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Within the proposed earlier model we study effects of stress o; — o5 on the
KD,;POy4 type ferroelectrics. In the cluster approximation for the short-range
correlations, we calculate dielectric, piezoelectric, and elastic characteris-
tics of a strained by o; — o2 KD2PO4 type crystal. Numerical analysis of the
obtained results is performed. Stress dependences of the calculated char-
acteristics and the phase diagram are explored. Possibility of the induced
by o1 — 02 phase transition into a new paraelectric phase with monoclinic
symmetry is discussed.
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1. Introduction

Pressures that do not lower the symmetry of the KHoPO, family ferroelectrics
(hydrostatic and uniaxial p = —o3) only lower the transition temperature in these
crystals. In contrast, the shear stresses of different symmetries can produce qualita-
tive changes in the phase diagrams, inducing new phase transitions or removing the
existing ones. Thus the shear stress 0., = 06, which in these crystals is an external
field conjugate to the order parameter, smears out the ferroelectric phase transition,
reducing the jump of polarization until it entirely vanishes at a certain critical stress
[1,2].

External pressure studies of the KHyPO, family systems in our group were ini-
tiated by Stasyuk and Biletskii in [3,4] where they proposed a microscopic model
of strained KDyPO,. They established a form of the internal fields and splittings
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of the deuteron short-range configuration energies produced by piezoelectric and
strictional coupling with lattice strains of different symmetries, as well as by mere
changes in the interparticle distances. Within this approach we later studied hydro-
static and uniaxial o3 pressures effects in the KHy,PO, family crystals, developing a
unified model for both ferroelectric and antiferroelectric systems of this type [5] and
revealing a universal dependence of the transition temperature in several crystals of
this family on the distance between the equilibrium hydrogen sites on bond.

In [3,4] Stasyuk and Biletskii also explored the effects of the o1 — 09 (04 —
oyy) stress on the phase diagram of a KD,POy crystal. This symmetrized stress is
transformed via the Bj irreducible representation and is a purely shear stress in
the paraelectric phase. Its practical realization (simultaneous compression along the
axis a and stretching along the axis b) is a rather complicated task; however, it is
interesting from a theoretical standpoint in connection with the fact that highly
deuterated KDoPO4 and RbD,PO, easier crystallize in a monoclinic modification
rather than in a usual tetragonal one. It has been shown [3,4] that high enough values
of the o1 — oy stress induce a phase transition into a new phase, of presumably
monoclinic symmetry with the strain €; — &9 significantly larger than at stresses
right below the critical one. This indicates that monoclinic lattice symmetry of
highly deuterated KD,PO,4 and RbDyPO4 might result from local stresses o1 — o9
produced by inclusion of larger ions.

In the present paper we return to the studies of the o; — oy stress and explore
its influence on the phase diagram, dielectric, piezoelectric, and elastic properties of
the KD,PO, type crystals.

2. Thermodynamics. The four-particle cluster approximati on

We consider a system of deuterons moving on the hydrogen bonds O-D...O in
a ferroelectric KDoPOy type crystal. A primitive cell of the crystal consists of two
neighbouring tetrahedra PO, along with four hydrogen bonds attached to one of
them (type “A” tetrahedra). The bonds attached to the other tetrahedron (of the
“B” type) belong to the four nearest structural elements surrounding it.

To a crystal we apply a stress 01 — o9 = 012. If 01 = 09, in the paraelectric phase
only two components of the strain tensor are different from zero: €; and e5, and
g1 = —&o. In the ferroelectric phase due to the difference in the elastic constants
ek # cL, the strains e; and —e, may differ as well, but slightly. Therefore, in the
microscopic Hamiltonian below we take into account only the contributions of a
symmetrized strain €15 = €1 — €2 and neglect all the effects related to e + eo;
however, we separate €; and €, when necessary.

Hamiltonian of a deuteron subsystem of the KDsPOy crystal, to which the shear
stress o1 — 09 = 012 and electric fields E; (1 = 1,2, 3) are applied, reads [3,4]:

By = S (A} + 28 eres + ) — o B
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Two first terms in the Hamiltonian correspond to the elastic and electric energies
stored in a crystal and independent of the deuteron subsystem configuration; C%E
and x93, are the “seed” elastic constants and dielectric susceptibility; v = v/kp is
the primitive cell volume normalized per Boltzmann constant kg.

The third and the fourth terms in the Hamiltonian describe configurational short-
range interactions between deuterons surrounding tetrahedra of the “A” and “B”
types (first and second products of the d-functions, respectively). The eigenvalues
of the operator o,y = £1 correspond to two equilibrium deuteron sites on the fth
bond in the gth unit cell. J;(qq’) are the constants of the long-range interactions
(dipole-dipole and lattice mediated) between deuterons.

Factors juF;(12) are internal fields created by strictional coupling with the strains
e1 and &y [3,4]

puF;(12) waf/ Tgf)E (2.2)

Symmetry analysis of the above fields have been performed in [3,4].
In an unstrained crystal there is a single order parameter

W = (001) = (002) = (03) = (O02)- (2:3)

An external stress 015 breaks equivalence of hydrogen bonds. It shortens the bonds
going along the a-axis and elongates those going along the b-axis. The deuteron
ordering is then characterized by two order parameters

my = (00) = (0), 1% = (04) = (044). (2.4)

Ui

Static and dynamic properties of the KDyPO, type crystals will be considered
in the four-particle cluster approximation with the Hamiltonian H i4:

i = S =

9q19q2 | 9q29¢3 | g3 0q4 %4%1)
_Z{( +22+22+22+

o Ogy O n
+(U + 2512 €12) 77 + (U — 2512812)7(127614 + ®7777 - Héi(Q)}v
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. 27 Og1 23 043 294 (Cga  Oga
fo(g) — L% %393 ﬂ( g L)
. o, O N op 2o
v :_3<_q i) 292, Z10q 2.6
W=-3(F+3)+ 35+ 53 (2:6)
where w w
V——;l, U:—g+717 d = 4e — 8w + 2wy,

and €, w, wy are the energies of short-range deuteron configurations. The induced
by the stress 15 strain €15 lowers the system symmetry and splits the energy levels
of the single-ionized (one- and three-particle) deuteron configurations to two levels
with the energies [3,4]

wi =w=+ 512512, (27)

with the splitting constant d,5. Energies of the other short-range energy levels remain
unchanged [3,4].
The effective fields z} have the following symmetry

(1)z

2ty =B [~ + (v + 7+ 2ena) miy” + (v — 2)n5)* + psEs),

%= B [~Dos+ (V=)0 + (v + 7 — 2nern)ny” + ps B

21 =B [A1 +2(v1 + ¢rier2) 779)3: +2(v3 + 153812)?7?(,1):2 + 47/2775}1)3: + 1 B,

25 =B [~Ds +2(vs + ser2) i + 200 + i) + ) — By,

Zyy = Bl—Aay + 2V2(77§1) + nél)m) +2(v1 + 13 — 1#2512)?7&)3:];

2y = Bl—Dus + 2(v1 + s + Yoern)niy” + 2’/2(77(1 + i),

2y = B[~y + 4V277§3) +2(v1 — ¢1512) Y+ 2(vs — 1/13812)7)4(11 — B,

2 = Bl=Ad + 4oy +2(vs — Yser)ns " + 201 — Yrew)nY + paBa), (2.8)
where

4 4 4

v=uv+2n+uv3, U=v]—2+13, Py=11+ Y3
M3 = 13 = H23 = U33 = M43,
H1 = p11 = —p31, p21 = par =0,
M2 = o2 = — a2, f12 = p32 = 0,
W1, Y3 are the so-called deformation potentials.

The single-particle deuteron Hamiltonians under the stress o1 and in the field
E; read

tr(1)z Zi30q13  2(1)z 254 Og2,4
T L TR 1
Wz _ 1,304q1,3  f(l)z %24 0q2,4
173 2 2 ) 274 /8 2 9
1 Z13 0q1,3 1 22,4 0g2.4
H1(,3)y—— 5 qT’ §,4)y— 5 q2 (2.9)
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The expressions for z{;, ..., z5 4, can be obtained from (2.8) by changing Ais, ..., Ay
with 2A13, ceey 2A4

The single-particle distribution functions calculated within the four-particle clus-
ter approximation are

1)z M3 1)z M3y
s = 57, 3 24 T s (2.10)
D12 D12
T Yy
e _ L e _MEa oy _ My oy

m° = y The = ) 13 ) 2 = )
3 D, Dy, D Z112 4 D Z112
where the following notations are used

mis = sinh(zf3 + 25,) + dsinh(z7; — 23,) + 2bcyo sinh 275,
b
mj, = sinh(z{; + 23,) — dsinh(zf; — 25,) + 2— sinh 25,
C12
mi = sinh A7 + dsinh A5 + 2a sinh A%
3
b b
+ — sinh AY £ — sinh Ag + 2bcyo sinh A7),
C12 C12
b b
my, = sinh A7 — dsinh A5 + —(sinh AY — — sinh Ag,
C12 C12
my; = sinh B} — dsinh BY + bcya sinh BY + beyg sinh B,
b
m% = sinh B} + dsinh BY 4+ 2asinh B} 4+ 2— sinh B{
4

C12
+bcyp sinh BY F beyg sinh By (2.11)

b
D5, = cosh(zf3 + 25,) + d cosh(z]y — 25,) + 2a + 2bcyo cosh 275 + 2— cosh 23,

C12
b
D7, = cosh AT + d cosh A3 + 2a cosh A5 + 20_12 cosh Az + 2bcyo cosh A7,
b
DY, = cosh BY + d cosh By + 2a cosh BY + 20_ cosh B + 2bcyp cosh B,
12
and
1= 2('2% + Z§ + 22;4)7 Ag = 2('2% - Z§)7
2
5 =2(af — 23 £223,), A7 =221 + 23),
6
BY = o(sly 4244 20), BY=2(4— 24),
2
B =2(z5 +2{), BY =2(2213 £ 25 F 2{),
8
0 = exp (~ <), b= exp(—puw)
d = exp (—pwy), c1a =exp(—P0ca). (2.12)
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After excluding Ays, ..., Ay from (2.8), the quantities z,, ..., 2 acquire the form

.11+ 8 i . e
215 = =In ntl) + = [(V +v+ ¢2€12)77%) + (v — V)TISL) + :“3E3} )
2 L= 2
1. 1+4%) 8 I _ :
25, = 3 In 77%1) + = [(V - V)TI%) +(v+v-— %512)775? + /~L3E3} ,
L —myy 2
(=
- 1+T71 (D)z (1)z
=g ——5 + By +diewn)n T + By +Pren)n
3 1 _/’71 3 3 3 3
9 e | B
+ 28, i§/‘1E17
1T 5 In ﬁ + Bra (Y + 77(1 )+ B(v1 + vs — tazia)nty)”,
s 1 14Dy (1)
2ig = 5111 W+5(V1+V3+¢2512)7I13 "‘5’/2( +774 )
— Ths
1
1_'_77(2 ! Dy
2y =—=In 7(1 +25V27713 +6(V1 1/;1512)7)2
4 2 1—m; ’

—+ 6(1/1 ’ll)lElg) :i: §M2E2

Finally, we calculate the thermodynamic potential of a deuteron subsystem of
the KDyPOy type crystal to which the stress 015 is applied. In the used four-particle
cluster approximation we obtain

glE(lz) = (C(I){Eg% +2clyere2 + chy'e3) — 2X§3E§ +2T'n2

2 1)z 1)z 2 1)z
7724) ) ] + (v — )77§3) 7724 +@512512 [(77&) ) (7754) ) ]

2
(néi)z> } — 2T In D* — v(0161 + 02€2). (2.13)

1
2
1/+1/

—T'In { (m?ﬂ } [
Thermodynamic equilibrium conditions are

B S =0 ZABE) =0
651 E3,012 ’ 852 E3,012 ’

0q11(12)
—_— =—F;. 2.14
< 8E3 )512 g12 P3 ( )

Q= S|
S| =

Using (2.13) and (2.14) we obtain

OF OF ) ¢12 (77 ) <(1)z)2

o1 = (cre1 +cpe Th24
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20 b
+ 2 (26012 cosh 273 — 2— cosh 254) ,

vDj, C12
w12 1)z 1)z
o2 = (51 + ey e2) + > [(”%3) ) — (b )2]
2(512 b
— 2b h z{3 — 2— cosh 23 2.15
D, ( 12 cosh 27, - cos 224) : (2.15)
pa3 Miz | fl2a My
Ps = X35 F3 + — N 2.16
3 X33Ls3 + T ng + T ng ( )
From (2.16) the electric field
Eszip?)_i(&mi3+@mg4) (2.17)
X33 X8 \ v Df v Di
Hence, the system of equations for 77%), né}l), and €19 can be written as

B LI R L]

01— 02 = (0?1 - 0?2)51 - (032 - 0?2)52

2 40 b
_ W [(7)@)2 - (né?)z] — —2 ( 2beyy cosh 215 — 2— cosh 294 | . (2.18)
D19 C12

v
In the paraelectric phase the following relation between o5 and 15 holds

s (0 — vy — 160190 sinh Bd12€12
12 11 12/¢12 @(1 + 2a + 2d + 4b cosh ﬁ512812.

(2.19)

The first order phase transition temperature between the ferroelectric and para-
electric phases T is obtained from the following system of equations

glE[ﬁg) (TC)7 775? (TC)7 €12, TC] = glE(07 07 €12, TC)7

my (1) = %
) = 5 (2:20)

3. Piezoelectric, elastic, and dielectric characteristic s of
KD,PO, type crystals under the o5 Stress

The coefficients of piezoelectric stress are

1 1
(0PN 3 oy poa Oy
€31 = | 35— = — + — )
Osy / E5 v Osq v Osgq
E3 E3
1 1
0Py [Only pos O 31
e = (Z2) =3 (Chs )y KO ) (3.1)
862 Es v 852 v 862
Es E3
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Here we neglect stress and temperature dependences of the effective dipole moments
13 and fio4. From the expressions for the single-particle distribution functions (2.10),
we obtain the following system of equations

o (1) o (1)
Niy UK} 4 Ny UpP — NE,
651 851
E3 ES

oty andy
N — N = N3 3.2
21 ( De, + Nog Dz, 25 (3.2)
E3 ES
where
Niu = D — (3003 + @] 45), Nip = —(] 4503 + ©5y5),
Noy = — (58 + @] _45001), Noyy = D — (0]_y5 + 03, 704),
Nl = 69137 N2€ = 69247 (33)
and

13 = g (778»,) iz — 7)539) + O12t13,
024 = 112 (778»,)8 — ) %24> + 012to4, (3.4)
713 = cosh(z13 + 294) + d cosh(z13 — 2o4) + 2bc12 cosh 213 — ng)mlg,

b
294 = cosh(z13 + 294) + dcosh(z13 — 224) + 20_ cosh 294 — né}l)mm,
12

s = cosh(z13 + 2z94) — d cosh(z13 — 294) — 7}%)77124,

b
t13 = —2bcis sinh 213 + 7713 (2b012 cosh z13 — 2— cosh z94),
C12

b b
tog = —2— sinh 294 + T];?(QbClg cosh z13 — 2— cosh zy4),

C12 C12
1 1 1
TI _ —
Ply = ——m3 + o= (V + 7)) + e,
1— 778»,) 2T T
1 1 1
Poq = e + 2T(V + ) — T¢12€12,
by
1
A= 7). 39

From the system (3.2), we obtain

en = 12 a {D«913 + 054(—b133024 + O245) + o] _4 (=135 + O243013) }

+%E{DQQ4 + @13(9135 — 924%13) + (,01 4( 6)245 + 013%24)}7 (36)

€39 — —€31, (37)
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where
A = D? = D(plsom3 + gy + 207_y5) + [@?3@24 - (@717—4)2} (s135024 — 5%). (3.8)

Similarly, using the single-particle distribution functions (2.10) and the relations
(2.16), we find the static dielectric susceptibility of a clamped KD ,PO, crystal along
the c-axis

OP; 13 877%)/2 24 877511)/2
(0, T, :(—> =9 + = = . (39
Xa3(0, T 012) OFs3) 1 Xas OF; T3 OF; (3.9)
£12 €12

(1)z 1)z
The quantities (%) and <M) obey the following system of equations
€12 €12

8E3 8E3
only” onsy” v
N- — N =N
11 < oF, + Nyo O, 13
£12 €12
o 1)z o 1)z
Noy ( gg’g + Noy gz:*g = NP, (3.10)
where
NlE = 6';13%13 + B/;MS; NzE = 6'[2“38 + 6’;24%24. (311)
It yields

2
_ 13

X53(0, T, 019) = X35 + 05 oA [P7as — ¢ Gassn — s%)]

1
+0—5 s [Dreas — @5 (5135024 — 32)]@Mlzgmﬁw$ — 1 _4(a3504 — 57)].
(3.12)

Constants of the piezoelectric stress

8E1 aECI
h31 < 881 )PS 9 h’32 (882 )Pg ) (3 3)

using the system of equations

O (1= o (1= OF
N11 g13 +N12 ?724 :Nle_'_NlE (—3) )
€1 P, 881 P 881 Py
o' oY) OE
Ny Ths_ 4 Nao T =N;+ NS (=) (3.14)
651 861 851 P
Ps Ps 3

and the expression (2.17), are found in the following form
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Let us now calculate the elastic characteristics of a KDsPOy crystal under the
stress o15. From (2.16) and solutions of (3.2) we obtain the elastic constants at a
constant field

0oy 2912 ( (1 1 201912 [ 1
ij = <8—51>E3 = {C(l)fj T3 (7753)613 - 7754)624> - DT (ngg)tw - 7754)’524)

20
- Wi[@%tw + @1 ytaa)ers + (0] _ytis + ©3ytas)ea]
202, b 2
ey cosh 215 — 2— cosh )
+17D%2T ( C19 COSh 273 o Ccosn 2oy
202, b
. ey cosh 215 + 2—— cosh )
DT ( C1o CcOSh z13 + - cosh z9y

= C(l)fj - CE<12)7

= (), = (52),, —dF+ ),

E3

Oo
E _ (YY2 _ O0E _ E
Cop = (852>E3 Cyy — € (12). (3.16)

From (2.16) and solutions of the systems (3.2) and (3.6), we find the elastic constants
at constant polarization

i = i1+ esiha, (3.17)
0{2’2 = 01192 + egahs = 0{32 — (632h32) . 1072,
Cop = Cop + €ahzs. (3.18)

Elastic compliances (%)E = st (%)E = s& obey the system of equations
3 3

E E E E E E E E
11811 + Cas1e = 1, ClaSye + €118 =0,
E E E E _ E E E E _
C19811 + o875 = 0, Co9S9 + 1819 = 1. (3.19)
Hence
E E E
SE_# SE_# SE_# (3.20)
11~ "FE E E N2’ 12~ E E EN2’ 2 = "FE _E EN2° :
c11Cyy — (C1h) c11Cyy — (C1h) 116y, — (C1h)

From (3.20) we obtain expressions for the constants of piezoelectric strain and for
compliances at constant polarization

g3 = ha1 (57, — s12),  gs2 = ha1(s1y — 55), (3.21)
SP_L SP_C—{; SP_C—ﬁ (3.22)
1n= v S12 = D e . .
ciicsy — (cfy)? ciicsy — (cfy)? chicsy — (cfy)?
The coefficient of piezoelectric strain

OP. oy oy
dsy = | =—2 _ M3 [ 9Ths 4 Haa [ OTa . (3.23)

0o v doy v 0o

B3 B Es
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can be found from the system of equations
on'y ansy De De
Ny Ths 4 Ny Tl24 — N¢ o1 ~NE oe2 ’
0oy 0oy 0oy ) 5 o1 )
F3 FE3 3 3

(1) (1)
Ny Ornis + Nao Oz =Ny cal - N3 e
60'1 5 80’1 5 60'1 Es 60'1 Es

in the following form

E E E E
d31 = €31511 + €3259] = 631(811 - 812). (324)
Similarly
E E E E
d32 = e31815 + €3255; = €s1(s15 — $22)-
Since

. 651 . 862
s = (af) and sz = (af)

we can also find the longitudinal dielectric susceptibility of a free crystal (o =
const)
X33(0, T, 012) = X35 + €31(da1 — ds2). (3.25)

Since the stress 015 lowers down the crystal symmetry, the static dielectric sus-
ceptibilities along the a and b axes are different. The transverse susceptibility along

the a-axis is 2 | 2 b/ o)
_ .0 _ M7 a + 0/c12 cosh zoy
X11(0, T, 012) = X311 + Uﬁf Ds, )

(3.26)
where

Dy = D1y — 2(a -+ b/exy cosh z0) 1/ (1 = 11”) + B — ws) + (41 — )]
whereas that along the b-axis is

2
_p5 1 2(a+ beyg cosh z13)
X22(0, T, 012) = X1, + UU—ST Dt ; (3.27)

D}y = Dy — 2(atbers cosh 21)[1/(1-n5) )+ B (1 —vs) — (¥1—s)er2)].

4. Discussion

For numerical estimate of mechanical stress o5 and temperature dependences
of the characteristics calculated in the previous section, we use the values of the
theory parameters, obtained in [6,7]. These values provide a good description of
experimental data for thermodynamic and dynamic characteristics of KDoPOy: ¢ =
93 K, w =840 K, w; =00, v =37.44 K, v =16 K at T, = 219.7 K.

The strain €15 splits the energies of one and three-particle deuteron configura-
tions w. The splitting is attributed mostly to the changes in the D-site distances:
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Aw/w ~ 2A6/6. Under hydrostatic pressure Ad/§ ~ —1% /kbar [8], and the changes
of O-O and D-D distances are accompanied by rotation of PO, tetrahedra. Since
the symmetrized stress 015 presumably does not lead to the tetrahedra rotation, the
changes in the D-site distances here are assumed to be approximately twice as large
as those in the hydrostatic pressure case at the same value of external stress. There-
fore, at oy stress Ad/0 ~ +2% /kbar, and 6, = Aw/w = d1212/w ~ 4 %/kbar.

In this paper we obtained a microscopic expression for a deuteron subsystem
contribution ¢(12) to the elastic constants. The contributions of other mechanisms
to c11 and ¢y are taken into account implicitly by a proper choice of the “seed”
temperature independent elastic constants cg(i) and cgg). Calculations have shown
that the parameter 1)1, hardly affects the physical characteristics of a crystal; we set
12 = 600 K. Hence, the values of the elastic constants ¢ and ¢q5 in the paraelectric
phase at zero stress o135 = 0 are determined by the deformation potential §15 and
the “seed” elastic constants cg(i) and cgg).

Figure 1 illustrates how the presented theory describes the experimental temper-

ature dependence of the elastic constants c¢i; and ¢ at 015 = 0 and different values

of 512.

¢y 10Mdyn/cm?

7E

5F

3F

=

C 1

1 3
73\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
30 0 20 70 60 80 A T.K

Figure 1. Dependences of the elastic constants c1; and ¢12 on temperature at
different values of §19 : 1 — 18440; 2 — 23500; 3 — 25580. Experimental points are
taken from [9,10].

As will be shown below, the contribution of a deuteron subsystem ¢(12) to the
elastic constants is negative and increases with temperature and with §1o (see fig-
ure 1). The deformation potential 612 also increases the slope |0cyy/0T|. According
to [9], the elastic constant cj5 of KHyPOy4 hardly depends on temperature. Within
our approach, ¢1; = cﬁ) —c(12), and ¢15 = cgg)—l—c(lZ). Therefore, if ¢1; is a decreasing
function of temperature, then c;5 is an increasing one.

It is experimentally found [9] that the relative change in the elastic constant cq;
0 = c11(Te + 80 K) /c11(T¢.) — 1 for KHoPO, crystals is about ~ 9%. For deuterated
crystals K(Ho.11Dog9)2POy at T = T, + 72 K ¢ = 6.93 - 10! dyn/cm? and ¢y =
—0.71-10" dyn/cm? [10]. For completely deuterated KDoPOy at T = T, + 72 K we
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take ¢;; &~ 6.4 - 10" dyn/cm?, extrapolating the values of the elastic constants of
KH5POy4 and K(Hg 11Dgg9)2POy4 at this temperature.

However, the calculations show that at no set of the parameters d;2 and cgol) —
c§°2’ it is possible to simultaneously obtain the correct values of 6, = 4%/kbar,
as well as correct value and temperature variation of the elastic constant ci; =
6.4 - 10" dyn/cm? and 6. ~ 9 %. The value of §,, increases with 19, but it is still
smaller than 4% /kbar even at 015 = 25935 K, where the ferroelectric phase vanishes,
and 6. ~ 20%. At 615 = 18440 K and ¢?, = 7.76 - 10'! dyn/cm? we have &, = 9%,
but then d,, = 2%/kbar, and the phase transition in stress disappears.

Hence we use such values of the deformation potential 915 and “seed” elastic
constants that provide a good fit both to the ratio d,, and to the temperature curve
of the elastic constant cq1: d10 = 23500 K, c§1 =8.65-10" K, c§1 = —-2.25-10" K.
At these values we obtain 6, = 3.4 %/kbar, and 0, = 12.8%.

The strain €15 also affects the effective dipole moments p; of hydrogen bonds.
It is usually assumed that these dipole moments are proportional to the distance
0 between the equilibrium deuteron sites on a bond. Since the value of § at bonds
going along the axis a is increased, whereas that at bonds going along the axis b is
decreased, then

011
s = o3 = gz = pi3[l — 5—1—(01? Cg))gw]a
02

011
foa = fio3 = flag = fi3[1 5—15( W = cl)eal,

011
[1COSY = 11 = —fi31 = fi1 cosy[1 — 5—1—(0(0) N,
0

. . 011
paSiny = —po = pigg = iy siny[1+ 51 _(’3501) - ng))f‘?n]
02

(0)

01
o COSY = —[log = flag = ft1 cos Y[l + 5——(011 — M),
0

L1
fa SNy = fi1g = —fizo = i1 siny[l — (6(0) — iY)enal,

50
where 51/50 = —0.02 - 10_3 at 012 > 0'12<OK> 51/50 = —0.02 - 10_4 bar‘l, /Lg(T <
T.) =1.8-10718 esu cm, pz(T > T.) = 2.66 - 1078 esu cm, p; = 2.8 - 107 esu cm.

In figure 2 we show the phase diagrams calculated at different values of the
parameter d15. As has already been shown [3,4], the oq5 stress can induce a a new
phase, of presumably monoclinic symmetry with the strain €5 significantly larger
than at stresses right below the critical one.

The phase diagrams obtained in our calculatlons consist of the three phases: I
— the regular paraelectnc phase with ¢f, and 7}13 = 'r]&) = 0, II - the ferroelectric
phase where 7713 #0 77 7é 0; ITI — a new paraelectric phase where ('r]ig) = 7)54) =0,
but el > eI, (dependences of strain on stress are discussed below). The curve AO,
separating regions I and II, corresponds to the ferroelectric first order phase transi-

tion in 77%) and néi) parameters, T.(A) = 219.7 K; temperature of the ferroelectric
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Figure 2. The phase diagram of a KDsPOy crystal at different values of d12 (K)
(a) — 23500; (b): 1 — 25935; 2 — 25580; 3 — 23500; 4 — 21000; 5 — 18440.

transition decreases with stress. The lines OK and OB denote the first order phase
transitions to the monoclinic phase I11. At stresses above o13(B) (012(B) = 7.36 kbar
at 012=23500 K) the ferroelectric phase disappears. Coordinates of the tricritical
point O are T.(O) = 215.9 K, 012(0) = 7.11 kbar (at 6;,=23500 K).

On increasing stress along the line OK of the first order transitions from tetrag-
onal to monoclinic phase, jumps of strain at the transition decrease (see below).
This line terminates at the critical point K (T.(K) = 370 K, 012(K) = 10.1 kbar at
012=23500 K), where the jump of strain turns to zero.

Major effects of the increase in d15 are the shift of the phase III to the smaller
stresses, increase in the value of T, (K) and decrease in o12(K). At 015 = 25935 K
the ferroelectric phase disappears from the phase diagram. Dependence of the fer-
roelectric phase transition temperature also slightly changes with the value of 5.

The above results partially accord with those obtained by Stasyuk and Bilet-
skii [4]. However, in our calculations the monoclinic phase is purely paraelectric
(77%) = néi) = 0), whereas in [4] the order parameters in this phase are different from
zero. Stasyuk and Biletskii also predict high-stress second order phase transitions
in ng) and 'r]&) between monoclinic and tetragonal phases. In our calculations those
transitions, naturally, do not emerge (n%) = néi) = 0 in both phases).

Let us now consider the stress o5 effects on the above calculated physical charac-
teristics of the crystals. As follows from the phase diagram, temperature and stress
behaviour of the characteristics depend on the number of the phase transitions being
undergone by the system. We can separate several types of behaviour; some of them
will be illustrated in figures below.

Thus, there are four kinds of temperature behaviour:

e 015 < 012(0) (curves 1" — 4’ in figures 6-16). On changing temperature the
system undergoes a single first order phase transition between the paraelectric
and ferroelectric phases I and II, with the transition temperature being lowered
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by the stress along the line AO of the phase diagram. Temperature curves of
the physical characteristics are similar to those at atmospheric pressure but
shifted to lower temperatures.

e 012(0) < 013 < 012(B) (curves 5’ in figures 6-16). On changing temperature
the system undergoes two first order phase transitions — between paraelectric
tetragonal and monoclinic phases I and III and between the monoclinic and
ferroelectric phases III and II. Temperature curves of the physical character-
istics have two peculiarities at both transitions. In figures, however, only the
upper transition between the phases III and II is seen.

e 012(B) < 013 < 012(K) (curves 6’ - 7" in figures 6-16). On changing tempera-
ture the system undergoes the first order phase transition between paraelectric
tetragonal and monoclinic phases I and III. Temperature curves of the physi-
cal characteristics have a single peculiarity at the transition point and shift to
higher temperatures with increasing ois.

e 015 > 012(K) (curves 8 in figures 6-16). There are no phase transitions. Tem-
perature behaviour of the physical characteristics is smooth and specific to the
monoclinic phase.

We can also name four types of stress behaviour:

e T < T.(O) (curves 1 in figures 6-16). On changing stress the system undergoes
a single first order phase transition between the ferroelectric and monoclinic
phases IT and 111, with the transition stress decreasing with temperature (along
the line OB of the phase diagram). Stress curves of the physical characteristics
have a peculiarity at the phase transition.

e T.(0) < T < T.(A) (curves 2 in figures 6-16). On changing stress the sys-
tem undergoes two first order phase transitions — between ferroelectric and
paraelectric tetragonal phase II and I and between the tetragonal and mono-
clinic phases I and III. Stress curves of the physical characteristics have two
peculiarities at both transitions.

o T.(A) <T < T.(K) (curves 3 - 5 in figures 6-16). On changing stress the sys-
tem undergoes the first order phase transition between paraelectric tetragonal
and monoclinic phases I and III. Stress curves of the physical characteristics
have a single peculiarity at the transition point and shift to higher stress-
es with increasing temperature. Magnitude of the peculiarity decreases with
temperature and vanishes at the critical point K.

e 7' > T(K) (curves 6 in figures 6-16). There are no phase transitions. Stress be-
haviour of the physical characteristics is smooth and specific to the monoclinic
phase.
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Figure 3. Dependences of strain £12 on temperature at different values of stress
o12 (kbar) (a): 1’-0;2"-3;3 —5;4 - 7,5 -7.36; 6 —8; 77— 9; 8 —10.09; 9’ —
10.5; 10’ — 12; 11’ — 15 and on stress 12 at different values of temperature 7'(K)
(b): 1 —210; 2 — 218; 3 — 240; 4 — 300; 5 —370 ; 6 — 380; 7 — 450.

The above presented types of temperature and stress dependences of the physical
characteristics are well illustrated by the plotted in figure 3 curves of strain €.

Curves 1’ — 4’ here exhibit the first type of temperature behaviour with a single
jump of strain at the ferroelectric phase transition; the strain €15 increases with
temperature in both tetragonal and ferroelectric phases. Curves 5" — 8 are charac-
teristic to the third type of temperature behaviour — a huge downward jump of €1
at the transition from monoclinic to the tetragonal phase. Magnitude of the jumps
decreases with the stress and vanishes at the critical point K. Above the jumps the
strain €15 has a typical paraelectric increasing behaviour. Curves 9’ — 11’ have no
peculiarities and reveal a decreasing temperature behaviour of €5 in the monoclinic
phase.

Very specific to the stress curves of strain oy3(€12) is the possibility to have two
extrema and the bending point. Coordinates of the bending point can be found from
the condition g15(12,£1y)") = g1£(12,157). At this point there occurs a first order
phase transition to a new phase with a strain €15 being much higher than right below
the transition. The transition stress depends of the values of the parameters w, d12,
), % and on temperature. Both a decrease in w, ¢}, and ¢}, and an increase in
012 lower it down. Two extrema and the bending point (the transition to the new

phase III) are possible only if

6%, 20T (1 + 2a + d)* — 417
d, = (1+2a+d)?

As one can see in figure 3b, the stress o1 increases the strain 15 in all phases.
Curve 1 is specific to the first type of stress behaviour with a single jump at the
transition to the monoclinic phase. Rate of the changes in €, with the stress o
are nearly the same in both ferroelectric and monoclinic phases. Instead, curve 2
has two jumps (second type of stress behaviour) — at the ferroelectric-paraelectric
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Figure 4. Dependences of polarization P3 on temperature at different values of
stress o159 (kbar) (a): 1" = 0; 2> — 3; 3 — 5; 4’ — 7 and on stress o2 at different
temperatures T'(K) (b): 1 — 150; 2 — 200; 3 — 210; 4 — 215; 5 — 218; 6 — 219.
Experimental points are taken from [11].

and paraelectric tetragonal-monoclinic phase transitions, jump at the ferroelectric
transition being much smaller. Curves 3 — 5 exhibit a single jump of the strain at the
transition to the monoclinic phase; the jump magnitude decreases with temperature
and vanishes at the critical point. At higher temperature (curves 6 and 7) the strain
has a smooth stress behaviour.

In figure 4 we depict the stress and temperature dependences of polarization Ps.
Since polarization exists only in the ferroelectric phase, only the first type of stress
or temperature behaviour is possible. Therefore, temperature curves of polarization
are not changed by stress but shifted to lower temperatures due to lowering the
ferroelectric phase transition temperature. When temperatures are low (polarization
is saturated), P is hardly affected by the stress o5 except for a jump to zero at
the transition to the monoclinic paraelectric phase. At temperatures close to T'.(A)
(transition temperature at ambient pressure), the stress reduces the magnitude of
polarization and its jump at the transition point.

Let us now consider the temperature and stress curves of the elastic character-
istics. Temperature dependence of the contribution of the deuteron subsystem to
the elastic constants ¢(12) at low stresses in the vicinity of the ferroelectric phase
transition is shown in figure 5. As one can see, an increase in stress raises up the
value of ¢(12) in the paraelectric phase and enhances its variation with temperature.

Temperature and stress curves of all calculated elastic constants are shown in
figures 6-9.

The constants ¢ and ¢ coincide in the paraelectric phase. Their behaviour
with temperature and stress is well described by the above formulated rules. At low
stresses, ¢l and ¢ have downward jumps at the transition from the ferroelectric
to the paraelectric tetragonal phase, whereas cf, and cf, have upward jumps. With
increasing stress, the jumps transform to peaks with increasing magnitudes. At the
transition to the monoclinic phase, only small jumps in the elastic constants are
observed.
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Figure 5. Temperature dependence of the deuteron subsystem contribution to
the elastic constants c1; and ¢p5 at different stresses 015 (kbar) : 1 —0; 2 —3; 3 —
5.

Character of temperature and stress behaviour of the elastic compliances is oppo-
site to that of the elastic constants: where c¢1; and ¢ decrease and have a minimum,
the compliances s;; and s increase and have a maximum.

In figures 10 and 11 we plot the stress and temperature dependences of the
coefficients of piezoelectric stress es; and piezoelectric strain dz;. The coefficients
are negative and differ from zero only in the ferroelectric phase II. At temperatures
lower than 175 K e3; and d3; are also practically equal to zero. On approaching
the transition point, e3; and d3; decrease with temperature (or stress), having a
sharp negative peak at the paraelectric-ferroelectric phase transition and jumping
upward to zero just above the transition point. The magnitude of the peaks in the
temperature dependences of e3; and ds; increases with the stress.

Shown in figures 12 and 13 temperature and stress dependences of the constants
of piezoelectric stress hs; and of piezoelectric strain g3; are qualitatively similar to
those of e3; and ds;. The difference is, h3; and g3; are increasing functions of tem-
perature in the ferroelectric phase and have jumps instead of peaks at the transition
to a paraelectric phase.

The stress and temperature dependences of the clamped static dielectric permit-
tivity €5(0,7), 012) are depicted in figure 14.

Below the critical stress 012(0) (curves 1’ — 47 in figure 14a) the permittivity
exhibits a regular Curie-Weiss behaviour in the paraelectric phase and has a peak at
the transition point, with the peak magnitude increasing with o15. At higher stresses
012(0) < 019 < ok (curves 5" and 6°) the permittivity has a downward jump at the
transition to the monoclinic phase III and remains temperature independent in the
phase III. At 015 > o5 where there exists only a monoclinic phase, the permittivity
hardly depends on temperature.

Stress behaviour of the longitudinal permittivity is very well described by the
formulated rules. Two peculiarities of £5(0, 7T, 015) are seen in curve 2 (two phase
transitions between the phases II and I and between I and III).

Let us consider now the stress and temperature dependences of transverse static
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Figure 6. Dependences of the elastic constants ci; on temperature at different
values of stress 012 (kbar) (a): 1’ -0;2" - 3;3 - 5;4" -7;5 -73;,6 - 7.5, 7 —
10; 8 — 15; and on o079 at different values of temperature T'(K) (b): 1 — 210; 2 —
218; 3 — 240; 4 - 300; 5 — 370; 6 — 450.
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Figure 7. Dependences of the elastic constants ¢} on temperature at different
stresses 012 (a) and on o159 (b) at different temperatures. Values of stress and
temperature are the same as in figure 6.
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Figure 8. Dependences of the elastic constants cl, on temperature at different
stresses 012 (a) and on o192 (b) at different temperatures. Values of stress and
temperature are the same as in figure 6.
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Figure 9. Dependences of the elastic constants ¢l on temperature at different
stresses 012 (a) and on o129 (b) at different temperatures. Values of stress and
temperature are the same as in figure 6.
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Figure 10. Dependences of the coefficient of piezoelectric stress e3; on tempera-
ture at different stresses 012 (a) and on o2 (b) at different temperatures. Values
of stress and temperature are the same as in figure 6.
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Figure 11. Dependences of the coefficient of piezoelectric strain d3; on tempera-
ture at different stresses 012 (a) and on o2 (b) at different temperatures. Values
of stress and temperature are the same as in figure 6.
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Figure 12. Dependences of the constant of piezoelectric stress h3; on temperature
at different stresses 012 (a) and on o2 (b) at different temperatures. Values of
stress and temperature are the same as in figure 6.
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Figure 13. Dependences of the constant of piezoelectric strain g3; on temperature
at different stresses 012 (a) and on o1y (b) at different temperatures. Values of
stress and temperature are the same as in figure 6.
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Figure 14. Dependences of clamped static dielectric permittivity 55 on temper-
ature at different stresses 012 (a) and on 012 (b) at different temperatures. Values
of stress and temperature are the same as in figure 6. Experimental points are
taken from [11].

dielectric permittivities €11 (7, 012) and £99(T, 012). The value of v, = 1 —v3 =21 K
parameter, which describes the long-range interactions, is taken from [8] where the
transverse properties of unstrained KD,PQOy crystals are studied. The value of ¥, =
1 — 1 can be estimated from the relation

1 (T1+bc
et (T )

£12 2a+£

In what follows ¥, = —12000 K.

In figure 15 we show the stress and temperature dependences of €11(T, o12). Below
the critical stress o15(0) (curves 1" — 4') the temperature curves of the permittivity
are qualitatively the same as at zero stress — with a jump at the ferroelectric phase
transition. At the intermediate stresses 015(0) < 019 < o (curves 5 and 6') the
transverse permittivity has a downward jump at the transition from monoclinic to
the paraelectric phase. At stresses above the critical one (curves 7/ and 8') o195 > o5
the permittivity €11(7, 012) is almost temperature independent. It is interesting that
the magnitude of £11(7, 012) in the monoclinic phase is much greater than in the
paraelectric or ferroelectric ones.

The other transverse permittivity eo9(7', 012) has a similar temperature behaviour
(see figure 16), except that it undergoes an upward jump at the transition from
monoclinic to the paraelectric phase, and its magnitude in the monoclinic phase
coincides with the low-temperature limit of £45(7, 012) in the ferroelectric phase — it
is lower than in the paraelectric or ferroelectric phases.

As for the stress curves of both transverse permittivities, we can only say that
this is perfectly well described by the above formulated rules; e11(T, 012) has upward
jumps at the transitions between ferroelectric and paraelectric tetragonal phase II
and I and between the tetragonal and monoclinic phases I and III. On the contrary,
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Figure 15. Dependences of the transverse dielectric permittivity €11(7,012) on
temperature at different stresses 012 (a) and on o5 (b) at different temperatures.
Values of stress and temperature are the same as in figure 6. Experimental points
are taken from [12].
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Figure 16. Dependences of the transverse dielectric permittivity 92(7, 012) on
temperature at different stresses 012 (a) and on o2 (b) at different temperatures.
Values of stress and temperature are the same as in figure 6. Experimental points
are taken from [12].
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£11(T, 012) has an upward jump at the transition between phases II and I and a
downward jump at transition between the phases I and III.

References

1.

10.

11.

12.

Stasyuk I.V., Levitskii R.R., Zachek L.R., Moina A.P. The KDyPQy ferroelectrics in
external fields conjugate to the order parameter: Shear stress og. // Phys. Rev B.,
2000, vol. 62, No. 10, p. 6198-6207.

. Stasyuk I.V., Levitskii R.R., Zachek I.R., Moina A.P., Duda A.S. The KD,PQy ferro-

electrics in external fields conjugate to the order parameter: Influence of shear stress
og on the phase transition and physical properties of the KDsPOy type ferroelectrics.
// Journ. Phys. Studies, 2000, vol. 4., No. 2, p. 190-201 (in Ukrainian).

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

Stasyuk L.V., Biletskii I.N., Styahar O.N. Pressure induced phase transitions in the
uniaxially strained ferroelectrics of KDoPOy-type. // Ukr. Phys. Journ., 1986, vol. 31,
No. 3, p. 567-571. (in Russian)

Stasyuk I1.V., Levitskii R.R., Moina A.P. External pressure influence on ferroelectrics
and antiferroelectrics of the KHoPO,4 family crystals: A unified model. // Phys.
Rev. B., 1999, vol. 59, No. 13, p. 8530-8540.

Levitskii R.R., Zachek I.R., Mits I.Ye. Thermodynamics and longitudinal relaxation
of ferroelectrics K(Hj_,D,;)2POy4. Preprint of Institute of Theoretical Physics, ITF-
87-114R, Kiev, 1987, 48 p. (in Russian).

Levitskii R.R., Zachek I.R., Mits I.Ye. Transverse relaxation in K(H;_,D,)2POy4 type
ferroelectrics. Preprint of Institute for theoretical Physics, ITF-87-115R, Kiev, 1987,
48 p. (in Russian)

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

Zwicker B., Helv.Phys.Acta 19, 523 (1946)

Shuvalov L.A., Mnatsakanyan A.V. The elastic properties of KDoPQOy crystals over a
wide temperature range. // Sov. Phys. Crystall., 1996, vol. 11, p. 210-212

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

Volkova E.N. (private communication).

577



I.V.Stasyuk et al.

Bnnue Hanpyru o; — o, Ha da3oBuii nepexipg, i Pi3nyHiI
BJ1aCTUBOCTI cerHetoenekTpukies Tuny KD,PO,4

|.B.Craciok ', PPJleBuupkuin ', I.P.3avek?, A.C.Qyna’

IHCTUTYT ®i3ukn koHaeHcoBaHnx cuctem HAH Ykpainu,
79011 JibBiB, ByN. CBEHLjUBKOrO, 1

epxaBHuin yHiBepcuteT “JIbBiBCbka NoniTexHika”,
79013 JlbBiB, BYn. C.Bangepwn, 12

OtpumanHo 20 yepeHs 2001 p.

Ha ocHOBI 3anpOnNOHOBaHOI paHille Moaeni BUBHAETLCS BNAMB HaANPyrn
01 — 09 Ha cerHetoenekTpuku Tnuny KD, PO,. B knactepHoMy HaBNMXKXeH-
Hi 3 BpaxyBaHHAM KOPOTKOCSKHUX i JaneKOCSXHMX B3aEMOLiN PO3paxo-
BaHO i OCNIOKEHO NPYXHIi, AieNeKTPUYHI i N’e30eNeKTPUYHI XxapakTepuc-
Tnkn KDyPO,4, npoBeaeHo aeTanbHUIA YACOBUIA aHani3 OTPUMaHUX pe-
3ynbTarTiB. JocnigkeHo TemnepaTypHi i GapuyHi 3aneXHOCTi po3paxoBa-
HUX XapakTepucTunk. BnByaloTbCs iHAYKOBaHi HANpyro o; — oo $Has3os.i
nepexoau.

PACS: 77.80.-e, 77.80.Bh, 77.84.Fa

Kniouosi cnoBa: 3cyBHa Haripyra, MOHOKJliHa ¢a3sa, ¢pa3oBa giarpama,
nn’ezoegext, aepopmadis, KDP
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