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Amnoraiisi. Ha ocHoBi 3anponoHoBanoi panile Momesi JOCIiIKeHO BILIUB
rIPOCTATMYIHOrO Ta OJHOBICHOIO 03 TUCKIB Ha (Pi3WYHI BJIACTHBOCTI KPUCTAJIIB
tuiry DADP. B ksracrepromy HabsiuKeHHI PO3PaxOBAaHO TEILIOBL, crarudHi i
nuHaMivHi mieslekTpudani xapakTtepuctuku DADP Tta orpumaHOo iX MOXKJIUBI
3aJI€)KHOCTI BiJl TUCKIB, IO PO3IVIAIAIOTHC:A. IIpoBemeno merasbHU YHUCIIO-
BHil aHasi3 orpuManux pesysbrariB. [lokasano, mo mpu HajgeKHOMY BHOOpL
mapaMeTrpiB Teopii, OTPUMYETHC: 3aM0BLIbHEI KITbKICHUU OnuC eKcrepuMeH-
TaJIbHUX [JAHUX I 3aJIEKHOCTI Temieparypu (ha30BOr0 MEPEXOLYy KPUCTAILY
DADP Big rizpocraruanoro tucky. Beranossieno, mo edekrtu, BUKIUKAHI 30B-
HimHiMu Tuckamu B kpucrajiiax DKDP i DADP, M0oXJIMBO omucaTu B paMKax
€IMHOTO MiIXOMy.

External pressure influence on phase transition and physical
properties of ND,D>PO,-type antiferroelectrics.

R.R.Levitskii, A.P.Moina, I.R.Zachek

Abstract. On the basis of the proposed microscopic model, we study the
effects of hydrostatic and uniaxial o3 pressures on the physical properties of a
DADP crystal. The thermal, static and dynamic dielectric properties of a con-
sidered crystal are investigated within the cluster approximation. A thorough
numerical analysis of obtained results is performed. Proper choice of the the-
ory parameters we obtain a satisfactory description of experimental results for
pressure dependence of the transition temperature of DADP. On the basis of
carried calculations, we obtain possible dependences of physical characteristics
on the uniaxial o3 and hydrostatic stresses. We show that it is possible to de-
scribe the pressure effects on antiferroelectric DADP and ferroelectric DKDP
crystals within the same model. Further experimental study of uniaxial and
hydrostatic pressure effects on the physical properties of considered crystals is
required.
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1. Introduction

Amongst compounds obtained by isomorphic substitution of heavy ions
in KHyPO4 (KDP), the ammonium salts (NH4;H2PO4, NHsH,AsOy4)
are of particular interest, for they undergo an antiferroelectric phase
transition.

In the paraelectric phase an NH;H5POy crystal (ADP) is isomorphic
to KDP (the space group I42d with four molecules in the unit cell) [1,2].
The POy tetrahedra are connected with each other and with ammonium
groups NH4 by a three-dimensional network of hydrogen bonds. The
bonds O-H...O are shorter, more stable and less temperature dependent
than the bonds N-H...O. Transition to the low temperature phase is
accompanied by distortion of the unit cell (the space group P2;2;2,); the
atoms of nitrogen and phosphorus shift in the direction perpendicular
to the c-axis of the crystal; the tetrahedra NHy and PO, distort and
polarize, so that the neighbouring along the c-axis NH4 and PO4 groups
are polarized in the opposite directions. The number of molecules per
unit cell does not change.

In the crystals of ADP type, a clear first-order phase transition is
observed, accompanied by a pronounced temperature hysteresis and a
discontinuities of both dielectric permittivities [3,4]. The transverse per-
mittivity is much higher than the longitudinal one; its temperature de-
pendence is more pronounced. The crystal possesses piezoelectric prop-
erties in the paraelectric phase.

The physical properties of ADP type crystals as well as those of
KDP, are strongly affected by deuteration [3-6,10,7-9]. The transition
temperature T\ increases from 148 K in ADP to 245 K in completely
deuterated ND,DyPO,4 (DADP). The thermal and dielectric responses
change with deuteration correspondingly.

The properties of ADP are perceptibly dependent on external pres-
sure. For instance, the transition temperatures T of ADP and DADP as
well as of KDP and DKDP crystals decrease with pressure linearly [10]
(0Tx/0p = —3.4 K/kbar in ADP, 0Tx/0p = —1.4 K/kbar in DADP).
At a higher pressure, the decrease of Ty in ADP becomes nonlinear, and
T~ becomes zero at p = 33 kbar, (the ordered phase vanishes) [11]. The
transverse dielectric permittivity of ADP decreases with pressure in the
paraelectric phase and increases in the antiferroelectric [11]. The influ-
ence of hydrostatic pressure on the elastic properties of the paraelectric
ADP has been studied by Fritz [12]. It has been revealed that the elastic
constants c¢11 and c33 increase with pressure linearly, while the behaviour
of ¢44 and cgg is nonlinear.
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Little data about pressure influence on the crystal structure of ADP
are available. However, it is known that the transition temperature of
ADP and DADP, as well as of KDP, is a linear function of the distance
0 between two H(D)-sites on O-H(D)...O bond and turns to zero at
6. = 0.24 [13-15]. Moreover, at equal (within 0.014) §, the transition
temperatures of KDP, DKDP, ADP and DADP crystals coincide.

Interesting information can be obtained from the Raman spectra of
these crystals [16,17]. In the antiferroelectric crystals of this type, no
critical soft mode in the centre of the Brillouin zone is expected or de-
tected. However, in Raman spectra of ADP, the active proton modes of
B: and E symmetries are observed. Their temperature dependence is of
great interest, for these modes give the dominant contribution to the di-
electric permittivity of the crystal. The estimated in [16,17] contribution
of the By mode is in agreement with the data of [18] obtained in the
ultrahigh frequency region.

Pronounced isotopic dependence of the transition temperature, ther-
mal, and dielectric responses of ADP type antiferroelectrics, the pecu-
liarities of the behaviour of their characteristics in the vicinity of the
transition point, and the data of [19,20] suggest the strong connection
between the phase transition in these antiferroelectrics and the ordering
of protons on O-H...O bonds, coupled to the lattice vibrations.

Usually, the antiferroelectric character of proton ordering in ADP is
explained under assumption that the lateral (not up-down ones as in
the KDP case) proton configurations have the lowest energy, that is,
the Slater parameter ¢ is negative. At first, this idea was proposed by
Nagamiya [21]. However, he didn’t explain the phase transition. It should
be noted that the system with the short-range proton correlations alone
has as many as three configurations with the same energy, and only one
of these configurations is antiferroelectric [22-24]. The phase transitions
can be described only if the long-range proton interactions are taken into
account [22]. Senko [25] was not able to explain the phase transition in
ADP either, even though he considered the long-range interactions.

The neutron scattering measurements by Hewat (see [16] has proven
to be very important for understanding of the phase transition mecha-
nism in ADP. The character of proton ordering found here corresponds
to the one assumed by Nagamiya [21]. Existence of the lateral proton
configurations in the low-temperature phase of ADP crystals was also
affirmed by Raman scattering measurements [26,27]. At the same time,
these experiments reveal that at T' > Ty, groups H,PO, (D2PO, ) have
the symmetry Ca, i.e. protons form up-down, not lateral (C;) configura-
tions. This conclusion was based on the fact that the modes allowed in C;
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symmetry but forbidden in Cs were not detected in the Raman spectra
of a(B2)3 geometry. These results agree well with the idea by Schmidt
[28] that the antiferroelectricity in ADP type crystals results from ad-
ditional NH4-mediated short-range interactions between hydrogens, the
Slater energy being positive, rather than from long-range interactions
and negative Slater energy.

Apparently, the peculiarities of proton ordering in ADP type crystals
result from presence of ammonium ions NH4 and of additional hydrogen
bonds N—H...0O. Each oxygen atom in these crystals in connected by
H-bonds with another oxygen of a neighbouring PO,4 group and with a
nitrogen atom of a neighbouring ammonium group NHy4. The ion NHy is
shifted to the off-centre position, so that two hydrogen bonds connecting
the nitrogen atom of this group with oxygens, become longer than the
other two [2]. If an oxygen atom is linked to a nitrogen by the longer
bond, then a proton on O—H...O bond, attached to this oxygen, is lo-
cated in position close to the oxygen, and vice versa, if the N—H...O
bond is short, the proton on the O—H...O bond is located in positions
away from the oxygen. The role of these structural features of ammo-
nium salts is discussed by Matsushita and Matsubara [29]. They show
that these features lead to effective antiferroelectric interaction between
protons on O—H...O bonds.

The fact that in the paraelectric phase ADP crystal is isomorphic
to KDP and the qualitative similarity of pressure and temperature de-
pendences of various physical characteristics of KDP and ADP suggest
the necessity to look for a single theory of the phase transitions in these
crystals.

At the moment, there exist two different approaches to this problem.
According to one of them [22,30], the phase transition takes place due to
ordering of H,PO, dipoles, protons forming lateral configurations. The
long-range dipole-dipole interactions are essential here.

The other approach [23,24,31,32] is based on the proton ordering
model. Using this model, Levitskii et al proposed the first consistent
statistical theory of ferro- and antiferroelectric crystals of KDP family
[23,24]. The theory takes into account the short-range correlations be-
tween protons on O—H...O bonds as well as the long-range interactions
between them. Within the four-particle cluster approximation, the free
energy of proton subsystem is calculated and studied, and the possible
types of proton ordering in these crystals are established. It is shown that
antiferroelectric transition is possible only if the long-range interactions
are taken into account.

According to this model, polarization along the antiferroelectric axes

ICMP-97-03E 4

a or b, induced by electric field, is created by dipole moments of hydrogen
bonds directed along the axis along with the displacements of heavy ions
in the b plane, accompanying proton ordering. Hydrogen bonds attached
to a given PO, group contribute to polarizations along both a and b axes.
In contrast to this, in [22], polarization is attributed to HyPO4 dipoles,
where each dipole can be polarized only along one of the a or b axes. As a
result, the expressions for the transverse dielectric permittivity obtained
in [23,31] and [22] are different, even though a proper choice of fitting
parameters yields a satisfactory description of experimental data in both
cases.

Levitskii et al [34-36] explored the dynamic aspects of the ADP anti-
ferroelectrics. In [35,36], they thoroughly study the two-sublattice model
of ADP, considering two polarized in the opposite directions sublattices
of protons tunnelling on O—H. ..O bonds. In [34], the proton-lattice cou-
pling is also taken into account. It is shown that in the spectrum of ADP
excitations, there is a soft mode, which frequency tends to zero at the
transition point at k — kz; k are the wavevectors of the Z-point in the
Brillouin zone. This result is in agreement with the data of quasielastic
neutron scattering by ADP [37].

In order to study the dynamic properties of KDP type ferroelectric,
the Bloch method is also used (see, for instance [38]). Although this
method allows to taken into account tunnelling effects, it does have a very
serious drawback, resulting from the mean field approximation involved.

A large part of studies on the dynamics of these crystals is based on
the stochastic Glauber model [39]. Yoshimitsu and Matsubara [40], later
Havlin et al [41] and Levitskii et al [42—45] proposed the kinetic model
of ferroelectrics and antiferroelectrics of KDP type and used it for the
investigation of the transverse and longitudinal relaxation in deuterated
DKDP and DADP crystals.

A microscopic theory of the pressure effects in ADP type crystals had
not been yet developed. Such a theory would be able to shed some light
on the long-pending problem about the nature of the phase transition in
these crystals.

The model of a strained K(H;_,D,)2POy4 -type crystal was proposed
by Stasyuk in [46,47]. Its quantitative analysis for the case of pressures
which do not lower the system symmetry is performed in [48-51]. We
found the set of theory parameters providing a satisfactory description
of pressure dependences of the transition temperature, spontaneous po-
larization and longitudinal dielectric permittivity of crystals at different
deuteration levels.

Our goal is to apply this theory to a strained DADP crystal and check
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whether it is possible to describe the pressure effects in ferroelectric and
antiferroelectric crystals of the KDP family within a single approach.

2. Cluster approach

We consider a system of deuterons moving on O-D...O bonds in a crys-
tal of ND4DoPOy type. The primitive cell of such a crystal is composed
of two neighbouring POy 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 el-
ements surrounding it (see the figure below). An external hydrostatic
(on) or uniaxial stress (o3), which does not lower the system symmetry,
is applied

Oh = (_p7 —-D, _p)7 03 = (07 07 _p) (21)

The unit cell of a DADP crys-

tal. Here (1),@),3),@® and

1,2 stand for the hydrogen
bond and H-site numbers, re-
spectively.

a

When an external stress and electric field E; (i = 1,2,3) directed
along the crystallographic axes a, b, ¢ are applied, the Hamiltonian of
the system has the following form [46]

A-:UNZC(O)Ez—:]——ZQ Fz Jqf Z[ F’f-f—,uszz]JQLf-f-
af

+ z :{(5qu Rg 6RQ1 Rg 6R“11 Ry + 6R“11 +r2, Ry, 6R“11 +r3,Rqg 6RQ1 +ra,Rq, } x

q1,92
93,94

x EZ P48 Tap 8" 59011 Tap2 Tgs3 Ogad (2.2)
2 2 2 2 2 2 2
I
Hamiltonian (2.2) describes short-range configurational interactions be-
tween deuterons near tetrahedra of ”A” and "B” type; ry is a relative
position vector of a hydrogen bond in a cell. Two eigenvalues of Ising
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spin 04y = %1 are assigned to two equilibrium positions of a deuteron on

the f-th bond in the g-th unit cell. cgg) are the "seed” elastic constants;
g; are the components of the strain tensor; & = v/kg; v is the unit cell
volume; kg is the Boltzmann constant. F} are the internal fields, created
by effective long-range forces, which also include an indirect interaction
between deuterons through lattice vibrations. Their form in the case of
a DKDP crystal has been found in [46,47]. The long-range interaction,
taken into account in the mean field approximation, is renormalized by
terms linear in the mean values of quasispins né? = (o4¢) and strains €;.
Such terms arise if one considers only the lattice strains but neglects the
pressure dependence of the dipole moment of a hydrogen bond u = ed
(0 is the D-site distance on a O-D...O bond). However, a similar re-
sult is obtained if one formally expands the constants of the long-range
interaction Jy s (qq') in powers of strains up to the linear terms

Jrp(ad) = Ty P (ad) + 3 b (ad e
J

(1)2

. 1.0 ¢r
2uFjy =Y [T (aq) +Z¢ff’ (a4')z;] Qf
af

The pressure dependence of p can be taken into account in the following
way. According to [52,53], § 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 is the
same and bearing in mind (2.1) we can write

0= (50 +(51p

Expanding Jy; in terms of pressure and considering the fact that it is
proportional to uz, we get

)
Tiplad) = Tfp(ad )L+ 2500)

(1)
. 5 ; Ty
2uFy; = | Tp(ad) 1+ 280+ 3w (ad)es | =55 (2:3)
af J

Parameters 17 (qq') are the same for all pressures which do not lower
the system symmetry, whereas the ratio d; /&y is different for hydrostatic
and uniaxial stresses.

The static and dynamic properties of a deuteron subsystem of a
DKDP crystal will be considered in the four-particle cluster approxi-
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mation. The cluster Hamiltonian reads

2 2 2 2 2 2 2 2

i
Og1l 0q3  0g2 Oqa Oq1 0¢2 0¢3 Og4 f9qf
U[q q q2 Oq i ‘ILL_E Zaf .
+ 2 2 2 2 T% 2 22 B2

Here V= (e —w1)/2, U= (e +w1)/2, ® =2 —8w+2w;; e =¢5—¢&,,
W= €] — Eq, W1 = €9 — Eq; €a, €s, €1 and gg are the energies of lateral,
up-down, single-ionized and double ionized deuteron configurations, re-
spectively. Let us note that 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 ¢;

T <IN T>1N
e=e%+ 8814+ 0,62 + 0583, e =€+ 6] (e1 +e2) + 05es,
w = w® + 85,61 + 0gpe2 + 65383,  w = w’ + &4 (e1 + €2) + dze3,
wy = w) + 83,61 + 63962 + 63363, w1 = W) + 65, (1 + €2) + ddzes.

ri Oq1 042 0q2 0¢3 0¢3 Oq4 Oq4 Oq1
H;f:V[q a 92 9 43 9 a q]+ (2.4)

We consider only diagonal components of the strain tensor €1, €2, €3, and
neglect piezoelectric shear strains €4, €5, €¢ arising when the respective
electric fields E;, E> and Ej3 are applied (the piezomoduli dy4, dos, dsg
differ from zero). This approximation should not affect the values of
transition temperature or specific heat calculated at E; = 0, but gives
rise to error in calculations of the dielectric responses of the crystal,
especially of the longitudinal permittivity €3(0,7,p), since dsg > di4
[4].

Calculation of the mean values

Sp {Uqf exp (—5@?)}

(ogf) = — ,
Sp exp (—,6H;f)
yields
77(1); v _ 2 sinh zq13 cosh zq24 + 2bsinh zq13
g DLy J
2sinh 2 z coshz + 2bsinh 2%
Dzy _ 24 q24
Mg2a — = ; (2.5)
Dﬂﬁvy
U(l)z _asinh(zf14 + 203) +sinh(2714 — 2753) + 2bsinh 27,
qra Dz 9

s asinh(zg 4 + 2723) — sinh(2514 — 2723) + 2bsinh 2753
q23 D= )
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where

D®Y = 2 cosh 2374 cosh 2734 + 2b(cosh 214 + cosh 231) + a + d,
D* = acosh(z;;, + zq23) + cosh(z14 — 2g03) +
+2b(cosh 271, + cosh z7y5) +d +1,
a=exp(—pfe), b=-exp(—Pw), d=exp(—Pwr). (2.6)

The effective fields zé s have the following form:

2ty = Bl=Ads + 2wa(kz)n Ve R 4 20, (0, + B,
(1)

Zgoa = B[—Agq + 2v4(kz WekzRa 4 9y, (0 Noap, s
2y = Bl-Als + 2v,(kz nWekzRa 4 9y (0 U%)E?J (2.7)
23’24 =4 _Aq24 + 2v,(ky (DgikzRq 2v,(0 7724E2 + poEs],

)
)
)
)
2ia = Bl A% — 2va(kz)nMe™ R 4 20,(0 nE3 + us Bs],

)

(0)
(0)
(0)
(0)
(0)
(0)ngs

kz)nMe®e R 4 20, (0)n%) + 3 ],

We took into account the symmetry of the distribution functions né})i

and of the bond dipole moments

1z, 1z, 1)z, 1z 1z,

77:51); V= 77:5 o = 77153)90 ’ 7715221 = 775 o = 77154) )
1)z 1)z 1)z 1)z 1)z 1)z

77(5121 = 7751) = 7754) ) U(§2)3 = 7752) = 7753) )

1= ps1 = —pin, o1 = par =0,

M2 = poz = —faz, faz = p32 =0,

H3 = K13 = 23 = {33 = M43, (2.8)
and presented né?i as a sum of two terms: the modulated spontaneous
part and the uniform one caused by electric fields

(1)

(i _ n}l)eiszq + o)y
NV = =iV = n(l) —ni";

1 1 1 1 1 1 1
néE)‘l = _niE)‘l néE)‘l = _”h(lE)‘l’ ngE)‘z - _U§E)‘27 néE)‘z = _nl(lE)‘z;

1 1 1
n§E)‘3 = ngE)‘g - néE)‘g 4(1E)‘3'

1
ere ky = —(by + bs + bs), by, ba, by are the basic vectors of the
H k 5 b b bs), by, ba, b he basi f th

reciprocal lattice, and e’®zR¢ = 41,
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According to (2.3), the parameters of the long-range interaction are
linear functions of strains and pressure

vo(k) = v2(K)[1 + 22—;1)] + zi:iﬂm(k)s,-,
v.(0) = v2(0)[1 + 23—(1)17] + Z@/Jci(O)z—:i,

V(00 = T 00 — I ()] 1200) = 11D (0) +278)(0) + 1S 0],

Cc

Yai() = 164209 ~ s 0] i 0) = 11641 (0) + 265 (0) + 45 (0]

Here k =k, 0.

n (2.7), Afl s are effective fields, resulting from an interaction with
neighbouring quasispins outside a cluster. The fields can be determined
from the condition of equality of the mean values (o,¢) calculated with
four- and single-particle Gibbs’ distributions, i.e. with Hamiltonian (2.4)
and with

ri Zaf Ouf
e (2.9)
respectively. Expressions for z{ ; can be obtained from (2.7) by replacing
Al with 2A;; obviously, their symmetry coincides with that of z{ .
After Az s had been excluded from (2.7), the quantities z; s read

1)z
1. 1+n ) mE
2y =5 In 17?1)31 + Blva(kz)nVekzRa 4 l/a(O)ng)E1 + 12 L,
- nq13
1)z
. 1. 14+m0 ; 1
2l = o1 ﬁ ¥ Blva(ky)yVekaRa 4 ,,a(o)néél)El],
- nq24
1)y
1. 1+ )
ﬁm=5mT7ﬁ%+m%&mwmﬁﬂ%+%®%&¢ (2.10)
—llg13
1 1+n%) K W, b
2324 = § In W + ﬁ[Va(kZ)n(l)el zRq + Va(O)’f]24E2 + B ],
— Tlg24
1 1+n4) : (1) ks
2514 = 3! ﬁ + ﬁ[_ya(kz)n(l)ezszq + I/C(O)’UE3 + T],
- nq14
R 1 1"‘77(5;)32 (1) JikzR (1) , Hals
Zq23 = EIHW +5[l/a(kz)’l7 etz e VC(O)UE3 + 2 ]
- nq23
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The strains €; and order parameter n(*) are determined from the condi-
tions of the thermodynamic equilibrium

1 of _ L0f _

L —0 9 __ 2.11

with  pi(h) = (p,p,p), pi(3) = (0,0,p); [ is the free energy of a
crystal at zero electric field

CUNT WO e (12 2
f=35 %:cijs,aj [2w — €] +2v,(kz)[n'V]? + 2T In ) 5(212)
where D = 14+a+d+cosh2z+4bcoshz, z = 3 In ﬁ—l—ﬂua(kz)n .
-1
The thermodynamic potential is equal to
g, T,p) = f+0) e
i
The set of equations for n(!) and &; has the following form
1
n = E(Sinh 2z + 2bsinh z),
209; — 015 2tqi(kz) 2 M;
_ 0 ? (3 at 1)12 1
—Di = zj:ciﬁj - e - - [77( )] + D’ (2.13)

where M; = 4bd2; cosh z° + ady; + ddsz;. As one can see from equations

(2.13), the strains €; are equal to zero at ambient pressure only if we

assume the temperature dependence of the parameters ds; in the form

dexp(—pw) + 3exp(—Pfe) + 2
2exp(—pfe) +4

(in the limit w; — oo and d — 0) in the paraelectric phase and in a

more complicated form in the ferroelectric phase. In order to keep do;

constant and for the sake of simplicity we assumed that (2.14) is obeyed

only at T' = Ty, that is

4 exp(—Onw) + 3exp(—fne) + 2
2exp(—Pne) + 4

(Bn = 1/In). It means that at pressure of 0.001 kbar, small residual

strains (~107%) exist at all temperatures except for the transition point.

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

g™, Tx,p) = 9(0,Tn, ), (2.16)

where the order parameter and strains obey the system of equations
(2.13).

55 = of (2.14)

+ _ 5+
621'_611'

, (2.15)
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3. Elastic and thermal characteristics

Matrices of the elastic constants and piezomoduli of a DADP crystal
have the following symmetry:

sy 00 0 AT 0 0 0
dychychy 00 0 Aydydy 000 0
o | dadsds 000 0 [ o _|dididi 0 0 0
i 00 0cfy 0 0| ¥ 00 0cfo0o 0|’
00 0 0¢cs o0 00 0 0cdfo
00 0 0 0cky 00 0 0 0ck
and
00 0d, 0 0 00 0df0 0
=000 0dy 0|, &={000 0df 0],
000 0 0dy 000 0 0dsf

in the antiferroelectric (the space group P2;2;2;) and paraelectric (the
space group 142d) phase, respectively. In our approach we can calculate
only the c¢11, ¢12, €13, €22, €23, and ¢33 components of these matrices. To
calculate cu4, c55, cg6, d14, dos, and dzg we must take into account the
strains €4, €5, and &g.

Differentiating the free energy (2.12), we get the following expressions
for the parts of elastic constants, attributed to a deuteron subsystem
(irj = 1,2,3)

Acjy =y = ey =
2 2
= —ﬁ[élbégi(s% cosh z + aéuélj + d(53,’(53]’] + mM,’MJ‘ —
47

7 20ai(k2)a; (k)1 Ve + Yailkz)t; + o (k2)ti], (3.1)

Here we use the notations

& = [cosh 2z + b cosh z] — M [sinh 2z + 2b sinh 2];
t; = —2bdo; sinh z + U(I)M,'.

Let us explore now the thermal properties of the strained DADP
crystal. The entropy per one mole is equal to

S=R (2 In[1 — (p™)?] + 21n§ + 4Ty + 2%) , (3.2)
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where R is the gas constant, and
_ 1
M = B(dwb cosh z + ea + wid), ¢! = —ﬁua(kz)n(l).

To calculate the specific heat of the deuteron subsystem at constant
pressure we differentiate the entropy (3.2):

oS
AC? = RT | == ) =AC® —RT Py :
CP =R (8T>p C*—R zi:q, a;, (3.3)
where AC* is the specific heat at constant strains, and
AC*® = RT(—¢"* — ¢°p"); (3.4)
_ MM;
quzm{—2T¢T9i—21/’ci77(1)[q—77(1)M]+/\i— D l};
e __ v 2 n T (1) a7
= —— 2" 2T — M1
q MBDw[aesOJr(q 1 )],
2 _ M?
Pe _ __ 2 T T (1) o
q DT{4T<p [=T6" + (g - nVAD)] + N D},
p_ w32 22T +[q—n"M]
v T D —2pna

a; are the thermal expansion coefficients. We use the following notations:

N =4 (%)Zbcoshz+ (%)2a+ (%)Zd,

1
q= 2%b sinhz, M\ = T (4wbds; cosh z + eady; + w1dds;) ,

1
o= T—pp Bra(kz), 6i = 2ai(kz)nMeae + t;.

4. Dielectric properties

Nonzero polarization in an antiferroelectric crystal arises only if an elec-
tric field is applied. Therefore,
: 2
P = K1 (1) Py, = H2 (1) P; = ﬂn(l) (4.1)

77713E1 ) 77724E27 o B

The effective dipole moments p; and unit cell volume are assumed to be
linear functions of pressure:

pi =1 + ki, v =00 + kyp.
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Differentiating (4.1) with respect to E;, we get the expressions for the
corresponding static dielectric susceptibilities of a clamped (¢; = const)
crystal

0P » ﬂ:uf%Z 2801 232
20.Tp) = (5= ) == '
Xi2(0,7,p) <5E1,2>5i 20 | D —2z9] +D—2382‘10717 ’
0P; Bus 2ae3
coT.p = (P8 _Bus 2w 4.2
Xg( 5 7p) <6E3>5i v D_2&3<Pg7 ( )

Here we introduce the following notations:
@] =1+ bcoshz; & = cosh2z + bcoshz — [n(l)]2D; &3 = a + bcosh z,

and

1 1

ol = TR + Bra(0), ¢y = T + Brc(0).

Dielectric permittivity is related to susceptibility by
52 (07 T; p) = €ico T 47TX;T (07 Ta p)' (43)

Let us note that in the paraelectric phase at ambient pressure (g; = 0)
and at w,w; — oo (4.2) coincides with the corresponding expressions
found in [31,32] and [23,44,45].
The 7free” dielectric permittivities (0,7, p) can be calculated by
means of the formulas
d2
e1 (0,T,p) =€ (0, T, p) + 4m 5,
Sy
d2
&3 (0,T,p) = &5(0, T, p) + 472, (4.4)
55
r C e s
€3 (OaTap) - 53(07T7p) + 47rSE ’
66

where d;; are the piezoelectric constants, and s are the elastic shear
compliances of a short circuited crystal [4].

5. Relaxational dynamics

In order to study the dynamic responses of a DADP crystal, let us assume

that the electric fields E; in (2.2), (2.4) and (2.9) are time-dependent.
In the spirit of the Glauber approach [39] we assume that the system

(2.2) interacts with a heat reservoir which causes spins of the system
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to change their states randomly with probability wges(...,04¢,...) per
unit time. System behaviour is described in terms of probability func-
tions P(...,04f, .. .,t), which time dependence is governed by the master
equation

d
Pl th == > wopleogpy o PLogps ot +
af

+ Y wyp{ees —0gf, - 3 P{ ey —Ogp, s}, (5.1)
af
or if rewritten in terms of the mean values of spin products ([]; o4y)
d 1
_aad_[aqf) =Y ([L e |1 — 04y tanh 35€ar)| )y (5.2)
f A

(the sum here is carried out only over the spins that occur in the product

[I;/)- The parameter « describes the time scale on which all transitions

in the system take place; £, denotes the field acting on the gf-th spin.
The local fields &,y can be easily found from the Hamiltonian (2.4)

55? = —%[quz + 0oq4] — %Uqb‘ - %qucrqgcr,ﬁ + %;

Eq(? = —g[aql +043] — %%4 - %%1%30(14 + Z—é?;

55? = —%[quz + oq4] — 900 T g0a19q20q4 + %;

Sé? = —g[aql +043] — %42 = 300192043 + 2—24;
BEqs

Bearing in mind (5.2), we expand tanh in powers of spin operators

1 3@ . . .
— tanh qu = M o300 + 0ga] + NV ooy + L1 +

+ PPy + QV [0y + 04a] + RV 042043044;

1 BEY . . .
Tq = Mil)atﬂ[aql + 03] + Nil)aqlaqS + Lz(ll) +

— tanh
«

+ P4(i)0q2 + Qf) [0g1 +0g3] + Rz(xi)aqlffﬂ“q&
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where
i 1
b= 1o [(@® = b°)y1p — 2(1 = b%)y2p — (b* — d*)vay] ,
D1
ar = 7 (@ =)y + (0 = &)yag]

. 1 .
Ry = 1o [(@® = 0*)yip 4+ 2(1 = b*)yap — (b* — d®)ysys],

: i
sinh Zyf

Lyy = 5 Labyiy +2by2s + bdysy],
; sinh zéf

qu = 2 [a’b’ylf - bd’}/gf] ;
; sinh zéf

qu = 2a [ab'ylf — 2b’)/2f =+ bd’}/gf] 5

M= [a2 + b% + 2ab coshz;f]_1 ,

Yoy = [14+ 0>+ 2bcoshz;f]71 ,
vy = [b° +d* + 2bd cosh z} ;]

The quantities Pq(}), Qg’}, RY) gf are even functions of zqf, and do not
depend on ¢q at E; = 0.

Substituting (5.4) into (5.2), and taking into account the symmetry
of the deuteron distribution functions in the transverse electric fields E;
or Eg

My ! = (o) = (00), MRk = (ow) = ~{ow),

77(5321 Y =(043004001) = —(011042043),

7751)396 Y= —(042043044) = (0q1042044),

775? V= (042043) = (041044), nﬁ)SLy = —(0q10402) = —(043044),
77(54) Y= —(og043), né?w’y = —(042044),

and in the longitudinal field Ej3:

”éﬂz = (0q1) = (0q4), 77(55)32 = (042) = (043)s

3
77(5125 = (0q1042044) = (041042043),
3
7752); = (043004041) = (042043044),
2 2
77(51)52 = _<Uq10q2) = _(Uq30q4): 77(54)62 = _(Uqlo'q3) = _(Uq20'q4)

2)z 2)z
77(52) = (042043), 77,53) =(0q1044),
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and, respectively, in the fields E;, or E,
Y _ pTY _ pTy Y _ pTY _ pTy
qu _Pq3 _Pq137 PqZ Pq4 Pq247
T,y _ T,y _ Yy o_ T,y
qu - Qqé - Qq137 Qqé - Q - Qqé47
TY _ pT,Y _ pTy TY _ pTY _ pTy
qu - Rqé - qu37 Rq2 - Rq4 - Rqé47
—Lgi" = Ly’ = Lyjs, Ly’ = =Ly’ = Lyt
MY =Myt = Mgy, Mg =—-Mg" = Mgy,
—N“” = Nx Y= M;lg, N;éy = —Nqﬂ’y = N;éff,
xy_ xy_ z,y Ty _ Yy _ Ty
_qu _Zq3 Zq137 Zq?7 - _Zqi Zq2747
and in the field Fj:

le—P;4:P;14: P;2:P;3:P;237
qu = QZ4 = QZM: ng = QZg = QZ%‘;
RZ& = RZ4 = RZ14: Rgz = Rgs = RZ23:
LZl = LZ4 = LZM: LZ2 = LZ3 = LZ23:
qul = M;4 = qul47 sz = qu3 = M;237
qul :N;4:M;14> N(IZQZN;S:N(12237
251 = 2’;4 = 2514, 252 = 2’;3 = 25237
we get the eighth order systems of linear differential equations for the
time-dependent deuteron distribution functions:
when the fields E; or E» are applied

e, e, b
%)zy bi1b12...b1g %)zy b‘l
N,y b21 b22 o b28 N,y bZ
%3)”’ b31 b3z .. .b3g %3)%.1; ‘3
d %B)z,y RE %3)z,y : )
a %i)$yy - %2)$’y + s ( . )
q 5 q15
(Z)z (z)m
nq23 ’I}q23
(2)z,y ’I)(Z)m’y
ng?x”"’ bs1bsz . . .bss ng?l‘:y b‘g
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and in the case of the field E5:

(1)2 C11€12-.-C18 (1)2 “l
21)2 C21C22...C28 21)2 ZQ
33)2 C31C32...C38 33)2 3
d ?3)7, ?S)z .
T ?z)z = %Q)Z + ; (5.5)
?Q)z ?Q)z
%Q)z ?Q)Z
) Aeenocn) B2)

The expressions for the coefficients in (5.4) and (5.5) are given in Ap-
pendix. These coefficients contain the unknown time-dependent func-
tions zéf. In order to determine these functions we can use the con-
sistency condition, which states that the values of (o,s) (and thereby
of d{o,r)/dt) calculated within the four-particle and the single-particle
cluster approximations must coincide. In the latter case &,y = Z; ¥ /2 and,
respectively,

d ‘ Wiy i

E”‘(I?l = nqcf + o tanh %f. (5.6)

Let us assume that the electric field E;(t) = E;o exp(—iwt) is weak

and causes only small departures from thermal equilibrium. All the quan-
tities involved may be therefore written as static equilibrium values plus
time-dependent fluctuations

nd =D i), nlP = + 0@,
7751) NI(Q) + ﬁél)s(t); U;g)é = 77( ) ((12)3 (1), ﬂéi?é = 77”(2) + néi%(t),

, 24 (t) . 24 (t)
qlf:P(O)‘f' f2 P(1)7 ’ :Q(O)+fTQ‘(11)’
_po A a) i _ro, #O a
Rf]f—R()-f' 5 R()qu—L()—f——L(),
o AW ) 0. 2 a
;f_Mq<>+TM(>,N; =N + 5 N,

zéf =Z,+ z}(t)

The time-dependent parts of 22 f have the following symmetry

225(8) = Bl=AL(8) + 204 (0 Yp, (1) + 1 Br (8)],
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23(1) = Bl=A%,() + 2va (0)i s, (O],
2y (1) = Bl=AY5(t) + 204 (0)ly s, (D],
244() = Bl- A5, (1) + 20 (0)n5 ), (1) + 12 Ba(2),
(1) = Bl=A% (1) + 2v.(0)n3) (£) + ps Ba (1)),
Expressions for z #(t) can be obtained from those for z; #(t) by replacing

Aqu( ) with 2Alq ( ).

Since at frequencies of external electric field higher than the piezo-
electric dispersion frequency (~ 10% Hz) the crystal is effectively clamped
(e; = const), we assume the strains €; to be time-independent.

Let us restrict ourselves to the case of the paraelectric phase where
ﬁ(l) = ﬁ(3) =0,and zZ =0,

1 ab 2b bd
LO+ —0. W+ ==
0 @02 T a0 Tt ae
ab bd

MO+ — g, g+

S|H§|HQ|F—‘Q|»—&Q

(a+b)2 (b+d?)’

( @b M >
a+b)? (1402 (b+d?)’
CRT U S N

a+b “1+b b+d
W+ — . OO+ — a-b b-d
@ 0; @ a+b+b+d

W+ _g. go+_ L (e=b ,1=b b=d),
Rm=0; R 4a<a+b+ 116 b+d)’

NO+ — (. NOF =

P(1)+ =0; P(0)+ _

[a—y

Expanding all the quantities in (5.4) and (5.5) in powers of fluctua-
tions (5.7) up to the linear terms, we obtain separate systems of equations
for the equilibrium distribution functions and for their time-dependent
parts. The solutions of the former are the static distribution functions
73, 73 7" In the paraelectric phase

ﬁ(Q):a—d N,,(Q) 2—a—d

=@, 4 =5 D=2+a+d+4b.

The fluctuation parts of (5.4) and (5.5) are decoupled into separate sys-
tems of equations for the single- and three-particle distribution functions
and for the pair distribution functions. The system of equations for the
single-particle distribution functions occuring in the expressions for the
corresponding polarizations (4.1) reads

d (pl) ai"a nWN  wEi(t) (ot (5.8)
a n(3)i bH— bH— n(3)i - oT pit |- :
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where n(13)i are n{L” in the case of By field, n{>” in the case of By
field, and 3% in the case of Fj field. The system coefficients are

aivt = b‘”+ﬁua(o)y+ VT, abVT =00 — 007, otV =€, /a,
b“'+ = b9 + Bra.(0)Y; Yy — &, vt = b°+ gbb‘fj, b¥*vt =& /a,

a1+ = co+ + Bre( )Y1 &, \Il;', a3+ = co+ facm , a*T :é/a,
bit = + B (0, -6, bt =) &y, T =§/a,
provided that

W =—-1/a— PO+, b5 = RO+,

b = —2PO+ 4 3RO+ bg; = —3/a— PO+,

At =—1/a+ PO+ 4 2QO+, & = RO+,

AT =2POF 1 4Q0+ 4 3RO+ IF = —3/a+ POT 4 2QO+

Vit =2M ) — NF '@ 4 LT

Yyt = —2M;t + L") — N,

Yih = 2N + M+ L1)i® — (L] +2M)i"® + N + 2Mf,
& = Y*(Y+ 2/a)_1,

&=Ys (Vi —2/a)7t, & =Y, (v —2/a)7,

o= b°+ + Bra ()Y, —1/a] + 1/a,

‘I’;_ = 011 + Bre(0 )[Y1+ - 1/a] + 1/04-

We need to know the time dependence of the single-particle distribution
function 7(Vi(t). Reducing the system (5.8) to a single second order
differential equation, we obtain

nVi(t) = Cite /" 4 Ofte /™" ¢

wili(t) Tf+75+

—. 5.9
2T (1 + iwri ™) (1 + iwrith) (5.9)
The relaxation times are equal to
1 4 - ;
(rih) ! = = 5k £ /(k])? — 4k},
where
k= —iwll + 1%
, it it , ) it it
=t =[] e k= [
3 1 93

ICMP-97-03E 20

On the basis of (5.9) we can calculate the dynamic susceptibility of a
clamped crystal

. dP;(t
Xi (w7T7p) = EI‘H—I>10 dlg )7

(5.10)

the dependence of polarization P; on n()¥(t) being given by (4.1). Hence,

2 (i) 2

u? Kl X(l)
e Ty =t [ =Y (5.11)
v T jl_Il 1+ zwr(z) ]z; 1+ zwr(z)

The dynamic permittivity of the clamped crystal is equal to

47TXi+ 4,n_Xi+
et (w,T,p) =i, + X ; 5.12
. T,p) I+ (wrf™)2 1+ (wT2 )? (512)
drxTort dryitorit

e (W, T,p) =

1+ (wT1 32 1+ (WTQH_)Q,

where
2 i+ i+
i+ _ L M T T (lz _Tz—i-lz)
X1,2 = ol TH— it

The static permittivity is obtained from (5.12) in the limit w — 0:

€§+(0, T,p) = €ico + 47r()(§+ + x?).

6. Discussion

Before discussing the proposed theory for strained crystals, let us men-
tion that recently is has been successfully applied to the description
of thermodynamic and dynamic characteristics of partially deuterated
crystals as well. Within this theory the averaged parameters

z) =1 —2)e% + 222, w'(z) = (1 - 2)wd + zuwd (6.1)

for an N(H;_,D,)4(H1_;D;)2POy4 crystal were assumed. Tunnelling ef-
fects were neglected. To a great extent, this approximation is validated
by the fact that dielectric properties of these crystals are determined by
the effective tunnelling parameter [54], which is much smaller than the
bare tunnelling parameter. Renormalization of the tunnelling parameter
by the short-range correlations leads to suppression of the soft mode,
thereby explaining the Debye character of dielectric dispersion observed
in these crystals.
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The expressions for thermodynamic and dynamic characteristics of
unstrained N(H;_,D,)4(H;_,D,)2POy4 crystals depend on the following

free parameters: the cluster parameters €, w®, w) — oo, long-range in-

0 (0)

teraction parameters v0(kz), v2(0), v2(0), effective dipole moments i,

and ,ugo), and the parameter «, determining the time scale of dynamic
processes in the system. To determine the values of these parameters
we used the experimental data for the variation of the transition tem-
perature T, with deuteration and for the temperature and frequency
dependences of permittivities €} (w,7,0) and e%(w,T,0) [5,6,10,7-9,55-
58]. The fitting procedure had three stages. First, using the data for
€1(0,T,0) — €100, €3(0, T, 0) — €300, and T we chose the values of €%, w°,
19(kz), v2(0), and v2(0). The choice criterion was the minimal tempera-
ture dependence of the f(” = (44”)2 /v and £{” = (u{”))2 /v parameters.
Next, on the basis of the data for £} (w,T) and %(w,T'), we determined
the value of a, which was assumed to be slightly temperature dependent
as @ = [P + R(AT — 14)] - 10~ %, (AT = T — Tx). Finally, we found
the values of €14, and €34. In the Table 1 we present the values of the
theory parameters chosen as described and providing the best agree-
ment with experimental data for all studied characteristics of unstrained
N(H1_$D$)4(H1_$D$)QPO4 crystals.

ROIAOIRI N A

(sec) | (sec/K)
1.001240| 80 | 720 | 93.6 | -55 |-17.5|854(256| 6.8 | 0.0031
0.95(235| 77 | 709 | 85.5 | -54 | -17 |837|245| 6.5 | 0.0040
0.891230|73.4(695.8| 83.9 |-53.2|-16.7 | 821|235 | 6.2 | 0.0050
0.741216|64.4| 663 | 77.3 | -51 [-15.5]770|205| 5.3 | 0.0076
0.45|190| 47 | 599 | 69.6 |-47.7|-13.5|672|149| 3.7 | 0.0127
0.001148] 20 | 500 | 59.5 | -40 [-10.0 518 | 62 | 1.1 | 0.0206

x TN‘ el ‘ w? ‘I/g(kz)

Table 1: The theory parameters for unstrained N(H;_,D.)4(H1-2D2)2PO4
crystals at different deuterations.

The calculations of strained crystals characteristics are performed for the
case of Ty = 235 K, that corresponds to the deuteration of z = 0.95. The
values of the deformation potentials d;; and v,;(kz) can be estimated
with the help of values of the corresponding quantities for a DKDP
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crystal obtained in [48-51], assuming that

e9(DKDP) _ 6,;(DKDP)  »2(0)(DKDP)  ¢.;(DKDP)
e9(DADP)  6,;(DADP)’  19(kz)(DADP)  ¢,i(kz)(DADP)

.(6.2)

The parameters Jy; are determined from the criterion (2.15). It
turns out that the difference between the values of d4,;(DADP) and
Yai(kz)(DADP) yielding the correct experimentally observed value of
0T~ /0p and those calculated with the help of (6.2) does not exceed sev-
eral percent.

L 0L 0n O 0 05
DKDP [92.0 -45 -55 885 -50 800
DADP | 77 -38 -46 741 -42 665

vo(k) ¢y (k) ¢y (K) ¢ (k) ¢ (k) 93 (k)
DKDP[37.39 -85 -115 50 -105 50
DADP| 85.5 -180 -252 112 -239 109

Table 2: The theory parameters (all in K) for DKDP [48-51] and DADP
crystals; k = 0 for DKDP and k = kz for DADP.

The values of the free parameters for a DKDP crystal found in [48—
51] and for DADP providing the best fit to the experimental data are
given in Table 2. Further experimental study of dielectric and thermal
characteristics of DADP as functions of external pressures of different
symmetries is required to ascertain the values of deformation potentials.

The experimental values of the elastic compliances 55 of paraelectric
DADP are reported in [4]. The elements of the inverse to sg matrix
are taken as the ”"seed” elastic constants c?;'. Since the experimental
values of elastic constants of ferroelectric DADP are not available, we
carried out the calculations of T, €; and other characteristics at different
pressures and different trial values of c?; close to c?;r . The set of c?ji,
providing the best fit to experimental data is given in Table 3.

Bt e T e e 1
6.59 0.53 192 3.28 6.24 04 166 64 1.5 3.48

Table 3: The "seed” elastic constants (units of 10*'dyn/cm?®) of a DADP
crystal.
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We also have to determine the value of the d;/Jy parameter, describing
the rate of a decrease in the D-site distance § with pressure. In the case of
hydrostatic pressure it can be found from the experimentally determined
dependences of the transition temperature T on pressure and 0:

Tn =Tno + krp; Tn = ks(d — do),

where Tno = 235 K is the transition temperature at ambient pressure,
k‘T = 6TN/8}) =-14 K/kbar [10], k5 = TNO/((SO — (56), (50, 60 are the
D-site distances at ambient pressure and at the critical pressure when
ordered phase vanishes. According to [13-15], 8y = 0.454, 6. = 0.2A.
Excluding from these relations Ty, we get

01 kr 0.

O _ I Oy,
do TN0(50 )

In the case of the uniaxial stress o3 we can use the fact that kr ~ d1/d¢
and assume that
(51/(50(0’}1, DADP) _ (51/(50(0’}1, DKDP) _ kT(O'h, DKDP)
(51/50(03, DADP) B (51/(50(03, DKDP) B kT(Ug, DKDP) '

The experimental values of the slopes kr(o3, DKDP) = —13.9 K/kbar
and kr(on, DKDP) = —2.67 K/kbar have been found in [48,51] and [59].
The calculated as described values of the é;/dy parameters for DADP
crystals are

61/60(0n) = 3.35- 107K /kbar  d1/80(03) = —1.75 - 107°K /kbar.

The parameters f; and f3 occurring in the expressions for dielectric
permittivities are assumed to be linear functions of pressure

A=dlo=12 +kpp, fs=md/v= 1"+ kpp.

The coeflicients k; are estimated from the following speculations. It is
believed that the effective dipole moment u; or ps is proportional to
the H-site distance . The moment ug is created by the displacements
of heavy ions of phosphorus and ammonium (or potassium) group along
the c-axis. The transverse polarization results from the deuteron ordering
accompanied by ion displacements in the ab plane. It seems reasonable
to assume that us ~ ¢ and py ~ a. Therefore, if us ~ dc and p; ~ da,
then

10m 186 18a 109ps 185  1dc

Wi Op " 00p adp wop  00p " cdp (03
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The strains ¢ are linear functions of pressure, thus
L
cdp p’ adp p

The correct dependence of spontaneous polarization of a DKDP crystal

on hydrostatic pressure [48,49] is obtained at

€1

L9 _ g 079 xbar,
ps Op
According to [52] and [48,49]
1
Sg_z = —0.89%/Kkbar, %3 = —0.12%/kbar,

that is, for us of a DKDP crystal, (6.3) is obeyed almost exactly. As-
suming that this relation is valid for DADP too, we get

1(0)[22—1 P Sl Bl ] I §0>[2§_1 T s el )
0 0

We are also supposed to determine the values of the deformation po-
tentials 14;(0) and .;(0). However, as it has been noted in [31,32] and
confirmed by our calculations, €1 (0,7, p) and £3(0, T, p) are not very sen-
sitive to small changes in v,(0) or v.(0); therefore, even at high pressures
the calculations are performed at ¢4;(0) = ¢.;(0) = 0.

We encountered some difficulties when trying to solve the system of
equations (2.13) by Newton-Raphson method. Instead, we minimized the
thermodynamic potential g(n"), T,p) with respect to the order param-
eter (1) and determined the strains &; from the last three equations of
(2.13). The transition point was found from the (2.16) criterion.

Results of numerical calculations are presented in figures 1-7. In fig-
ures 1-5 the solid and dashed lines correspond to characteristics of a
crystal under hydrostatic and uniaxial o3 stresses, respectively. In fig-
ures 6-7 the solid and dashed lines correspond to characteristics of a
crystal calculated at different values of hydrostatic pressure.

In figure 1.a we plot the calculated variation of the transition tem-
perature of a DADP crystal with hydrostatic pressure along with the
experimental points from [10]. A perfect fit to the points is obtained. A
linear decrease in T with pressure with k7 = 0Tn/0p = —1.4 K/kbar
is observed. In figure 1.b we show the dependence of T\ on hydrostatic
and uniaxial o3 pressures. One can see that TN decreases with o3 much
more rapidly than with hydrostatic pressure (ky = 9.0 K/kbar). The
same effect was observed experimentally in KDP, DKDP [51] and ADP
[60] crystals.

k1=




25 IIpenpunT

Figure 2 shows the pressure dependence of the strains ¢; for a DADP
crystal. The absolute values of €; increase with pressure linearly. Cal-
culations do not predict any perceptible changes in ¢; with tempera-
ture except for the discontinuity at the transition point. The uniax-
ial pressure deforms the crystal much stronger than the hydrostatic:
83(3)/83(h) = 22, |812(3)/812(h)| = 1.4.
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Figure 1: The transition temperature of a ND4D>PQy4 crystal as a
function of pressure. Experimental points are taken from

[10].
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Figure 2: The strains ¢; of an ND4D>PQy crystal as functions of pressure
at T <Tn (a) and T >Tn (b): 1 — €15 2 — £2; 3 — €3.

In figure 3 we plot the variation of the attributed to the deuteron
subsystem part of specific heat of a DADP crystal with temperature
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at different pressures. The experimental points of [9] correspond to a
slightly higher level of deuteration. One can see that not only does the
pressure shift the whole ACP?(T') curve to lower temperatures, but it also
reduces the peak values of the specific heat at the transition points. In
the paraelectric phase the specific heat hardly depends on either pressure
or temperature.
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Figure 3: The specific heat of an ND4D,POy4 crystal as a function
of temperature at different pressures p(kbar): a) 1, © [9]
~0.001; 2 - 5 3 - 10; b) 1, © [9] — 0.001; 2 — 0.5; 3 — 1.

In figures 4 and 5 we plot the calculated temperature dependences of
the static transverse €1(0, 7, p) and longitudinal £3(0, T, p) permittivity
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 deuter-
ated DADP. Theoretical values of ”free” permittivities are calculated
using relations (4.4) and experimental data for appropriate piezoelec-
tric constants and elastic shear compliances [4]. Since in DADP crys-
tal dzg > dy4, the difference between clamped and free values of the
longitudinal permittivity is several times larger than that of transverse
permittivity. A good description of experimental data is obtained for
€1(0,T, p), while for €5(0,7, p) a small discrepancy between theory and
experiment is observed. Probably, we could remove the discrepancy by
explicit taking into account of shear strain eg.
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Figure 4: The temperature dependence of the transverse static dielec-
tric permittivity of an ND4D>PQy crystal at different pressures
p(kbar): a) 1, 0 [4] - 0.001; 2 — 5; 3 — 10; b) 1, © [4] — 0.001; 2

-0.5;3 -1
€5(0,T,
50; BO; a( p)
E E ‘\f‘i\oo o
F E NS =22 0
20F 20 ! =
£ £ 3‘2“
c c |
£ £ \:\
10 F 10 F !
E P daf
85\\\\\\\\\\\\\\\\\\\ E\\\\\\\\\\\\\\\\\\\
Q0 250 @) T,K 00 250 b) T,K

Figure 5: The temperature dependence of the longitudinal static dielec-
tric permittivity of an ND4D>POy4 crystal at different pressures
p(kbar): a) 1, o [4] — 0.001; 2 — 5; 3 —10; b) 1, © [4] — 0.001; 2
-0.5;3-1.

The main pressure effect is in the shift of the £;(0, T, p) curves to lower
temperatures. Besides, €1(0,7,p) and €3(0, T, p) decrease with pressure
in the paraelectric phase and increase in the antiferroelectric phase, with
the pressure effect being much stronger at 7' > 1.

The figure 6 shows the influence of hydrostatic pressure on the tem-
perature curves of the transverse and longitudinal dynamic permittivities
of a DADP crystal.
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As numerical calculations show, the main contribution into the
gi(v,T,p) is going from the first relaxational mode (X’fr > Xé*), and
i < 74 that is, the relaxation is of Debye type. The 7} decrease, and
74 increase with temperature. External pressure slightly increases 7¢ and
hardly changes 4.

Figure 6: The temperature dependence of the transverse (a) and longitu-
dinal (b) dielectric permittivities of an ND4D2POy crystal at
different frequencies v(GHz): 1 — 107%, 2(a) — 150, 2(b) — 262,
3(a) — 210, 3(b) — 330, 4(a) — 300, 4(b) — 437, 5 — 540 and dif-
ferent values of hydrostatic pressures p(kbar): solid lines, O[4],
®[58]- 0.001; long-dashed lines — 5; short-dashed lines — 10.

The changes in 1 (v, T, p) and e3(v, T, p) with pressure are different
(v = w/2m). At all frequencies and temperatures above the transition
point, pressure reduces €} (v,T,p). The €;(v,T,p) is lowered down by
pressure at frequencies higher than the dielectric dispersion frequency,
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whereas the static longitudinal permittivity €5(0, 7, p) is raised up. The
imaginary part of the longitudinal permittivity €4 (v, T, p) decreases with
pressure at low temperatures and increases at higher; the temperature
where the character of the pressure dependence of &4 (v,T,p) changes
increases with frequency.

90 8'1(1/,T,p) 6'1'(1/,T,p)

70 === 30

r 2 [
50 20
30 F 10F

°

OUT

Figure 7: The frequency dependence of the transverse (a) and lon-
gitudinal (b) dielectric permittivities of an ND4D2PO4
crystal at different values of hydrostatic pressure p(kbar):
solid lines, ®[4] — 0.001; long-dashed lines — 5; short-
dashed lines — 10 and different temperatures T'(K); (a) 1
~ 14,2 -62; (b) 1 - 18, 2 - 64.

The frequency dependences of dynamic dielectric permittivities
e:(v, T, p) are plotted in figure 7. One can see that in the region ~ 10! Hz
a dispersion of the permittivity is observed; the dispersion frequency of
e1(v,T,p) is lower than that of e3(v,T,p) and increases with tempera-
ture. The real part of the longitudinal permittivity €} (v, T,p) decreases
with pressure in the whole frequency range, whereas its imaginary part
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ef and both real and imaginary parts of the transverse permittivity e}
and €} decrease with pressure at frequencies below that of the dielectric
dispersion and increase at higher frequencies. The lower temperature,
the stronger this dependence.

Concluding remarks

In our previous papers [48-51] we studied the influence of hydrostatic and
uniaxial pressure on the phase transition, thermodynamic, elastic, piezo-
electric and dielectric properties of highly deuterated K(H;_,D,)2PO4
ferroelectrics. It has been shown that the proper choice of the theory
parameters yields a satisfactory description of pressure dependence of
these characteristics.

In this paper we explore the pressure effects on DADP-type antifer-
roelectrics in the framework of the same model. Within the four-particle
cluster approximation, considering short-range and long-range interac-
tions between deuterons we calculate the thermodynamic and dielec-
tric characteristics of these crystals as functions of external pressure.
We also obtain a good fit to the experimental points for unstrained
N(H;_.D;)s(H;_.D,)2PO4 crystals with different deuterations. Here
we describe possible changes in DADP characteristics induced by hy-
drostatic and uniaxial stresses, assuming some plausible changes in the
crystal structure with pressure. The main feature of the predicted ef-
fects 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.

The previous [48-51] and present studies show that it is possible to
describe the pressure effects in antiferroelectric DADP and ferroelectric
DKDP crystals within the same approach, based on the proton ordering
model.

We hope that experimental measurements of the hydrostatic and
uniaxial pressure effects on the hydrogen-bonded ferroelectrics and an-
tiferroelectrics will allow us to verify our predictions. Further studies
will help us to clarify the microscopic mechanism of the phase transi-
tion in these crystals, correct the theory parameters, and improve the
microscopic model itself.
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Appendix
The coefficients of the system of equations (5.4) read
b1 = —1/& — Plxéy, bia = 0,
bis = Ry, bia =0,
bis = —M}3Y, bis = M)57,
b7 =0, bis = —Ny37,
by =0, boy = —1/a — Pyy}?,
bag =0, bas = Ry},
bas = =My, bae = My,",
bor = —Ngziy; bag = 0,
bs1 = Ry’ + 2R3}Y — 2P;Y, b3z =0,
b3z = —3/04 leg’y; b3y =0,
by = Ly’ + My3" — Nyj’, bss = Ly’ — My3" — Nyj’,
b3 =0, b3g = Lféy,
by =0, by = R Y4+ 2Rz,y — 2P1x3y,
byz = 0 bys = —3/04 — 2w4,y,
bis = L3y + M5 — N, bag = L1y’ — My" — Ny3”,
by = L3}Y, bis =0,
bs1 = Ly}’ + My3" — N5;°, bsy = Ly’ + My" — Ny’
bs3 = M,;", bsy = My3",
b55:—2/a+R +R24 , b56:_P1w3,y_P2w47y,
bsr = Q5, bss = Q14,
boy = Loy — M- N&',  bey = Ly — M — NI,
bes = Mlxgy, bea = My;",
665 = —Plx3y P;iy, b66 = —2/0(+Rw7y+R2 5
ber = —Q5}, bes = —Q73,
by = 2Lf§y, br2 =0,
bz = —QNféy, b7y =0,
brs = 2@13 ) bre = _2Q1 )
b77 = —2/0(, b78 = 2R13 5
bg1 =0, bgo = 2L5)7,
bgz = 0, bss = —2N3;Y,
b85 = 2Q§4 3 b86 = 2Q24 )
b87 = 2RZ4 5 bgg = —2/04,
by = Lf3y7 by = Lgf,
bs = _le3y> by = _N2x4y,
bs = _Q1 - 24 ; bg = + Q24 ’
by = 2P}, bg = 2 s

ICMP-97-03E

36

The coefficients of the system of equations (5.5) are equal to

e = —1/a+ Qi

a3 = Ry,

c1s = —Miy,

Ci7 = 07

e = Q33 + P35,

C23 = 07

Co5 = _M2z37

Co7 = M2Z37

cs1 = Riy + 2R35 +2Q3;,
cs3 = —3/a+ @iy,

35 = —L53 — M35 — Niy,
csr = M35 + N33,

ca = Py + Piy + Qf, + @33,
a3 = Piy + Qfy,

ca5 = —Li, — My, — Ny,
car = L33,

co1 = ~Liy = Niy — M,
C53 = 140

Cs5 = —2/a + 33 + Riy,
Cs7 = _P23;

ce1 = 2M33 + 2Nz,

ce3 = 0,

Ce5 = —2P5;,

cer = 2R3;,

Cr1 = 2Lf47

Cr3 = 2M1247

Cr5 = _2P1Z47

Crr = —2/&,

cg1 = — L33 — My, — M3,
cg3 = —Niy,

cgs = —Q33 + Qf 4,

Cg7 = _Q§37

o = Liy,

c3 = Niy + Miy + Mg,
cs = —Q7f, — Q§3a

Cr = 2Qf47

C12
C14

Ci6 =

C18
C22
C24
C26
C28
C32
C34
C36
C38
C42
Ca4
C46
C48
C52
Cs4
Cs56
Cs58

= Qi+ Py,
=0,

Mlz47

= _le47

= —1/&-{—@537
= 537

=0,

= _N2z37

Ce2 =
Cea =
Co6 =
Ce8 =

Cr2

Crqg =
Cr6 =
C78 =

Cg2 =

C84

Cg6 =

€8s
C2
Cq
Cé
Cg

= Piy + P53 + Qs + @33,
= P35+ Q3s,

= 547

= — L33 — Mg, — Mz,
= R33 + 2R7, +2Q7,,
= _3/a + Q§37

= Mlz4 +N1247

= —Lj, — My, — M,
= —Lj, — N33 — My,
= _M2237

= _Plz47

= @33 + Qfy,

= —2/a,

= —2Q)3;,

= 2M7, + 2Ny,

= 07

- 2Rf47

= —2Q7,,

= —Liy — M35 — My,
= _N2Z3>

- _Qf47

= —2/a+ R3; + R%,,
= L§37

= Nj3 + Mg, + Mz,

= 2@537

=—Pf, — P5;.
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