(2.8)
are the functions both of pressure p and deformations ¢; (j = 1,2,3). We
took into account, that have taken

UV =

e e

Tl24 Uy M4 s’ =m0 =03,

VO = g + 27 ‘|‘ TS5 b = Y+ 20 + Pu;

M3 = H13 = H23 = [l33 = H43,

i = pin = —far,  Por = plar = 0,00 = fos = —flas,  fliz = fiaz = 0.

(2.9)

In (2.7) and (2.8) Ay,..., Ay are effective fields, resulting from an interac-
tion with neighbouring quasispins outside a cluster. They can be determined
from the condition of equality of the mean values of (o;,(R,,)) calculated
with four- and single-particle Gibbs’ distributions with the Hamiltonian

(2.5) and with

i z Ufj(R j)
Hi (Ry;) = —gTq (2.10)
Expressions for 27, ..., z§ can be obtained from (2.7) and (2.8) by replacing
A, ..., Ay with 2A4, ..., 2A,; obviously, their symmetry coincides with
that of 27,..., 2§. The calculation of the mean values
Sp {0, (R )eXP( PHMR,,))}
<Ufj(RQj)> = =

Spoxp (—O(R,))
S {op(Ry,)exp (~AH] (R,,))}
Spexp (—=4H} (R,,))

is straightforward; the obtained expressions are rather cumbersome and
therefore omitted here. After Ay,..., Ay had been excluded from (2.7) and
(2.8) the quantities z7,..., 2§ read:

R e Buskbs

FE i mE A T

I D e . E

zy=gln n(l)x + 6 [Vﬂh S 20y + M] :
2 1= n 2

I D e . E

7 =5l 77(1) +ﬂ[”3771) + s+ 20ty _M],
21— 2

P B W (e (1)

= gl i+ B w4+ T+ I el (210

— T4

1 14 77(1)3/

Ay = sIn 5 3 ([ 4 0l + o+ sty
2 1— 77( )y
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zy = _hl 77(1) + 6 [2V27713)y + oy o+ e ] ;
2 1= ns Y 2
1 (Dy E

z3 =5 - 77(1) + 6 [2V27713)y + gy oy - fe 2] .
2 1= ny Y 2

where
D?* = cosh 22 + 4b cosh z* + 2a + d,
a=-exp(—pe), b=exp(—pw), d=exp(—Pw). (2.12)

Deformations ¢; and the order parameter ")* can be determined from
conditions of the thermodynamic equilibrium:

Lof . laf _1ap _1af

— — - — = = —n. 2.13
v I " vdey D dey D Oey P ( )

where f* is the free energy of the crystal:

= 2= Zc €85 — 2262}@ + 20V P+

; (2.14)
—|—2T1n2 - 2Tln(1 — (")) = 2T'In D?,
The thermodynamic potential is equal to
g Top)= " +op ) e,
The set of equations for (1% and ¢;, has the following form:
1
= E(sinh 22° + 2bsinh 2°),
_ _ _ 657 2%, Z 2 M
—p=ciier+elyes +ejzes — 2% - 7[77(1) I+ tD—lza
_ _ B 57 2. (e 2 My
—p =iz + Chy8a + Cyzs — Qﬂ - 72[77(1) P+ = 5D ;(2.15)
- - — 6_ 2¢03 =z 2 M_
—p=cizer ez +ea5es — 2% - 7[77(1) I+ %D—?;v
T = 4bb5; cosh 27 4+ 2aé7, + dog;.
In paraelectric phase the free energy is equal to: (¢; = ¢5)
:_{2 (a1 +i7)el +esges + 2eifer} —
2
-2 262252 4 2T In D—+
pressure and deformations being connected in the way:
65 2M;f
—p = () + ela)er + eifes — 2£ + _D—
Y (2.16)

—-P= 201351 +63353_2 p ‘|‘ — A
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where
M = 4bét + 246t + dét., My, = M.,
D1+_1—|—4b—|—2a—|—d

As one can see from equations (2.15) and (2.16) to make deformations ¢,
equal to zero at zero pressure, one must assume the parameters d,; to be
temperature dependent. For the sake of simplicity and in order to keep 6;
constant we put deformations ¢; to be equal to zero only at the transition
point. Thus the parameters d,; can be determined from the equation:

2a67,
1+ 2a’

83;

a is taken at T = T,. At all other temperatures small residual deformations
(~ 107°) exist at pressure of 1 bar.

The temperature of the first order phase transition T, is determined
from the criterion that

g (7, T.,p) = ¢°(0,T., p), (2.17)

the order parameter and deformations obey the system (2.15).
Polarization of the crystal, when the electric field along the z-axis is
applied, is equal to

Py = 2E3 02, (2.18)
v

an effective dipole momentum pz and the unit cell volume v being linear
functions of pressure:

pa = s = kup, v =00 —kyp . (2.19)

Respectively,

B (i 1
Pr= St =g Pe= 2 - ). (2:20)

3. Elastic and piezoelectric properties

Let us study now how the hydrostatic pressure affects the elastic properties
of crystals under consideration. Matrix of elastic constants in ferroelectric
phase has the following symmetry:

Ay 4y dy 0 0 0

iy s s 0 0 0

iy 3 Ay 0 0 0
0 0 0 & 0 0
0 0 0 0 & 0
0 0 0 0 0

Its elements, altered by hydrostatic pressure, we calculate, taking into ac-
count the deuteron ordering.

o o 477(1)
Cij = Cij - —DT[2¢CZ¢C]T} ®+ ¢citj + ¢cjti]_
2 ——[4b65;65; cosh 2 + 2a87,67; + déz;65;] + LMfMj_. (3.1)

oDT vD?T !
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Here we used the following notations:

& = [cosh 2z + b cosh 2] — V[sinh 22 4 2bsinh z];
t; = —2b65; sinh z + 'V M,

In the present approach we cannot determine how the constants ¢, ¢t ,

cfs are changed by external pressure.
In the paraelectric phase the symmetry of elastic constants matrix some-

what changes:
ay a3 oy
iy Yy
Ay o
0 0 0 o&f
0 0 0 0 i 0

0 0 0 0 0 &F

o o o
oo o O

0
0
0
0
P+

and in the case w; — oo (d = 0) we have

2
Czﬂl_ = C?T - @D+T[4b(63—1)2 + 2“(53—1)2 + 8ab(6f’1 - 6;—1)2]7
2
011); = C?; - @D+T[4b(63—1)2 + 2“(53—1)2 + 8ab(6f’1 - 6;—1)2]7
2
011);: = C?; ~ D T[4b6;16;3 + 2a6f’16f'3 + 8ab(6f’1 - 5;—1)(‘%—3 - 6;—3)]7
+
2

p+ _ 0

C33 = €33 @D+T[4b(53—3)2 +2a(65)* + 8ab(6f; - 633)°].

Using (2.15) we can calculate the quantities, which characterize the elec-
tromechanical properties of a crystal.

In direct piezoelectric effect, coefficients of piezoelectric strain es; de-
termine a polarization caused by mechanical deformations, and in reverse
piezoeffect, a pressure, which, at a given electric field, must be applied to a
crystal to maintain it undeformated. They read:

(8]33) ps 2 2.m Ve + 1
€3 = ==
B

oz, SO T D-2pm €p = €31 + €32 + €33.

where
1

P oo T

At direct piezoeffect, constants of piezoelectric strain give an increase of
an electric field, necessary to maintain polarization constant, if this increase
is caused by mechanical deformations. At reverse piezoeffect, they give
an increase in pressure due to a polarization, which maintains a crystal

undeformated.

oFE 2
hai = — ( 82'5;)P3 B psD @(20en Ve + 1), hy = hay + has + has.

At direct piezoeffect, coefficients of piezoelectric deformations g¢s; char-
acterize an electric voltage in open circuit at a given pressure, and, at the
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reverse effect, deformations, caused by polarization. These constants we
find, solving the set of equations:

Z ij_QBj = hsj;  gn = g31 + g32 + g3

Constants of piezoelectric deformations describe a change in polarization
with pressure at a direct piezoeffect, and a deformation, occuring in a free
crystal, when an electric field is applied, at the reverse effect.

dsj = ng_esﬁ dp = dg1 + dsy + dss.

E— E— . . .
Here s777,...,s33 are the elastic constants (constants of elastic compli-
ance):
E B E B E B
il B AR s A
- 9 - 9 - 9
A, | €3 €33 A, | €13 €33 A, | €13 Ca3
E B E B E B
el B AT b I A b
- 9 - 9 - 9
A, | ¢z €33 A, | €1y Ca3 A, | €y €
E B _FE
C}El C}EZ 0%3
A, = C}EZ CJ%J2 0%3 , (3.2)
€13 Ca3 Cs3
where . -
e = ¢y — hgiesy; 4,5 =1,2,3.

Piezoelectric and elastic characteristics are connected through the fol-
lowing relations:

P— — . E— — .
E Sij h3j = 9sj; E Cij de = €3j;
7 7

Let us note that all piezoelectric coefficients, calculated above (i.e. ea;,
hai, g3i, ds;) are equal to zero in paraelectric phase.

4. Thermal properties

Let us consider now the thermal properties of a deuteron subsystem of a
KD,PO, crystal.
In ferroelectric phase the entropy per one mol has the following form:

af-
oo () -
oT p() e ( )
_ (172 o oM
=R[(-2mn242In[1 - (n )]—I—QIHD——TV[U ] +25 ,

where R is the gas constant, and

M=M;+p ZeiM[, My = B(4w’b cosh z 4 2¢% + wid).
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In the paraelectric phase
2
g+ R{_zm F2In D, o (M 4 22 M —|—ﬂ53M;)} .
+

The molar specific heat at constant pressure we calculate, differentiating
the entropy (4.1):

09
ACP =RT | — | .
<8T)p
In the result:
AC? = AC® — RT g af a, (4.2)

where AC*® is the molar specific heat at constant deformations, and

AC® = RT(—q¢" — ¢ p"). (4.3)
Quantities, occuring in (4.2) and (4.3) are the following:
P 09 . .
qG = - — heat of deformations at a constant polariza-
d¢i ) prr tion;
09 .. .
¢ =—|= — heat of polarization at constant deformations;
8F)S e, T
0P
pP = (8—;) — pyroelectric coefficient at a constant pressure
P
e,
Q; = ( ° ) — coefficients of the thermal expansion.
or/,
o= 2 {_21 (2 Ve + 4] -
! v DT T “ ’
MM-
_ PREDN PPRRNES: o i
29ein [q U M]Jr& ) }
¢ o= L2, [2577% — (g —n""M)
U3 D T ’
2 v [2v M?
Pe _ _ 2 [,0Y [_ D _ (g — <1>M] N _}
q DT{UTTUBB(QU)‘|‘ o[
where the notations were used:
2 2 2
N =4 (%) bcoshz 42 (%) a + (%) d, (4.4)
1
q= Q%b sinhz, A, = —7 (4wb62i cosh z + 2cady; + wldégi) .

From (2.15) we obtain:
pP = pa + Ze&'aiv
where
_ ka2 29DBvee — [q — 9 M]
A D —2px ’
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and the thermal expansion coefficients obey the system of equations:
Z%% = —pi + P has

a = a; + as + as, and p; is a thermal pressure.

dp _.p
b= <8T)P3€ ql ‘

In paraelectric phase

—pfcgg— + pg—cﬁ);— 0 2]’1'—011)1'_ — D3 [011 + C ] 0
Qo = + oy, azg = + as,
[T + hT] ekt — 2[cha )2 [T + T ]kt — 2[cha )2
(4.5)

The constant terms, which describe contributions of the lattice anharmonic-
ity, have been added to the right-hand sides of (4.5).

5. Dielectric susceptibility

Let us determine the static dielectric susceptibility along the z-axis at
presence of hydrostatic pressure. Consider, at first, the clamped crystal
(g; =const). In the ferroelectric phase the expression for x57(0,7, p) reads:

_ oP; pil  de
5 (0, T,p)= = 5.1
Xa (0. T.p) (8E3) o, v TD-—2¢x (5-1)

In the paraelectric phase :

Hsl (1‘|'b)
v T2a—|—2b—|—d—1—2ﬁ1/c(1—|—b)

In the case of a free crystal (p=const),

Xg_(()?Tvp) = X§+(07T7p) —I' Ze?n'd?)i-

50,7, p) =

In the paraelectric phase the longitudinal susceptibilities of clamped and
free crystals coincide:

57(0.7.p) = X5%(0. T.p)
Transverse static dielectric susceptibility (along the z-axis) reads:
0P
0,7 ( ) =. 5.2
cotw=5(50) (52)

_oppl 2(a + bcosh z)
" 0 T D—=2(a+ bcosh 2){[1 — (M)~ + B[y — v5]}

In paraelectric phase

pil 2(a +b)
v T1—|—2b—|—d—2ﬁ[1/1—1/3](a—|—b)'

At presence of hydrostatic pressure the z- and y- directions remain equiv-
alent; therefore, in the paraelectric phase the static dielectric susceptibility
still is isotropic in the zy-plane:

x50, T, p) = x57(0, T, p)

XiH(0,T,p) =
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6. Discussion

Before going into the discussion of the proposed in previous sections the-
ory, let us note that, strictly speaking, this theory can be valid for a com-
pletely deuterated K D, PO, crystal only, whereas the vast majority of ex-
perimental data concern the crystals, deuterated partially. Nevertheless, as
the relaxational character of dielectric dispersion in K(H,_,D,)sPO, crys-
tals implies, tunnelling effects in them are most likely suppressed by the
short-range correlations between hydrogens. So at least in the case of high
deuteration, we are allowed to neglect tunnelling and apply the theory to
K(H,_:D.)s PO, crystals as well. In [6,7] it has been shown that under the
proper choice of free parameters one can get a satisfactory description of a
number of thermodynamic characteristics of considered crystals at ambient
pressure.

For a numerical estimate of the pressure and temperature dependencies
of dielectric, elastic, piezoelectric and thermal characteristics of KDy PO,
crystals obtained in previous sections it is necessary to set the values of
the cluster parameters ¢, w, wy, long range interaction parameters v.(0),
dipole moments per unit cell p, and pu,, deformation potentials é;;, ¥.; and

”seed” elastic constants c?j. As the theory parameters for undeformated

K(H,_.D.); PO, we took those obtained in [6,7]. The deformation po-
tentials were chosen such that the best agreement with experimental data
was attained for the variation of transition temperature T,, spontaneous po-
larization P, and longitudinal static dielectric permittivity 3(0,7, p) with
pressure (see Table 1).

e T, % w® v(0)/4 65 8, b o o vm 6f 6 o vk
0.98 218 92.0 830 37.39 -45 -55 885 -105 -95 50 -50 800 -105 50
0.87 210 87.6 785 36.80 -50 800 -95 390
0.84 208 87.0 770 36.63 -50 800 -95 590

Table 1. Parameters of the theory (all in K) at different deuter-
ations.

o = 3.625107 Besu, ut = 2.93110" Besu, u; = 2.83710~ Besu, w; — oc.
Further experimental study of transverse dielectric, piezoelectric, elastic and
thermal characteristics as functions of hydrostatic pressure is required to
define the values of deformation potentials more precisely.

It should be mentioned that amount of deuteration is difficult to deter-
mine exactly: the discrepancies in 7T.(x) dependence reported by different
authors reach 10%. In this work we used the data by E.N.Volkova (see [6]
and references therein).

The experimental values of the elastic constants are available for the
K(H,_.D,), PO, crystals only with z = 0 2 = 0.89 above T, [43]. Never-
theless, we can estimate the values of c;»"j at x = 0.98, 0.87, 0.84, assuming
their linear dependence on deuteration. Those data were taken as the ”seed”
elastic constants c?j"'. Since the values of elastic constants of ferroelectric
DKDP were not available at all, we carried out calculations of T,, ¢; and
other characteristics at different pressures and different trial values of c?j_

close to c?j"'. The set of c?j_, providing the best fit to experimental data is
given in Table 2.
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We met some difficulties, trying to solve the system of equations (2.15)
by Newton-Raphson method directly. Instead, we had to minimize the

thermodynamical potential g(n(*, T, p) with respect to the order parameter

7% and determine the deformations ¢; from the three latter equations of
(2.15). The transition point was found from the (2.17) criterion.

Rt i T - S
98 6.14 -0.71 1.0 4.82 6.24 -0.71 1.0 6.0 1.0 4.82
87 6.93 -0.78 1.22 5.45

0
0

Table 2. The "seed” elastic constants ¢f; (units of 10''dyn/cm?)
for K(H,_.D, )2 PO, crystals at different deuterations.

In figure 2 the calculated pressure dependence of the transition temper-
ature on of K(H,_,.D,), POy crystal for z = 0.98, 0.87, and 0.84 is shown
along with experimental data [21,24]. Up to 25kbar, T, decreases with
pressure linearly as T.(p) = T, — krp, k7(0.98) = 2.02 K/kbar, kr(0.87) =
2.67 K/kbar, k7(0.84) = 3.02 K/kbar. The further raising of pressure leads

to the deviation of T.(p) dependence from linearity, and the slope |97T./dp|
significantly increases. Calculations show that at p &~ 65 kbar the transition
temperature falls to zero, so the ordered phase disappears.

N

N

]
T

170

145

Y A
0 10 20 ~ ar
Figure 2. The transition temperature of K(H,_,D, ), PO, crys-

tals as a function of pressure at different deuteration
levels z: 1, 0 [24] - 0.98;2 - 0.87; 3, 0 [21] - 0.84

Wzo A S N |
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In figures 3 the variation of deformations ¢; with pressure at T'= 190 K
and z = 0.98 is depicted. The absolute values of ¢; increase with pressure
linearly do not perceptibly change with temperature except for the abrupt
jumps at the transition point. Our calculations give the linear decrease in
the unit cell volume with the hydrostatic pressure:

v = (0.3892 — k,p)-107%! ¢cm?, k£,=0.0017 cm?/kbar,

v =v/kp = (2.82 — kyp) K/kbar, k;=0.0095 K/kbar?,
what agrees with the experimental result of [28] k,=0.0013 cm?®/kbar).

0.00

—0.071

-0.02

—0.055 5 0 5 ar

s

Figure 3. The deformations ¢; of a K(H 02D0.08)2 POy crystal
as functions of pressure at 190K: 1 —e1; 2 —€5; 3 — 3.

Pressure reduces the values of cluster parameters ¢, w, as well as of the
long-range interaction parameter v. Analytically, these dependencies are
expressed as follows:

e=¢e"—k.p, w=w"—kyp, v=rv/(0)/4-k,yp

with
+\T(K) 100 200 230 300
k. (K/kbar) 0.98 0.985 1.005 0.955 0.958
0.84 0.835 0.916
k, (K/kbar) 0.98 0.562 0.572 0.550 0.553
0.84 0.481 0.483
k, (K/kbar) 0.98 0.455 0.411 0.416 0.382
0.84 1.034 1.007

The energy of a non-ionized group ¢ decreases with pressure much more
rapidly than does the energy of a single-ionized group w. At 2 = 0.98
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dne/dp=-1.09% /kbar and d1n w/Ip=-0.069%/kbar at T < T.;

dlne/0p=-1.04%/kbar and dIn w/0p=-0.066%/kbar at T > T;
(compare with the result of [34] dlne/0p = dIlnw/Ip=-1.9% /kbar in both
phases).

Influence of hydrostatic pressure on the spontaneous polarization P,
vs temperature curves of K(H,_,D,),PO, was studied by G.A.Samara in
[21], where the data for P,(T) for z = 0.94 and T, = 220 K at p =0,
2.07 and 4.14 kbar are presented. According to table I of this paper the
value of P(T) at 190 K is 6.15 + 0.10 uC/cm?. However, in [42] (also by
G.A.Samara) it is asserted that at nearly the same transition temperature
of 219.8 £ 0.1K deuteration is x = 0.98 with a saturation polarization of
6.21+0.07 £C/cm?. Furthermore, at all temperatures P,(T)at 2 = 0.94 [21]
is greater than P,(7T') at z = 0.98 [42], whereas the reverse is expected. Since
the dependence of T, on deuteration x obtained in [42] is in agreement with
the independent data of E.N.Volkova (see [6]), we assumed that in [21] &
had been merely understated — its more precise value should be about 1.0.

The calculated dependencies of spontaneous polarization P, on tem-
perature at different pressures and on pressure at different temperatures
along with experimental points of [21] are plotted in figs.4 and 5. A good
description of experimental data is obtained at u; = p7 — k;p, with
k, = 0.051-10"®esu-cm/kbar, (or, dInp, /dp = —1.07%/kbar (compare
with dInp; /dp = —1.2% /kbar of Samara [21]). As one can see, an increase
in pressure leads to a decrease in P, saturation value, while the jump of
P, at the transition point hardly depends on pressure. The strength of the
first-order transition increases with pressure.

In figs.6-9 the temperature dependencies of piezoelectric coefficients es;,
ds; ha; and g3; of K(Hg02D0.08)2 PO, crystal at different pressures are de-
picted. In the paraelectric phase all piezocoefficients are equal to zero.
When the temperature tends to T. the magnitudes of es; and ds; sharply
increase, and abrupt jumps of them are found at the transition point. Pres-
sure reduces the size of the jumps. The temperature range AT where e3;
and ds; differ from zero, decreases with pressure.

Coefficients hs; and gs; increase slightly with temperature and fall to
zero with a discontinuity at T = T,; the size of the discontinuity increases
with pressure. The values of ez, €39,... d31, d3; are negative, and those of
€33, €h,... dsz, dy are positive. This fact is consistent with the statement
that the sign of resultant piezoelectric coefficients e, ... d; determines the
direction of the transition temperature shift with pressure.
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Figure 4. The spontaneous polarization of a K D, PO, crystal
as a function of temperature at different pressures
p(kbar): 1, - 0.001; 2, - 2.07; 3, — 4.14; 4, - 7.6; 5 —
15.0; 6 — 20.0. Experimental data are taken from [21].

N T O O T
OO 5 15 . ar
Figure 5. The spontaneous polarization of a K Dy PO, crystal as
a function of pressure at different temperatures T( K ):
1, = 170; 2, — 190; 3, — 200; 4, — 210. Experimental
data are taken from [21].
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Figure 6. The coefficients of piezoelectric strain ez; and e; of
a K(Hoo2D008)2 POy crystal as functions of tempera-
ture at different pressures p(kbar): a — 0.001; b — 7.6;
c—15;1 —e31;2 —€e39; 3 — €333 4 — ey,.
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Figure 7. The constants of piezoelectric strain hs; and hy, of a
K(Hg02Dg.08)2 PO, crystal as functions of tempera-
ture at different pressures p(kbar): a — 0.001; b — 7.6;
0*15; 1*h31;2*h32; 3*h33;4*hh.
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Figure 8. The coefficients of piezoelectric deformations gs; and
gn of a K (Hg o2Dg.08)2 POy crystal as functions of tem-
perature at different pressures p(kbar): a — 0.001; b —
7.6; ¢~ 1551~ g515 2 9523 3 — ga3; 4 — gn-
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Figure 9. The constants of piezoelectric deformations ds; and d,
of a K(Hgo2Do.0s)2 PO4 crystal as functions of tem-
perature at different pressures p(kbar):a — 0.001; b -
767 [ 157 1- d31; 2— d32; 3 - d33; 4 — dh'
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In figure 10 we plotted the variation of the attributed to the deuteron
ordering part of specific heat of K'(H,_,D, ), PO, crystals with temperature
at different pressures and the experimental points of [44]. As can be seen,
at p=1bar a good agreement with experimental data is obtained. In the
ferroelectric phase AC? increases sharply with temperature and decreases
with a discontinuity at T = T,. The peak values of AC? in the high pressure
range are smaller than those at 1bar. In the paraelectric phase the specific
heat hardly depends on either pressure or temperature.

- 2011
200
B 3
150 4
100
50 i
B O
. @O\\OT\\M\\\\\\\\\
960 W85 270 255 260 ’

Figure 10. The specific heat of K(H,_.D,);PO, crystal as a
function of temperature at different pressures p(kbar):
1, 0 [44] - 0.001 (z = 1.00); 2 — 0.001 (z = 0.98); 3 -
4.14; 4 - 7.6.

The influence of hydrostatic pressure on the temperature dependence of
dielectric permittivity of K(H,_,D,),PO,4 crystals was studied in [21-24].
The measurements were carried out on crystals with z = 0, 0.35 and 0.82
[21], with = 0 and 0.82 in [22], with z = 0 in [23], and with z = 0, 0.35
and 1.0 in [24]. Unfortunately, in [24] data at ambient pressure are absent.
Extrapolation of the linear e3' vs pressure dependence, derived from [24]
data gives the values of ¢5'(0,T,p) at 1bar, which are, however, 25-30%
higher than those given in [45-47]. Choosing the values of deformation
potentials é;; and 1).;, we tried to get the best fit to the experimental data
at 1 bar and to describe £5'(0, T, p) vs temperature curves at all other non-
zero pressures with approximately equal errors.

In figure 11 the temperature dependence of inverse longitudinal dielectric
permittivity of 0.98% K D,PO, crystal at different pressures along with
the experimental points of [21,42,48] is shown. As can be seen, in the
paraelectric phase the Curie-Weiss law is obeyed in a wide temperature

range at different pressures. A good agreement with experimental data is
obtained if fF = (uf)*/v,=155, pt = (2.931 — k}p)-107"% esu-cm and
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Figure 11. The inverse longitudinal dielectric permittivity of the
K(Hg02D0.08)2 POy crystal as a function of tempera-
ture at different pressures p(kbar): 1 — 0.001; 2 — 3.6;

3 — 4.7, 4 — 7.6. The experimental points are taken
from [46] — A, [48] — ® and from [21] -O.

kt =5-107" esu-cm/kbar (dInpf /dp = —0.17%/kbar). Tt should be noted

that the slope of the 5'(0,7,p) curves does not depend on the values of
the deformation potentials.

In the ferroelectric phase £5'(0, T, p) depends on pressure in a non-linear
way. We took f7 = (u;)? /vy = 244.7—k;p, with k; = 5.99kbar~'. Calcula-
tions predict a much more rapid increase in £5'(0, T, p) than that observed
experimentally in [24]. We may explain the discrepancies between theory
and experiment in the ferroelectric phase, assuming that in the measure-
ments the crystal was probably not converted into a single domain.

The data of [21] are rather contradictory. The slopes of e5'(0, T, p) vs
T lines at 1bar and at 4.14kbar for = 0.82 (figure 2 from [21]) are smaller
than those at p =1.8, 5.0, 10.0, 15.0, 20.0, 25.0 kbar, calculated on the
basis of figure 7 from [21]. The magnitude of £5'(0,T,p) at p =1.8kbar is
greater than that at p =4.18kbar. The dependence 5'(0, T, p) on pressure
at T'= 204K, calculated on the basis of the expression (1.1), taken from [21],
also does not agree with the picture presented in figure 7 of [21].

The temperature dependence of the inverse longitudinal dielectric per-
mittivity of K(Ho16D0g84)2 POy crystal at different pressures is shown in
figure 12 along with the experimental points of [21]. It should be noted that
in [21] it is stated that the transition temperature of 7. =208 K corresponds
to 2 = 0.82. However, on the basis of E.N.Volkova (see [6]) data, we take
for the deuteration x = 0.84.
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Figure 12. The inverse longitudinal dielectric permittivity of
K(Hg16Ds4)2 PO, crystal as a function of tempera-
ture at different pressures p(kbar): 1 — 0.001; 2 — 1.8;
3—-4.14;4 - 5.0; 5 10.0; 6 — 15.0. The experimental
points are taken from [21].

Concluding remarks

On the basis of the previously proposed model of a strained crystal of DKDP
type [39,40], we study the influence of hydrostatic pressure on the phase
transition, thermodynamic, elastic, piezoelectric and dielectric properties
of these crystals. Both short-range and long-range interactions between
hydrogens are taken into account. Theoretical results are compared with
available experimental data. It is shown that under the proper choice of
fitting parameters the theory provides a satisfactory description of variation
of studied characteristics with pressure. Unfortunately, the experimental
data mainly concern spontaneous polarization and longitudinal dielectric
constant, whereas any information about the pressure dependence of, say,
transverse permittivity or specific heat is absent. To determine the theory
parameters more precisely, a detailed experimental study of DKDP crystal
responses as functions of pressure is needed.

We hope, that the present and following works will draw attention to this
problem. Such investigations would give us one more chance to understand
finally the origin of the phase transition in these crystals.
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BILJIUB I'IIPOCTATUYHOI'O TUCKY HA ®A30BUN

ITEPEXIO I ®IBVNYHI BJIACTUBOCTI
CETHETOEJIEKTPUKIB TUILIY KD,PO,

I.B.Cracrox, P.P./lesunskuii, [.P.3auexk, A.Il.Moina, A.C.[ymna

Ha ocHOBI 3ampomoHoBaHOl paHilie Momesi JIOC.HiJI}KyGTbCH
BIUIUB TiIPOCTATUYHOTO TUCKY Ha (i3UUHI BIACTUBOCTI KpPUCTA-
ay tuny K D3 PO4. B xnacteproMy HabIMKeHHI po3paxoBaHo mi-
eJIEKTPUYHI, TPYKHI i TEMI0Bl XapakTepPUCTUKYU KPUCTaJly, MO M0~
CHIKYEThCA, TTPOBENEHO MeTaJbHNll YMCIOBUI aHali3 OTPUMaHNAX
pesynbTatiB. Ilokasano, mo TIPU HAJIEXKHOMY BUbGOPI TTapaMeTpiB
Teopil Mae micie 3aJIOB1J'IbHI/II/I OTIMC eKCTePUMEHTANLHUX Pe3yilhb-
TaTIB 1A GAaPUUYHUX 3aJeXKHOCTEll CIOHTAHHOI TOJAPU3allii, Mo3-
JOB¥KHBO1 CTATUYHOIL M€K TPUYHOI TPOHUKIMBOCTI Ta TEMITEPATY-
pu dazosoro nmepexony. [ MosACHEHHA eKMepUMEHTAIbLHO BU3HA-
YeHO1 MOBEMIHKY TIPY KHUX CTAJNX CJII BPaX0ByBaTU aHaPMOHIUHI
edekTH.



