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We study the effects of hydrostatic pressures on deuterated ND 4, D, PO 4
type antiferroelectric crystals. Within the four-particle cluster approximation
the free energy of the crystals is calculated, and an equation for the transi-
tion temperature and explicit expressions for static dielectric permittivities
of the crystals are derived. Model pressure dependences of the effective
dipole moments of unit cells are proposed. Some peculiarities of the dipole
moment formation in these hydrogen bonded crystals are elucidated. In
particular, we show the importance of mutual polarization of the dipole mo-
ments. The theory parameters providing a satisfactory description of the
experimental data for pressure dependences of transition temperature and
dielectric characteristics of the considered crystals are found.
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1. Introduction

Ammonium dihydrogen phosphate NH,H,PO, (ADP) and ammonium dihy-
drogen arsenate NH;H;AsO, (ADA) are those members of the KH,PO, family of
hydrogen bonded crystals which undergo antiferroelectric phase transitions, and
it is still not clear what is the origin of this phase transition: Is it triggered by
the ordering of protons on hydrogen bonds [1-5], or are the whole HoPO, groups
ordering units [6,7]7

High pressure studies are a tool which can shed some light on this problem, in
particular, give some information about the role of hydrogen bonds and especially
of their geometric parameters in the phase transition and a polarization mechanism
in crystals.

Experimentally, the influence of external pressure on these crystals is stud-

ied much less than on ferroelectric representatives of the family. However, it is
known that transition temperature 7Ty in NH,H,PO,, ND4D,PO,, NH;H5AsO,
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and ND4DsAsO, decreases with hydrostatic pressure linearly at low pressures [8,9]
(see table 1). The transition temperatures in arsenates are higher than in phos-
phates, but the coefficients (07x/0p)o in ND4,DyPO, (DADP) and ND,D;AsO,
(DADS) are nearly equal. At higher pressures in NH,H,PO, the dependence of
Tx(p) becomes nonlinear, and at p = 33 kbar the transition temperature in this
crystal turns to zero (the ordered phase disappears) [10].

Under the uniaxial pressure p = —o3 the transition temperature in undeuter-
ated NH4;H>PO, decreases, too, and this decrease is faster than under hydrostatic
pressure [11].

Table 1. Transition temperature at ambient pressure and the initial slope
(0Tn/0p)o of some antiferroelectrics. The data are taken from [9].

crystal Tno | (0Tn/0p)o
NH,H,PO, | 151.2 -3.4
ND,D,PO, | 235.1 -1.4
NH,H>AsO, | 216 -1.97
ND4D2ASO4 304 -1.45

In antiferroelectrics of the NH;H,PO, type, a pronounced first order phase
transition takes place, accompanied by a significant temperature hysteresis and
jumps of both the transverse and longitudinal static dielectric permittivities. The
transverse permittivity in NHsH5AsO, and ND4D5yAsO, is much higher than in
NH H;PO4 and ND4DoPOy, respectively.

Transverse permittivity of NHyH,PO,4, NHsH5AsO4 and ND,D>AsO, decreases
with pressure in the paraelectric phase and slightly increases in the antiferroelectric
phase [9,10]. It should be noted that in arsenates this decrease in ¢; at T > Ty is
fairly fast (in the deuterated form faster than in the undeuterated one).

The influence of pressure on the crystal structure of the KHyPO, family of
antiferroelectrics has almost not been studied. However, it is known that the tran-
sition temperature in NH,H,PO, and ND4DsPO4 , as well as in KH,PO, and
KDyPQy, is a linear function of the H-site distance J — a separation between two
possible positions of a hydrogen on the bond O-H...O — and turns to zero in
NH,H,PO, at §, = 0.2A [12-14]. Furthermore, at equal § with an accuracy of
0.01A the transition temperatures in KHyPOy, K(H;_,D,):PO4, NH;H,PO,, and
ND,D,;PO, coincide.

In the paraelectric phase, an NH,;H,PO, crystal is isomorphic to KHyPO, [15-
17]. This fact, along with the similarity of temperature and pressure dependences
of several physical characteristics of the two crystals, implies the necessity to look
for a unified description of high pressure effects in them.

In our recent papers [18-20] we developed an approach which allows us to de-
scribe consistently the influence of hydrostatic and uniaxial p = —o3 pressures
(pressures which do not lower the crystals symmetry) on deuterated ferroelectric
crystals of the KHy,PO, family. This approach is based on the model of strained
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KH5PO, type crystals proposed earlier by Stasyuk et al. [23,24]. In [21,22] we
also studied the influence of external pressures on the ND,D>,PO, type antiferro-
electrics.

In the present paper we slightly change the model (namely, in the way we
model the pressure dependence of the Slater energies) and propose a new sim-
ple way to describe the polarization processes in antiferroelectric crystals. These
changes allow us to describe the experiment for the pressure dependences of di-
electric characteristics of a ND4DyAsOy crystal ! [9], reduce the number of free
parameters and to reproduce within the proton ordering model the universality
of the transition temperature vs H-site distance dependence in several crystals of
this family [12-14].

2. The model of strained DADP type antiferroelectrics

We consider a system of deuterons moving on hydrogen O-D. .. O bonds in the
ND4DsPO4 type crystals to which an external hydrostatic pressure and electric
field E; (i = 1,2, 3) along one of the crystallographic axis a, b, ¢ are applied.

The calculations are performed within the four-particle cluster approximation
which allows one to take into account the strong short-range correlations between
deuterons adequately. The four-particle cluster Hamiltonian of such a system, with
the effective long-range interactions (dipole-dipole as well as indirect deuteron-
deuteron interactions via lattice vibrations) taken into account in the mean field
approximation, reads [21,22]:

Ny Oq1 O Og2 O 0430 Oqa O
Oq10¢3 | 0q204¢4 9q1 9q2 943 Tg4 Zqf Ogf
+U [ i ; 5

2 2 2 2 2 2 2 2
Two eigenvalues of Ising spin o, = %1 are assigned to two equilibrium positions
of a deuteron on the f-th bond in the g-th cell.

The parameters of short-range configurational interactions V= (e —wy)/2, U =
(e +wy)/2, ® =2ec—8w+ 2w, are the functions of the Slater energies ¢ = £, —&,,
W= ¢€1 — &4, W, = €9 — E,4, Where &,, €5, €1, and gy are the energies of the lateral,
up-down, single-ionized and double-ionized deuteron configurations, respectively.
Let us mention that the energy of lateral configurations in these antiferroelectric
crystals is the lowest.

The fields zé s include the effective cluster fields Afl s created by the sites neigh-
bouring to the ¢f-th site, external electric field E;, and the long-range deuteron-
deuteron interactions taken into account in the mean field approximation

2ur = B-AG + ) Jff/(qq')Lq;u>
af

n our earlier paper [21,22] we did not perform calculations for ND4D2AsOy, but only for
ND4D5POy.

367



R.R.Levitskii, A.P.Moina

The influence of external pressure on the considered system is modelled on the
basis of the ideas of [23,24] and [25] in the following way.

It is known that the Slater energies €, w, w; and the components of the long-
range interaction matrix J; s (qq’) are proportional to the square of the separation
between two possible positions of a deuteron on a bond — D-site distance d. As-
suming the linear

0= 50 + 51]9.

dependence of the D-site distance ¢ of ND,D>sPO,4 and ND4DsAsOy crystals on hy-
drostatic pressure (according to [26,27] the variation of § with pressure in KH,PO4
and KDyPOQ, is linear, indeed, only that J, and §; are temperature dependent),
we expand €, w, wy, and Jrp(qq’) in powers of pressure up to the linear terms.
However, there can be other mechanisms of the pressure influence on the energy
parameters of the model. Those mechanisms we take into account by expanding
e, w, wy, and Jrp(qq’) in powers of components of lattice strain tensor up to the
linear terms. We obtain

(in our earlier works we did not take into account the influence of the pressure
changes in the D-site distance on the Slater energies), and

/ / 25 3 3 ‘ /
Tiad) = TipGad) |1 = 53 Do es| + Do i ad)es 4)
=1 i=1

Here S = Si1 + 2512 + 2513 + Sa2 + 2593 + Ss3; S;; are the elastic compliances of
the crystals. To avoid an explicit dependence of the Hamiltonian on pressure p, we
express the latter in terms of the resulting strain >, ¢;.

It is understood that above the transition point dy; = g2, and w}f,(qq’) =
w/% f,(qq’ ). In the above expansions we take into account only the diagonal compo-
nents of strain tensor €1, €5, €3 and neglect piezoelectric strains g4, €5, €6 which
must arise if an electric field is applied (piezomodules di4, dss, d3g are different
from zero).

In [23,24] Stasyuk et al. showed that if one takes into account the lattice strains
and neglects the changes with pressure in the dipole moment of hydrogen bond
1t = ed, then application of external pressure to ferroelectric crystals of the DKDP
type leads to renormalization of the created by long range interactions mean fields
by terms proportional to the mean values of quasispins 7,; = (0,f) and strains ;.
The same follows from (4) in the mean field approximation if d;/dy = 0.

Taking into account the symmetry of the mean values of quasispins (ogf) =

ey = Sp{oys exp (=BH1,)}/Spexp (~BHL,):

T,y __ T,y __ Z,Y T,y __ z,y __ Z,Y z — z z z _ z ¥4
N1z = ~Ng1” = Mgz Mgaa = Mg2” = “Nga s Ng1a = Ny = Mlgar Mg23 = Tg2 = Tlg3»
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and effective dipole moments

1= py = —py, Ho = [ = —p3, [

=y = =

py =0, pg = pi = ps = i = i,

presenting né 7 as a sum of two terms: a modulated spontaneous part and a uniaxial
one induced by the external electric field

ey = e M 4 g,

== =172 =73 = —T4;
e, = —ME,, TR2E, = —T4E;
TEs = N2E3 = N3E3 = T)4E3

1
(kZ:§

N3E; = —MEy,  T12Ex = —T4Es;

(by + by + b3), by, by, by are the basic vectors of the reciprocal lattice,

e®zRs — 41) we exclude the cluster fields Af}f from the expressions for z;f, the

symmetry of which is the same as of the corresponding néf

. For this purpose, we

use the condition that the mean values (o,), calculated within the four-particle
and single-particle cluster approximation, that is, with Hamiltonian (1) and with

ri Zor — Dy oy
=— —af 5
qf B 2 ’ ( )
must coincide. We obtain
- 1. 1+n% ; E
Zgz = 5 In—— T+ Blva(kz)ne™ ™ + va(0)mse, + & -,
2 1 77q13 2
- 1. 1+ ;
o = g+ Bk v (0o
q24
1. 147! :
o = g I i Bla(ka)ne T+ v (O], (6)
ql3
1. 147! , E
Zipy = o In ?124 + Blva(kz)ne™ e + v, (0)nasp, + M]’
2 1 =1 2
1. 1+n: , E
i = o I Bl (k) ne® 7R 4 v, (), + 1272,
2 1 Na14 2
1 1+4n E
2523 =5sn tazs + B[Va(kz)nelkZRq + Va(o)nE:a + 1 3]7
2 1- 77q23 2

where the averages né ;are

2 sinh 2375 cosh 237 + 2bsinh 23

2 sinh 233} cosh 213 + 2bsinh 23]

7y x7y
Ng13 = Dy Y Dy 3
] z z 1 z z 1 z
. asinh(2dy + 2553) +sinh(z, — 253) + 2bsinh 27,
77q14 - D> ’
- z z 3 z z 3 z
. asinh(zly + 253) — sinh(z, — 253) + 2bsinh 2,
77q23 - D= )
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and

D™ = 2 cosh z.j3 cosh 233 + 2b(cosh zj3 + cosh 2353) +a + d,
D® = acosh(zy, + 2053) + cosh(z], — 2093) + 2b(cosh 271, + cosh 2593) +d + 1,
a=exp(—pfe), b=-exp(—pw), d=exp(—pLw).

The quantities v, (k) where k = kz,0) and v.(0) are the eigenvalues

ua</~c>:2<k>[1—3é =3 bk, 1 (0) =20 [1——5—i v

(k) = S (k) - Jf?(k)]; 2(0) = 170(0) +278(0) + 1 (0))

wm(k:) = iw}n( ) %3( )]a wci(O) = i[wh(o) + 27/’%2((0 + %3(0)]7

of the long-range interaction matrix Fourier-transforms

(0 / k(R R ’) —k(R,—R_,
ff/ Z ‘]ff’ O (R Z@Z’ff/ (qq')eH PR,

The strains &; and the order parameter n = limp, ,on’ are to be determined
from the thermodynamic equilibrium conditions

1of o 10f
7 on " 00g

= —pi. (7)

where f is the free energy of a crystal when no electric field is applied

Foog
f:N:g 055] [2w — €] + 2v,(kz)n? 4+ 2T In

i

2
TET O A

cg]) are the so-called "seed” elastic constants of a crystal, describing the elasticity

of a “host” lattice — a fictitious lattice without deuterons; v = v/kg; v is the cell
volume, kg is the Boltzmann constant; D = 1+ a + d + cosh2z + 4bcosh z, z =

1.1 +
—In 1 +ﬁya(k:Z)

’ Tlhe system of equations for n and ¢; reads:
n= %(Sinh 2z + 2bsinh z), —p; = ngq — Feu (9)
J
where
Faon = 2220001 2 () - 208002) ) -

1_3) (41)(522 — gg—ow )coshz+a(5u — gg_(l] 0) +d(53l ;g—(?;?)) *
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is a contribution of the deuteron subsystem to crystal elasticity. Since determina-
tion of this contribution lies beyond the scope of the present paper, we may safely
consider instead of (9) the system

1
n= 5(sinh 2z 4+ 2bsinh z), —p; = Z Cij€j (10)
J

where ¢;; are elastic constants of the whole crystal, being determined from an
experiment.

The temperature of the first order phase transition is found from the following
condition for the values of thermodynamic potential g(n,T.p) = f+ 0>, &ip;

g(anN7p> :g(O,TN,p), (]‘]‘)

the order parameter and lattice strains obeying the system (10).

3. Dielectric properties of strained DADP type antiferroel ec-
trics

It is assumed that the polarization of a crystal is triggered by the deuteron

ordering, therefore, _
Hag (Tqf)
P = MCPRR G P
; v 2

Different from the zero macroscopic polarization of antiferroelectric crystals is
determined by those parts of the mean values of quasispins which are induced by
the external electric field

2 11 Ay

Py =2—nyp, P2=2—"Nyg, Ps=—ng,. (12)

v v v
Differentiating (12) with respect to E; one can easily obtain the expressions for
the corresponding static dielectric susceptibilites of a clamped (g; = const) crystal
of the ND4,D,PO, type

0P, 5 6”%2 251 250
<,(0,T,p) = =) = '
X120, T’ p) <8E172)5i 20 | D —2¢] * D — 200! |’
OP; Bui 4
c0.7 ) — (9 _ . 13
X3< I 7p) <8E3) . v D—2%3(pg’ ( )

where we use the notations

s =1+ bcosh z, 2, = cosh2z + bcosh z — 2D, 23 = a + bcosh z;

1 1
o] = 1_7772 + Br,(0), @i = 1= + Br.(0),
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and, thereupon, the static dielectric permittivities
€5(0,7T,p) = €ino + 4mx5(0, T, p). (14)

Let us note that in the paraelectric phase at ambient pressure and at w, w; — oo,
(13) coincides with the corresponding expressions of [2,3] and [28,29].

The static dielectric permittivities of the mechanically free crystal (p =const)
el (0,T,p) are related to (14) by [30]

e (0,T,p) = 5(0, T, p) + 4ndi,chy,
el (0,T, p) = 5(0, T, p) + dmdascks, (15)
5 (0,T,p) = €5(0, T, p) + drd3cls,

where d;; are the piezomodules, and ¥ are the elastic constants of a short-circuited
crystal [31].

Our main task is to determine the pressure dependences of the effective dipole
moments ;. In the case of ferroelectrics KDyPO, and RbD,POy, a satisfactory
quantitative description of temperature curves of the spontaneous polarization
and a longitudinal static dielectric permittivity at different values of hydrostatic
pressure have been obtained by means of the following simple expressions [32]:

Low 105 100 10m 105 10c 6
pp Op  00p adp puz dp  60p  cOp

found on the basis of the model assumptions about the mechanism of polarization
in hydrogen-bonded crystals of this type: The effective dipole moment p;, created
by displacements of heavy ions and, perhaps, by redistribution of electronic density
which are, in turn, triggered by the deuteron ordering, is proportional to da;, where
a; is the corresponding lattice constant.

Using (16), for the pressure dependences of coefficients f; = u?/v we obtain

8f1) (0) l 01 51—52—53}

ko= | = = 2— 4+ —|, 17

f1 <6p 0 fl 50 p ( )
8f3) (0) [ 01 53—61—52}

f3 <ap 0 f3 50 P ( )

In our earlier work [21,22] we used (17) and (18) to predict the possible pres-
sure dependences of dielectric permittivities of ND,D,PQO,, for which no exper-
imental results were available; at that moment we were not aware of the data
for ND4D5AsO, [9]. However, our later numerical calculations showed that for
ND4D3AsO4 (to which large dipole moments and rapid changes in dielectric per-
mittivity with external pressure are particular [9]), expressions (17) and (18) do not
yield a good description of experimental data, though qualitatively the behaviour
of dielectric permittivity with pressure is reproduced.

We believe that in this case in order to improve an agreement with the experi-
mental data, as an additional mechanism of dipole moment formation, one should
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take into account mutual polarization of the dipoles created by the deuteron or-
dering.

We estimate the contribution of this mechanism to the pressure dependence of
the dipole moment from the following speculations.

Consider a simple model of a polarized lattice, when each unit cell possesses a
dipole moment, whose size is much less than the distances between the dipoles (the
distances between the nearest dipoles are the lattice constants a and ¢). Up to the
terms linear in the external field, the transverse polarization of an antiferroelectric
crystal (naturally, induced by this external field) reads:

211 Oz, 1 d
P = ——Fpy = —x1En = — 19
1=, EYo 01 = X1 01 v’ (19)
where (see (13))
1 2 2
=55 5 (20)

dy is the transverse dipole moment of a unit cell, v is the unit cell volume, and
is the effective dipole moment.

To find p; we take into account the fact that the field acting on a dipole is
different from the external one FEj;, but also includes a field created by other
dipoles of a crystal. Assuming that the dipole moment of the i-th unit cell d; is
proportional to the entire field

d = a (EO +3 3('””%?” — dj) : (21)
j g

(& is the polarizability tensor, n;; is the unit vector directed from the dipole d; to
d;; R;; is the distance between these dipoles). We neglect a finiteness of the crystal
volume, and assume that all the dipoles, as well as the field created by them, are
oriented along the external field Fy;. Then the internal field is

dz 3 cos? ﬁw ; (22)

B is the angle between vectors n;; and d;, determined by
(ny;di;) _ x :
d Vaz 4yt 22

(z,y, z) are the Cartesian coordinates of the dipole d; if d; is placed in the origin.
Substituting the latter expression into (21), we obtain

cos B =

5 — arEor % :Z 22° —y? — 22 Z 2a’n? — b?n — *n’
Tl wKy T @t A L (] e+ )

(23)
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a, b, c are lattice constants; ny, ny, ng are numerals, and n+n3+n3 # 0. Comparing
(23) and (19) and differentiating the obtained expression with respect to pressure,
we find that

1 a 19 1 da , OK
2 1 ,U1 1 1
S = 1 K
H X11— a1 Ky’ M1 8p aq 327 [ X Wl] +X1M1 dp
where
0K, a’n}(4R? — brq)er — U?n3(2R? + 5rq)ex — *ni(2R? + 5rq)es
op = Z R7/2 ’
ninans
R = \/a2n +b2nd +c2nd, = 2a*ni — b*n3 — c*n;.

Here we neglect the variation of y; with pressure, which is very weak, indeed.
It turns out that to find K; and 0K;/Jp, we may consider only the values of
n; = —2,—1...2 (we take into account only two surroundings of a site).
1 da
The value of — —— is chosen so that it corresponds to the rate of the pressure

Qyp Op
changes in the square of effective dipole moment x? in the case when the mutual

polarization of dipoles is not taken into account, namely:
1 foJe! )
L_o(2 + €1 '
(671 (’9p 50
Therefore, with a sufficient accuracy we can think that coefficient ks, of the con-
sidered antiferroelectrics reads:
oK 1 E1+ €2+ €3

0 €
= [2(1+ 0K (1)) [ =+ = ) + (1)t — 24
ki (1+ % 1(u1))<50+p ) S . (29)

where p{ is the effective dipole moment of a unit cell at ambient pressure.

The dielectric permittivity should be determined as a derivative of polarization
with respect to the complete field Fy = Ey+d; K7 = Eo1/(1—aq K7). Then, instead
of (13), we obtain

2 ~
X1(07T7P) = (1 - %Kl)%fél Ml e

S 25
v 14 pix Ky (25)

Let us mention that the difference between (13) and (25) is larger, the stronger
the crystal lattice differs from the cubic one; at a = ¢, K; = 0.
Similarly, for a longitudinal susceptibility we obtain

M% X3

2
M3 .
0,T 1 —a3K3)— =
X3( ; 7p) ( %] 3) X3 v 1 MgigKg

(26)

where
_ 4¢3
X3 = D — 2%3()02 '
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~ 51 €3 ~ 8K3 81+82+€3 -
ke = (2 (1 K3(p3)?) [ =+ = 92 - 27
o= rmad?) (3 +2) - gt - S g )
and the expressions for K3 and 0K3/dp read:
—a’ni — b’nj + 2¢*n3 22 2 2 2,2
o= D (a2} + 0P + a3 2T T by + 26,
ninans
0Ks Z —a?n}(2R? + br3)er — b?n3(2R? + br3)es + *ni(4R? — 5ry)es
ol R72 '

The differences between ky, and ky,, calculated from (17) and (24), and from
(18) and (27), respectively, are more significant, the larger effective dipole moments
1; are. Since the longitudinal moments of ferroelectrics KD,PO, and RbDsPO,
are comparatively small, their pressure dependences calculated from (18) and (27)

practically coincide. The main contribution to these dependences results from the

1 Ja
term ——3, that is, they are determined by the pressure changes in the D-site

(6% 8p

distances, whereas the mutual polarization of dipoles is unimportant here.

4. Numerical analysis

With the help of the presented theory we are going to describe the effects of
hydrostatic pressure in highly deuterated antiferroelectric crystals ND4DsPO,4 and
ND4D2ASO4.

For a numerical estimate of the temperature and pressure dependences of the
calculated above physical characteristics of the crystals, we need to set the values
of the following parameters:

e Slater energies €°, w®, w?, parameters of the long-range interactions v,(kz),

va(0), v.(0), constants fi” = (u{”)2/v° and f{OF = (44)2/1° which occur in
the expressions for longitudinal and transverse permittivities, respectively.
All these parameters correspond to unstrained crystals.

o deformation potentials d;;, ¥q;(kz), ¥q;(0) i ¢;(0), ratio d;/dy which de-
scribes the rate of the pressure changes in the D-site distance ¢.

e clastic constants c¢;j,

As parameters describing an unstrained state of ND4DyPOy, we choose those found
in [21,28,29] and which provide a satisfactory agreement with the experimental
data for the transition temperature, specific heat, static and dynamic dielectric
permittivities of the crystal at the atmospheric pressure. The corresponding pa-
rameters for ND,DyAsO,4 were found in [32]. Everywhere, w; — oo. The calcula-
tions were performed for N(H;_,D,)4(H;_,D,)oPO, with Txo = 235K, for which
the dependence of the transition temperature Ty on hydrostatic pressure is known
[8] (hereafter, it is denoted simply as ND4DyPOy.)
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The deformation potentials 6;;, 1;(kz2), 14;(0) and ¢.;(0), as well as parameter
01/dp are determined by fitting the theoretical results for the pressure dependence
of the transition temperature of the crystals to the corresponding experimental
data 2.

As our calculations show, the deformation potentials d;; can be safely put equal
to zero. This means that the contribution of the lattice strains to the pressure
dependence of the Slater energies is negligibly small, and the latter results mainly
from the pressure changes in the D-site distance 9.

However, that is not the case for the parameters of long-range interactions.
Here we have to set the values of the deformation potentials ¢,;(kz), 14;(0), and
1¢;(0). The ¢,j(kz) enter the equation for order parameter (9), whereas the 1,;(0),
and 1.;(0) occur only in expressions for dielectric permittivities.

We tried to set the values of ¢,;(kz) in a consistent way, estimating them from
the relation

Vai(kz)(ND,D,POy)  v2(kz)(ND,D,PO,)
@Z)ai(kz>(ND4D2ASO4> I/g(kz)(ND4D2ASO4) )

(28)

Since the values of dielectric permittivities are not very sensitive to small changes
in parameters v,(0) = v2(0)[1 — 2/561 /00 >, il + > %ai(0)g; or v.(0) = 2(0)[1 —
2/561/60) ;€] + >, %ei(0)e;, for the sake of simplicity we assume that 14(0) =

As elastic constants of ND,DyPO, we take the elements of a matrix inverse to
the elastic compliances matrix s};, measured at ambient pressure [31]. As far as
ND4D5>AsQy is concerned, the corresponding experimental data are available only
for an undeuterated form [33]. Taking into account the fact that elastic constants of
deuterated crystals are, as a rule, higher that those of their undeuterated forms, we
fix the values of deformation potentials v,;(kz) calculated with (28), and obtain
an agreement with the experimental dependence Tx(p) by changing c¢;; from c;;
of the undeuterated crystal up to ~ 1.502;. Since no experimental data for the
elastic constants of the crystals in the ordered phase are available, we calculated
the transition temperature of these crystals at different pressures and different
but close to c;; trial values of ¢;;, choosing those which provide the best fit to the
experimental data.

The values of the theory parameters which yield the best agreement of the
theoretical results with the available experimental data for the temperature and
pressure dependences of thermodynamic and dielectric characteristics of the con-
sidered crystals are given in tables 2 and 3. Further experimental pressure studies
of these crystals will help us to find more precise values of the theory parameters.

In numerical calculations we minimize the thermodynamic potential with re-
spect to the order parameter 1 and find the strains ¢; from the three latter equa-

2Actually, the ratio d;/8y is not supposed to be a fitting parameter, for it can be measured
experimentally, as it was for ferroelectric KDP and DKDP crystals. However, since no 6(p) de-
pendence for DADP or DADA has been reported yet, we treat d1/0p as a free parameter of the
theory.
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Table 2. The theory parameters for two crystals, 14 = Vqi(kz).

crystal | Txo | €% w® v2(kz) v2(0) 1/8(0)‘ fl(o) §0)
®)
ND,DyPOy4 | 235 |77 709 85.75 -54 -17 | 837 245
ND4D3As04]286.3|105 810 103.65 -38.5 1720
crystal | 0Tx/0p 01/00 %1 Yo Va3 Va1 Vs
(K/kbar)[(10%kbar~!) (K)
ND,D>PO, -1.4 -3.65 -165-175 80 -170 80
ND4D5AsOy4| -1.35 -3.0 -160 -180 90 -170 90

Table 3. Elastic constants ¢;; (units of 10°bar) for the two crystals.
0or _0F 0F 0F 0- 0- 0 0 0 0
crystal ¢ ¢y Gz €33 Gy Clp Ciy Cop Coz Cap

ND,DyPO4 [6.59 0.53 1.92 3.28 6.24 0.4 1.66 6.4 1.5 3.48
ND4D3;AsO4 6.4 0.9 24 3.85 6.4 09 2.4 6.3 2.2 3.85

tions (10); the transition temperature is determined from condition (11). Results
of the numerical calculations are given in the figures below.

In figure 1 we plot the dependence of the phase transition temperature of
ND4D>PO4 and ND4D>AsO, on hydrostatic pressure along with experimental
points of [8,9]. Naturally, a perfect fit of theoretical results to the experimen-

TN)

=

2380

//

DADA

260

240

=

F DADP
7\\\\\\\\\‘\\\\\\\\\

220
0 5  p,kbar

Figure 1. The transition temperature of ND4DyPOy4 and ND4DsAsOy4 as a func-
tion of hydrostatic pressure. Experimental points are taken from [8] — O and [9]
_ O.

tal data is obtained. At pressures below 10 kbar, the dependences Tx(p) are linear
with nearly equal coefficients kr = 01y /0p = —1.4 K/kbar.
It should be noted that the points of Ty vs  at different values of hydrostatic
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pressure (the pressure dependence of ¢ is calculated with the help of é;/dy from
table 2) of the two antiferroelectrics considered here, as well as the corresponding
points of the ferroelectrics KD>,PO,4, RbDyPO4, KD3yAsOy4, and RbDyAsO4 under
hydrostatic pressure and of K(Hg 13Dg.s7)2PO4 under uniaxial pressure p = —o3 lie
on a single line [34]. It means that the universality of the transition temperature
vs H-site distance dependence observed experimentally in [12-14] is reproduced
in this theory, and even expanded to other crystals of this family and to uniaxial
pressure p = —o3.

In figure 2 we present temperature curves of the transverse static dielectric
permittivity £1(0,7,p) of ND4DyAsO, at different values of hydrostatic pressure
along with the experimental points of [9]. The experimental data correspond to a
clamped crystal [9], therefore, the theoretical values of £,(0, 7, p) were calculated
with (14).

£(0,T,p)

150 ¢ 500G aog o

- [ ¢ oco—o——

L 6&9—@\\

r O DO o0 I
100F

- 4 3 2 1

r DADA
50F

T T T T T N Y MY A N Y N SO B

70 280 290 T,K

Figure 2. The temperature dependence of the transverse static dielectric permit-
tivity of ND4D2AsOy, at different values of external hydrostatic pressure p(kbar):
a) 1 —0.001; 2 — 2.62; 3 — 5.6; 4 — 7.68. Experimental points are taken from [9].

For ND4DyAsQy, as well as for other arsenates (KHyAsO, [35] and NH;HyAsO,
[9]), the high values of the transverse dielectric permittivity in the paraelectric
phase, as compared with those in the corresponding phosphates, are peculiar. The
transverse permittivity in NDyDyAsO4decreases with pressure fairly fast, whereas
a decrease of the transition temperature is comparatively slow. The coefficient
kg was calculated from (24), which provides a satisfactory agreement with the
experimental data at temperatures far from critical. In the antiferroelectric phase
£1(0,T, p) slightly increases with pressure.

In figure 3 we give the temperature curves of the transverse £1(0,7,p) and
longitudinal €3(0, 7T, p) static dielectric permittivities of ND,D,PO, at different
values of hydrostatic pressure along with the experimental points [31] for ambient
pressure. Unfortunately, we are not aware of any experimental work, where the
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pressure influence of dielecrtic characteristics of deuterated DADP was studied;
therefore, the presented graphs only illustrate the plausible pressure dependences
of £1(0,7, p) and €3(0, T, p). Theoretical values of the permittivities of a free crystal
were calculated from (15), using the experimental data for elastic compliances £,
and C6E6 and for piezomodules dy4 and dsg of [31]. Since in NDyDyPOy dyy < dsg,
the difference between the values of longitudinal permittivity of free and clamped
crystals is several times larger than that between the values of the transverse one.
The quantities ks and ky3 were calculated from (24) and (27). For €,(0, 7, p) a fair
description of experimental data is obtained, whereas for £3(0, 7, p) an agreement
with the experiment is somewhat worse. Perhaps, this agreement can be improved
if one explicitly takes into account the influence of piezoelectric strain gg.

€,(0,T, €3(0,T,
100 ¢ 1(0,T,p) 0. 3(0.T.p)
: ODQ)OO g S @] o
F T 20 F
i I B
50F 321 E 32
: 10 F
i wj
AN ;
YT T T YT T YT Y T Y T O B N T YT T YT Y YT Y O B B
00 250 ) TK 00 250 ) T.K

Figure 3. The transverse (a) and longitudinal (b) static dielectric permittivities of
ND4DsPOy4 as functions of temperature at different values of hydrostatic pressure
p(kbar): 1, O [31] — 0.001; 2 — 5; 3 — 10.

As one can see, the dependences of transverse static dielectric permittivities of
ND4D>PO,4 and ND4D5AsO, on hydrostatic pressure are similar — a strong decrease
in 1(0,7,p) in the paraelectric phase and a weak increase in the antiferroelectric
phase. The pressure changes in the longitudinal permittivity are mainly the shifts
to lower temperatures due to the lowering of the transition temperature. Besides,
e3(0, T, p) slightly decreases with pressure in the both phases.

5. Concluding remarks

In this paper we propose a theory of strained by hydrostatic pressure antifer-
roelectric deuterated crystals of the ND4DsPOytype. It should be noted that the
theory can be easily generalized to the case of uniaxial pressure p = —o3 and other
pressures which do not lower the system symmetry. In fact, for this purpose one
should only change the system of equations for the lattice strains (10).
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Within the four-particle cluster approximation in the short-range interactions
and the mean field approximation in the long-range interactions we derived an
equation for the transition temperature and explicit expressions for dielectric char-
acteristics of the crystals. A set of free parameters was found, providing a good
agreement between the presented theory and the available experimental data. An
importance of the D-site distance in the phase transition and a dielectric response
of the crystals is shown. We have also shown that as an essential mechanism of
the dipole moment formation in these crystals, one should take into account the
processes of mutual polarization of dipole moments of unit cells.
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Bname rigpocTaTU4HOro TUCKy Ha
aHTucerHertoenekrtpuku tuny DADP

P.P.JleBuupbkunni, A.lN.MoiHa

IHCTUTYT @i3ukn koHaeHcoBaHnx cuctem HAH YkpaiHu,
290011 m. JIbBiB, ByNn. CBEHLjUBKOrO, 1

OTtpumaHo 23 yepBHa 1998 p.

B po6oTi pocnigxyeTbcst BIMB rigpoCTaTUYHOro TUCKY Ha JAeNTepoBaHi
aHTucerHetoenekTpuyHi kpuctann tuny ND 4 D 5 PO 4 . B HabnvxeHHi 4o-
TUPNYACTUHKOBOI O KJlacTepa poO3paxoBaHO BiflbHY eHeprito CUCTEMMU, OT-
PUMaHO PiBHSHHS Ana Temnepatypu ¢a3oBOro nepexony, a TakoX ABHi
BUPa3n ons CTaTUYHUX OieNekTPUYHMX NPOHMKIIMBOCTEN KpucTanis. 3a-
NPOMOHOBAHO MOZAESbHI 6apUYHi 3a1eXHOCTI ePEeKTUBHUX OUMONbHUX
MOMEHTIB efleMeHTapHUX KOMipok. 3’scoBaHo aesiki 0cob6aMBOCTI yTBO-
PEHHSA AMNOJSIbBHOrO MOMEHTY B KpUCTasnax 3 BOAHEBUMU 3B’ A3KaMU LIbOro
Tnny. 30Kpema, NokasaHo BaXIIMBICTb MPOLECIB B3aEMHOI nonsipuaauii
annonis.

3HaligeHo Habip napameTpiB Teopii, akuin 3abe3nedvye 3a40BiNIbHUN Killb-
KICHUA ONMnUC eKCcnepuMeHTaslbHUX JaHUX 019 3a/eXHOCTEN Big, TUCKY
TeMneparypu nepexony 1 aienekTpuyHuUX xapakTepucTmk KpUcTaris, LWo
po3rnanaloThes.

Kniouogi cnoBa: DADP, aHTUCErHETOENEKTPUKN, TUCK, AI€/IEKTPNYHA
MPOHUKIINBICTb, pa30oBui rnepexig

PACS: 77.84.F
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