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Amnoranisi. IIposeneno ekcrnepuMeHTaIbHE JOC/IKEHHA BILTUBY jeiirepy-
BaHHA 1 OTHOBICHOIO MEXaHIYHOTO THCKY Ha p = —03 1 p = —01 Ha TeM-
mepaTypHi 1 CIHeKTpaJIbHL 3aJIeKHOCTL IBO3AJIOMJIEHHA Ta TeMmeparypy da-
30Boro mepexoxmy. Ha ocHoBi 3ampomnonoBanoi panime momesi medopMOBaHOro
kpucrainy KD2PO4 B pamkax K/iacTepHOro Iifxomy HOCIILIXKEHO BIIMB OJl-
HOBICHMX p = —03 1 p = —01 = —02 THCKIB Ha $a30Buii mepexin, TEIIOBI,
IeiesTeKTPUYHI 1 IPYXHI XapaKTepUCTHKH BHCOKOOEHTEePOBAHUX KPHUCTAJIB
K(HyDi—4)2PO4. Orpumani pesybTaTw MOPIBHIOIOTHCS 3 HAABHUME E€KCITE-
PUMEHTAIbHAME JAHUMU 1 pe3yJIbTaTaMy IOMepenHiX JOCIIiakeHb edeKTis,
BHKJ/IMKAHUX TIPOCTATHIHUM THCKOM.
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Abstract. We performed experimental investigations of deuteration and uni-
axial p = —o3 and p = —o1 mechanical stress influence on temperature and
wavelength dependences of the birefringence and transition temperature of
K(H:Di_,)2POy4 crystals. On the basis of the previously proposed model for
a strained KD>POy4 crystal, we study the effects of uniaxial p = —o3 and
p = —o1 = —o» pressures on the phase transition, thermal, dielectric and elas-
tic properties of highly deuterated K(H;Di_,)2POy4 crystals. The obtained
results are compared with available experimental data and earlier theoretical
calculations, concerning the hydrostatic pressure effects.
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1. Introduction

Recently, a great attention has been paid to investigation of the effects
caused by hydrostatic pressure in ferroelectric crystals with hydrogen
bonds. However, the influence of uniaxial stresses ont these crystals can
be even more essential. In contrast to the hydrostatic pressure, the uni-
axial stress can lower the crystal symmetry. Besides, the relative ions
displacements in a uniaxially strained crystals are several times larger.
The uniaxial stress can induce new phase transitions, in addition to the
well studied ferroelectric one.

In [1,2] the model of a strained KD2P Oy 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 PO4 groups. Resulting from
the lattice strains longitudinal fields, which act on deuterons, are calcu-
lated. In [3,4] within this model we studied the hydrostatic pressure in-
fluence on the physical properties of highly deuterated K(H,D;_,)2POy4
crystals. In the cluster approximation we calculated the dielectric, elastic
and thermal responses of the crystals, and carried out a thorough numer-
ical analysis of the obtained results. It has been shown that under the
proper choice of the theory parameters, a satisfactory numerical descrip-
tion of the available experimental data for the pressure and temperature
dependences of spontaneous polarization, longitudinal static dielectric
permittivity and the transition temperature is possible.

In this paper, we present the results of experimental studies of deuter-
ation and uniaxial p = —o3 and p = —o; stresses influence on tem-
perature and wavelength spectral dependences of the birefringence and
transition temperature of K(H,D;_,)2PO4 crystals. On the basis of the
model [1,2], we study the effects of uniaxial p = —o3 and p = —01 = —09
pressures on the phase transition, thermal, dielectric and elastic proper-
ties of highly deuterated K(H,D1_,)2POy4 crystals. We perform a numer-
ical analysis of the obtained theoretical results and study the dependence
of calculated thermodynamic and dielectric characteristics on the theory
parameters. The obtained results are compared with the available exper-
imental data and earlier theoretical calculations [3,4] of the hydrostatic
pressure effects.

2. Four-particle cluster approximation

We consider a system of deuterons moving on O-D...O bonds in a crys-
tal of KD3;PQy type. The unit cell of Bravais lattice of such a crystal
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is composed of two neighbouring POy tetrahedra together with four hy-
drogen bonds attached to one of them (” A”type tetrahedra). Hydrogen
bonds going to another (”B” type) tetrahedron belong to four nearest
structural elements surrounding it (see the figure below). An external
stress o; (I = h, 3, 172) which does not lower the system symmetry is
applied:

Oh = (_p7 —-D, _p)7 03 = (07 07 _p)7 O1+2 = (_p7 —-b, 0) (2]‘)

The unit cell of a DKDP crys-
tal. Here (1),®@),3),@ and
1,2 stand for the hydrogen
bond and H-site numbers, re-
spectively.

a

The Hamiltonian of the system when the stress —p = 0, = o2 or
—p = o3 and external electric field E; (i = 1,2,3) along the crystallo-
graphic axes a, b, ¢ are applied has the following form [1]:

oN 0 i (0’ >
Hi:T CEJ)EZEJ_Z2HF}%+
] af
+ Z {6R41 Ry, 6R41 Rgg (Squ R, + (Squ +ra2Rq, 6R41 +r3Rq; 6R41 traRq, }
41,9293,44

1 Ogqsf Oqpr f' Og11 Ogs2 0ga3 Ogaa
x{ = Ve gr ! f P q1 92 a3 94
2%;, Ty Ty T Ty Ty
- 0, a,
—ZPHF},-% +NfiEi%f . (2.2)
4 f;

The Hamiltonian (2.2) describes the short-range configurational in-
teractions between deuterons near tetrahedra of ”A” and "B” type; ry
is a relative position vector of a hydrogen bond in a cell. Two eigenval-
ues of Ising spin o,y = %1 are assigned to two equilibrium positions of
a deuteron on the f-th bond in the g-th unit cell. cl(-?) are the ”seed”
elastic constants; €; are the components of the strain tensor; ¢ = 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




3 IIpenpunT

indirect interaction between deuterons through lattice vibrations, and,
second, by external pressure [1,2]:

; J J
ouFi = 2V |5+ Z Yuiei| + 205" % + ) e
i
J J
+277(1 13 + Z w3151 + 2774 12 + Z ¢2151 )
i (1) J12 1 | Ju1
2,uF2 = + Z i€ | + 21’} T + Z P14E;
i
J J
ot [ 22 4 Z Goies| +2n8 |22+ Z bsigil
i (1) J13 (1) J1o
2uky = + Z Ysigi| + 20,0 |+ > e
i
J J
+2n( =1 Z Prigi| + 2174(1 =2 Z Paigi]
i (1) J12 (1) J11
2,U,F4 = 2 + Z 1,[)2,5; + 217 T + Z 1,[)1,'6,’
i
J J
+2n( =2 4 Z paigi| + 2174(1 =3 Z Y3igi]
where 17;1) = (04s); Jry is a long-range interaction between deuterons;

14, Y2, Y3 are the so-called deformation potentials; u = ed is a dipole
moment of a hydrogen bond; § is the H-site distance. According to [5,6], &
is a linear function of hydrostatic pressure. Assuming the same character
of its dependence on stresses o3 and o+5 and bearing in mind (2.1), we
can write:

d = 0o + d1p,
where 6; < 0, éo > 0. Taking into account the fact that Jy is propor-
tional to u?, we have:
1

Jff/:e]](cf),[l-f-Q(s— ] (2.3)

The static and dynamic properties of a deuteron subsystem of a
DKDP crystal will be considered in the four-particle cluster approxi-
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mation, which in terms of density matrices can be expressed as follows
The cluster Hamiltonian reads: [9]:

) A _AiB
e_BHz e 6H4 e BH4 ]_

Po Sp e*/@Hi Sp effBH}LA Sp ei’BH;B ) ﬂ T: ( )

where Hi4, Hi® are the cluster Hamiltonians describing the behaviour
of deuterons around ”"A” and ”"B” tetrahedra. Since the equilibrium dis-
tribution functions of deuterons around ” A” and ”B” tetrahedra coincide
in the cluster approximation [9], the static properties of the K D2PO4
crystals will be considered on the basis of the Hamiltonian H}4 solely:

~ Og:1 Ogo2 Ogs2 033 O0g23 Ogu4 Ogad Ogqi1
HzA — [ q1 q2 q2 'E] q3 qa g4 q1 :| 9.
a =V Yy Ty 2 o |7 (25)
Oq11 O¢33 Og22 Oqq4 O0q11 Og2 O¢33 Ogq4 Zf Ul]f
+U[2 2 T +¢TT——_Z ’

where
2% = B{=A% + 20n")* + p3 s},
oty = B{=AF + 20" + 205 + dogn$)” & By}
5= 25 = 2§ = B{=A%, + 2" + 0g ] + 2 + wlniy” ),
213 = 2f = 28 = B{=Af; +2[n1 + 1/3]7)53)9 + 2us[n él)y + nil)y]},
2y = B{=AY + 4on)Y + 200807 + 20V £ o B},

and
v:(0) 1 J1;(0) o1
v = 1 [1+2%p] +Zi:¢ci€i, vj = ]4 [1-{-2%])]-{—21:1#]-1-51-,
In (2.5), Ay, ..., Ay are effective fields, resulting from an interaction with

neighbouring quasispins outside a cluster. Here we took into account the
fact that under the considered pressures and in fields E;, the following
relations are obeyed:

Dz 2 U7 Zp(De Z 07 _ )

nEl) e _ e Py _ e _
7724z:772(z_774 % 7713 —Thy:% Y
ve(0) = J11 + 2J12 + J13 5 Yo = Y1+ 202 + Y3 (2.6)

M3 = K13 = H23 = U33 = H43,
M1 = p11 = —p31, M21 = pa1 =0,
M2 = 22 = —f42, 12 = pz2 = 0.
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The single-particle deuteron Hamiltonians read:

i 23‘ Oqf
Expressions for z%,..., z¥ can be obtained from (2.5) by replacing
Aq, ..., Ay with 2A4, ..., 2Ay; obviously, their symmetry coincides with
that of 2%,..., 2.
In (2.5) V= —%, U=+ % ® = 4¢ — 8w + 2w, where
T<T. T>T,
e ="+ 0,61 + 01,62 + O13€3, e =¢e%+ 6], (e1 +e2) + 0ze3,

w=w" + 65761 + 6592 + 05363,  w = w + 85 (61 + €2) + Fze3,
wy = w + 65,61 + 0pea + 65363, wi = wl + 65 (21 + €2) + S5e3.

and e = g, —e,, w° = g1 —e5, w) = g9—¢s, €4, €5, €1, £ are the deuteron
configuration energies; 6% are the so-called deformation potentials.
The single-particle deuteron distributions functions read:

1
17(1)2 =5 [sinh 22% 4 2bsinh 2*] (2.8)
1
17513296 =D [sinh A; + dsinh Ay £ 2asinh A3+
+b(sinh A5 + sinh Ag £ 2sinh A7)],
1
néﬁ)”” =D [sinh A; — dsinh Ay + b(sinh A5 — sinh Ag)],

1
plbY = Ty lsinh By — dsinh By + b(sinh By —sinh By)]

1
néﬁy =Dy [sinh By + dsinh By &+ 2asinh By+
+ b(£2sinh Bg + sinh By + sinh Bg)], (2.9)
where

D? = cosh2z* + 4b cosh z* + 2a + d,

D?® = cosh A; + dcosh A + 2a cosh A3 +
+ b(cosh A5 + cosh Ag + 2 cosh A7),

DY = cosh B; + dcosh By + 2a cosh B +
+ b(2 cosh Bg + cosh By + cosh Bg),
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and
AlzzzijzgiZ'&; A3=@;
As6 = zf;z§ + 23y; A7:¥;
Blyzziz%—l—zé}_f_zz, B4:z§’;zf7
B7,8=i2f3+zggzz; B6:Z§’12LZZI17
@ =exp(—f2), b=exp(—fw), d=exp(—fu).
Within the cluster approximation, the fields Ay, ..., A4 are determined

from the condition of equality of the mean values (o) calculated with
four- and single-particle Gibbs’ distributions, i.e. with the Hamiltonian
(2.5) and with (2.7). In the result:

sl 10" ()=, BrsEs
Sy P
" 1. 1+ n(l)w mE
A3=35 In ﬁ + '/177§1)z + Vgnél)x + 21/2775?9” + 12 L,
1—m
. 1 1+ (1)90
Zyy = 5 In sz + 0 [Vz[nil”” + 807 + o + 1/3]775?9”] ,
21— 7754)96
z{y = 5 ln s _ B [I/z[nél)y + nil)y] + [+ Vg]ng)y] ,
Ly
21— s
1 1+ n‘(l)y Iy
11—,

The free energy of the crystal in the four-particle cluster approxima-
tion can be written as follows:

F. O o _ »
fZ= N = 5 ZC?]- €i€5 — 225%61' + 21/[77(1) ]Z—f—

+2T1n2 — 2T In[1 — (nV*)?] — 2T In D*,

(2.10)

External pressure changes the unit-cell volume:

v =(0.3892 + k,p) - 10 *'em?®, ¥ = (2.82+ kyp)K,

k, = 0_3892614_6ﬂ7 ky = 2_82M_
p
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The thermodynamic potential is equal to:
g*(172) = f*(172) + 0p(e; + e2),
9°(3) = f*(3) + vpes.
From the conditions of the thermodynamic equilibrium

1 9¢g* _ 10g*
pop) 7 D Og

=0 (2.11)

we find the system of equations for order parameter and strains caused
by the external pressure:
—p=01 =02

1
17(1)2 = E(sinh 22° 4 2bsinh %), (2.12)
_ _ ) 05 e, e 2 M
—p=cdrer e+ e — 2% - %[U(l) I+ ?D—i;

6_ 29, 2M_
—p= 0?2 €1+ Cz2 €2 + 023 €3 — 2 12)2 - —12 : [77(1)2]

S D
- — — d 21/103 21 2M7
0=clyer+chen +chyes — 220 = =2 4+ =8
—pP=03
(1)z = o (smh 22% 4 2bsinh 2%), (2.13)
_ _ _ 2ber 2 M-
0=dre+dye +dyes — 220 = =2V + S
2 9  2My
0=c)5er 4+ D5 e +cg3_53 — 2% - %[n(l)z]l + 2 B

0— 0— 0- 23 37 (1)z
_ _ 9223 _
P = i3 €1+ 32 + €35 €3 . - [nV*)? + -,

here M, = 4bd,; cosh z* + 2ad;; + dé;.

In the paraelectric phase the order parameter is equal to zero, and
the following relation between the pressure and the strains is held:
oF 2 M
o, 200
v v Dy
5;3 2 My

’U D+ ’

—p= () +cly)er + Fes -2
(2.14)
0= 20(1);61 + 033 £3 — 2=

ICMP-96-18E 8
—p=203
652 M+
0—(011+Cu)512+01353—2 + =
Dy 2.15

—p—2C 51+C3353 2 ’UDJF’

where

M} = 4b6y; + 2adf; + déf;, M = M),
Dy =1+4b+2a+d.

As one can see from the equations (2.12), (2.13), (2.14) and (2.15), the
strains g; are equal to zero at ambient pressure only if we assume the
temperature dependence of the parameters d2; in the form

2067, 25,

5F = -
2T 1420 exp(Be) +2

in the paraelectric phase and in a more complicated form in the ferro-
electric phase. In order to keep do; constant and for the sake of simplicity
we assumed that

+
o 205
2 exp (Bee) + 2
(B = 1/T.); thus at pressure of 1 kbar, small residual strains (~107°)
exist at all temperatures except for the transition point.

The temperature of the first order phase transition 7, is determined
from the criterion that:

g* (M=, T.,p) = ¢°(0,T.,p), (2.17)

Polarization of the crystal, resulting from the deuteron ordering, is
equal to:

(2.16)

M1 1)z 1)z 1 1
P1=7[n§) ), P= [né)’"’ ),

Py = 21,0, (2.18)
v

3. Elastic and piezoelectric properties

Let us consider now the pressure influence on elastic properties of a
K(H;D;_;)2PO, crystal. Here we neglect the anharmonicity of lattice
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vibrations. The attributed to a deuteron subsystem parts of elastic con-
stants, related to the pressures —p = 01 = 02 or —p = o3 are given by
the formula:

B 4
=y~ = Weili + Yeibi— (3.1)
2 _ e C e 2 i
_ﬁ[4b621521 COShZ + 2a(51i51j + d53153]] + mMz M_] .

Here we use the following notations:
& = [cosh 2z + b cosh z] — ™) [sinh 2z + 2b sinh z];
0; = —2bd,, sinh z + 7V M, + 2¢p.inM . (3.2)

Making use of the relations (2.12), we calculate the quantities which
characterize the electromechanical properties of a crystal.
Coefficients e3; and constants hg; of piezoelectric stress read:

o pz2 0 _ 2¢0;

€3i = o TD—20% 2’ 3i = 13D’ (3.3)
where
1
(10 = 71 — [n(l)]Q +/61/

Using (2.12) and taking into account the fact that (0e;/00;)E; = sg
— the elastic compliance constants, we get the systems of equations for
the coefficients of piezoelectric strain ds;:

_ _E- D
dsi =Y s esj;  —hapdse + Yy shT = ;ka (34)
J J

where py = (p,p,0) at —p = 01 = 02 i pp = (0,0,p) at —p = o3.
Compliances 55_ found from the system (3.4) read:

E E E E
f-x|d @ h=-n | P
1 = ; 12 = )
A. | ¢33 €33 A. | c13 €33
E E E E
b= | B % b= 4| B
- ’ - A, ’
Ag | ¢z €3 €13 C33
E E E E
A =] G
- I - A, I
A | ez €33 C12 Ca2
E E E
Ac=| ey ¢ G |, ¢ =c¢; —hsies;; 4,5 =1,2,3.
B E B
13 Caz C33
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where 05_ = cf;_ — hs;es; is the elastic stiffness at constant electric field.

Constants of piezoelectric strain gs; we find, solving the system

p— _ .
E Cij 935 = hsj;
i

4. Thermal properties

Let us consider now the thermal properties of a deuteron subsystem of
a KDyPOy, crystal in presence of stress —p = oy = 03 or —p = 03. In
the ferroelectric phase the entropy per one mole has the following form:

D M
S™=R <2 In[1 — ()% 4+ 2In 5+ 4TTnM + 23> . (40)
where R is the gas constant, and
_ 1
M = B(dwb cosh z + 2ca +wyd), ¢! = —ﬁm](l).

To calculate the specific heat per one mole at constant pressure we dif-
ferentiate the entropy (4.1):

oS
P _
AC? = RT <6T>p'

In the result:
ACP = AC® = RT Y qf o; (4.2)

[3

AC* is molar specific heat at constant strains, and
AC? = RT(—¢"* — ¢°p"). (4.3)
Using (4.1), we get:

. : MM,
g = DT {—2T<PT9i — 2peinM?[q — W M] + \; — : } ;
e __ v 2 n T (1) a7
=~ 2" (2T _ e
q M3D<p[aes0+(q 1 )],
2 _ 2
Pe _ _ = T T4 (g —p® _M
q — {4T<p [aeTgo +(qg—n M)] +N-= }
where
N—4(E)Zb h +2(£)2 +(w1)2d (4.4
=4(7 cosh z 7)ot 7) ¢ .

w, 1 . _
g =2pbsinhz, A =—m (4wbés; cosh z + 2eady; + widdy;) -
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From the relations (2.12) we obtain the expression for the pyroelectric
coefficient at constant pressure:

pP=p+ Z €30, (4.5)
i

where

_ g 222T9" +[g — N
Cw T D —2pnae

=

(4.6)

thermal expansion coefficients, attributed to the deuteron subsystem,
obey the system of equations:

> iy == + P hsi. (4.7)
J
In the paraelectric phase:
+ +
Lo = —picis +p3 i ?
, + +1 .+ 1 )
[ci}c:;éﬁ ]‘jrgav o 2[‘311;3+]2 (4.8)
2 — c c
a5 = picl —Pslen o) +al,

Y+ oS )y — 20y

The constant terms, which describe contributions of the lattice anhar-
monicity, have been added to the right-hand sides of (4.8).

5. Dielectric susceptibility

Let us determine the longitudinal static dielectric susceptibility of a
K(H,D;_;)2PO4-type crystal in presence of external pressure. Consider,
at first, a clamped crystal (¢; =const). In the ferroelectric phase, the ex-
pression for x57 (0,7, p) reads:

opr; 21 4w
5(0,T,p) = K =3 __ = 5.1
X5~ (0.T,p) <8E3>57E3 o v TD-=2px (5.1)
In the paraelectric phase:
21 A(1+D)
S0, T,p) =32 . 5.2
0T = T s s d—1 = 2B (1 £ D) (52)
In the case of a free crystal (p=const),
X5 (0,T,p) = X57(0,T,p) + Y _ esids;. (5.3)

2
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In the paraelectric phase the longitudinal susceptibilities of clamped and
free crystals coincide:

X5(0,T,p) = x57(0,T,p)

Transverse static dielectric susceptibility (along the z-axis) reads:

_ P
A 0rn=(5m) -
8,E1:0

p3l 2(a + bcosh z)
" v T D —2(a+bcoshz){[1 — (n™M)2]=1 + B[vy — ws]}

In the paraelectric phase:

et 2(a +b)

6+0T = —— '
X1 (7 7p) ,UT]__|_2b+d—2ﬂ[l/1—V3](a+b)

(5.4)
The static dielectric susceptibility x5~ (0,7, p) read:
OP,
X“s_ (07 Tap) = <—> =
2 6E2 8,E1:0

w3l 2(a + bcosh z)
"~ v TD—2(a+bcoshz){[1 — ()21 + B[vy —vs]}”

In the paraelectric phase:

X17(0,T,p) = x57(0,T,p)

6. Experimental results

In this section we present the results of experimental study of the influ-
ence of uniaxial stresses applied along the crystallographic axes ¢ (the
optic axis) and a (the perpendicular to the optic axis) on the temper-
ature (70 — 300 K) and wavelength (400 — 700 nm) dependences of the
birefringence An, in KDP and DKDP crystals.

The birefringence at given wavelength A, temperature T and stress
o read:

An(\,T,0) = d(;/\a)’ (6.5)

where k is the interference minimum number; d(T', o) is the thickness of
a sample, being a function of temperature (owing to thermal expansion)
and stress.
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We use the photographic method to record the interference pattern
in the focal plane of the I®C-8 spectrograph. The pattern arises once
white light passes through the studied sample placed on the spectrograph
axis in the diagonal position between two crossed nicols. Uniaxial stress
was produced by the 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.

Variation of the birefringence with temperature and pressure was
measured by recording the changes in the interference pattern minima
with pressure at constant temperature. The transition temperature as a
function of external 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 pattern are observed at 7' = T,; the transition tempera-
ture was determined with an accuracy of 0.05 K. Orientation of crystals
was performed judging from the view of conoscopic patterns as well as
using a polarizing microscope. This method allowed one to determine a
crystallographic direction to within 30’.

In figure 1 we depicted the wavelength dependence An, of KDP
and DKDP crystals (the transition temperature of the DKDP crystal is
213 K what corresponds to 89% deuteration) at different values of oy
and o3 stresses. It is revealed that An, increases with o3 and decreases
with o1. Both stresses slightly affect the dispersion An,(A). The values
of derivatives dAn, /d\ at pressures o3 and o1 of 200 bar and different
temperatures are given in Table 1.

In the figure 2 the pressure dependence of the birefringence An, of
KDP and DKDP crystals is plotted (see also Table 1). As temperature
in the ferroelectric phase decreases, the changes in of An, of a DKDP
crystal increase with pressure; this effect for o3 stress is more significant
than for o;.

In figure 3 we plotted the temperature dependence of the birefrin-
gence An, of KDP and DKDP crystals at different values of pressure.
In DKDP the An, is more sensitive to o; than to o3, whereas the reverse
is observed in KDP. The magnitude of changes in An, with pressure in
KDP and decreases in DKDP as temperature tends to 7. in the ferro-
electric phase.

The dependence of the jump of An, at the transition point on stress
magnitude and direction is found. in KDP: §An,=8.2-10"* (o = 0),
6.4-10=* (03= 200 bar) and 10.4-10~* (o;= 200 bar), in DKDP: 2.66 -
10=* (¢ = 0), 2.61-107* (o;= 200 bar) and 2.92 - 10~* (3= 200 bar).
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As one can see, the An, in DKDP is much lower than in KDP and its
dependence on the stress direction is much weaker.
On the basis of the obtained data and using the relations

1
d(Any)s, = E[niﬂn - Tlgﬂ31]021 + s12[n; — ngloa = 7T3101;
L 3 0
(Any),. = 5[71271'33 — n5m13]023 + Saz[Ny — Ny]o23 = Ty303

we calculated the combined piezooptic constants 79, and 793 of KDP
and DKDP crystals (see Table 1).

The coefficients of KDP crystal increase and those of DKDP decrease
as temperature tends to T, in the ferroelectric phase.

T |dAny/dA, 03|dAny/d)\, o1 dAny/d03|dAny/d01 o | 793
(K) (10~ °nm™1) (10~ bar™1) (10~ "bar~t)
KDP | 77 -1.44 -1.48 4.01 -2.33 |-34) 31
123 -1.35 -1.39 11.2 -12.6  |-27.1| 21.2
DKDP|100 -1.05 -1.09 8.17 -2.65 |-11.5| 15.1
200 -1.18 -1.22 1.67 -1.15 |-3.5| 5.5

Table 1: The wavelength and pressure derivatives of the birefringence and
the combined piezooptic constants of KDP and DKDP crystals
at different temperatures.

The transition temperature of KDP and DKDP crystals (figure 4) de-
creases with pressure linearly with: dT./dos= —0.012 K /kbar, dT./do =
—0.007 K/kbar in DKDP and —0.007 K/kbar and —0.003 K/kbar in
KDP.
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KDP (a) i DKDP (b) crystals at different temperatures
T(K): a) 1 - 77; 2 — 123;b) 1 — 100; 2 — 200. ® — 035 0 —

g1.

ICMP-96-18E

Figure 3:

4.4 [N

4.3
4.2\\\\\\\\\\\\\\\\\\\\\\\\
80 130 180 OL) 230 280 T.K
-2
i An,,, 10
3.98 |
3.96 |
3.9410:(\)\\\\\\\%5\(\)\\\\\\\\\\\\\\\\\\\\\\\

p) 20 250 T, K

The temperature dependence of the birefringence An, of
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7. Discussion

The only available experimental data concerning the uniaxial pressure
effects on the studies crystals are for the presented in the previous sec-
tion dependence of the transition temperature 7, on the —p = o3 stress.
Thus we only can estimate the theory parameters and the corresponding
changes in the responses of the uniaxially strained crystals. The experi-
mental studies of these effects are of great importance. It would be very
interesting to explore the structure changes in KDP crystals with uni-
axial stress 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 uniaxial stress; the actual pe-
culiarities of this dependence are very difficult to predict theoretically.
Nevertheless, we thought it necessary to describe the possible changes
in characteristics of these crystals induced by uniaxial stresses, consid-
ering the variation of the H-site distance § with pressure (d;/dg) as free
parameter.

Our goal was to draw attention to this problem and stimulate further
experimental investigation of hydrostatic and uniaxial pressure effects on
physical properties of H-bonded ferroelectrics.

In order to study the influence of the strains ¢;, caused by the uniaxial
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stress o3 or by 0;+,, on the transition temperature, elastic, piezoelectric,
thermal and dielectric characteristics of a K(Hg.13Dg.87)2P Oy, crystal, we
need to set the values of the cluster parameters €°, w°, w?, long-range
interaction parameters v.(0), v,(0), effective dipole moments per unit
cell ,ugo), HEP), relevant to the case of an unstrained crystal, as well as
the values of the deformation potentials 6;;, ¥ci, ¥qi, the parameter 6, /do

and the "seed” elastic constants c?j.

The values of %, w®, w?, v.(0), v,(0), NEO) and ,ut(lo), providing a sat-
isfactory description of a number of characteristics of a K(H,D;_,)2POy4
crystal at ambient pressure, have been found in [7,8]. At z = 0.87:
ed =875 K, w® = 785 K, w} = o0, v.(0)/4 = 36.8 K, v,(0)/4 = 19K,
9™ = 3.4155107 18 esu, 0T = 2.80310 18 esu, ¥ = 2.8001018 esu.

The values of the deformation potentials, being the same in the cases
of hydrostatic and uniaxial pressures applied, were chosen such that the
best agreement with experimental data was obtained for the variation of
transition temperature T, with hydrostatic pressure [3,4]. Those values
we use in the present work (see Table 2).

0 Op O Yo Y Vm 011 01y v 0%
-45 -55 885 -97 -97 250 -50 800 -97 390

Table 2: The deformation potentials (in K) for a K(Ho.13Dg.s7)2PO4 crys-
tal.

In the case of p = —o3 stress, the value of d;/dp which turned to be
the most important fitting parameter was chosen such that the best fit
to the experimentally found 7.(o3) dependence was obtained.

A7 oy A3y &5 A Ay Ay ) s &y
6.93 -0.78 1.22 5.45 6.93 -1.78 1.22 6.0 1.1 5.0

Table 3: The ”seed” elastic constants (units of 10''dyn/cm?®) of a
K(Ho.13Do.87)2PO4 crystal.

Experimental values of the elastic constants of a K(H;D1_,)2POy4
crystal for z = 0.89 at temperatures above T, are reported in [11]. These
data have been taken as the ”seed” elastic constants c?jr . Since the values
of elastic constants of ferroelectric DKDP are not available at all, we
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carried out the calculations of T, ¢; and other characteristics at different
pressures and different trial values of c?j* close to c?;r . The set of c?ji,
providing the best fit to experimental data is given in Table 3.

Results of numerical calculations are presented in figures 5-15. The
solid, long-dashed and short-dashed lines correspond to characteristics
of a crystal under stresses oy, 01+9, and o3, respectively.

In figure 5 we showed the calculated dependence of the transition
temperature of a K(Hg 13Dg.g7)2PO4 crystal on different pressures at
different values of the d; /0y parameter along with experimental data for
T.(03). The linear dependence T.(p) = T, — krp is obtained, with

k7(3) = 13.9 K/kbar at 28; /6o = —1.4-10* bar 1,
k7(3) = —6.3 K/kbar at 26, /o = 0.7-10~* bar !,

k7 (172) = 6.6 K/kbar at 25, /8 = —0.7-107* bar™!, and
kr(h) = 2.67 K/kbar at 26, /6o = —0.18 - 10~* bar~! [5].

The experimentally determined 7.(o3) dependence is well described
at 201 /0o = —1.4-10~* bar~1.

In figure 6 we plotted the pressure dependence of strains €;(1) of
a K(Hg.13Dg.87)2POy4 crystal with pressure. The values of ¢; vary with
pressure linearly as:

£i(172) = —k.,1+2)p,  €i(3) = —kz (3P,
where (units 1072 kbar—!):

ki@) = —+0 54, kg = —0.57, ki‘g@) = 2.3;
k() = K (g) = 04, kF (5 = —2.0,
e1(h) e2(h) ’ eg(h) —

k 4a) = 23, kZ,q49) = 25, k2 ooy = — L1
kX gy = kD 140y = 18, kX 149y = —0.71.

Calculations do not predict any perceptible changes in ¢; with temper-
ature except for the abrupt jumps at the transition point. Let us note,
that the magnitude of the strains does not depend on the d;/d¢ value.
The Poisson coefficient is equal to

_ 81’2(3)
€3(3)
The dependence of spontaneous polarization of a K(Hgp.13D0.57)2PO4

crystal on temperature at different stresses o3 and o4+ is given in figures
7a and 7b. For p = 0.001 kbar the calculated P;(T) dependence is an

‘ =0.19
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agreement with the experimental results of [12] (z = 0.84). In calcula-
tions we put the effective dipole moment pug to decrease with pressure lin-
carly with g = (3.4155—k;;p)-107"® esu, where k; (3) = 0.07 esu/kbar,
k, (172) = 0.02 esu/kbar, assuming that k, (3) < k (h). In order to de-
termine the values of k,(3) and k,(1%2), we need to know the pressure
dependence of Ps(3) and P;(112). However, we are not aware of any
experimental measurements of these dependences.

In figure 8 we depicted the polarizations Ps(h), Ps(3) and Ps(112)
of a K(H;D1_;)2PO4 (z = 0.87) crystal as functions of AT =T — T..
As one can see, the pressure of 1 kbar reduces only P;(3), whereas P;(h)
and P;(172) remain almost unchanged.

In figures 9-11 we depicted the temperature dependences of piezo-
electric coefficients es;, ds;, hs;, gsi, (i = 1,2,3) of a K(Hp.13D0.87)2PO4
crystal at stresses o3 and o;+5 of 0.001 and 0.2 kbar. Let us note that
the magnitudes of the piezocoefficients at low —p = 01 = 05 or —p = 03
stresses hardly differ. In the paraelectric phase all the considered piezo-
coefficients are equal to zero. When the temperature tends to T, the
absolute values of e3; and d3; sharply increase and fall to zero abruptly
at the transition point; pressure reduces the size of the jumps. The tem-
perature range where es; and ds; differ from zero, decreases with pres-
sure. Coefficients hs; and g3; increase slightly with temperature and fall
to zero with a discontinuity at T' = T,; the size of the discontinuity in-
creases with pressure. The values of es1, ess2,... g31, gs2 are negative,
and those of es3, ey, ... ds3, dy are positive.

In figure 13 we plotted the variation of the attributed to the deuteron
subsystem part of specific heat of a K(Hg 13Dg.s7)2POy4 crystal with tem-
perature at different stresses —p = 01 = 03 and —p = o3 along with the
experimental points for p = 0.001 kbar. In the ferroelectric phase AC?
sharply increases as temperature tends to 7. and decreases with a dis-
continuity at the transition point. The peak values of ACP in the high
pressure range are smaller than those at 0.001 kbar. In the paraelectric
phase the specific heat hardly depends on either pressure or temperature.

The temperature dependence of the inverse longitudinal dielectric
permittivity sgl(O,T,p) of the K(Hg.13D0.57)2PO4 crystal at different
pressures —p = o3 and —p = 01 — 02 is plotted in figures 14a and 14b,
respectively. At p = 0.001 kbar, the calculated dependence £5 (0,7, p)
is in agreement with the experimental data of [12] for z = 0.84. In fig-
ure 14a we also depicted the 53_1(0,T, p) curve at hydrostatic pressure
of 1 kbar. As one can see, the magnitude of £3(0,7,p) decreases with
pressure, influence of the uniaxial o3 stress being the most significant.
However, the main pressure effect here is the shift of the transition point
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and, thereby, of the whole e35(T") curve to lower temperatures. Thus at
constant AT, £3(0, T, p) almost does not depend on pressure in the para-
electric phase and only slightly varies in the ferroelectric phase.

In figure 15 we depicted the temperature dependence of the transverse
static dielectric permittivity of a uniaxially o3 strained DKDP crystal
along with the experimental data [15] for p =0.001 kbar. It should be
noted that the character of the changes in €;(0,T,p) with pressure es-
sentially depends on the choice of the free parameters. For instance,
€1(0,T,p) decreases with o3 at T > T. and decreases at T' < T, if
P11 = Y12 = 1000 K, 13 = —1000 K, and decreases at all temperatures
if 911 = 12 = 5000 K, 113 = 10000 K.

8. Concluding remarks

In our previous works [3,4] within the earlier proposed model we stud-
ied the influence of hydrostatic pressure on the physical properties of
K(H;D1_;)2POy crystals. In the present paper within the same model
we consider the uniaxial p = —o3 and p = —o; = —o09 stresses effects on
the phase transition, thermodynamic, elastic, piezoelectric and dielectric
properties of these crystals.

We performed the experimental measurements of uniaxial p = —o3
and p = —o; stresses influence on temperature and wavelength depen-
dences of the birefringence in KHoPO4 and KD3POy crystals. It was
found out that the p = —o3 and p = —o stresses affected the birefrin-
gence in different ways: An, increased with p = —o3 and decreased with
p = —o1. It is shown that the pressure dependence of the jump of An,
at the transition point in DKDP was much lower than in KDP. It was
also revealed that the transition temperature decreases with p = —o3
more rapidly that with p = —o; or with hydrostatic pressure.

Since the only available experimental data are for the pressure de-
pendence of the transition temperature and some optical characteristics,
we only can 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 physical properties
of DKDP crystals with the uniaxial pressure, considering the variation
of the H-site distance § with pressure (d;/dp ) as free parameter. The
main feature of the predicted effects is that even low uniaxial stress can
induce significant changes in the responses of the studied crystals.

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

The previous [3,4] and present studies show that in the framework
of the proton ordering model within the cluster approximation it is pos-
sible to obtain a good description of experimental data for the pressure
dependence of thermodynamic and dynamic characteristics of ferroelec-
tric crystals of KDP family. We hope that experimental measurements
of the hydrostatic and uniaxial pressure effects on the hydrogen-bonded
crystals (on KDP in particular) will allow us to clarify the microscopic
mechanism of the phase transition in these crystals, correct the theory
parameters and maybe the microscopic model itself.
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Figure 14: The temperature dependence of the inverse longitudinal
static dielectric permittivity e;'(0,T,03), €5 (0, T,h) (a)
and E;l(o, T,012) (b) of a K(Ho.13Do.87)2PO4 crystal at dif-
ferent pressures p(kbar): a) 1, A [14], - 0.001; 2,4 — 1; 3 -

0.5; b) 1, A [14] — 0.001; 2 — 0.5.

static dielectric permittivity €1(0,T,03) of a
K(Ho.13Do.87)2PO4 crystal at different pressures
p(kbar) and different values of deformation po-
tentials tq:: 1 — 1 kbar, ¢¥11 = ¥12 = 1000 K,
Y13 = —1000 K; 2, o[15] — 0.001; 3 — 1 kbar,
P11 = P12 = —5000 K, 13 = 10000 K.
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