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BmoiiuB onHOBICHOTO THCKY 0] — 02 Ha ¢pa3oBuil mepexin, i pizmumi
BJIACTHBOCTI CEerHeTOe/IeKTPHUKIB 3 BOOHEBHUMH 3B’A3KaMU THUILY
KD,PO,
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A.C. Iyna

Amnoraiisi. Ha ocnosi 3anponoHosasol panime Mome/li BUBYAETHCHA BILIUB
ONHOBICHOI Hampyru o1 — o2 Ha daszoBuil mepexinm i disuvni BIacTHBOCTI
ceraeroesiektpuka KD»>PO4. B kitacrepHOoMy HaOIuKeHHI 3 BpaxyBaHHAM
KOPOTKOCAXKHAX 1 [TAJIeKOCAKHHUX B3AEMOIIl Ta THCKY 01 — 02 PO3Paxo-
BAHO 1 JIOCJIIKEHO TEeILJIOB], [[ieJIEKTPUYHI 1 I1'€30€/IeKTPUIHI XaPAKTEePUCTUK I
KD>POy4, npoBeneno neraibuuil yucsioBuil anasi3 orpuMaHux pe3yJibTATiB.
Po3paxoBaHo i IOC/IiIXKEHO TeMIeparypHi i DapudHi 3a/1€KHOCTI CIIOHTAHHOL
TOJIAPHU3alii, MO3M0BXKHBOI 1 IIOMEPEYHOl CTATUYHHUX NieJIeKTPUIHAX IPOHU-
KJIUBOCTEH 1 ' e30es1ekTpunHmX Koedimnientis. [IpoBeneno nerasibuuit 9ncioBmit
aHaJIi3 BILIMBY OJHOBICHOIO THCKY Ha (a3oBuil nepexin. Busyarorbes inayko-
BaHI THCKOM 0] — 02 (a30Bi mepexomm.

Uniaxial pressure ¢; —¢g5 influence on phase transition and phys-
ical properties of the KD,PO,-type hydrogen bonded ferroelec-
trics
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Abstract. On the basis of proposed earlier model we study the effects of
applied uniaxial pressure o; — o2 on the physical properties of KD2POy fer-
roelectrics. In the cluster approximation, taking into account the short-range
and long-range interactions and the uniaxial stress o1 — o2 we calculate and
study thermal, dielectric, and piezoelectric characteristics of a KD>POy crys-
tal. A thorough numerical analysis of the obtained results is performed. The
temperature and pressure dependences of spontaneous polarization, longitudi-
nal and transverse static dielectric permittivities and piezoelectric coefficients
are investigated. The phase transition induced by pressure o; — o> is studied.
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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 on 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 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 cal-
culated. In [3,4] within this model, we studied the hydrostatic pressure
influence on the physical properties of highly deuterated KDsPO, crys-
tals. In the cluster approximation we calculated the dielectric, elastic and
thermal responses of the crystals, and carried out a thorough numeri-
cal 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 [5], we presented the results of experimental studies of deuteration
and uniaxial p = —o3 and p = —o; stresses influence on temperature
and wavelength dependences of the birefringence and transition temper-
ature of KD,POy crystals. On the basis of the model [1,2], we studied the
effects of uniaxial p = —o3 and p = —0y = —o9 pressures on the phase
transition, thermal, dielectric and elastic properties of highly deuterated
KD2POy crystals. We performed a numerical analysis of the obtained
theoretical results and studied the dependence of calculated thermody-
namic and dielectric characteristics on the theory parameters. The ob-
tained results were compared with the available experimental data and
earlier theoretical calculations [3,4] of the hydrostatic pressure effects.

In the present paper, we study the influence of o1 — o9 stress on
the phase transition, thermal, dielectric, and piezoelectric properties of
KD>PO, type ferroelectrics.
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2. Thermodynamical properties. Four particle clus-
ter approximation.

Let us consider a system of deuterons moving on O — D — ...O bonds in
a crystal of KDyPQOy type. The primitive cell of Bravais lattice of this
crystal is composed of the two neighbouring PO, tetrahedra with four
hydrogen bonds attached to one of them (A-type tetrahedron). Hydro-
gen bonds going to another (B-type) tetrahedron belong to four nearest
structural elements surrounding it.

The primitive cell of a DKDP
crystal. Here (D,(2), ®,®
and 1,2 stand for the hydro-
gen bond and H-site numbers,
respectively.

The Hamiltonian of deuteron subsystem of a K Dy PO, crystal when
mechanical stress 012 and external electric field E;(i = 1,2,3) along the
crystallographic axes a, b, ¢ are applied has the following form:

A oN 1 )
Hi:TE C$L€m6n—52 2uF}L;f>+
mn af

1 Oqsf Tapr f! Og11 Ogo2 Ogs3 Tgad
+ — Vep —ud 2007 g Zarl Ta22 Pas3 Tas %
;2 2%; e e 2 2 2 2

2394

X {6111!126!111136!11114 + 6Q1+7‘27Q2601+7‘3,Q36111+7‘47Q4} - (21)
i 9qf 9qf
= D2 Fp == = wpi Bi =5
af af

The Hamiltonian (2.1) describes the short range configurational in-
teractions between deuterons near tetrahedra of “A” and “B” type; ry is
a relative position vector of a deuteron on a hydrogen bond. Two eigen-
values of Ising spin o4,y = %1 are assigned to two equilibrium positions
of a deuteron on the f-th bond in the g-th unit cell. cg,% are the “seed”
elastic constants; £, are the components of the stain tensor; & = %, v
— is the unit cell volume; kg is the Boltzmann constant. F} are inter-
nal fields created by, first, effective long-range forces, including as well
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an indirect interaction between deuterons through lattice vibrations and

second, by a stress g12 = 01 — 02; 4 = ed is the dipole moment of a

hydrogen bond; § is a distance between two D-sites on a hydrogen bond.
In the case of unstrained crystal

77(1) =(0g1) = (042) = (043) = (04a) - (2.2)

If the external stress oo is applied, the hydrogen bonds directed
along the a axis are contracted, while those directed along the b axis are
expanded. The deuteron arrangement is characterized by two parameters

1y = (o) = (04s) » 155 = (042) = (0ga) - (2.3)

The static and dynamic properties of a KDoPQOy crystal will be
considered in the four-particle cluster approximation. In terms of density
matrices [6] it reads :

e—BH: e BH e BHL® 1

_ _ . __ =, 2.4
Spe 7 Spe T gy piE T 24

Po

where H iA , HiB are the four-particle cluster Hamiltonians, which de-
scribe behaviour of deuterons near “A” and “B” tetrahedra. Since the
equilibrium distribution functions of deuterons around “A” and “B”
tetrahedra are equal within the cluster approximation, we can consider
the static and dynamic properties of the K D2 POy crystal on the basis
of Hi solely.

HA =Y Hit = (2.5)

q
Og1 O¢g2 Og2 0¢g3 Og3 Og4 Og4 Oqg1
— V(LL 992 93 | 943 Tq4 LL)
zq:{ 2 2 + 2 2 + 2 2 +2 2 +

Oq1 0¢3 0q2 Oq4

T2 ) Ty (U2 ) ST
Og1 Og2 Og3 Og4 L
p a1 %42 943 0q4 _ fri }
z

mw= B ) B, eo
fre(oy _ 21 0ql | 25 0q3 | 23y (Utﬂ ‘744)
H —ZZe | 237e | =479, 742
Ay = 2 (20 4 98) 2% | How
4 B\ 2 2 8 2 8 2
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Here V = -5, U = —e + 4, ® = 4 — 8w + 2w;.
The effective fields z* have the following symmetry :

2y = B (=D (v + 7+ eers) iy + (v — 95 + s By
2510 = B [~ Boa + (v = P)ms” + (v + 7 = o)ty + s Bl
o =B [=A1+ 201 + Pren) 0+ 2(vs + serz)nd)” +
+ 41/27}511” + p1 En],
2§ = B [~As +2(vs + Psena) 0T + 200 + rerz)nl)” +
+ vy — B,
251 = Bl Baa + 2a (0" +057%) + 200 + v — veer)ny”);
oty = Bl=Bus + 21 + v + Yeron(y” + 20 + "),
24 = B[~As + donly)? +
+ 2(v1 — 1/11612)7751)‘1} +2(v3 — 1/13812)774(11)y + (2 Ey],
2 = B[-Ay + dvany)Y +
+ 2(v3 — 1/)3612)7751)y +2(v — 1/11612)774(11)?’, — 2 Ey],
where
Vlzﬁ, szﬁ, V3:£;
4 4 4
v=uv1+2vs+4vs, V=v] —2U5+v3, Y.=1Y1 + U3
M3 = H13 = W23 = U33 = 43,
p1 =11 = —p31, p21 = par =0, pe = p22 = —a2, a2 = pzz = 0.
Jy g is a long-range dipole-dipole interaction between deuterons; d12, ¥1,
13 are the so-called deformation potentials.

The single-particle deuteron Hamiltonians when the stress o;, and
electric field F; are applied have the following form:

L= _ _5f3 91,3 p1)z _ _254 0¢2,4
1,3 — /8 2 ’ 2,4 — ﬂ 2 ’
zZT zZ
] (1)$ _ 1,3 Uq173 ] (1)$ _ _224 0q2,4 . (2 7)
1,3 — 2 2 ) 2,4 — —6 —2 ; .
v _Fs a3 gy #24 0024
1,3 2 2 ) 2,4 /8 2

Expressions for zf;, ..., z5 , can be obtained from (7) by replacing
Alg, aeey A4 with 2A13, ceey 2A4
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The strain €12 induced by the stress oj, changes the constants
of deuteron-deuteron interaction, namely, the three and single-particle
configurations split into two different groups with the energies w* =
w *+ +d12612, where the parameterd;o describes the rate of changes in
the energy w with the strain €12. Energies of the other deuteron config-
urations remain unchanged.

The single particle distributions function calculated within the
four-particle cluster approximation read

s 1. . .
77%) - E[SIHh(leS + 25,) + dsinh(z75 — 23,) + 2bcya sinh 275],
= 1 . b .
néi) =Dz —[sinh(z73 + 23,) — dsinh(z]; — 23,) + 20— sinh z3,],
12

1
n(;” = S (sinh Af + dsinh A7 & 2asinh A5) +

+ i(smh A £ i sinh A§ + 2bc;2 sinh A7), (2.8)
C12

1 b b
77;1)96 = ——(sinh A7 — dsinh A5 + — sinh A5 — — sinh A§),
D= C12 C12

1
(V¥ — _—_(sinh BY — dsinh BY + beyo sinh BY + beyy sinh BY),

1713 = Dz
1
U(zl)y _ ﬁ(sinh B} + dsinh BY + 2asinh BY) +

b
+ 2—(sinh BY + beqo sinh BY F 2bey o sinh BY),
C12

where we use the notations
D* = cosh(zf; + 234) + dcosh(zf3 — 234) + 2a + 2bcyo cosh 275 +

b
+ 2— cosh 23,
€12

D? = cosh A7 + dcosh A5 + 2a cosh A + 2% cosh A7 + (2.9)
+ 2bc;o cosh A7,

DY = cosh BY + d cosh BY + 2a cosh B} + 2% cosh B +
+ 2bcyo cosh B,

and
AT =207 + 25 £223,), A5 =2(2] — 23),
2
5 =2(z1 — 25 £223,), A7 =2(27 + 23),
6
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B"{ =2(zf, 28 £2Y), By =2z -z)), (2.10)
Bg =224 +2Y), BY =222V, + 28 720,

8
a =exp(—F¢), b =exp(—pPw), d=exp(—Pw;), c12 = exp (—B0e12).

After Ays, ..., A7 had been excluded from (2.7), the quantities 27, ..., 2¥
read:

(1)

L1, 1+ .
s =g 7 T+ § (v + 7+ ozl + (v = 2)bi)* + s B
— s
. 1+ né? B (1)z _ (1)z
z34 = 51 m 9 [( V)i + (V7= Peera)ny + M3E3] ’
1=y
1 1+ 77(1)96 (1) (1)
2 ==ln — (1 +5(V1 +¢1€12) ‘ +ﬂ('/§ +¢§512)773 i

3 2 1_771

3

+ 20vs by + élﬂEh

2
(1)
1 1+n,/x
234 = 5 In inl + Bra (V" +07) + Bl + vs — i)y,
2 1 —7754)m
1 1+ (1) Y
Zly3 =—In 7”1(?)24 + By +vs+ 1,[10812)7}%)?! + Brs ( (1) + 7}4(1 )e ),
L —m; Y
(Ly
y_ 1, 1t Ly
zy = iln ﬁ +2ﬁV27713 + By —prerz)ny 7 +
1 1 - 3 3

+ By - 1/%512)774(11)‘1} + g#zEz-

The free energy of a crystal calculated within the four-particle cluster
approximation is equal to

]7 ]_ z z
fP= 20, 2T + S +0) [0 + 0F )+ @1

]‘ z r4 z z
5 =2 m)® ey - 5] -
~TIn[l - (n{5*)?] [ (n5)")?] - 2T 10 D*.

The thermodynamic potential is equal to

g =[f — Vo en. (2.12)
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Thermodynamic equilibrium conditions under the mechanical stress o2
have the following form:

of* af* 190f*
{ll)z = O, {l)z = 0’ :i = 0’12_ (213)
o3 N34 v Oe1z

Hence, the set of equations for 17§3) , néi) and €12 can be found:

s = %ii; moy” = %ﬁa (2.14)
712 = eVer = L0} - (1)) +

2%2 (2bcy cosh 275 — 2% cosh z3,),
0 = 5 (A, — ).

In the paraelectric phase, the equation (2.14) is simplified and the
following relation between 015 and g5 is obeyed:
b(slgb sinh ,6(512612
(1 + 2a + 2 + 4bcosh Bd12e12)

o2 = ey — (2.15)

At the first order phase transition, the state of a crystal changes abruptly.
The transition temperature 7T, is determined from the set of equations

FID (T, S (T2), €12, T2 = £(0,0, 610, Ts),
13 (T2) = Uilnly (T2), 05y (T2). €12, T,

my3(T)
1 [n3) (T), 24, €12, Te] = %, (2.16)
Sy (Te) = Ua[ny) (T2), 1y (T.), €10, T,
m (TC)
[77%)( )7754)(Tc)75127Tc]: DQ?TC) .

The polarization of the K D, POy crystals is determined in the following
way:

Py =B +05)) = (217)

21 b
= B2 lsinh (25 + 24,) + beig sinh 275 + — sinh 23, ).
vD* C12

Let us study now the elastic properties of a K DyPQO4 crystal. From
(2.14) we obtain the expression for the renormalized elastic constant at
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constant polarization:

0o 2
C11)1 = (8—61>P =0 — “DT [7713 (013 + t13) — 7724 (024 + t24] -

263, b 2 2
— 2 h 2— h — M 2.1
DT (2bc1a coshzis + o cosh z24) + DT ,  (2.18)
_ (Oo1\ » (002
611)2_ (8€2>p__611)1 ’ 022_ (862)1)_611)1 ’

Here the notations are used
s = Qlfc(ﬂg)aem — 5y 8) +t,
ba = Pe(niy s — by @aa) + tau,
@13 = cosh(z13 + 224) + d cosh(z13 — 224) +
+ 2bcyg coshzi — n%) mis, (2.19)
94 = cosh(z13 + 224) + d cosh(z13 — 224) +
+ 2i cosh zo4 — 7;54) mis,
C12
s = cosh(z13 + 224) — d cosh(z13 — 224) — ng) Moy,
t13 = —2bc12012 sinh z13 + n%) M,

b
toy = 2— 612 sinh zo4 + T}54) M,
C12

b
M = 612 (2b012 cosh 213 — 2— coshz24).
C12

The renormalized elastic constant of unstrained crystals in paraelectric
phase is equal to:

oy o 800L)
dey 20T o(1+2a+d+4b)

& = (2.20)

Using the relations (2.14) and (2.17), we get expressions for piezoelectric
constants related to the 1o strain.
The coefficient of piezoelectric stress has the following form

OP: Oo
es1 = (gj) = _(6—E13)512 = /23 i{D(ﬂs +624) +
+pT5(0138 — Oaame13) + Py (O2a5 — Or3ae0s) +
+o1_q [034 (13 — 5) — O13(s — &e24)]}
€39 =— —€31 , (221)
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where
A = D? — D(plaa13 + @l 0 + 207 _, 8) + (2.22)
+ [‘10717380?274 - (80717—4)2] (138024 — 52) )

1 1 B 1
Pla=mp T oy W) g veerz (2.23)
—Ths
1 1 B 1
pay = m%—ﬁ (V+V)_T YeEr2 ,
— Ty
1
n - _
P14 oT (v—7)

Using the relations (2.14), we get the following systems of equations for

dizi = (67713 [00:)Ey, dasi = (67724 /00:) 5, 51@ = (0e1/00:) k., Sgi =
(662/60',)E3, (Z =1 2)

Niit Ni2 —DNis di31 0

Nai Nzy =Ny doar =10 ], (229
—hiz  —hiy ) st — sk 1

Niit Ni2 —DNis di32 0

Nai Naa  —Na3 d2a2 = 0 )
—his  —hia Cfl 3{32 - 32EQ -1

where

Nip =D — (313 + 14 5);

N1z = —(p]_g213 + 93, 8); N1z = 013 (2.25)
Noi = —(pf3 s + ¢ _y2);

Nay =D — (p1-4 8+ @age24); Nog = (624 ,

2 2
hiz = ) (¢T3013 + @] 4024); hag = oD (@] 4613 + ©3,004).
and now we find the expression for the coefficient of piezoelectric strain
OP;
d31 - (a—Ul)E3 = €31 (Sﬁ — 81E2) 5 (226)

oP;
d32 = (8—02)193 = €32 (555 — $13)

where s — s¥, is the elastic compliance at constant field.

1

E E E E

S1] — S1o = Suo — S1p = (2.27)
11 12 22 12 D ’

Ci1 — hizeis — hageay
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e —'u3ﬁ[D0 —013(0], s+l ) + 024 (07 +l, 8)
13= "X 13 13(P14 § T P2 X24 24 (p]_s213 + @3, 5)],
€94 = 'l; g[Dem +013(0T5 5+ @) _gee01) — Oaa(p]_y s+ @lza13)],

e31 = e13 + eaq.

Let us consider now the thermal properties of a K Dy;PQ,4 crystal
under the stress o15. In ferroelectric phase the entropy of the crystals
per one mole calculated on the basis (2.11), has the following form:

S =R[2In2+2lnD +In(1 — n{}?%) + (2.28)

A i
+ In(1 —nsy%) +2Tpln'y) + 21l sy + 251,

where

M= ? d cosh(z13 — 224) +

w b €
T (2bcy2 cosh 213 + 2—2 cosh z24) + 2Ta + %M
1.1 _ 1 _
ols = —7al5 v+ Py + 50 = D)) +veeramiy)], (2:20)
1.1 _ 1
1=~z v =P + 5+ Py — deromyy).

The molar specific heat at constant pressure we calculate, differenti-
ating the entropy (2.28):

oS
_ — g Pl — o
AC? RT( a:r) = AC* + RTq" (a1 — a), (2.30)
where AC* is the molar specific heat at constant strains, and
AC® = RT(+¢"° + qi3p75 + ¢54P%4)- (2.31)
Here we use the following notations:
£ 2 v
q"* = =Tl + (s — iy 31)] + (2.32)
_ M?
+ Tl [voa + (g2 — Wéi)M)] +N - F}’
¢ = ‘DT{ Tei3613 — Tpzib2a —

MM

— en's) (13 — Y IT) + ey (g2a — S5 M) + X — T}’
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2
qi3 = —5(<P7173’Yl3 + @1 _4024),

- 2
Q24 = _5(‘1071774713 + 5,6024),

where
€\2 w ~+ 01212\ 2
N = Q(T) a+ 2(%) bcya cosh z13 +
Y 2} 2
+2(w) — cosh zyy4 + (ﬂ) d cosh(z13 — 224), (2.33)
T C12 T
81
qi13 = 2%1)012 sinh 213 + %d Sinh(213 — 224),
— 01- b
24 = 2%5 sinh zZ13 — %d Sinh(213 — 224),
) ) b
A= (512 [w 2b012 cosh Z13 — %12512 2— cosh Z24 |,
C12

Y13 = T¢f32}313 + T(,Dg:l S+ qi3 — US)M7
Vo4 = TSDI{3 s + T(,Og:l ®94 + q24 — ngi)M

From the system of equations obtained from (2.14)

Nu1 Ny —Ni3 D3 713
Nai Naa  —Na3 P3s | = 7o (2.34)
—his  —hia Cfl a -p

we get an expression for a pyroelectric coeflicient at o = const(a =
= a1 — a?)

0_”3

p7 = (0 pa) =07 e (2.35)
. k31 [ ys Nio Nii 73

=—= + , 2.36
P v A |:| Y24 N22 | | N21 Y24 | ( )

_ b+ DPishiz + p54hoy

Cf1 — hi3e13 — haseay '
In (2.34) p is thermal pressure
801 2l

=—\7r =q . 2.37
p ( oT )P7E e ( )
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Let us determine the static dielectric susceptibility of a K Dy POy crystal
along the c-axis under the 12 stress. We consider the case of mechani-
cally clamped crystal.

5(0,T )—u—gii[D(ae + 04 + 25) —
X3\U, 1,012) = v 2T A 13 24
— (P13 + P21 — 2¢1_4) (138024 — 57)]. (2.38)

In the case of unstrained crystal
X3 (0,T,012) = x3(0, T, 012) + €31 [ds1 — ds2]. (2.39)
Transverse static dielectric susceptibility (along the z-axis) reads :

pi 1
X1 (0,T,012) =~ % (2.40)

4(a + b/c1o cosh zo4)

X .
D —2(a+ 2 cosh z4) [(1 — i)+ B — s + (91 — 1/J3)512)]

In paraelectric phase

XTl (07T7 012) = (241)
_ /l% 1 4((1 + b/Clg)

v T 1+ 2beiy +d— 2ﬁ(a + L)[(V1 —v3) + (Y1 — 1/13)512]-

C12

If electric field is directed along y-axis,

p3 1
Xz (0,T,012) = == X (2.42)

4(a + bcya cosh z13)
D — 2(a + beyp cosh 213) [(1 - 77511)2)*1 + B —vs — (Y1 — ’(/)3)612)] '
X;(O;T; o12) =
_ u_%l 4(a + bero)
v T1+ 2% +d —2B(a + beia)[(v1 — v3) — (b1 — 1b3)era]

X

3. Discussion

For numerical estimate of mechanical stress 015 and temperature depen-
dences of the characteristics, calculated in the previous section, we use
the values of theory parameters, obtained in [7]. These values provide a
good description of experimental data for thermodynamic and dynamic
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characteristics of KDy POy: ¢ = 93K, w = 840K, w; = oo, v =37,44 K,
=16 K, T, = 219, 7K.

Strain €15 changes the energies of one and three-particle deuteron
configurations w. First of all, the change in energy is caused by the
changes in the D-site distance: Aw/w ~ 2Ad/d, hydrostatic pressure
A6/0 ~ 1%[kbar. [2]. The changes of O-O and D-D distances are ac-
companied by the rotation of PO, tetrahedra. Since the symmetrized
stress o12 does not lead to the tetrahedra rotation, and the changes in
hydrogen bond length are approximately twice as ones in hydrostatic
pressure case at the same value of external stress, then at oi, stress
Ad/8 ~ 2%/kbar, and, therefore, Aw/w ~ 4 %kbar. Taking into ac-
count the fact, that for KDyPQOy, ¢ = %EH:O ~ 5-10° bar, we get
d12 = 3-10* K. In this paper we take d;» = 3.024 - 10* K; in order to
study the influence of this parameter on the form of a phase diagram we
also take § = 3.3-10%;3.6-10%;3.8-10* K.

The ”seed” elastic constant is taken to be equal to ¢(®) = 55 - 10°
bar. From the chosen values of parameters and the condition of ther-
modynamic potential minimum it follows that .15 should be equal to
6-10° K.

In fig.1 we show the phase diagram in the case of 6,5 = 3,024 -10*K,
and d15 = 3.3-10%; 3.6-10%; 3.8 - 10* K, respectively; the curve, separating

regions I and II, corresponds to the first order phase transition in n%)

and néi) parameters, and the curves, separating I and III, II and IV
regions, correspond to the first order phase transition in oo stress. As
one can see, the transition temperature 7T, decreases with stress oqs ,
and sligtly depends on the value of §;2. The phase diagrams consists of

three phases:

1)the phase I, where 77%) = néi) =0 and €,

2)the ferroelectric phase II, where (") # n{}) # 0,11

3)the phase III with ng) = néi) =0,el4!

Point k in phase diagram corresponds to the critical point, where the
phase transition in stresses disappears. When J15 increases,the value of
Ty, increases and that of o, decreases. At larger values of ;2 parameter,
the phase III shifts into the smaller stresses. At d2 = 3.8 - 10* the
ferroelectric phase is absent.

In fig.2 we plot the dependences €12(012), calculated on the basis of
(2.14) at the temperatures of 175K (curve 1),205(2),250(3). Peculiar to
these curves is the possibility of two extrema and bend point existence.
The value of stress corresponding to the point can be determined from

the condition: g(ely/!) = g(ef1!). At this stress, a pressure induced first
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order phase transition in the uniaxial stress is possible. The transition
stress 0¥, depends on the values of d12,w,T and ¢® parameters. The
012 decreases when w,c(o) decrease or 415 increases. It should be noted
that two extrema may appear if the relation

90 > 2 % 0[(1 + 20+ d)? — 452](1 + 2a + d)?
is obeyed.

At ¢ = 55.10% bar, this condition is satisfied when 01> > 26200K.
In the curve 1, the first of strain jump of Ae;, corresponds to the ferro-
electric transition, and the second one A%e12-to the transition in stress;
ATeiy << A%¢1y. Temperature dependence of the strain ;5 at different
values of o2 stress (0.001kbar—curvel’, 1-2', 3-3' 5-4'  6-5') is shown
in fig.2a. At stresses, below o019, the strain 1o slightly increases with
temperature; at 7' = T, the 012 has a discontinuity (the size ofthis dis-
continuity increases with o12). At 012 = 6kbar the strain 12 decreases
with temperature, then has a discontinuity of A and increases. That is
a behaviour usual in the paraelectric phase.

In fig. 3a, 3b we depict the stress and temperature dependences of Ps.
When o5 increases, the value of polarization and the size of polarization
discontinuity AP3; at T = T, decreases. However, at low temperatures,
when the saturation takes place, the polarization does not depend on
the stress except for a jump at 0?2 .

In figs. 4a and 4b we plot the dependences of elastic constans ¢!,
at constans polarization on stress 12 and temperature. At low temper-
atures (Tj175K,curve 1), ¢}, does not depend on temperature (phase
II); at higher temperatures the increase in, causes the decrease in cf.
At o013 = 0Y,, the elastic constant ¢}, decreases with a discontinuity, the
values of which A7¢?; decreases with temperature. At I-III transition,
AP =0.

In the phase III, the elastic constant increases with stress o12. ¢f;
decreases with temperature at all values of stress, and changes abruptly
at T = T,. The size of discontinuity increases with stress.

In fig. 5a and 5b the stress and temperature dependences of the
coefficient of piezoelectric stress ezq, is shown. The coeficient differs from
zero only in the phase II. It decreases with stress, reaching its minimum
at the ferroelectric phase transition stress. The value of ATes; decreases
with temperature and becomes zero at T' <~ 150K . At certain value
of 012, e3; starts to decrease and reaches its minimal value at T' = T.
This minimal value decreases with pressure. At temperatures lower than
175K the e3; is equal to zero. The coeflicient of piezoelectric strain ds;
has a similar stress and temperature dependences (see figs.6a,6b).

The stress and temperature dependences of the entropy S are pre-
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sented in figs. 7a and 7b respectively. The entropy increases with stress
(curve 2,3); at 012 = oYy, S decreases with a discontinuity of A?S.
The value of discontinuity decreases with temperature in the phase I
and becomes zero at T = T}, and o012 = 0{5. Further increase in stress
(the phase III) causes the decrease in the entropy. At temperatures
203.1K < T < 219.7K and stress, which corresponds to the line, sep-
arating the phases I and II, the entropy increases with a discontinuity
of ATS, and ATS ~ A“S. At temperatures below 7. (curve 1) and
012 = 0?2, the entropy increases with discontinuity A?S and decreases
in the phase III. At T' < 150K and stresses o12 < 0Jy, the entropy
does not depend on stress. At constant stress, an increase in tempera-
ture causes an increase in S, then the discontinuous increase by A”S at
T =T, and, then,a weak linear increase of S in the phase I. The value of
ATS slightly decreases with ;5. In the temperature curve of the entropy
the discontinuitly A?S takes place, at 015 = 6kbar

The stress and temperature dependences of the static dielectric per-
mittivity €5(0, T, 012) of a clamped crystal are depicted in figs. 8a and 8b
respectively. At T' > T, (curve 3) the permittivity is a decreasing function
of stress (up to 0¥,); it decreases with a discontinuity at 12 = 0¥, (the
size of discontinuity A%¢§ decreases with temperature and becomes zero
at the critical point). At temperatures 203.1K < T < 219.7K (curve 2)
the permittivity increases with stress, then increases with a discontinuity
of Ang at T = T,. €5 decreases when o;5 increases up to 012 and de-
creases with a discontinuity of A%¢§ at o = 0%,. At T' = 175K (curve 1)
the permittivity increases when o5 increases up to 0?2. The magnitude
of the permittivity at 175K is much smaller than that at 205K (curve
2). At 012 = 0 €7 increases with a discontinuity. In the phase III the
permittivity slightly varies with stress. The maximum value ofthe per-
mittivity increases and its position shifts to lower temperatures when the
stress increases up to o12 = 5,6kbar. At o = 6kbar € decreases linearly
with temperature and increases with a small discontinuity at o123 = 09,.
The size of this discontinuity is equal to zero at the critical point.

Let us consider now the stress and temperature dependences of trans-
verse static dielectric permittivities €1 (0, T, 012) and €2(0O,T, 012). The
value of I, = v1 — v3 = 21K parameter, which decribes the long-range
interactions, is taken from [8], where the transverse properties of the
unstrained KD, PO, crystals o15 are studied. The value of 1, can be
estimated from ¢, = L(Zm —1a). In what follows ¢, = 12000K.

€12 V2 a4

€12
In figs. 9a and 9b we show the stress and temperature dependences of
€1(0,T,012). At T > T., £1 slightly decreases when the stress increases
from zero to o¥y; at o = 0%, it decreases with a discontinuty, the size of
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which A%g; decreases with temperature and becomes zero at the critical
point. The e increases with stresss, at 203.1K < T < 219.7K and has a
discontinuity of ATe; at T' = T,. The ¢, slightly decreases when stress
increases up to 0¥, and has discontinuity of A%¢; at 012 = 09, (curve
2). At T = 175K (curve 1) the permittivity increases with stress and
has a discontinuity at 012 = 0?%;. An increase in temperature causes an
increases in ¢;. In the paraelectric phase, the permittivity €; linearly de-
creases with temperature at all strains, and £1(0,001kbar) > &1 (5kbar).

The stress and temperature dependences of e5(O, T, 012) are depicted
in figs. 10a and 10b, respectively. At T" > T, it slightly increases with
stress, having a discontinuity at o2 = 0%5. The size of discontinuity
decreases with temperature and becomes zero at the critical point. At
203,1K < T < 219.7K, e, decreases with stress, has a discontinuity
ATey at T = T,, then slightly increases and decreases with a disconti-
nuity of ATey at 015 = oy (curve 2). At 170 K, &5 also increases with
stress up to oYy, and has a discontinuity of A%y at 012 = 0%5. In the
phase III the permittivity decreases with stress, e2(175K) < €2(250K).
At stresses 012 < 5.6kbar (curves 1’-4') the increase in temperature in
the ferroelectric phase causes the sharp increase in 5, at T' = T, the
permittivity has a discontinuity, which value AT, increases with stress.
In the paraelectric phase, €, linearly decreases with temperature and
€2(0,001kbar) < e2(5kbar). At 012 = 6kbar (curve 5') the permittiv-
ity increases with pressure almost linearly, has a discontinuity of A%¢,
at 012 = 09y (A%» is equal to zero at the crirical point). The further
increase in temperature causes the decrease in e5.
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Figure 1: The phase diagrams of a KD>POy4 crystal at different
values of d12(K): (a)-30240K; (b): 1-33000, 2-36000, 3—

38000.
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Figure 2: The strain €12 of a KD2POy4 crystal as a function of: (a)
pressure at different temperatures T(K): 1-175, 2-205, 3—
250; and (b) temperature at different pressures p (kbar):
1-0.001, 2'-1, 33, 4'-5, 5'-6.
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Figure 3: The spontaneous polarization of a KD>POy crystal as
a function of: (a) pressure at different temperatures
T(K):1-175,2-205; and (b) temperature at different pres-
sures p (kbar):1-0.001, O [9]; 2'-1; 3'-3; 4'-5.
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Figure 4: The elastic constants ¢}, of a KD2POy crystal as a func-
tion of: (a) pressure at different temperatures T(K): 1—
175, 2-205, 3-250; and (b) temperature at different pres-
sures p (kbar): 1'-0.001, 2'-1, 3'-3, 45, 5'-6.
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Figure 5: The coefficients of piezoelectric stress es; of a KD2POy
crystal as a function of: (a) pressure at different tem-
peratures T(K): 1-175, 2-205; and (b) temperature at
different pressures p (kbar): 1'-0.001, 2'-1, 3'-3, 4'-5.
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Figure 6: The constants of piezoelectric strain ds; of a KD2POy
crystal as a function of: (a) pressure at different tem-
peratures T(K): 1-175, 2-205; and (b) temperature at
different pressures p (kbar): 1'-0.001, 2'-1, 3'-3, 4'-5.
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Figure 7: The entropy of a KDsPOy4 crystal as a function of: (a)
pressure at different temperatures T(K): 1-175, 2-205, 3—
250; and (b) temperature at different pressures p (kbar):
1'-0.001, 2'-1, 3'-3, 4'-5, 5'-6.

£4(0,1,0se)

1o 3 5p,kbar
)

Figure 8: The static dielectric permittivity €5 of a KD2PO4 crys-
tal as a function of: (a) pressure at different temperatures
T(K):1-175, 2-205, 3-250; and (b) temperature at differ-
ent pressures p (kbar): 1'-0.001, o [10]; 2'-1; 3'-3; 4'-5;
5'-6.
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Figure 9: The static dielectric permittivity €1 of a KD>POy crys-
tal as a function of: (a) pressure at different temperatures
T(K): 1-175, 2-205, 3-250; and (b) temperature at differ-
ent pressures p (kbar): 1'-0.001, o [11]; 2'-1; 3'-3; 4'-5;
5 6.
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Figure 10: The static dielectric permittivity €2 of a KD2PO4 crystal
as a function of: (a) pressure at different temperatures
T(K):1-175,2-205,3-250; and (b) temperature at different
pressures p (kbar):1'-0.001, o [11]; 2'-1; 3'-3; 4'-5; 5'-6.
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