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Within the four-particle cluster approximation, we obtain an equa-
tion for the g-dependent deuteron pair correlation functions of DKDP
and DADP crystals to which external hydrostatic and uniaxial o3
pressure 1s applied. Their wavevector, temerature and pressure de-
pendences are studied. Expressions for the dielectric permittivities of
the strained crystals are derived. It i1s shown that under the proper
choice of theory parameters, the obtained results agree well with the
available experimental data.

1. Introduction

Lately, a great attention has been paid to investigations of external pres-
sure effects in KDP-type crystals. In our recent papers [1-6] we developed
an approach (based on the model [7,8]) which allowed one to describe the
pressure dependences of the transition temperature, dielectric and thermal
properties of deuterated ferroelectrics and antiferroelectrics of DKDP and
DADP type. The calculations were carried out within the four particle
cluster approximation. It allowed us to take into account the strong short-
range correlations between deuterons adequately. A good description of the
available experimental data was obtained, and some predictions concern-
ing the effects of uniaxial pressure o3 on the considered responses of the
crystals were made. Further experimental studies of hydrostatic and, espe-
cially, uniaxial pressure influence on these crystals are required to verify our
predictions and determine the theory parameters more precisely.

In understanding the nature of phase transitions in KDP type crystals
and studying their internal structure, the thermal neutron scattering tech-
nique is extremely useful. Since the calculation of neutron cross-sections
may be reduced to calculation of appropriate correlation functions [9], to
study the latters becomes exceedingly important. Besides that, analytical
expressions for correlation functions enable one to calculate the correspond-
ing dielectric susceptibility tensor.

Deuteron g-dependent correlation functions of unstrained DKDP and
DADP crystals have been calculated in a few papers. Thus, in [10] the
equation for the g-dependent correlation functions of DKDP and DADP
crystals was suggested. No consistent derivation of it was given. The cal-
culations were carried out for the case of ¢ = 0 only. The obtained results
correspond to the cluster approximation only at T > T¢.
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The method of calculation of the g-dependent correlation functions of
paraelectric DKDP for a model with short-range interactions alone was
proposed in [11]. In the four-particle cluster approximation, the dielectric
susceptibility as a function of wavevector of some directions was calculated,
and some numerical results were presented.

The consistent procedure for calculation of g-dependent correlation func-
tions of the model of a DKDP crystal with both short-range and long-range
interactions (the latter being taken into account in the mean field approxi-
mation) in the cluster approximation was proposed in [12]. An equation of
the Ornstein-Zernike type for pair correlation functions was derived both
for T > Te and T < Tg. Components of the dielectric susceptibilty tensor
were calculated for some directions of wavevector.

In this work, following the method of [12], we derive an equation for pair
g-dependent correlation functions of DKDP and DADP crystals to which
external hydrostatic and uniaxial o3 pressure is applied. In Section 2, we
suggest the unified model of strained DKDP and DADP crystals. In Sec-
tion 3, the equations for pair correlation functions are derived. In Section 4,
the expressions for dielectric permittivities are presented. Results of numer-
ical calculations are given in Section 5.

2. The model

We consider a system of deuterons moving on O-D...0O bonds in a crystal
of KDy,PO, (DKDP) or ND,D,PO4(DADP) type. The primitive cell of
such a crystal is composed of two neighbouring PO, tetrahedra together
with four hydrogen bonds attached to one of them (”A” type tetrahedra).
Hydrogen bonds going to another (”B” type) tetrahedron belong to four
nearest structural elements surrounding it. An external hydrostatic (oy,) or
uniaxial stress (03), which does not lower the system symmetry

on = (=p,—p,—p), 03=1(0,0,-p) (2.1)

and electric field F; (i = 1,2,3) directed along the crystallographic axes a,
b, ¢ are applied.
The Hamiltonian of the system has the following form [7]

~ ??N 0 fO' f’
HIT ()55]__22Jff f]f] q H ot — thf 9 )
if qq’ ff
Ot Tapf’ 0411 022 0g33 Ogq4
short :{ Z Ir (Jf f ‘|’¢ (]2 (]2 (]2 (]2 }X (23)
fr

X Z {6R417R 6R R, 6R R, +6R41+1’27Rq26R41+1’37Rq36R41+r47Rq4

q1) q1)
91,4293,94

hyp = tgs i

Hamiltonian (2.3) describes short-range configurational interactions be-
tween deuterons near tetrahedra of "A” and "B” type; r; is a relative po-
sition vector of a hydrogen bond in a cell. Two eigenvalues of Ising spin
o, = £1 are assigned to two equilibrium positions of a deuteron on the

f-th bond in the ¢-th unit cell. CEJQ) are the ”seed” elastic constants; ¢; are
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the components of the strain tensor; v = v/kg; v is the unit cell volume; kg
is the Boltzmann constant.

Vig=Vos =Vau =V =V, Viz=Vou =1,
for ferroelectric crystals of DKDP type. Here

Vi=—w/2, U=-c+w/2, &=4ec—8w+2w;
E=E&Eq — &y w =& — &g, Wy = €g — &s,

€sy Eqs €1, Eg are the energies of lateral, up-down, single-ionized and double
ionized deuteron configurations, respectively. Let us note that the energy
¢, is assumed to be the lowest.

For antiferroelectric crystals of DADP type

V=(—-w)/2, U=(+w)/2, &=2—8w+ 2w

E=E&s —E&ay W= &1 — &g, Wy = &g — Eq,

the energy of the lateral configurations ¢, is the lowest. Within the proposed
model the energies ¢, w, and w; are assumed to be linear functions of strains
&;

€ = 01161 + 01989 + 1383 + 6(0)7
W = 3161 + 09269 + Oa3€3 + w(0)7 (2.4)
wy = 03161 + 03062 + 03363 + wgo)‘

We consider only diagonal components of the strain tensor ey, ¢4, €3, and
neglect piezoelectric shear strains e4, €5, €5 arising when the respective
electric fields Fy, Fy and F3 are applied (the piezomodules dy4, dos, dse
differ from zero). Therefore, the calculated dielectric susceptibilities will
correspond to clamped (g; = const) crystals.

Jip(qq') are the constants of long-range forces (dipole-dipole interac-
tions and indirect interaction between deuterons through lattice vibrations),
which we shall take into account in the mean field approximation. Let us
note that if one formally expands the constants of the long-range interaction
Jp(qq') in powers of strains up to the linear terms

Tip(ag)) = TP (ad) + 3 w50 (ad )y
J
then the obtained expressions for the mean fields

(1)
~ . 77 Y] i
@2, = Z J}(}),(qq’) + Zzb;f,(qq’)ej QQf + hy;, (2.5)
q'f! J

(772? = (o,4)", averaging being carried out with the Hamiltonian (2.2))

coincide with those found in [7,8] — the long-range interaction, taken into
account in the mean field approximation, is renormalized by terms linear in
the mean values of quasispins (o,;)" and strains ¢;, — calculated considering
only the lattice strains but neglecting the pressure dependence of the dipole
moment of a hydrogen bond p = €é (6 is the D-site distance on a O-D...0
bond).

>H
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The pressure dependence of i can be taken into account in the following
way. According to [13,14], § in KDP and DKDP crystals is a linear function
of hydrostatic pressure. Assuming that the character of this dependence on
hydrostatic and uniaxial o3 stress in DADP crystal and uniaxial stress in
DKDP is the same and bearing in mind (2.1) we can write

0 = g + 01p.

Expanding jff/ in terms of pressure and considering the fact that it is
proportional to u?, we get

J(O)( ) J(O)( )[1_|_2§0]

(1)
' s

/ 6 j / 3
2= >[I (gq)[1 + 2519] +3 " ¥ (aq)e; +hiy. (2.6)
J

q' !

The parameters 1;/(qq’) for a given crystal are the same for all pressures
which do not lower its symmetry, whereas the ratio é,/é, is different for
hydrostatic and uniaxial stresses.

The following calculations will be carried out in the cluster approxima-
tion. Considering the structure of the crystals, it is natural to divide the
quasispin lattice into the four-particle clusters, vertices of which we choose
in the centers of the O-D...O bonds. As

f21&

q1f1

we denote an effective field acting on the spin o, ;, from the side of its near-
est neighbour f,. Let us make an identical transformation (the long-range
interactions have been taken into account in the mean field approximation)

Zc(o)ee y- ZZJ >HM+H/
j 11(qq) 9 )

af ¢'f
af g frf af

where H’ is the Hamiltonian of the so-called reference system, and

g = _Fu %,

af Kg 9
OR1 OR2 OR2 OR3 OR3 OR4 OR4 OR1
Up=Vl—— — =4+ = — 4 — — 2.7
" [2 2 2 2 2 2 2 2]+ (2.7)
A
OR1 OR3 OR2 OR4 OR1 OR2 OR3 OR4 Rf ORy
[, o] | ponomomn s v fmow
2 2 2 2 2 2 2 2 jeR e eR 08 2

The summation in ), is carried out over clusters instead of lattice sites.
Hereafter, it is implied that the clusters R, R’ belong to the cell ¢, clusters
Ry, R} belong to the cell ¢, etc; m; denotes the set of the nearest neighbours

of the site f.
Zp = Bleegs — Z quf]-

JIET
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Let us define the generating function F of the reference system as

af

F=TnSpe™ = InSp {eXp(—ﬁ S )exp (-8 UPJ} (2.8)
R
Then the free energy of the crystal is equal to
7y

v N 1 o)
I = 7%:62']'82'8]' + §szff'(qq) q2 9 — E (29)

af o' f'

Our goal is to calculate the correlation functions (cumulant averages of
spin operators products, in particular, single-particle and pair ones) which
are related to the free energy in the following way:

2\ &  8§(—BF)
A - : 2.1
<041f1 Uann>c (ﬂ) 6hq1f1 6hqnfn ( 0)

respectively, the correlation functions of the reference system are

2)” § §F 2.11)

(Ggrgy e Ogups )" = (5

6&‘]1f1 6%(]7Lfn

From (2.8)-(2.11) it follows that the single-particle correlation functions of

the reference and general systems coincide (o,;)? = (o,;), whereas for the
pair correlation functions the following relations hold

-1
c ﬁ c
<O-(11f10-(12f2>£[ = Z<U(]1f10(13f3> [643426f3f2 - Z Z Jf3f4(q3q4)<043f3042f2> .

g3 fs qafa
(2.12)
Let us introduce the notations

Sp{(..)exp(—A5,; HI)Y
Spexp(—4%,; H.})

(1) _ (1) _ Zaf
F,;" =InSpexp(—FH,; ) =In2cosh -

((..))o =

bl

Then
]—":ZF;})—I—IH <exp[—ﬁZUR]> . (2.13)
af R

0

We restrict our consideration to the first order of the cluster expansion, that

In <eXp[—ﬁZ URJ>

Then, the generating function F becomes

F = Zln Sp exp[—ﬁﬂg)] — ZF;}) = ZFI({}) — ZF;}), (2.15)
R

af R af

o~ Zln<exp[—ﬁUR]>0. (2.14)

0
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where
ngzv[@% OR2ORs | OR3 OR4 @@]Jr (2.16)
2 2 2 2 2 2 2 2
OR1 OR3 OR2 OR4 OR1 OR2 OR3 OR4 ZRf ORyf
| ALz As TR TR ZA17R2 VRS TRE ZRfTRE
+ [2 2 2 2] 2 2 2 2 gﬁ 2

is the four-particle cluster Hamiltonian. Here we use the fact that since
each site of the given lattice belongs to two neighbouring clusters then

DESEES 3 SIES!

af R feR

The fields zg; are

ZRrf = ﬁ[aeRf - Z fIARf] = ﬁ[aeRf - ARf]v (2.17)

T'eTsgR

the sum contains effective fields created by the neighbouring quasispins out-
side the cluster; for the lattice considered, Ag; is an effective field created
by the whole neighbouring cluster R’, which also contains the site Rf. Let
us note that

Zry = Bleery — Z fIARf] = Bleer; — Ary — Agyl, (2.18)
fETy
the field Ag/; is created by the spins of the cluster R.

From the condition of a minimum of the generating function F with
respect to Agy

oF
A " 0 (2.19)

it follows that

OFS RS OFY  ary)  ary  ory,

= = = = 2.2
8&Rf 82’Rf 8&Rf 82’Rf ' 8%Rf 8%Rf ’ ( 0)
and () (1)
20FY 207}
_ -z : 2.21
<URf> ﬁ 8&Rf ﬁ 8&Rf ( )

(provided that the site f belongs to the clusters R and R’), that is, the
mean values of spins, calculated with the single-particle Hamiltonian H q(})

and the four-particle one H1(~24)7 must coincide. The relations (2.21) comprise
the system of equations for the unknown fields Ag;.
If no electric field is applied, the quantities zg; are uniform, that is,

DKDP
2l = 2Zp1 = %R0 = ZRs = 2Ra = Zr1 = ZR2 = PR3 = ZRia =
= A=A+ 1. (0 ™M), (2.22)
DADP

Zjp = —ZR1 = Zr2 = Zr3 = —Zpa = B[-Ar + l/a(kz)ﬁg)

]: Z;l%’v
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where

l/a(k): (k 1"'2 p +Z¢az 527

l/c(o): ( 1"'2 p +Z¢cz 527

Yuil1) = 11 (0) = a1 i(0) = 1[%(0) F2002(0) + ¥1a(0)]
JJ(‘(J)C)’(k) = Z J;(f?f)'(qq/)e_k(Rq_R ) ¢ff Z Qbff qq'Je KT Rar),

R,-R, R,-R,

000 = L1 — 0L w20) = LD (0) + 29(0) + S 0],

(kz = (by + by + b3)/2, by, by, bs are the basic vectors of the reciprocal
lattice; the averages (ogs) are equal for both R and R’ clusters and obey
the relations

DKDP
1D = nl) = 1% = nk = e = Rk = 0k = s = ek, (2.23)
DADP
M) = =i = n) = ng = —nia) = p Ve R = pll);

the factor e¥2®es = 41 denotes two sublattices of antiferroelectric DADP

crystal.
The fields zg; are determined from the condition (2.21). In the uniform

case

DKDP
1. 1+ 77(1)
f_ .
z —§m1_mm+ﬁ%®M”7 (2.24)
DADP
. 1 1 (1) '
zZp = SiaikzRy _ [5 In 11_777 + Bra(kz)n (1)]ezszq‘

Let us now calculate the averages (og;) and (orsogs) (the intracluster
correlation functions), provided that (2.22)-(2.24) hold:

DKDP
sinh 227 + 2bsinh 2/
g = i , (2.25)
cosh 2z — d
77(2) = (ORr1OR2) = (OR20R3) = (OR30Ra) = (ORAOR1) = — pr
) cosh2zf —2a +d
77(2) = <UR1URs> = <UR2UR4> = D7 ;
DADP
(1y _ sinh 223 4 2bsinh 25 (2.26)

NMr™ = Da ”
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a—d+coshzf —1

77(2) = <UR1UR4> = <UR2UR3> ==

De ’
, —a+d+ cosh 2% — 1
77(2) = —(0R1ORs) = —(OR30Ra) = De . 7
) —a —d+coshz§ +1
" = —(OR1OR3) = —(OR2OR4) = De . ‘

The quantities 7(*) are even functions of 25 and do not depend on g¢;

a = exp[—pe]; b= exp[-pw]; d=exp[-Fuwl;
D? = cosh 22 + 4b cosh 27 + 2a + d;
D% = cosh2z® +4bcoshz* +a +d+ 1.

Let us also introduce some notations for the cumulant averages which will
be used in the following sections

DKDP

Ff =1-")% Ff =g® - ("), B = 9™ — (52, (2.27)
DADP

F=1-(mg), F =0~ (), (2.28)

Ff ==+ () Ff = ="+ (ni))".
If no electric field is applied, the free energy of a crystal reads:

DKDP
= F—f _0 Z Ve — 2w+ 2w O VP + 2T
N 2ge c (1= [y ™) DI
DADP
Feoow
fa = N = 5 Z CE?)gie‘:j —2w+¢+ 2Va(kz)[77(1)]2 4 2T In W.
ij

The strains ¢; and order parameter 5" are determined from the conditions
of the thermodynamic equilibrium

Vap o 1of
?7877(1)_ ' ?7852'_

p,p,p),  pi(3) =(0,0,p)), namely, from the equations

—p;. (2.29)

1
D) — = (q ! : !
n\ = f(smh 227 4 2bsinh 27),

6 7 2 et 2 sz

, v v DI’
j

DADP
7 = o(sinh 22° 4 2bsinh =),
_ C(O) o 2622’ - 612’ . 2¢ai(kz)

_pl_ g — —
- W v v

2 M
(™) + TR (2.31)
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where le = 4bby; cosh 27 + 2aé,; + dbs;, M} = 4béy; cosh 2% + ady; + dés;.
As one can see from equations (2.30) and (2.31), the strains ¢; are equal
to zero at ambient pressure only if we assume the temperature dependence

of the parameters d,; in the form

2a67,
5=—" 2.32
2% 1 _I_ 2@7 ( )
in the paraelectric phase of a DKDP crystal and
4b+ 3a + 2
o = 6 —————— 2.
2% 1 2(1"‘ 4 ( 33)

in the paraelectric phase of a DADP crystal and in a more complicated
form in the ordered phases. In order to keep é,; constant and for the sake
of simplicity we assumed that (2.32) and (2.33) are satisfied only at the
transition points, that is,

DKDP
2 exp(— eI,
of = L 2.34
1 4 2exp(—fBee)’ (2.34)
DADP
55 = 6E4eXp(—ﬂNw) + 3 exp(—fne) + 2 (2.35)

2exp(—fne) + 4 ’

(Bc = 1/Tc, Bn = 1/Tn). It means that at pressure of 0.001 kbar, small
strains (~107%) exist at all temperatures except for the transition points.

3. Equation for ¢g-dependent correlation functions

In this Section, following the procedure suggested in [12] for DKDP-type
crystal at ambient pressure, we derive an equation of Ornstein-Zernike type
for the g-dependent pair correlation functions of strained DKDP and DADP
crystals.

We need to calculate

4 62 F

by p.(R1R2) = (OR,f, ORyp, )" = 5 Goony boomy,”

(3.1)

Differentiating the expression for the single particle correlation function
(2.21)

(4) (1)
br.p = (ORip) =2 OFn, _ 28{71”1
o B R
with respect to &g ;,, we get:
azFl(%ll)fl gy 4 PFY Ozp,, ,

4
(OR 1 OR1) = T2 75 ==
e 2 ﬁ aleflalefl 8&Rﬂ% ﬁ gER1 8Zlelaleg 8&Rﬂ%’

(3.2)
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summation in (3.2) goes over all sites of the cluster R;. Let us introduce
the following notations:

1 823 f aAR f
RiRy) = ——2 AL (RiR,) = L
Zf1f2( 1 2) ﬁ 8&R2f27 f1f2( 1 2) 8&1%2]‘2
GZF(‘U
FY(Ry) =4 M- g
f1f2( 1) aZlelalefQ <Ule1Ule2> ’
(1) 0 Fr)y : -
Fip(R) = atlotng,, PR = [FOR)] o (33)
Then, according to (2.17) and (2.18),
1 8ZR1f1 / '
Ba&R2f2 = Zf1f2(R1R2) ‘|‘ Af1f2(R1R2). (34)
Equation (3.2) can be written as
> (85 — Pflg(Rl)Fjgll}l(Rl)]Z;fQ(Rle) —A} G (R Ry). (3.5)

geER,

Relation analogous to (3.5) for the cluster R} which also contains the spin

fi1 reads:

S 1670y — Prg(ROFD) (R)Z, (RURs) = Ay, (RIRs).  (3.6)

gER),

Let us now return to the uniform systems With (2.22) and (2.23); for
the intracluster correlation functions 7755}2 and anf occurring in Py ;,(Ry)
the relations (2.25) and (2.26) are obeyed, and the matrices P, ;,(R;) and
Py, 1, (RY) coincide. The FJE?(R) matrix of DADP contains only even func-

tions of 772? and 772,1;; therefore, we can omit the factors 2R and e'kzRq’,

Adding equation (3.5) to (3.6), taking the factors e’*2®s and e’*2R«'. Adding
equation (3.5) to (3.6), taking into account the relation

bpsa(RiRa) = Fil} (R1)2), g, (RaRo).
which follows from (3.2), and the fact that
—[A} 5, (RiRy) + Af (R Ro)] = 2, 1, (R1R2) = 65,4, (0R, R, + ORR. ),
(f1 is the common site of the clusters R, and RY), we get

_6f1f2(6R1R2 —|— 63132) = (37)

= Z Z {6f19[ P}:;I(R)] PJ{:;(R)}bgfz(RRZ)?

R=R.,R| geR
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where in the sum - p_g, g Y cg the term with g = f; occurs only once.

The matrix Pf(R;) has the following elements

A o el

PI(Ry) = P/(R)) = (3.8)

where
b H(F ) - 2Hy ;_ L
O T pf BT £ FD? — a(Fh2) VU opf LI (2
(Fy s )((Fy + Fy) (F7)?) (Fy +Fy) (F7)
;o 20 - F{(F{ + F)
2 — 9
(F{ = F)Y((Ff + F 2 = 4(F{)?)
whereas

- _ . S Fe o o o
[P*(R)] 1:[P (R})] L= le Fgf le F? : (3.9)

It is convenient to Fourier transform equation (3.7) in positions vectors

of cells R,:
Py(q) = ZPfg(R)e—iqRqe—iq(rf— rg)7 (3.10a)
R

bi,(q) = Z bfg(Rle)e—iq(qu_qu)e—iq(”‘f— Tg) (3.10b)
Ri1—Rs

Let us note that the sum in (3.10a) contains only two nonzero terms with
R = R, and R = R}, f; being the common site of the clusters R, and R/.

Then instead of (3.7), we get

4
0;, a
- 6f1f2 = Z {F{f’i - P}:g(q)} bgfz(q)v (311)
g=1 0
where
2fPJ"’ Pf"’}gq) Pz;’“(q) Psﬁ’“(q)
Pli(q) = P (q) 2P Pp(q) Pi(a) |.
Pz;’a(q) P{’“(q) QfPJ"’ Pg’aqu) ’
Ps%(q) P5'(q) Pi'(q) 2R
1
PPt = ———
1= ()

Pi(q) = 2P} cos XL plag) = 2pf cos 2,

4
Pz{(q)IQPfCCOSW7 P;(Q)IQP;C Vi qy‘|‘(]z7
Pl(q) = 2P cos T2 Pi(q) = 2P cos %
P{*(q) = 2P{" cos%’, Ple(q) = 2P) COSW’
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(¢zy @y, q. are projections of the dimensionless wavevector on the basic

vectors of the tetragonal unit cell; ¢; € [—7,x]). Relations (3.11) comprise
a close set of equations for the g-dependent correlation functions of the
reference systems corresponding to strained DKDP and DADP crystals.

4. Dielectric permittivity

Obtained in the previous section pair correlation function by ;,(g) of the
reference system enables one to calculate the correlation function of the
general system bf . (q) related to the former by (2.12), and hence the com-
ponents of g-dependent static dielectric susceptibilities of a clamped (¢; =
const) crystal. We need to calculate:

Xij (¢, T, p) Zufu] bifs( (4.12)
ff’

where
= py = —py, gy = py =0,
o = 3 = —p3, K= ps =0,
ps = pi = s = pi = i,

are effective dipole moment of unit cells, assumed to be linear functions of
pressure, and
0 -

i(a) = {i(a) - D)}

in the mean-field approximation used. With the help of the eigenfunctions

W;,(q) and eigenvalues b,(q) of the b (q) matrix, we can get the following
expressions for the transverse and longitudinal diagonal elements of the
dielectric susceptibility tensor:

xi(q,T,p) = ﬁm Zb ) [ Wi(g) — Wsu(@)];
X2(q,T,p) = ﬁ“zzb ) [ Waulq) = Wa(@)];

xs(q,T,p) = ﬁMSZb D W@
f

Essential simplification occurs when the matrices P(q) (and thereby b='(q))
and J(q) have the same symmetry. Then

1
Pu(q) = [L = (1)) = Bru(@)/4

(q), v,(q) being the eigenvalues of P(q) and J(q) matrices.
In what follows we consider only the case of ¢ = 0, looking for the expres-
sions for the static susceptibilities of the crystals. It should be mentioned

P

1
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that due to the non-analytical properties of the J(gq) matrix at ¢ — 0, the
values of susceptibilities in the center of Brillouin zone essentially depend
on the direction along which the transition ¢ — 0 takes place, for instance,
q=(0,0,¢. = 0) and g = (¢. — 0,¢, — 0,0).

If we neglect the non-analytical properties of the J(g) matrix, then

AR
11 -1 -1
WO =z11 -1 1

1 -1 -1 1

is the common system of eigenvectors of J(q) and P(g) matrices, and

U1 5(0) = T (0) + Jra(0) £ 2755(0); ”1510) = 1.(0);
V2,4(0) = J11(0) - J13(0)§ # = Va(0)§

P{3(0) = 2(F) £2P/ + P]),  P{5(0) = 2(P; + Py £ (P} + P})),
PL4(0) = 2(P{ = P{), Py.(0)=2(P — Py £ (P~ Fy))

are their eigenvalues. Hence, we get the following expressions for the static
susceptibilities of the crystals:

DKDP
Xi,z(ovTJ)) = ﬂ'lfﬂ Df _28;;3997177
2
V(0.T.p) = ﬁ;lj:s - fi;g&z; (4.13)
DADP
2
Xi2(0,T,p) = ﬂgquz Da —2826;1997{ D —282829299717 7
2
G0, rp = 2 e

Here we introduce the notations:
@ =1+ bcoshz, @ = cosh2z + bcoshz — [n(l)]zD, @3 = a + bcosh z,

and
1 1

o] = W ‘|'ﬁl/a(0)a 03 = W -I-ﬁl/c(o)-

Let us note that the expressions for the dielectric susceptibilities coincide
with those obtained in [1-5] by means of a different method.
Dielectric permittivity is related to susceptibility as

£5(0,T,p) = €joo +47X; (0, T, p). (4.15)

Since the values of the piezoelectric constants d;; of a DADP crystal are
fairly large, to compare our results with the experimental data, we need
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to calculate the dielectric permittivities of a free crystal (0,7, p), which
are usually measured. The "free” permittivities of DADP are related to
”clamped” ones by the formulas

dz
e1(0,T,p) = &3(0,T,p) + 47T8—E,
44
dZ
00, T,p) = £5(0, T, p) + 472, (4.16)
55
2

d
el (0,T,p) = £5(0,T,p) + 47r8—?E6,

66

where d;; are the piezoelectric constants, and s” are the elastic shear com-

pliances of a short circuited crystal [20]. In case of DKDP the difference
between permittivities of clamped and free crystal is negligibly small.

5. Numerical analysis

The formulas for the g-dependent correlation functions and dielectric per-
mittivities as well as the systems of equations for the order parameters and
strains (2.30) and (2.31) contain the following fitting parameters

o 0, w0, wh — oo, (0, 17 = (uOP /v, 1 = (VYo for both
DKDP and DADP, v2(ky), v2(0) for DADP — relevant for unstrained
crystals;

o 05y Oa4, ¢ci(0)v 61/60, Oy /p, dus/dp for DKDP and DADP,
Yai(kz), 14:(0) for DADP — the so-called deformation potentials, and

. CEJQ) — the "seed” elastic constants.

Their values, chosen as described below are given in Tables 1, 2, 3.

The values of £°, w®, v2(0) for DKDP and v,(kz) for DADP have been
found in [6,15,16]. They provide a satisfactory description of the temper-
ature dependences of static and dynamic dielectric permittivities, sponta-
neous polarization, specific heat at ambient pressure as well as values of
transition temperatures of the crystals.

The values of the deformation potentials 6;; of DKDP and DADP, #.,(0)
of DKDP and 1,;(kz) of DADP have been chosen in [1-5]. They yield a good
fit to the available experimental data for variation of transition temperature,
spontaneous polarization, longitudinal dielectric permittivity of DKDP and
transition temperature of DADP with hydrostatic pressure. The values of
b5; parameters were determined from the criteria (2.34) and (2.35). The
dependence of the D-site distance é on hydrostatic pressure in DKDP has
been reported in [13,14]. The value of §,/6, in the case of DADP was found
from the available data for the Tx(é) and Tn(p) dependences [17,18]. In the
case of the uniaxial pressure o3, the 6;/6, parameter was chosen such that
a good fit to the reported in [4] Tc(o3) dependence was obtained. Let us
mention that the transition temperature To(Ty) decreases with the uniaxial
pressure o3 several times more rapidly that with hydrostatic oy,:
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DKDP
61/60(0n) = —0.89 .10 "bar™", & /éo(03) = —0.7-10 *bar™",

T T.
88—;(0}1) = —2.67 K/kbar, 88—;(03) = —13.9 K/kbar,
DADP
61/60(0n) = —3.35-107% bar™", 6, /8p(05) = —1.75- 10~ bar ™",
T T
88—;(0}1) = —1.4 K/kbar, 88—;(03) = —9.0 K/kbar.

The values of 1,,(0) and 1.,(0) for DADP crystal hardly affect the dielec-
tric responses of the crystals, so we put them equal to zero. The chosen
value of derivative dus/0p provides a good description of the dependences
of spontaneous polarization and longitudinal static dielectric permittivity on
hydrostatic pressure in the case of DKDP. As far as du,/dp in DKDP and
both duz/dp and du, /Op in DADP crystals are concerned, no appropriate
experimental data are available to determine their values. The values of the

elastic constants of paraelectric DKDP and DADP crystals were reported
in [19,20]. Those values were taken as "seed” elastic constants cgf).

Further experimental studies of hydrostatic and uniaxial pressure effects
are required to ascertain the values of the theory parameters.

Table 1. The theory parameters (in K) for unstrained crystals.

Tc | ¥ [ w® [vi(ky) [ v2(0)]v2(0)

DKDP (210875735 36.8
DADP |235| 77 |709| 85.5 | -54 | -17

Table 2. The deformation potentials (in K) for DKDP [1-4] and DADP
[5,6] crystals; k = 0 for DKDP and k = kz for DADP.

611 By b 0F Ol [0y (k) 5 (k) v (k) vif (k) v (k)
DKDP|-45 -55 885 -50 800[ -85 -105 250 -95 390
DADP|-38 -46 741 -42 665) -180 -252 112 -239 109

Table 3. The "seed” elastic constants (units of 10''dyn/ecm?) of a DKDP
[19] and DADP [20] crystals.

AT A et A7 A7 s 5 o5 5
DKDP[6.93 -0.78 1.22 5.45 6.93 -1.78 1.22 6.0 1.1 5.0
DADPI[6.59 0.53 1.92 3.28 6.24 0.4 1.66 6.4 1.5 3.48

In figure 1 we depict the wavevector dependences of some pair correlation
functions of a DKDP crystal at different values of hydrostatic pressure and
temperature.
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Figure 1. The deuteron pair correlation functions of a DKDP crystal as func-
tions of wavevector at different values of temperature T(K): a) 1 -
190, 2 — 200; b) 1 — 220; 2 — 250 and hydrostatic pressure p(kbar):
solid lines — 0.001, dashed lines — 10.
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As one can see, by1(gq) > bia(q) > bis(g). Overall, the correlation
functions have maxima in the center of the Brillouin zone, except for the
bn(q, 0,0) which has a minimum at ¢ = 0. The amplitude of spin correla-
tions increases when temperature approaches Tc. Therefore, an increase in
temperature and increase in pressure in the paraelectric phase and decrease
in temperature and decrease in pressure in the ferroelectric phase influence
the correlations in a similar way, because all of them move the system from
the transition point. A strong anisotropy of correlation functions is observed
along the (¢,0,0) and (0,0, ¢) directions; that agrees with the result of [11].

In figure 2 we plot the wavevector dependences of the pair correlation
functions of a DADP crystal at different values of hydrostatic pressure and
temperature at 7' > Tx. Here, also b11(q) > b12(g) > bi3(g). However, the
maxima of by15(¢,0,0) and by3(q,0,0) shift from the center to the boundary
of Brillouin zone. Furthermore, b15(q) and by5(g) increase with pressure and
temperature.

bu(fIz:O,O) ble(qz,0,0) bta(‘h,o:O)

Figure 2. The deuteron pair correlation functions of a DADP crystal as func-
tions of wavevector at different values of temperature T(K): 1 — 240,

2 - 270 and hydrostatic pressure p(kbar): solid lines — 0.001, dashed
lines — 10.

The temperature dependence of the inverse longitudinal dielectric per-
mittivity e5'(0, 7T, p) of a DKDP crystal at different hydrostatic and uniaxial
—p = o3 pressures is plotted in figures 3 and 4, respectively. In figure 4 we
also depicted the £5'(0,T,p) curve at hydrostatic pressure of 1 kbar.

As can be seen, in the paraelectric phase the Curie-Weiss law is obeyed in
a wide temperature range at different pressures, the Curie constant decreas-
ing with hydrostatic pressure and being independent of uniaxial pressure.
The main effect of the uniaxial pressure is the shift of the transition point
and, thereby, of the whole £5(7") curve to lower temperatures. Therefore,
at constant AT, the £5(0,7, p) almost does not depend on pressure in the
paraelectric phase and only slightly varies in the ferroelectric phase.
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Figure 3. The inverse longitudinal dielectric permittivity of a KDsPO4 crystal
as a function of temperature at values of hydrostatic pressure p(kbar):

1-0.001;2-1.8;3-4.14;4-5.0; 5-10.0; 6 — 15.0. The experimental
points are taken from [21].

3 (0,T,p)

| \ \

0.01

O~Oq9‘o‘”H‘éw“o”‘HH‘\%‘OHHHE\E‘)‘OHY‘."‘I‘(

Figure 4. The temperature dependence of the inverse longitudinal static dielec-
tric permittivity 651(0, T, p) of a DKDP crystal at different values of

uniaxial og (dashed lines) pressure p(kbar): 1, A [22], — 0.001; 2,4

— 1; 3 — 0.5. The solid line corresponds to hydrostatic pressure of
1 kbar.

In figures 5 and 6 we plot the calculated temperature dependences of
the static transverse ¢,(0, 7, p) and longitudinal £5(0, 7, p) permittivities of
a DADP crystal at different pressures along with the experimental points for
the ambient pressure. We are not aware of any experimental measurement
of pressure effects on dielectric characteristics of deuterated DADP.

Theoretical values of "free” permittivities are calculated using relations
(4.16) and experimental data for appropriate piezoelectric constants and
elastic shear compliances [20]. Since in DADP crystal dzs > dy4, the dif-
ference between clamped and free values of the longitudinal permittivity is
several times larger than that of transverse permittivity. A good descrip-
tion of experimental data is obtained for £,(0,7,p), while for e3(0,7,p) a
small discrepancy between theory and experiment is observed. Probably,
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we could remove the discrepancy by explicit taking into account of shear
strain eg.

The main pressure effect is in the shift of the ¢;(0,7,p) curves to lower
temperatures. Besides, (0,7, p) and ¢3(0,7,p) of DADP decrease with
pressure in the paraelectric phase and increase in the antiferroelectric phase,
with the pressure effect being much stronger at T > Tx.

£,(0,T, €,(0,T,
100 ¢ +(0,T,p) 100 ¢ 1(0,T,p)
L @)Q) . D
%o r ~s QLo
& L T e g g
L [ n
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50 F 50F 1)
L L 1
|
L 1
r |
; S
5“467@5 :___seéo
T N R A N N B A B B BB T R B R I IR N B B A B
900 250 ., T,K 900 250 . T,K
a) b)

Figure 5. The temperature dependence of the transverse static dielectric per-
mittivity of an ND4DaPOy4 crystal at different pressures p(kbar): a)
(hydrostatic) 1, o [20] — 0.001; 2 - 5; 3— 10; b) (uniaxial o3) 1, 0 [20]
-0.001; 2 -0.5; 3— 1.
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Figure 6. The temperature dependence of the longitudinal static dielec-
tric permittivity of an ND4DoPQy crystal at different pressures
p(kbar): a) (hydrostatic) 1, o [20] — 0.001; 2 - 5; 3 — 10; b) (uni-
axial o3) 1, 0 [20] - 0.001; 2 - 0.5; 3 — 1.

Conclusions

In this paper, on the basis of previously proposed model [1-6], we study
the influence of external hydrostatic and uniaxial o3 pressure on the g-
dependent pair correlation functions and dielectric properties of DKDP and
DADP crystals. In the four-particle cluster approximation, we derive an
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equation for these functions and find expressions for static dielectric per-
mittivities of these crystals as functions of pressure and temperature. The-
oretical results are compared with available experimental data. It is shown
that under the proper choice of fitting parameters, the theory provides a sat-
isfactory description of variation of studied characteristics with hydrostatic
pressure.

We also state the possible changes in the dielectric properties of DKDP
and DADP crystals with the uniaxial pressure, assuming some plausible
changes in the crystal structure with pressure. The main feature of the
predicted effects is that even low uniaxial stress can induce a significant
shift of the transition temperature, whereas the intrinsic changes in the
responses of DKDP and DADP crystals (i.e. beyond the shift) are rather
small.

It is necessary to carry out comprehensive experimental studies of the
uniaxial pressure effects on these crystals, especially on their structure. We
hope that these measurements will allow us to define the theory parameters
more precisely and verify our predictions.
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g-3AJIEYKHI KOPEJIAIIINHI &YHKIII I TIEJEKTPUUYHI
IMIPOHUKJINBOCTI KPUCTAJIIB TUITY DKDP I DADP.

BIIJIB 30BHINTHHOI'O TUCKY

A.TIl.Moina

B nabauxkenni 4oTMPUUACTUHKOBOTO KJacTepa OTPUMAHO PiB-
HAHHA IJIA ¢-3aJ1€KHAX MapHAX KOPEeJAMIHUX QYHKIIN TeiiTpoHiB
gpuctagis DKDP 1 DADP, mo akux mpxaamgeHo 30BHINHIA T1Apo-
CTATUYHUI YW ONHOBICHUIT 03 TUCK. JlOCHIIKYIOTHCA 1X 3aileiK-
HOCTI BIIl XBUJIBOBOTO BEKTOPaA, TEMIIEPATYPU Ta TUCKY. JHANTEHO
BUDPA3W IJIA CTATUYHUX H1eJTeKTPUYHNX TTPOHWKIMBOCTEN nedopMo-
BaHUX KPUCTAIIB, MO po3rianatoThbcea. [lokaszano, mo mpu HaTekK-
HoMy BUOOpI TapaMeTpiB Teopil, OTpUMaHl pe3yiabTaTh 3aT0B1ILHO
V3rOIKYIOTHCA 3 HAABHUMU €KCIePUMEHTATEHUMY TaHUMU.



