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We performed experimental investigations of deuteration and uniaxial p = —o| pressure influence
on temperature dependence of the birefringences and transition temperature of K(H1_$D$)2P04
crystals. On the basis of the previously proposed model for a strained KD2PO4 crystal, we study
the effects of uniaxial p = —o3 pressure on the phase transition and static dielectric properties of
highly deuterated K(H1_$D$)2P04 crystals. The obtained theoretical results are compared with the
available experimental data and earlier theoretical calculations, concerning the hydrostatic pressure
effects. The role of D—site distance in the phase transition and dielectric response of the crystals is

discussed.
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I. INTRODUCTION

Recently, a great attention has been paid to the in-
vestigation of the effects caused by hydrostatic pres-
sure in ferroelectric crystals with hydrogen bonds of the
KH2PO, family. Hydrostatic pressure is known to lower
down the transition temperature, spontaneous polariza-
tion and Curie constant of these crystals. However, the
influence of uniaxial stresses on these crystals can be
even more essential. Relative ions displacements in uni-
axially strained crystals are several times larger. In con-
trast to hydrostatic pressure, uniaxial pressure can lower
the crystal symmetry and induce new phase transitions,
in addition to the well studied ferroelectric one.

In [1,2] the model of a strained KDyPO, crystal
was proposed. This model takes into account not only
the deuteron—deuteron interaction but also coupling of
deuterons with optic and acoustic vibrations of heavy
atoms and with orientational vibrations of PO, groups.
Resulting from the lattice strains fields which act on
deuterons are calculated. In [3] within this model we
studied the hydrostatic pressure influence on the physical
properties of highly deuterated K(H;_,D;)2PO,4 type
ferroelectrics and ND4DsPO, type antiferroelectrics. It
has been shown that under the proper choice of the the-
ory parameters, a satisfactory description of the available
experimental data for the pressure dependences of spon-
taneous polarization, longitudinal static dielectric per-
mittivity, and the transition temperature is possible.

In this paper, we present the results of experimental
studies of deuteration and uniaxial pressures influence
on the temperature dependence of the birefringences and
transition temperature of K(H;_,D;)2PO4 crystals. On
the basis of the model [1,2], we study the effects of uni-
axial p = —o3 pressure on the phase transition and di-
electric properties of highly deuterated K(H;_;D;)2PO4
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crystals. We perform a numerical analysis of the obtained
theoretical results and compare them with the available
experimental data and earlier theoretical calculations [3]
of the hydrostatic pressure effects.

II. EXPERIMENTAL RESULTS

In this section we present the results of experimen-
tal study of the influence of uniaxial pressures p = —o}
applied along the axes of the F'dd2 (in the ferroelectrlc
phase) or F'42d (in the paraelectric phase) unit cell on the
temperature dependences of the birefringence in KDP
and DKDP crystals. The ' and y' axes of the F42d cell
(face centered with 8 formula units) are 45° rotated with
respect to the x and y axes of the standard body cen-
tered I42d unit cell containing 4 formula units. Pressures

reffered to the F42d and 742d cells are related by

0'1—|—0'2—20'6
4 3
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I
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Transition temperature of the DKDP crystal at ambi-
ent pressure is 210 K, which corresponds to a nominal
value of deuteration of & = 0.87.

The birefringence at given wavelength A, temperature
T and pressure p 1s

An(A\,T,p) =

d(T,p)’ @

where k is the interference minimum number; d(7\ p) is
the sample thickness, being a function of temperature
(owing to thermal expansion) and pressure.
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We use the photographic method to record the inter-
ference pattern in the focal plane of the JI®C-8 spectro-
graph. The pattern arises once white light passes through
the studied sample placed on the spectrograph axis in
a diagonal position between two crossed nicols. Uniax-
1al pressure was produced by a purpose attachment to
a nitrogen cryostat. The device allowed one to carry
out measurements in wide temperature (77-300 K) and
wavelength (250-800 nm) ranges under pressures up to
1 kbar depending on the sample stability.
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Fig. 1. The pressure dependence of the transition temper-
ature of KDP (a) and DKDP (b) crystals; x — p = —o7, ®

— p=—05,and O — p = —03.

Variation of the birefringence with temperature and
pressure was measured by recording the changes in the
interference pattern minima with pressure at constant
temperature. Orientation of crystals was performed judg-
ing from the view of conoscopic patterns as well as using
a polarizing microscope. This method allowed one to de-
termine a crystallographic direction to within 30’.

The transition temperature as a function of exter-
nal pressure was determined by examining the variation

of the birefringence magnitude with pressure. Since the
phase transitions in KDP and DKDP crystals are of the
first order, pronounced changes in the interference pat-
tern are observed at T = T¢; the transition tempera-
ture was determined with the accuracy of 0.05 K. Crys-
tals were cooled down to the ferroelectric phase, then
pressure was applied, and the birefrinegences were mea-
sured at slow heating of the sample up to the paraelectric
phase.

A separate question is whether there is a phase tran-
sition in these crystals under pressures p = —o} or
p = —o% at all. These pressures include the shear stress
o0s. When the signs of spontaneous and induced by the
shear stress o strains €g are opposite, the system ap-
pears in a metastable state [4]; therefore, in the case of
the pressure p = —o} (why not ¢ is explained in Section
IV) we are possibly dealing not with a true phase tran-
sition but with a certain transition from a metastable
to a stable state. Henceforth, for the cases of pressures
p = —of and p = —of we use the term “transition
temperature” meaning the temperature of the abrupt
changes in the studied characteristics.

In Fig. 1 we plot the experimental points of transition
temperature vs uniaxial pressures p = —oj, p = —0b,
p = —os3 in KDP and DKDP crystals. As one can see,
the transition temperature is lowered down by p = —of
and p = —o3 pressures and raised up by p = —o%. Un-
like hydrostatic pressure, variation of the transition tem-

perature with uniaxial pressures in more pronounced in
deuterated DKDP rather than in KDP (see Table 1).

p=—0o}|p=—cl|p = —o3|hydrostatic
—3.0 8.0 —7.0 —4.6
-7.0 11.0 —12.0 -3.0

KDP
DKDP

Table 1. Experimental pressure derivatives of the transition
temperature d7c /dp for two crystals (units of K/kbar). The
data in the last column were taken from Samara’s work [5].

In Fig. 2 we present the experimental curves of the
temperature dependence of birefringences An, and An,
in KDP and DKDP crystals at A = 500 nm and at differ-
ent values of uniaxial pressures. The birefringences de-
crease with temperature in the ferroelectric phase, jump
up at the transition point, and, again decrease in the
paraelectric phase. In deuterated DKDP variation of
Ang and An, with temperature is essentially non-linear.
Above T, Any,=An,, that is, the crystals are optically
uniaxial.

The uniaxial pressure p = —o3 increases An, and Any,
both in KDP and DKDP crystals, whereas the influence
of p = —o) and p = —o, pressures is reverse: p = —o}
decreases An, and so does p = —o% to Ang(remember
that p = —¢f and p = —o3 decrease the transition tem-
perature, whereas p = —o?, increases). External pressure
may either weaken or enhance variation of the birefrin-
gences with temperature (see the values of dAn;/dT in

Table 2).
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KDP DKDP
atmosph. [p = —0} |p = —0b|p = —0os ||atmosph. [p = —0i |p= - |p = —03
dAn, 1.25 2.1 1.3 0.8 0.75 1.1
dAn, 8.1 10.4 6.4 2.66 2.92 2.61
dAn, 5.25 5.2 4.8 1.8 1.84 1.78
dAn,/dT| -1.29 —1.6 | —1.09 —0.28 —0.25 | —0.52
dAn,/dT| -2.26 —2.49 —2.01 —-0.23 | —=0.19 —0.39
dAn,/dT| 0.75 0.83 0.6 0.58 0.75 0.36

Table 2. Jumps of birefringences dAn; (units of 10_4) at the transition points and the temperature derivatives dAn;/dT (units
of 107K ™) of the two crystals at different pressures (p = —o; = 200 bar). The values of the slopes dAn; /dT and dAns/dT
are given for the temperatures just above the transition points.
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Fig. 2. The temperature dependence of the birefringences An, (upper groups of curves) and An,, (lower groups of curves) of
KDP (a) and DKDP (b) crystals at A = 500 nm and at different pressures: ® — p = —g% = 200 bar; O and A — atmospheric
pressure; /\ and 0 — p = —03 = 200 bar; * — p = —a} = 200 bar.
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Fig. 3. The temperature dependence of the birefringence An. of KDP (a) and DKDP (b) crystals at A = 500 nm and at
different pressures: ® — p = —g) = 200 bar; * — p = —o{ = 200 bar, and O — atmospheric pressure.
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The temperature dependence of the birefringence Ar, at ambient pressure and at p = —¢) = 200 bar and
p = —oh, = 200 bar in KDP and DKDP crystals is given in Fig. 3. In the paraelectric phase at atmospheric pressure,
where the crystals are optically uniaxial, An,=0. However, under pressure p = —c/ the small non—zero values of the
birefringence An, persist in a narrow temperature range after its jump at the “transition point”.

Below T¢, An, decreases with temperature in KDP and increases in DKDP. In both crystals An, is raised up by
p = —of and lowered down by p = —o}. The values of jumps in An, at the transition points and the slopes dAn, /dT

at different pressures are given in Table 2.

On the basis of the obtained data and using the relations

$(Any)oy =
I(Any)o, = %
§(Ang)o, = %
I(Ang)e, = %
§(An,)or = %
§(An,)or = %

we calculated the combined piezooptic constants 7, of
KDP and DKDP crystals (see Table 3). The coefficients
of KDP increase and those of DKDP decrease as tem-
perature tends to T¢ in the ferroelectric phase.

T (K)| 7fy 75 ™3 73y Ty Ty
KDP | 8 |-3.7 45 4.0 —-24 -34 3.1
120 |-9.0 135 6.0 —4.6 —27.1 21.2
DKDP| 100 | 6.5 18.012.5 —9.8 —11.5 15.1
200 |-15 28 3.0 =16 -3.5 55

Table 3. The combined piezooptic constants of KDP and
DKDP crystals at different temperatures.

III. THEORY

We restrict our theoretical consideration to the pres-
sures which do not lower the crystal symmetry: hydro-
static and uniaxial p = —o3.

Calculations are performed within the proton ordering
model in the four—particle cluster approximation. It al-
lows us to take into account the short-range correlations
between deuterons adequately. The cluster Hamiltonian
reads
Tq1 9q2 | 992 9q3

2 2 2 2

T43 Tqt

2 2

Jat 71

=V 2 9

0

[ngﬂ'n — ngﬂ'sl]tfu + s12[n. — ngloa = mo 07,

[ngﬂ'33 - n2ﬂ'13]023 + so3[ne — ns]o9s = 7T8303,

0

[nzﬂ'zz — ngﬂ'sz]tflz + s12[ny — nilo1n = T190%,

[nzﬂ'zs — nimsslors + sis[ny — n.]oiz = w503,

0

[ngﬂ'n — nzﬂ'zl]tfm + s31[ne — nyloz = 7T31U/1,

0

[nimz - nzﬂ'zz]tf?)z + s3a[ny — ny]Usz = 7T320/2

Tq1 O¢g3 Tg2 Tg4
17 [Tat %as LL} 9
+ 22+22 2)

+¢@@@E_Zif&f.
f g2 ’

two eigenvalues of Ising spin 04,y = £1 are assigned to
two equilibrium positions of a deuteron on the f—th bond
in the g—th cell.

In Hamiltonian (2), zéf are the effective fields which
include the long range interactions taken into account in
the mean field approximation, external electric field F;
and effective cluster fields Af]f created by sites neigh-
boring to the ¢f-th one but not belonging to the g—th
cluster:

i i Oq'f! i
o = B2+ Jff'(QQ’)< qu )4 popBil. (3)
a7

The long range interactions Jfp (gq’) include the
dipole—dipole and lattice mediated deuteron—deuteron
interactions. To determine how pressure influences the
parameters of the long range interactions, one should
take into account two possible mechanisms of this in-
fluence: i) via the changes in the interparticle distances,
and ii) via the changes in the D-site distance ¢. In the
mean field approximation, the lattice strains counterpart
is fields linear in strains and mean values of quasispins.
Their form has been found in [1,2]. Tt should be men-
tioned that this form is exactly the same as that if one
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formally expands the components of the long-range in-
teraction matrix in diagonal components of the strain
tensor up to the linear terms. The counterpart which de-
scribes the influence of the pressure induced changes in
the D—site distance § is obtained by taking into account
the fact that parameters of the long range interactions
J s+ are proportional to p?; pu ~ § is a dipole moment of a
hydrogen bond. According to [6,7],in KDP and DKDP §

is a linear function of hydrostatic pressure. Assuming the

same character of its dependence on pressure p = —o3
6 = do + d1p,
we obtain
98 O3
Jrp(aq') = 3 (aq') [ — 55_2 }
3 .
+ > W (ad)e (4)
j=1

We take into account only the diagonal components of
the strain tensor, To avoid explicit dependence of the
Hamiltonian on pressure, we expressed pressure in terms
of the resulting strain ¢; + €9 4+ 3. Here S = Z Sij
for hydrostatic pressure and S = > . S3; for the uniax-
ial p = —og pressure; S;; is the matrix of elastic com-
pliances. The parameters 1/)‘}f,(qq’) are the same for all
non—lowering the system symmetry pressures applied to
a given crystal, whereas the ratio §;/dy is different for
hydrostatic and uniaxial pressures.
Parameters

U:—@—l—w1

V:—7, 7,@246—810—1—2101

in the Hamiltonian (2), being the functions of the Slater
energies ¢, w, and wi, describe the short range corre-

The mean values of quasispins 77;} = (04t )E, are

1
0 = o [sinh 227 4 2bsinh 27] |

lations between the quasispins. The Slater energies are
defined as differences between energies of the so—called
“up/down” (with deuterons in positions close to up-
per/lower oxygens of a given POy group) &, “lateral”
€4, single ionized £; and double ionized £y deuteron con-
figurations

E =¢€q — €5, w=:¢e] — €&, w1, = &g — Eg.

At § = 0 e, = &, = g9 = &1, since with deuterons
in the centers of hydrogen bonds, there is no sense to
distinguish between different configurations. Besides, the
transformation § — —d transforms all deuteron configu-
rations to the ones with the same energies: “up” configu-
rations to “down” configurations, “right lateral” to “left
lateral”, positive ionized (with three or four deuterons)
to negative ionized (with one deuteron or without any).
Hence, ¢, w, and w; are even functions of § and turn
to zero at § = 0. Taking into account only the quadratic
terms of the £(d), w(d), and w1 (J) dependences, we model
variation of the Slater energies with pressure similarly to

(4)

9§ 3 3
6:60{1—5—;26‘7} +Z(51262a
j=1 i=1
w:w0[1_3‘5—1§3:e} +§3:526 (5)
S do J=1 ! i=1 o
ol 26 2
wl—wl{l—g—oztfj} +Z(53262a
j=1 i=1

where via the terms ), d;;6; we describe the influence
of factors other than variation of D—site distance § with
pressure. Amongst them there are pressure dependences
of the the hydrogen bond length, and of the inclination
¢ of the line connecting D—sites to the ab plane, rotation
of PO, groups around the c-axis, etc.

1
77?3 = — [sinh A; + dsinh Ay + 2asinh Az + b(2sinh A4 + sinh As + sinh Ag)],

Dl‘
o1 . . .
Ny = e [sinh A; — dsinh Ay + b(sinh A5 — sinh Ag)], (6)
s 1 . . .
Ny = v [sinh By — dsinh B 4 b(sinh B4 — sinh Bg)],

)

where
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D? = cosh2z° + 4bcosh z° + 2a + d,
D? = cosh Ay + dcosh Ay + 2a cosh Az + b(2 cosh A4 + cosh As + cosh Ag),

DY = cosh By 4 dcosh By + 2a cosh B3 + b(2 cosh By + cosh Bs + cosh Bg);

a, b, and d are Gibbs’ factors

2y + Z8 © 2y F z¥ 2y — 25
A = - 2 +25,, Asa= - 5 3’ As6 = 2 + 2543
4 oY JRTgm—" Y LY
Bis=d4ls4+ 2" By,="2 T , Bse= a4+ 2"
2 2 2
a =exp(—P¢), b=exp(—pw), d=-exp(—fwy).

Here we took into account the fact that under the con-
sidered pressures and in electric fields E;, the following
relations are obeyed:

H3 = H13 = H23 = H33 = [43;
H1 = p11 = —p31, fo1 = pa1 = 0;

fo = paz = —[l42, H12 = p3z = 0.

Within the cluster approximation, the fields A? . are de-
termined from the condition of equality of the mean
values (oq¢) calculated with four— and single-particle
Gibbs’ distributions, i.e. with the Hamiltonian (2) and
with the one—particle deuteron Hamiltonians

i __Z;f_ﬁA;fULf (7)
qaf — 8 9

Excluding Af]f from zéf given by (3), we get

where v; = [J1;(0)]/4, and v is the eigenvalue of the long
range interactions matrix Fourier transform

3

I/IVC(O —g Z +Z1/)cz 62;

1
vO(0) = 7 1700 + 2790) + 15 (0)]

ei = 1 [01:(0) + 202 (0) + i 0)].

The free energy of the crystal in the four—particle clus-
ter approximation can be written as (here £; = 0; in this
case the symmetry of the quasispin mean values is as that

in the field F3)

f:§z

L)

22(52262

626]

2
2w+ 92T ln —————: 8
+ 2vn” + n(l—nz)D’ (8)

here D = limg, 50 D?, z = limg, 0 2%, n = limg, 50 7°;

1, 1+ K . .
2F = 5T 77Z vn® + %, cl(»?) are the “seed” elastic constants corresponding to a
" fictitious lattice without deuterons; ¢; are the compo-
1. 1+nis o nents of the strain tensor; v = v/kp; v is the unit cell
ng = 51 T + 5 |\viny + vanz + 2van5, £ 9 ,  volume; kg is the Boltzmann constant.
b3 Equation for the order parameter 1 we obtain mini-
1 1408 mizing the free energy with respect to
Sy = 5 In T2+ B fwalnf + 03]+ [+ valnzal,
21—,
1 14 1,. .
= 5 T Bl + )+ o+ vl = 5 (sinh 22 + 2sinh ), )
13
114 4 po by whereas to find the lattice strains we use obvious rela-
2 ,=In . + 8 |2vanis + vind + vany & 5| tions
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—pi = Z%’Ej, (10)

J

where ¢;; are the elastic constants of the crystal deter-
mined from an experiment; p; = (p, p,p) for the hydro-
static pressure, and p; = (0,0, p) for the uniaxial pressure
p = —o3. The thermodynamic potential 1s

g=F+v> =i, (11)

The temperature of the first order phase transition 7¢ 1s
determined from the criterion that:

g(naTCap):g(OaTCap)' (12)

Polarization of the crystal, resulting from the deuteron
ordering, is proportional the the mean values of qua-
sispins

M1 H2
Pr=""lni —usl, Pe=—=[n —mil,

Py =213
v

(13)

Variation of effective dipole moments p1 and pg with
pressure governs the pressure dependence of static di-
electric characteristics of the crystals.

Let us determine the static dielectric permittivities of
a K(H;_;D;)2PO4—type crystal in the presence of exter-
nal pressure. For a clamped crystal (g; =const) we have

0P 5
(0,7, p) = e1 900 + dr [ 212
el P)= €100 47 <3E1,2)a

E1)2:0

ﬁﬂiz 2281 )
D -2z,

= €1,200 + 4

0Ps

EE(O,T,])) = €300 —|—47T (a—%)a

FE;=0

Bui  2m3
= €300 +4T——2— 14
Sg00 AT v D — 2pzs (14)

where

@ = a+bcoshz; se3 = cosh2z+ bcoshz —n?D;

1
p= ——+ B, pu=

1
1_77 —772+ﬁ[7/1_1/3]

1 _
In the case of a free crystal (p=const),
1 (0,T,p) = €5(0, T, p) + 4meradya,
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3
513:(0, T,p) =¢e5(0,1,p) + 4r (Z ezids; + 636d36) )

i=1

ei; and d;; are crystal piezomodules.

IV. DISCUSSION

The only available experimental data concerning the
uniaxial pressure p = —og3 effects on the studied crystals
is on the dependence of the transition temperature pre-
sented in the previous section. Thus we can only estimate
the theory parameters and the corresponding changes in
the responses of the uniaxially strained crystals. The ex-
perimental studies of these effects are of great impor-
tance. It would be very interesting to explore the struc-
ture changes in KDP crystals with uniaxial pressure and
compare them with the changes caused by hydrostatic
pressure. There is no experimental information about the
dependence of the hydrogen bond geometry on the uni-
axial pressure; the actual peculiarities of this dependence
are quite difficult to predict theoretically. Nevertheless,
we thought it necessary to describe the possible changes
in characteristics of these crystals induced by uniaxial
pressure, considering the variation of the D—site distance
d with pressure (61 /dp) as a free parameter. Our goal was
to draw attention to this problem and stimulate a fur-
ther experimental investigation of hydrostatic and uni-
axial pressure effects on physical properties of H-bonded
ferroelectrics.

In order to describe an unstrained state of a
K(Hgp.15D0.87)2PO4 crystal, we need to set the values of
the cluster parameters € w? w?, long-range interac-

(0)

tion parameters v¢
per unit cell ﬂgo). To describe the pressure dependence
of transition temperature, we also need the values of the
deformation potentials d;;, 1¢;(0), the ratio é,/dy, and
the elastic constants c¢;;. Variation with pressure of the
dielectric characteristics of the crystal is governed by the

derivative dus/0p.

(0), and the effective dipole moment

The values of €, w®, w?, VC(O)(O), ugo)’ providing a sat-
isfactory description of a number of characteristics of a
K(H;_;D;)2POy4 crystal at ambient pressure in a wide
range of deuterations, have been found in [8,9].

The ratio &1/8p which is the rate of the pressure—
induced changes in the D—site distance is the most impor-
tant parameter in determining the pressure dependence
of the transition temperature. The deformation poten-
tials 1 (0), being the same in the cases of hydrostatic
and uniaxial pressures applied, describe the contribu-
tions of lattice strains into the pressure dependence of the
eigenvalue of the long range interaction matrix Fourier
transform v. The values of 61 /do, d;; and t.;(0) are cho-
sen such that the dependences best fit to the experimen-
tally found T (p) were obtained. We put the parameters
di; equal to zero, that is, take into account only the in-
fluence on the Slater energies of changes in the D-site
distance and neglect all other possible factors. That ac-
cords also with the results of the previous studies [10,11]
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where no mechanism of pressure influence the Slater en-
ergies but via pressure the dependence of § was taken
into account.

An unexpected outcome of the fitting is that we should
assume the negative value of 41 /8y for the uniaxial pres-
sure p = —og3. It means that this pressure shortens the
D-site distance, although, being applied along the axis
perpendicular to the plane in which the hydrogen bonds
lie, it is expected to expand the bonds. We may assume
that p = —o3 pressure flattens PO, tetrahedra along
the c—axis, thereby enlarging their projection on the ab—
plane and reducing the distances between oxygens of dif-
ferent PO. groups, but this assumption should await its
experimental verification. We treated d;/d¢ as a free pa-
rameter in the case of hydrostatic pressure too, because
the available experimental data by Nelmes [6,7] for the
d(p) dependence correspond to a crystal with a differ-

P, /(,LC/CD’IZ

ent deuteration level (T = 222 K and different slope
0Tc/0p = —3 K/kbar.

3
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Fig. 4. Variation of the transition temperature of KD2PO4
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Fig. 5. Spontaneous polarization of K(Hl_g;Dg;)Q POy crystals as a function of temperature at different values of hydrostatic
(a) and uniaxial p = —o3 (b) pressures p(kbar): a) (z = 0.98) 1 — 0.001; 2 — 2.07; 3 — 4.14; 4 — 7.6; 5 — 15.0; 6 — 20.0.
b) (z =0.87) 1 — 0.001; 2 — 0.2; 3 — 0.5. Experimental points are taken from [5] — O and [14] — o (for z = 0.84).
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Fig. 6. The temperature dependence of the inverse longitudinal static dielectric permittivity 53_1(0,T,p)7 of
K(Ho.1aDo.s7)2PO4 at different pressures p(kbar): 1 — 0.001; 2 — 1.8; 3 — 4.14; 4 — 5.0; 5 — 10.0; 6 — 15.0; b) 1 —

0.001; 2,4 — 1; 3 — 0.5. Experimental points are taken from [5] — O and [15] — A. Points of [15] correspond to x = 0.86.
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Teo OTc/dp  61/d0 | € w® v2(0) v ¥5 Yo vh ok
(K) (K/kbar) (kbar=!) (K)

210 —12.5 —33.5 |87.6 785 37.05 120 100 —545 110 —545
208 —3.0 —9.8 |87.6 785 36.0 110 90 —545 100 —545

Table 4. The theory parameters for two crystals. The values of dT¢/9p and §1/d¢ for the crystals with Tco = 210 K and
Tco = 208 K correspond to the uniaxial p = —o3 and hydrostatic pressures, respectively.

+ A+
€11 €12 C13

_I_ -
C33 C11

€12 €13 Caa Cag C33

6.93 —0.78 1.22 5.45 6.8 —0.78 1.0 6.99 1.0 5.3

Table 5. The elastic constants (units of 1011dyn/cm2). The difference between the elastic constants of crystals with Tco = 210 K

and Tco = 208 K is neglected.

Experimental values of the elastic constants of a
K(Hy_;D;)2PO4 crystal for z = 0.89 at temperatures
above the transition point are reported in [12]. Since the
values of elastic constants of ferroelectric DKDP are not
available at all, we carried out the calculations of T, ¢;
and other characteristics at different pressures and differ-
ent trial values of ¢;; close to c;" The set of c;tj, providing
the best fit to experimental data is given in Table 4.

Results of numerical calculations are presented in
Figs. 4-6. The solid and dashed lines correspond to
the characteristics of a crystal under hydrostatic and
p = —03 pressures, respectively.

Transition temperature vs. uniaxial pressure p = —o3
line is presented in Fig. 4 along with the experimental
points of Section I and a theoretical line for hydrostatic
pressure. The linear dependences of the transition tem-
perature on both pressures are obtained. Variation of T¢
with uniaxial pressure is more pronounced than with hy-
drostatic, and this 1s understandable since the uniaxial
pressure deforms the crystal more strongly than so hy-
drostatic pressure does. As has been mentioned above,
in order to describe a decrease in transition temperature
with the uniaxial pressure p = —o3, the negative value
of §1 /60 was used in calculations. It should be noted that
the accepted values of §; /do for hydrostatic and uniaxial
p = —o3 pressures yield the universal transition temper-
ature vs D—site distance § dependence for the two pres-
sures. Calculations performed for other crystals of this
family MeD3;XOy4, where Me = K, Rb, ND4, X = P,
As, revealed that universality holds for these crystals
too [13].

It is interesting to discuss also the effects of pressures
p = —cf and p = —o?, which do lower the crystal symme-
try. As we have already mentioned, these pressures were
applied along the axes of the Fdd2 unit cell, that is,
not along the hydrogen bonds. Schematically, the exper-
iment geometry is presented in the figure below. Here a
and b are the lattice constants; hydrogen bonds go along
the rhomb sides. By dotted lines we denoted a square—
shaped projection of the paraelectric tetragonal unit cell
on the ab plane.

The signs of spontaneous and induced by pressure
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p = —o), strain € coincide, which is reflected by increase
in the transition temperature. In this case, the observed
transition 1s a true phase transition, since in the presence
of the stress g the minimum of the thermodynamic po-
tential at i of the same sign as that of g is deeper than
the opposite minimum [4]. The same behavior one should
find if pressure is applied to a paraelectric sample, which
is then cooled down. On the contrast, the signs of these
strains in the case of pressure p = —¢} must be opposite,
and the observed experimentally decrease in the temper-
ature of jumps of birefringence corresponds to a decrease
in temperature of a certain transition between the in-
duced by stress o5 metastable state and stable state. Of
course, this transition is biased by stresses oy and o5.

The slopes Ous/dp and 9f3/dp can be determined
without introducing into the theory any extra fitting pa-
rameter on the basis of the following speculations. It is
believed that the deuteron ordering in the system results
in the displacements of heavy ions and electron density
which contribute to crystal polarization. Since, when or-
dered, deuteron shifts from its central position on a hy-
drogen bond to the off-central one by the distance 6/2, it
seems reasonable to suppose that the heavy ions displace-
ments are also proportional to é. This idea was used in
the previous theories [10,11]. Here, we also assume that
3 18 proportional to the corresponding lattice constant
¢. This yields
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1 8#3 (51 €3 1 8f3 261

OHs _ 01 & 1 0J3 01 &3¢ —¢
py dp S p’ 1Y 0p 8o p '
(15)

In Fig. 5b we plot the temperature curves of sponta-
neous polarization of a K(Hp 13D 87)2PO4 crystal at dif-
ferent values of uniaxial p = —o3 pressures. At ambient
pressure, the calculated P;(T) dependence is an agree-
ment with the experimental results of [14] (z = 0.84).
The curves presented in Fig. ba illustrate that model de-
pendence (15) of the effective dipole moment pg provides
a satisfactory description of a decrease in saturation po-
larization of a completely deuterated crystal KDoPO4
with hydrostatic pressure. Since we accepted a negative
value of §;/dp for a uniaxial pressure p = —o3, then,
according to (15), the effective dipole moment pz and
thereby the spontaneous polarization are expected to de-
crease with this pressure. Unfortunately, no direct exper-
imental data for the uniaxial pressure p = —o3 on the
spontaneous polarization of KDsPOy4 18 available to ver-
ify our predictions.

The temperature dependence of the inverse lon-
gitudinal dielectric permittivity e3'(0,7,p) of a
K(Hp 13D0.57)2POy4 crystal at different pressures p =
—o3 1s plotted in figure 6a. At ambient pressure, the cal-
culated dependence £31(0, T, p) is in agreement with the
experimental data of [14] for « = 0.84. The theory pre-
dicts that the magnitude of €3(0, 7, p) should decrease
with pressure, but the main pressure effect here is the
shift of the transition point and, thereby, of the e3(7")
curves to lower temperatures. Fig. 6b illustrate the varia-
tion of 651 (0,7, p) with hydrostatic pressure. As one can
see, the model dependence (15) equally well describes a
decrease in the Curie constant with hydrostatic pressure.

V. CONCLUDING REMARKS

In our previous work [3] within the earlier proposed
model we studied the influence of hydrostatic pressure
on the physical properties of K(H;_;D;)2POy4 crystals.
In the present paper within the same model we consider

the uniaxial p = —o3 pressure effects on the phase tran-
sition and dielectric properties of these crystals. A de-
tailed theory of the other pressure effects will be given
elsewhere.

We performed experimental measurements of uniax-
ial p = —o} pressures influence on the temperature de-
pendence of the birefringence in KH,PO4 and KD>PO4
crystals. It has been revealed that the transition temper-
ature decreases with p = —o3 and p = —¢ pressures but
increases with p = —c.

Since the only available experimental data are for the
pressure dependence of the transition temperature and
some optical characteristics, we can only estimate the
theory parameters. To compare the present results with
the relevant data in the hydrostatic pressure case is of
great interest.

In this paper we state the possible changes in the phys-
ical properties of DKDP crystals with the uniaxial pres-
sure, considering the variation of the D—site distance ¢
with the pressure 41 /8y as a free parameter.

Further experimental studies of the uniaxial pressure
effects on these crystals, especially on their structure will
allow us to define the theory parameters more precisely
and check our predictions.

In [3] as well as here it was shown that in the frame-
work of the proton ordering model within the cluster
approximation it is possible to obtain a good description
of experimental data for the pressure dependence of ther-
modynamic and dielectric characteristics of ferroelectric
crystals of the KDP family. We hope that experimen-
tal measurements of the hydrostatic and uniaxial pres-
sure effects on the hydrogen—bonded crystals (on KDP in
particular) will allow us to clarify the microscopic mecha-
nism of the phase transition in these crystals, correct the
theory parameters and possibly the microscopic model
itself.

ACKNOWLEDGEMENTS

This work was supported by the Foundation for Fun-
damental Investigations of the Ukrainian Ministry in the
Affairs of Science and Technology, Project No 2.04/171.

[1] I. V. Stasyuk, I. N. Biletskii, Bull. Acad. Sci. USSR,
Phys. Ser. 4, 79 (1983).

[2] I. V. Stasyuk, I. N. Biletskii, O. N. Styahar, Ukr. Fiz.
Zh. 31, 567 (1986).

[3] I. V. Stasyuk, R. R. Levitskii, I. R. Zachek, A. P. Moina,
A. S. Duda, Cond. Matt. Phys. (Lviv) iss. 8, 129 (1996).

[4] I. V. Stasyuk, R. R. Levitskii, I. R. Zachek, A. P. Moina,
A. S. Duda, preprint [CMP-99-25E, Lviv (1999).

[5] G. A. Samara, Ferroelectrics 22, 925 (1979).

[6] R. J. Nelmes, Ferroelectrics 71, 87 (1987).

[7] J. E. Tibbals, R. J. Nelmes, G. J. McIntyre, J. Phys. C
15, 37 (1982).

[8] R. R. Levitskii, I. R. Zachek, 1. Ye. Mits, preprint ITP-

87-114R, Kiev, 1987.

[9] R. R. Levitskii, I. R. Zachek, Ye. V. Mits, preprint ITP-
87-115R, Kiev, 1987.

[10] R. Blinc, B. Zeks, Helv. Phys. Acta 41, 701 (1968).

[11] S. Torstveit, Phys. Rev. B 20, 4431 (1979).

[12] L. A. Shuvalov, A. V. Mnatsakanyan, Sov. Phys. Crys-
tallogr. 11, 210 (1966).

[13] I. V. Stasyuk, R. R. Levitskii, A. P. Moina, Phys. Rev.
B 59, 8530 (1999).

[14] M. Chabin, E. Giletta, Ferroelectrics 15, 149 (1977).

[15] M. Chabin, E. Giletta, Phys. Status Solidi B 100, K77
(1980).

511



512

I. V. STASYUK, R. R. LEVITSKII, A. P. MOINA, ...

BIIJINB OTJHOBICHOTO TUCKY HA CETHETOEJEKTPUKHW TUITY KH,PO,
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IIpoBeneno ekcrmepuMeHTa bHI AOCTIKEHHA BILUIMBY feliTepyBaHH#A ¥ OJHOBICHUX THCKIB Ha TeMIIEpaTypHl
3aJI€2KHOCT] 1BO3aJIOMJIEHD | TeMilepaTypu Hepexony kpucraduis tumy K(H;_.D;)2.PO4. Ha ocrosi sanpomnoHosa-
HOI paHille Momei gedopmoBaHoro Kpucrasia Ty KD2 POy mocimimkeHo BILIMB OIHOBICHOTO THCKY p = —0s Ha
dazosuil mepexin i crarnuni mlestekTpudHi BiaacTUBOCTi BucoKonehdTepoBarux kpucrtanis K(H;_;D;)2PO4. Orpu-
MaH| TeOpeTHYHI Pe3yJIbTaTH MOPIBHAHO 3 HAABHUMU €KCIIEPUMEHTAJIHLHUMY TAHUMHU 1 TIOMEPEIHIMEA TEOPETHIHUMUI
po3paxyHKaMu IJjid BUMAAKY TIAPOCTATHYHOro THCKY. OBroBopeHo poJib Bigmasil MiXK IOJ0XKEHHAMEI PIBHOBATIW
JelTpoHa Ha 3B’#A3KYy y pa3s0BOMY Ilepexodl Ta meJIeKTPUYHOMY BIITYKY KPUCTAJIIB.



