PHYSICAL REVIEW B VOLUME 59, NUMBER 13 1 APRIL 1999-I

External pressure influence on ferroelectrics and antiferroelectrics of the KHPO, family:
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Within the four-particle cluster approximation for the proton ordering model, we study effects of external
pressures which do not lower the crystals symmetry on deuterated ferroelectrics and antiferroelectrics of
KH,PQO, family. The theory provides a satisfactory description of the available experimental data for transi-
tion temperature and static dielectric properties of the crystals and the experimentally observed universality of
the transition temperature vs D-site distance dependence. Importance of the D-site distance in the phase
transition and dielectric response of the hydrogen bonded crystals is sfe0i63-182899)00813-9

Potassium dihydrogen phosphate 20, (KDP) is a network of hydrogen bonds, namely KDP, KBOD,
prototype for a well-known family of hydrogen bonded crys- (DKDP), and two antiferroelectrics NfH,PO, (ADP) and
tals undergoing ferroelectric or antiferroelectric structuralND,D,PO, (DADP), the dependences of transition tempera-
phase transitions. For years, since the so-called proton ordefizres on H-site distances almost coincide, that is, the isotope
ing (or tunneling model was proposed in 1966,it has been  effect in these crystals is suppressed whés kept constant.
generally accepted that these phase transitions are triggeregdrthermore, it was asserted that in crystals with one-
by ordering of protons on hydrogen bonds. This orderingdimensional (PbHPg), two-dimensional (squaric acid
leads to displacements of heavy ions, hence the spontaneodsc,0,), and three-dimensionalthe above-mentioned
polarization arises. The tunneling model also easily explainkpp, DKDP, ADP, and DADPH-bonds network, transition
the observed isotope effects in these crystals—an increase {@mperature falls to zero at the same valuesaff approxi-
the transition temperature with deuteration—ascribing it to gnately 0.2 A.
decrease in tunneling integral as protons are replaced with ysually, the decrease in the transition temperature in KDP
deuterons. The subsequent results of Raman scatterifgmily crystals with pressure is explained within the proton
experiments;* however, raised serious doubts about the Vayrdering (tunneling model in the mean-field approximation
lidity of the proton ordering model. Another approach wasassuming a decrease in the parameter of hydrogen-hydrogen
proposed, according to which not just protons, but the whole interactionJ and an increase in the tunneling integisse the
H,PO, groups, play the role of ordering units. There is alsohook by Blind? and Samara’s reviex A more adequate
the theory of the so-called geometric isotope effect, in whichdescription of pressure effects in these crystals has been ob-
the shift in the transition temperature with deuteration is attained in the four-particle cluster approximation by Bfific
tributed not to the decrease in tunneling, but to the changesnd Torstveit* The derivatives of transition temperature,
in the geometry of hydrogen bonds, namely, to an increase ispontaneous polarization, and Curie constant with respect to
the separatiors between two possible hydrogen sites on ahydrostatic pressure for KDP and DKDP were successfully
bond and/or in H-bond length. Nevertheless, the tunnelinglescribed. However, since then a lot of new experimental
model still remains the most elaborated and widely used apdata on the pressure effects has become available for other
proach to the description of the phase transitions in the KDRrystals of KDP family>~?°and for uniaxial pressurésnot
family crystals, including also mixed crystals of to mention the observed universality of thE; vs &
Rb, _,(NH,),H,PO, type®” where the spin-glass phase is dependenct:
found. Therefore, it seems worthwhile to re-examine the ability

Naturally, the high-pressure studies are not able to unamef the conventional proton ordering model to consistently
biguously establish the mechanism of the phase transitions idlescribe pressure effects on several ferroelectric and antifer-
these crystals. However, since they are the only means twelectric crystals of KDP family. Particularly, studies of
continuously vary the hydrogen bonds parameters as well aghiaxial pressures may give a better insight into the problem
the interparticle interactions in the system, the pressure stu®f phase transition and/or polarization mechanism in these
ies happen to be the best tool to study the dependences ofystals. For the sake of simplicity we restrict our consider-
crystal characteristics on the H-bond geometry and, therebytion with deuterated crystals strained by pressures which do
to explore the role of hydrogen bonds subsystem in the phygiot lower the crystals symmetry: hydrostatic and uniagial
ics involved. = —o03. In order to study the pressure dependences of static

For instance, it is known that hydrostatic pressure reducedielectric properties, simple models of dipole moment for-
the transition temperatures in all KDP-type crysfaés well  mation in these crystals are suggested. We shall also verify
as the H-site distance and the H-bond lerytfBy means of  whether the universality of the transition temperature vs
neutron-scattering technique, Nelmessal!! found out that D-site distance dependences observed in,/D) and
in four crystals of this family having a three-dimensional ND,D,PO, strained by hydrostatic pressure can be ac-
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counted for in this model and whether it is obeyed by othereproduces the energy levels of the Slater-type model for
crystals of this family under hydrostatic or uniaxial pressure KDP (see, for instance, Ref. }2the Slater energies, w,
and w; (e<<w<w,), determined by the energies of up-

|. THE MODEL down eg, laterale,, single-ionizedes;, and double-ionized
go deuteron configurations:

We consider a deuteron subsystem of a ferroele(fi) FE
or an antiferroelectrid AFE) crystal of KH,PQ, family —
with  a general formula MeD,XO,, where Me Ve _ Wy
=K,Rb,ND,, X=P,As. The crystals are assumed to possess 2’
the tetragonal symmetry in the paraelectric phase. In our cal- W
culations we use the model of strained }#0,-type crystals U=—sg+ _1,
by Stasyuket al,??> as well as some ideas of the previous 2
theories by Blint® and Torstveit* In Refs. 22 and 23, the =4s—8W+ 2w,
influence of the B symmetry uniaxial pressure,;— o, on
the DKDP-type ferroelectrics was considered, and a possibil- &€= &4 &s,
ity of the pressure induced phase transition within a mono- W=¢g,— e,
clinic phase was shown. In the present work, we consider
only pressures which do not lower the system symmetry: W1=8&0~ &8s,
hydrostatic or uniaxiab= — o3 applied along the ferroelec- AFE
tric axisc. -

We perform our calculations within the four-particle clus- V= e Wi
ter approximation which allows one to take adequately into 2
account the strong short-range correlations between deuter- et W
ons. The four-particle cluster Hamiltonian of the system has =— 1,

the following conventional form:

O =2&—8w+2wq;
Ho—y|Jat %42, 992 9a3 , 943 T4 | Tq4 Ta1
a 2 2 2 2 2 2 2 2 E=€5&q,
+U E% Eﬂ W=¢g;—&,,
2 2 2 2 Wi=eo—e,.
4 i ) )
L lar %a2 73 T4 v Zaf Oat 1 The fieldsz. ; include the effective cluster fields! . cre-
2 2 2 2 2 @ o Include the _ af
=1 B ated by the sites neighboring to thyéth site, external elec-

) i L tric field E; applied along one of the crystallographic axes,
where two eigenvalues of the Ising spin,==1 are as- 54 the long-range deuteron-deuteron interactiigole-

signed to two equilibrium positions of a deuteron on e yinsle and indirect via lattice vibrationsaken into account
bond in theqth cell, tunneling being neglected. Depending i, the mean-field approximation

on the choice of the theory parameters, Hamiltor{iBincan (Gare)

describe both the ferroelectric and antiferroelectric ordering. i _ ol Al nN\a’f! i =

The antiferroelectric ordering can be obtained only if the Zq1= P Aqf+q§,f:, I (A9)—5— T uqkil.
long-range interactions are taken into accddnt.

Each PQ tetrahedron in a crystal of the KRO, family is The Slater energies, w,** w;, and the components
oriented such that two of its edges are parallel to d@fte  of the long-range interaction matri¥; (qq’) are propor-
plane; an “upper” and a “lower” oxygen of two neighbor- tional to the square of the separation between two possible
ing PQ, groups are linked by a hydrogen bond with a positions of a deuteron on a bond—D-site distadceAs-
double-minima potential well. Configurations with two hy- suming the linear dependence of the D-site distafae alll
drogens in potential wells being close to upger lowen  MeD,XO, crystals on hydrostatic and uniaxi@=—o3
oxygens of a given PQgroup and with the hydrogens on the pressure
two other bonds being close to the neighboring tetrahedra are 5= 6t 8

w “ " : ; - o™ 01P (3
called “up” (or “down”) configurations and assigned en-
ergy e.. Configuration with two hydrogens close to an upper(according to Refs. 9 and 10, the variation®fvith hydro-
and a lower oxygen, with only orfer threg hydrogens close static pressure in KEPO, is linear indeed, except that,
to a given group, and with four hydrogefsr without any  and §,; are temperature dependgnive expands, w, wj,
are called lateral(energy €,), single ionized §,), and andJ (qq’) in powers ofpressureup to the linear terms.
double ionized £,), respectively. It is usually assumed that However, there can be other mechanisms of pressure influ-
the energies of up-down configurations in ferroelectric crysence on the energy parameters of the model, like, for in-
tals and of lateral configurations in antiferroelectric ones arestance, changes in distances between the dipoles due to the
the lowest. lattice deformation affecf;;:(qq’). We take these mecha-

Parameter¥, U, and®, different for ferro- and antifer- nisms into account by expandirg w, w;, andJ:; (qq’)
roelectric crystals, describe the short-range correlations bén powers ofcomponents of lattice strain tensap to the
tween deuterons. They are chosen such that Hamiltaidlan linear terms, so that

25,26
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TABLE I. Changes in the Slater energies due to the strains offhe order parametémean value of the quasispiof a ferro-
different symmetries(The strain symmetry is indicated in paren- electric crystal is uniform, whereas that of an antiferroelec-

theses. tric crystal should be presented as the sum of a spontaneous
modulated part and of a field-induced uniform part:
Level g4 (E) &5 (E') g6 (B2) e1—&2 (By) a KR a
e B16es Tgr= 7€ 7t e
e — 016€ a
W Soce's 1676 — Sye1—€5) ni=- 77 772 7/3 ~ Mas
w — 625E5 — Oa(e1—22) a _ _a _ a
w 82484 Soe1—€y) M= M3~ ~ MiE>
W — 02484 01— &2) a _ a a
Wy M24e=T2e~ ~ M4k -
Here kz=(b;+b,+bs)/2; by,b,,b; are the basic vector of
25, the reciprocal lattice; the factofe?a= =1 denotes two sub-
e=¢ — = 2 £ +2 Suiei, lattices of an antiferroelectric.
s % =1 Now we shall proceed with the conventional cluster ap-
25, 3 proach calculations, excluding the effective fielllrom z
szo[ 1- SN E +2 Ssigi, (40 by making use of the self-consistency condition. The condi-
0j=1 tion states that the mean values of the quasispins calculated
25 3 with the four-particle Hamiltonian(1l) and with the one-
1 . . .
wl—wl{ 1-3 5 ]Z + E S3i€i particle Hamiltonian
|
and .y Hglgz_(%_ qu)% 6)
7 — 1(0) ’ 1
I (aq)=Jin(aq) | 1= g5 2 & +2 Ui (ag)e - _
0j=1 5 must coincide. We obtain
To avoid explicit dependence of the Hamiltonian on pres- FE
sure, we expressed pressure in terms of the resulting strain T
e1teytes; S=3;;S; for hydrostatic pressure an® 1 1+qg BusEs
=3,Sy; for the uniaxialp=— o5 pressures; is the matrix z —§|n1_ o +Br(0)y +—5—,
of elastic compliances. The paramete&ﬁ,(qq’) are the
same for all nonlowering the system symmetry pressures ap- AFE
plied to a given crystal, whereas the ratip/ §, is different L a
for hydrostatic and uniaxial pressures. a + 7q13 j
In Egs.(4) and(5) we take into account only the diagonal Zq137 5 Inl_ 2 1 B| valk) n°e e
components of the strain tensor. As symmetry analysis a3
shows?? these strains do not split degenerate energy levels, a Mm1Eq
whereas the nondiagonal components of the strain tensor can +va(0) et T}

partially remove this degeneraé§The changes in the Slater
energy levels caused by strains of different symmetries are

. 1 1495
presented in Table I. o o za24:§|n q24+/3[v (Kz) 72" zRa+ v,(0) n342],
Hereafter, we consider only a longitudinal electric field - 77q24
E; in ferroelectric crystals and a transverse dhein anti- with

ferroelectric crystals. It brings about the following symmetry
of the quasispin mean values, effective dipole momﬁu‘atfs

1
and effective fieldsz, ve(0)= 7[312(0)+2J1(0) + J150) ]
FE
7'=(042) = (o) =(70) =(oqa): ooy 1-22%8S
iy 3 q:23 3Q3 3 ar :VC(O) 1_§5_ z +2 Ui(0)e;,
M3= g1 = Mg2= Mq3= Mqas -
2'=2%=20,=25,=123;

AFE a(k)=~ [Jll(k) J13(k)]
77313§_<0'q1>:<0'q3>1 2 5, 3
77324E_<0'q4>_<0'q2>1 =3k [ —55—2 +E Pai(K) e

M1= /J“ql I“q37
qu_,qu_o, being the eigenvalues of Fourier transforms of the long-

a __ .1 _.1 range interaction matrices.
Zq13_ qu_zq31

1
Zq4 .

Z4os= Zézz - (hereE;=0).

Now the free energy of strained crystals can be calculated
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FE

v
ff:i% Ci(l.o)gigj—ZW+2Vc(0)[77f]2

+2T Inm,

AFE (7

fa:E 2 C.(.O)g-g-—ZW+8+2V (k )[ a]2
24 T

+2T In——s—;
(1-[7*1»)D?

¢ are the so-called “seed” elastic constants of a crystal,

describing the elasticity of a “host” lattice—a fictitious lat-

tice without deuter0n37=v/kB; v is the unit cell volume,
and

Df=cosh 2+ 4b coshz'+2a+d,
D®=cosh 2?+4bcoshz®+a+d+1,
a=exp(— Be),
b=exp(—Bw),
d=exp(— Bw,).

Terms likeSggh2sP3 and=;q;3¢; P35, which usually occur in

the free energy when one considers the piezoelectric co

pling and electrostriction effechgg is the piezomodule, and
giz3 are the electrostriction coefficients are taken
into account in our expressions by vZ0)[7']? {or

2va(k)[ 717}
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are the contributions of deuteron subsystems to crystals elas-
ticity. Since determination of these contributions lies beyond
the scope of the present paper, we may consider instead of
Eq. (9) the system
3
_pizzj_ Ciij; (10)
=

electrostriction is neglected;; are the elastic constants of
the whole crystal, being determined from an experiment.

The first-order phase transition temperature can be found
from the following condition on the values of the thermody-

Jramic potentiab(»,T,p)

9(n'(or %), Te(or Ty),p)=9g(0,T(or Ty),p).  (11)

It is assumed that the polarization of the crystal, triggered
by deuteron ordering, is related to the mean values of qua-

The order parameter and lattice strains are to be deters‘lspins as

mined from the thermodynamic equilibrium conditions

1(9f_0_
van
1c7f_

u:o7_8i_ Pi,

pi=(p,p,p) for the hydrostatic pressure, apg=(0,0)p) for
the uniaxial pressurp= — o3, leading to the following sys-
tem of equations:

8

f,a:i(sinh 2"+ 2b sinh z"?)
77 Df,a '

3
_ 5
_pi:jzl C;jO)Sj_FIf,a(Si !77f1315_0)! (9)

where

Mqu <0'qf>

¥ v 2

with summation going over all sites of a unit célumma-
tion over a primitive cell would give a sublattice polariza-
tion). Taking into account the system symmetry, we can
write that

FE

4z
Ps==y 7"

AFE 12

21
Pi=—nix.
1= M1z
It is the variation of the effective dipole momenis with
pressure that governs the pressure dependences of dielectric
characteristics of the crystals. Determination of this variation
will be deferred till the next section.
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TABLE Il. The theory parameters for the considered crystals.

Teo  dTclop 8118 e w0 0%y oy, gy oy gy 00 WS
Crystal (K) (K/kban (10 3kbar 1) K) (uClen?)

KD,PO, 220 —2.0 Ref. 16 —6.4 92.0 830 38.0 130 110-560 120 —560 76
KD,PO, 220 —2.5Ref. 15 ~-7.4 92.0 830 38.0 130 110-560 120 —560 1.55
K(Ho19087,PO,° 210 —125Ref.21  —35.0 87.6 785 37.05 120 100-545 110 —545 1.49
K(Ho1Do089,PO,Y 208  —3.0 Ref. 15 -9.3 87.6 785 36.0 110 90-545 100 —545
RbD,PO, 207.3 —3.7Ref. 18  —10.7 959 828 29.9 110 90-450 100 —450 135
KD,AsO, 159.7 —1.6 Ref. 19 -6.0 73.0 800 21.6 80 60-220 70 —220
RbD,AsO, 169.8 —2.7 Ref. 19 -85 778 795 233 100 80-210 90 —210
ND,D,PO, 235.0 —1.4 Ref. 39 —4.9 77.0 709 8575 310 290-500 290  —560
ND,D,AsO, 286.3 —1.4 Ref. 20 —4.4 105.0 810 103.65 380 360-680 370 —680 1400

a0= V(C’(O) and i, = i,;(0) for ferroelectrics;y®= vg(kz) and ¢, = y,(kz) for antiferroelectricss; and ;" are the values of the defor-
mation potentials below and above transition point, respectively.

brO= (u3)?/v for ferroelectrics and®=(u9)%/v for antiferroelectrics.

“Values ofdTc/dp and 8, /5, for this crystal correspond to uniaxial presspre — 5.

dvalues of deuteration for K(H,_,D,),PO, crystals are nominal.

Differentiation of Eq.(12) with respect toE; or E; at

dei/JE;j=0 (the strains are independent of the electric jield
yields the expressions for static dielectric permittivities of

clamped crystals.

eX(T,p)

el (T,p)=¢i. +4m

FE
Bus  Ax
= sgoc + 471'—3 f—gf )
AFE (13
Buil A4 x5

+ ;
v \Da—Z%ilcp? D2—2x5¢%

Il. THE FITTING PROCEDURE

We need to set the values of the following theory param-
eters for each of the consideredeD,XO, (Me
=K,Rb,ND,, X=P,As) crystals:

« Slater energies®,w®,w? for both FE and AFE crystals,
eigenvalues of Fourier transforms of the long-range interac-
tion matricesv2(k;) for AFE and »2(0) for FE (these pa-
rameters describe the unstrained state of crystals

« the eigenvaluer2(0) for AFE crystals, the effective
dipole momentsu(?) for FE and AFE crystalsthey deter-
mine magnitudes of dielectric characteristics at atmospheric
pressurg

* the elastic constants; ;

e are high-frequency contributions to the permittivities, < the ratiod;/J, and so-called deformation potentiaig

and

xh=cosh Z'+b coshz'—[ 5']?Df,

x3=1+b coshz?

x5=cosh 2®+b coshz®—[ 7?]?D?,

f
®3

¢

T1-[4']

>+ Bre(0),

1
1 +Bva(0).

1 [P

It should be noted that at ambient pressure abbyg if w
—o andw;—o the obtained expression fef; coincides
with that of Havlin?’

Permittivities of mechanically free crystals are related to

those of clamped

ey(p,T)=el(p,T)+4m

crystals by
3

; €3idsi + esedss) ;

23(p, T =e(p,T)+4md3Cas;

d;j ande;; are crystal piezomodules.

for both types of crystals).;(0) for FE crystals and,;(ky)
for AFE crystals(these parameters determine the pressure
dependence of the transition temperatyres

« the slopesiu; /dp for both types of crystalsy,;(0) for
AFE crystals(they determine the pressure dependence of the
dielectric properties

Values of the parameters relevant to the unstrained crys-
tals have been found earli#->° They provide quantitative
description of experimental data for the transition tempera-
tures, spontaneous polarization, dielectric permittivities and
specific heat of the crystals at ambient pressure. In the
present work, those values were slightly adjusted so that they
corresponded to the deuteration levels for which the values
of 9Tc/dp or dTy/dp were available. Everywhere we ne-
glected contributions of double-ionized deuteron configura-
tions, puttingw?— o and 85 =0.

The ratio 8,/8, describing the rate of the pressure
changes in the D-site distance is the only theory parameter
different for hydrostatic and uniaxial pressures. For all crys-
tals and pressures, we tredt/ 5, as a free parameter. In
the case of KBPQ, with T;;=220 K and dT:/dp=
—2.5 K/kbar, for which the dependence of spontaneous po-
larization on hydrostatic pressure is reportedhe adopted
value of §,/68, (see Table I is more or less close to that
calculated with the available structural data by Neltres-
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TABLE llI. Elastic constantgunits of 1¢ bar) of the considered crystals.

Crystal Teco €11 C Ci3 Ciz  Cp Ci2  Ci3  Cp Cyp Cgp
KD,PG, 220 6.14 —-0.71 105 4.82 6.14 -0.71 1.0 6.14 1.1 4.3
K(Ho1Dos),POs  210* 693 —0.78 122 545 68 —078 1.0 699 10 5.3
RbD,PO, 685 —-01 13 52 685 —-01 13 6.8 12 52
KD,AsO, 6.5 08 136 4.9 6.6 08 133 65 137 4.9
RbD,AsO, 49 —-192 0.48 38 498 —192 048 4978 048 38
ND,D,PO, 6.28 039 19 325 6.28 039 16 628 159 325
ND4D,AsO, 6.4 0.9 24 3.85 6.4 0.9 24 6.3 2.2 3.85

aDifference between elastic constants of K(HDgs7).PO, and K(H1dD0580,P0O, crystals with T
=210 K andT;;=208 K, respectively, is neglected.

responding to a sample withg,=222 K, anddTc/dp= 0 26
—2.9 Klkbar. va(0)=r3(0)| 1-g 5 2 @i
In our calculations, the deformation potentials were
equal to zero. It means that the contribution of lattice straing,, the sake of simplicity we assume thag;(0)=0
i .

to the pressure dependence of the Slater energies Was Ne-p e tg the lack of the necessary experimental data, the
glected, and the latter was assumed to result mainly from thggice of values of elastic constants is not quite plain. For

prejsur_e—r:nﬂucedl_chaﬂges.énslltlhehD—sne d";‘]tam@h?]t aC- instance, for K(H_,D,),PO, the elastic constants at ambi-
cords with the earlier theorieS™where no other mechanism o yressure are available only for deuteratisrsd andx

of pressure effects on the Slater energies was taken into ac- 89 above the transition poitt32 The required values of

count. c;; for the crystals with different values of were obtained

UnIiI_<e the _Slater energies,_ the parameters of the lor_‘gby linear extrapolatioriinterpolation of the data of Ref. 31
range interactions are essentially influenced by the Iattlc?

strains. To estimate the values of the deformation potentialls\E)r =089 and of Ref. 32 for an undeuterated sample
: ; X . H,PQ,. It al hould b tioned that, lly, the elas-
#¢;(0) and i,j(kz), which describe this influence, we use 2y 1 &S0 SNOUIC bE Mentionsc fa’, usuaty, the eas

. . ; tic constantx,; andcs; are measured fairly accurately, and
Tgr?gf-?g;;hea}ﬁtlg?;c?gnsspe;ktljn?r{eﬂ:)zgI\F/Jv?lliec_r?lggls?:r‘i)liarttﬁg tIr;let_he data of different sources are close to each other. As far as
tice mediated interactidns are proportionalao® anda-° tc12 andc,3, are concerned, their values are much lower than

) : : . . those ofcq; and cs3, and different measurements give dif-
respectively” (a ) IS tg]e lattice con;taht This y|eld§ ferent results(see, for instance, Ref. B3 Besides, for
Zii(0)ei=—(3+6)rc(0)e;, depending on the relative n rso, ND,D,PO,, and RbDASO, the data of only one
v_velghts of the two parts of long-range interactions. The best,a5surement are availabiBef. 34 for KD,AsO,, Ref. 35
fit to the experimental dependence of th_e trans_ltlon Femperaf—or ND,D,PO;, and Ref. 36 for RbRASO, ). Therefore, in
ture of KD,PO, on hydrostatic pressure is obtained if calculations for these crystals we fix the values gfandcs;

of Refs. 34—36, whereas the agreement with the experimen-
2 S tal dependence &f(p) was obtained by varying;, andc5
J ~—81%0) (14)  around the experimental values. _ _
E S, For RbD,PO, and ND,D,AsQ, the corresponding experi-
~ mental data are available only for undeuterated fothis.
Taking into account the fact that elastic constants of deuter-
above the transition point. For the other crystals the values dadted crystals are usually close to those of their undeuterated
¥i(0) or ¢, (kz) can be set consistently, using the relationsanalogs, for RbBPO, and ND,D,AsO, we obtain an agree-
ment with the experimental dependenTe(p) by slight
Ye1(0) [0 #ai(kz)](MeD,XO,) changingc;; near that of the undeuterated crystals. Since no
c1(0)(KD2POy) experimental data for the elastic constants of the crystals in
0 0 the ordered phase is available, we calculated the transition
_ ve(0) [or va(kz)][(MeD2XO,) (15) temperature of these crystals at different pressures and dif-
12(0)(KD,POy) ' ferent but close ta:ﬁ trial values ofc;; , choosing those
which provide the best fit to the experimental data.
whereasi3(0) [or ¢¥a3(kz)] can be found from Eq(14). The values of deformation potentials and elastic constants
Since the crystals for which the experimentdlc/dp are vyielding the best fit of theoretical dependences of transition
known might be of different, although high, deuteration lev-temperature on pressure to experimental data are given in
els, the adopted values of deformation potentialg0) [or ~ Tables Il and Ill, respectively. The number of varied param-
4i(k2)(0)] slightly differ from those calculated with Eq. eters could be reduced if we knew the elastic constants and
(15). the variation of the D-site distance with pressure in crystals
Since values of the transverse dielectric permittivity of anwith the same deuterations as in the samples for which data
antiferroelectrics are not very sensitive to small changes ifior the pressure dependences of other characteristics are
the parameter available. However, we would like to emphasize that devia-

+Ei Yai(0)e;

24pc1(0) + 1hc3(0)
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FIG. 1. Pressure dependence of transition temperatared,
Ref. 15: KD,PO,; A, Ref. 18: RbQPO, (tetragonal, KD,AsOy;
RbD,AsO,; (b) O, Ref. 39: NOD,PO,, and O, Ref. 20:
ND4D,AsO,; (c) K(Hy{_yDy),PO, with nominal values ofx:
0.87 (Tcp=210 K)(O), Ref. 21, dashed line; 0.84T{,=208
K)(O), Ref. 15, solid line.

tion of the adopted values of the elastic constants from th
experimental data is slight. Performed adjustment of the elas-
tic constants changes the theoretical values of the slopd¥

ND4D»AsOy4 (p=1bar,
280 |- @ hydrostatic pressure aD2As04 (p )

| ® uniaxial pressure p=-c3 ND4DoAsOy4 (p=10kbar)
260 A experimental points for KDoPOy
(hydrostatic pressure, Ref. 11)
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FIG. 2. Transition temperature vs D-site distance dependence
for several deuterated crystals of the }@0, family.

In numerical calculations we minimize the thermody-
namic potential with respect to the order paramejeand
find the straing; from Eqgs.(10); the transition temperature
is determined from the conditiofil). Results of the calcu-
lations are given in the figures below.

In Figs. Xa and Xb) we plot the dependences of the
phase transition temperature of the di#eD,XO, (Me
=K,Rb,ND,, X=P,As) crystals on hydrostatic pressure
along with the experimental points. Naturally, a perfect fit of
theoretical results to the experimental data is obtained. No
experimental point for KBAsO, or RbD,AsQ, is presented,
but the theoretical slopegT/dp for these crystals agree
with the corresponding data of Ref. 19.

Transition temperature vs uniaxial presspre — o5 line
is presented in Fig.(t) along with the experimental points
of Ref. 21 and a theoretical curve for the hydrostatic pres-
sure. A rapid decrease in transition temperature with the
uniaxial pressur@= — o3 was detected! to describe it, a
negative value ob; /8, was used in calculations. The fact
that variation of T¢ with uniaxial pressure is more pro-
nounced than with hydrostatic is understandable, since the
uniaxial pressure deforms the crystal stronger than the hy-
drostatic pressure does. The unexpected outcome of the fit-
ting process is the prediction that the uniaxial presqure
— o3 shortens the hydrogen bonds and D-site distances
(61/87<0): one would rather expect the pressure applied
along thec axis to expand the D bonds lying in tiad plane.
One of the possible explanations of this shortening is that
p= — o3 pressure flattens BCetrahedra along the axis,
thereby enlarging their projection on thé plane and reduc-
ing the distances between oxygens of different, B@ups.
Another reason for such elongation could be a rotation of

e direction in which they rotate under hydrostatic
essuré:'° However, these conjectures should await an ex-

5‘04 tetrahedra around the axis in a direction opposite to

T </ap within only a few percents, and is not necessary if aP€rimental verification.

reasonable tolerance foif ¢/dp is allowed. The theoretical

pressure dependences of transition temperatures are mairf

determined by the changes in the D-site distawe 5, / &)

Universality of the transition temperature vs D-site dis-
ce dependence is clearly manifested in Fig. 2. The values
of & are calculated using the values of the rafid 6, from

and, to a lesser degree, by a lattice strains counterpart in thable Il, which provide the correct slope3/dp and as-

pressure dependence of the long-range interactiote

$ci(0) or ¢ai(kz)].

suming a universal co(5) dependence for all these crystals
at atmospheric pressure. As one can see, the poi(ts)
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FIG. 3. Spontaneous polarization of KPO, (a and
K(Hg 1082 2POy (b) crystals as a function of temperature at dif- 8;1 (O,T,p)
ferent values of external pressurg(kbar): (@ (T¢o — -~
=220 K, dTc/op=—2.5 Kikbar) 1 — 0.001; 2 — 2.07; 3 — 4.14; oo 3
4-76,5-15.0; 6 — 20.0b) (Teu=210 K) 1 — 0.001; 2 — 0.2; 00 K(HousDosr)oPOu <)
3 — 0.5. Solid and dashed lines correspond to hydrostatic and :\‘ Vo P P /1/*/
uniaxial p= — o3 pressures, respectively. Experimental points are [ '\‘ '\ 7 PR
taken from Ref. 15[0) and Ref. 40 Q). 001 £4 L) A
. L \‘ |\ \\ P P 4 e
o i 1 e
andTy(0) plotted for several ferroelectric and antiferroelec- L I\ A
tric crystals of KHPQ, family, strained either by hydrostatic o \ A
or uniaxial pressure, lie on a single line. Therefore the proton A P
ordering model not only describes the univer3a vs & 0 Oq Lo G
dependencé observed in KBPO, and ND,D,PO, under 190 1 230 250 7(K)
hydrostatic pressure, but also predicts that this dependence is c)
obeyed also by the other crystals of the family strained by

hydrostatic pressure as well as by the KHDg g7),PO, I_:IG. 4. The.tempergt_ur_e dependence of the inverse static longi-
strained by uniaxial pressupe= —o3. This fact again em- tudinal dielectric permittivity of K_QPO4 (a), RbD,PO, (b), and
phasizes the importance of the D-site distance in the phad&{Ho1dDos)2POs (¢) crystals at different values of external pres-
transition in hydrogen bonded crystals and supports our agré P(kban: (@ (Teo=220 K, dTc/op=—2 Kikbar) 1 -
sumption that pressung= — o3 reducess. 2'801’02, 5_3)'2'633'_64.—77, ;16—)71-62)010—05_020%025— ;if _Exziﬁ
Now we shall discuss pressure effects on the dielectri%nema;I ,points ;ire’taken. froﬁn' Ref .4M’ Ref 16 0) éef Fis
prppertie; of th.e CryStals' The slopea; /dp can be det.e'f— (@), and Ref. 42 £ ). Solid aﬁd daéhed I,ines (lzorrespo,nd td hydro-
mined without mtroduqng into the th.eory any extra fitting static and uniaxiah= — o3 pressures, respectively.
parameter on the basis of the following speculations. Even

though these speculations are not quite rigorous, they dgen bond to the off-central one by a distan®2, it seems
have two virtues: they are simple and their predictions agreeesasonable to assume that the heavy ions displacements are

fairly well with the experiment. also proportional to5. This idea was used in the previous
It is believed that the deuteron ordering in the systemtheories:>*In the present work we also assume tatis
results in displacements of heavy ions and electron densitgroportional to the corresponding lattice constantreflect-

which contribute to crystal polarization. Since, when or-ing an intuitively understood fact that the larger molecule is,
dered, a deuteron shifts from its central position on a hydrothe greater dipole moment arises in it. This yields
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2
1 du; 6, & 2p1 Inia M1~ dy
— A ! P,=—— ——Eqg=—x1Eg;1=—, 1
20 9p 50+p' (16) 1= Gy, 0T XiEa Ty 17)
) where[see Eq.(13)]
In Fig. 3 we plot the temperature curves of spontaneous
- __ B4 BB

polarization of K(H _,D,),P0O, crystals at different values
D2—2x5¢5 Da—Z%qu?’

of hydrostatic and uniaxigb= — o3 pressures. As one can X1~
see, the model pressure dependefi& of the effective di-
pole momentu; provides a satisfactory description of a de- d, is the transverse dipole moment of a unit cell.
crease in saturation polarization with hydrostatic pressure. We assume that the magnitude of the dipole moment is
Since we accepted a negative valuedef &, for a uniaxial  proportional to a complete electric field acting on it. This
pressuregp=— o3, then, according to Eq16), effective di-  field differs from the external field, but include also the
pole momeniu; and thereby the spontaneous polarization isinternal field created by other dipoles of the crystal
expected to decrease with this pressure. Unfortunately, no
direct experimental data for the uniaxial presspre — o5 ~ 3(nd)ng,—d,
on the spontaneous polarization of KO, is available. di=a EOJFEI: R3 ' (18)

In Fig. 4 we present the temperature dependences of the ki
inverse static dielectric permittivity of KO, and where « is the polarizability tensorny, is the unit vector
RbD,PQ, crystals at different values of hydrostatic pressuredirected from thekth dipoled, to thelth dipoled,, andRy,
and of K(H)1d0s7),P0O, at differentp=—o3 pressures. is the distance between the dipoles; summation goes over all
Difference between permittivities of clamped and free crys-unit cell of a crystal. If all dipoles are directed along the
tals is neglected. Unfortunately, experimental data for nonexternal field, and the magnitudes of the dipoles are all the
zero pressures are available only for the hydrostatic'bfe. same, then Eq(18) can be solved, and, for instance, for
As one can see, the model depender(@€s well describe a transverse dipole moment we obtain
decrease in the Curie constant with hydrostatic pressure. Due
to the adopted negative value éf/6,, uniaxial pressure _ mEqg

: ) di=——-, 19
p=— o3 is expected to lower the Curie constant as well. 71— 4K, (19
Hence, similarly to the pressure dependence of the transi-
tion temperature, the pressure dependences of dielectric per- < 2a%ni—b2n3—c?n3
mittivity and spontaneous polarization of these ferroelectrics 1 0 (a2n§+ b2n§+czn§)5/2'

are also governed by the parametr/ 5y, indicating the
crucial role of the D-site distance in the dielectric response of,b,c are the lattice constants amd ,n,,n; are integers
the hydrogen bonded crystals. such than?+n3+n3+ 0. From Eqs(17) and(19) it follows

Let us consider now the pressure effects on the dielectrignat
properties of antiferroelectric crystals of the KD, family.
The antiferroelectric crystals of this family are characterized , 1 aq
by the large values of transverse effective dipole moments of MH1==" 1—a;K;
unit cell. The permittivitye (T, p) of ND,D,AsO, exhibits a X1
strong variation with pressuféand the slopeél6) describe  Differentiating this equation with respect to pressure and
the experimental data only qualitatively. It means that thechoosing the value of the derivativer, /dp so that it corre-
mechanism of dipole moment formation in these crystals issponds to the rate of the pressure changes in the square of
somewhat different from that described above for the ferroeffective dipole momenpf in the case when the mutual
electric crystals, or rather there must be some other factor ipolarization of dipoles is not taken into accoumt & 0),
addition to ion shifts due to the deuteron ordering. We ashamely,
sume that there exists interaction between large dipole mo-

ments of unit cellfwe call this mutual polarizationwhich i %: (ﬁ+ ﬂ)
changes their magnitude and the character of their pressure ay dp % P/
dependence. Let us consider a simple model in which a unif,e obtain
celli is assigned a dipole momedit; the size of the dipoles
is much smaller than the distance between them. Up to the 1 9pus 1 day -~ o~ 0Ky
terms linear in external fiel&,,, the transverse polarization 20 a, %(1+X1K1M1)+X1M1%y (20)
of an antiferroelectric crystdhaturally, induced by this ex- M1 !
ternal field reads where
K, a?n2(4R?—5r,)e,— (2R?+5r)(b%n3e,+ c2n3e ;)

p Ninaong R’

R=a’ni+b%n5+c?n3, r,=2a’n?—b2n3—c?n3,
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£4(0,T,p)
150 u 0—00oa increase in the ferroelectric phase observed recently by Dr.
F T T A. G. Slivka of Uzhgorod State Universify.
E Fe—e—c;_\\
o O po oo T TT——
100
E Ill. CONCLUDING REMARKS
C 43 2 1
s DADA We presented a unified approach allowing one to describe
50k the effects of hydrostatic and uniaxial pressures on the phase
F transition and static dielectric properties of deuterated ferro-

electrics and antiferroelectrics of KDP family. We also stud-
e ied pressure influence on dielectric relaxation in these crys-
70 280 290 T(K) tals. Results of these studies will be published elsewhere.

FIG. 5. The temperature dependence of the transverse static di- The calculations performed within the proton ordering

electric permittivity of NOD,AsO, at different values of external mod_el n the.‘ framewor_k_ of the four-particle clu_ster approxI-
hydrostatic pressurp(kbar): 1 — 0.001; 2 — 2.62: 3 — 5.6; 4 — mation confirm the ability of the proton ordering model to

describe the behavior of KDP-type crystals under external

pressure. It should be noted that the theory can be easily
generalized to the cases of other pressures, including those
which lower the crystals symmetry, in particufdr,o;

|

7.68. Experimental points are taken from Ref. 20.

and the pressure dependenceefs neglected. One can see,

that the terms i 3/dp describing the influence of mutual ~o,. The proposed scheme of choosing the theory param-

polarization (via K, and 9K1/dp) are proportional 11l  cters allows one to describe the influence of different pres-
and, therefore, are unessential for crystals with small dipolgres on a transition temperature and static dielectric proper-
moments such ag in KD,PO, or RbD,PO, . _ ties of the crystals. The main parameter which determines the
The dielectric susceptibility should be now determined as, ossyre dependences of the transition temperature, sponta-
a derivative of polarization with respect to a complete fieldneqys polarization and static dielectric permittivities is the
E1=Eq+diK;=Ep/(1—-a)Ky). Then, instead of EQ. a9 5,/5,, which is the rate of the pressure induced
(13), we obtain , - changes in the D-site distance. Our calculations show that
si(O,T,p)=s§w+4wﬂ X1~ _ (21) the universality of the transition temperature vs D-site dis-
U1+ uiyKy tance dependence observed experimentally in some of the
Let us mention that the difference between E(f3) and crystals deformed by hydrost'atic pressure is obeyed a'lso' by
(21) is the larger, the stronger the crystal lattice differs fromth€ Other crystals of the family and also under the uniaxial
a cubic one; aa=b=c, K,;=0. pressurep=—o3. The theory predicts that this uniaxial .
In Fig. 5 we plot the temperature curves of the transvers@€Ssure should shorten the hydrogen bonds and the D-site
dielectric permittivity of NO,D,AsO, (DADA) at different distance, even though this pressure is applied along the axis

values of hydrostatic pressure along with the experimentdf€rPendicular to the plane in which the hydrogen bonds lie.
points by Ges?? In calculations, we useg(O)z —35 K and The suggested model pressure dependences of the effective

a value of the piezomoduld,, corresponding to an undeu- dipole moments_of unit cells provide a satisfactory agree-
terated sampl& ment with experimental data for the effects of hydrostatic
The pressuré dependence of the coefficj@ﬁlcalculated pressure on the dielectric properties of the crystals. We show

with Eq. (20) provides a fair description of a decreasesh that for the antiferroelectric crystals of the family with large

. X . - . values of transverse dipole moments, one should take into
in the paraelectric phase as well as of a slow increase in th

i lectric ph howing thereb . ¢ hé'i‘ccount processes of mutual polarization of unit cell dipoles.
antiterroelectric phase, showing thereby an importance of the., - e ferroelectrics with small longitudinal moments those
mutual polarization mechanism in the dielectric response o

th tals. It should b ted that th 56 be ofh rocesses are not important. Further dielectric and structural
ese crystais. Tt should be noted that thére can aiso be 0tige a5 rements of the pressure effects, especially of uniaxial
mechanisms of pressure influence on the dipole moments

hvd bonded | | d here: X ressures, on the KDP family crystals will allow to ascertain
ydrogen bonde crystqs, neg ecpe ere: rotation OJ_P the values of the theory parameters, verify its predictions
tetrahedra around the axis, shortening of N-H-O bonds in

; . . ' about the possible changes in the H-bond geometry and di-
antiferroelectrics, etc. It can also be important that the dielec;

. o _ electric properties of the crystals.
tric permittivity of DADA (Ref. 20 is measured atv
=10 Hz, which belongs to the region of the piezoelectric
resonance.

In a similar way, one describes also the variation with
hydrostatic pressure of the transverse dielectric permittivity The authors would like to thank participants of the IV
of DKDP given by , f Ukrainian-Polish Meeting on Phase Transitions and Ferro-

. § Bui 25, electrics Physic¢Dniepropetrovsk, Ukraine, June 1998r
el(T,p)=e1.+ 4”7 D2, of their interest in the work and valuable discussions. This work
1t was supported by the Foundation for Fundamental Investiga-
[where ! =a+b coshz and ¢|=(1-[%'1?) "+ Br,(0)] tions of the Ukrainian Ministry in Affairs of Science and
—a decrease with pressure in the paraelectric phase and dechnology, Project No 2.04/171.

ACKNOWLEDGMENTS



8540

IM. Tokunaga and T. Matsubara, Prog. Theor. PH35. 581
(1966.

2p.G. de Gennes, Solid State Commdn507 (1966.

3See Y. Tominaga, Ferroelectri&®, 91 (1983, and references
therein.

M. Tokunaga and I. Tatsuzaki, Phase Tran4it97 (1984.

5M. Tokunaga, Prog. Theor. Phys. Supd0, 156(1985.

SE. Matsushita and T. Matsubara, Prog. Theor. PH. 235
(1984.

"E. Matsushita and T. Matsubara, J. Phys. Soc. Bgh.1161
(1985; 54, 0232(1985; 55, 666 (1986.

8G.A. Samara, Ferroelectridl, 161 (1987).

9R.J. Nelmes, Ferroelectridsl, 87 (1987).

103 E. Tibbals, R.J. Nelmes, and G.J. McIntyre, J. Phyd5C37
(1982.

11R.0. Piltz, M.I. McMahon, and R.J. Nelmes, Ferroelectd€s,
271(1990.

12R. Blinc and B. Zk§ Soft Modes in Ferroelectrics and Antifer-
roelectrics(Elsevier, New York, 1974

1BR. Blinc and B. k5 Helv. Phys. Acta41, 701 (1968.

143, Torstveit, Phys. Rev. RO, 4431(1979.

15G.A. Samara, Ferroelectri@2, 925 (1979.

165 G. Zhukov, V.A. Kul'bachinskii, P.S. Smirnov, B.A. Strukov,
and S.H. Chudinov, Bull. Acad. Sci. USSR, Phys. SK. 40
(1985.

17T, Hikita, Y. Ono, and A. Bungo, J. Phys. Soc. Jii1, 3794
(1992.

18K, Gesi, K. Ozawa, T. Osaka, and Y. Makita, J. Phys. Soc. Jpn
61, 342(1992.

1%w.B. Spillman, R.C. Leung, N.E. Tornberg, and R.P. Lowndes,
Ferroelectricsl7, 383(1977).

20K, Gesi and K. Ozawa, J. Phys. Soc. JpB, 4405(1984.

2IN.I. Stadnik, N.A. Romanyuk, and R.G. Chervonyj, Opt. Spek-
trosk. 84, 273(1998.

I. V. STASYUK, R. R. LEVITSKII, AND A. P. MOINA

PRB 59

22| V. Stasyuk and I.N. Biletskii, Bull. Acad. Sci. USSR, Phys. Ser.
4, 79(1983.

23| V. Stasyuk, R.R. Levitskii, I.R. Zachek, T.Ye. Krokhmalskii,
and A.S. Dudgunpublished

24y, Ishibashi, S. Ohya, and Y. Takagi, J. Phys. Soc. 38n1545
(1972; 37, 1035(1974.

25R. Blinc and S. Svetina, Phys. Rel47, 430(1966.

264 B. Silsbee, E.A. Uehling, and V.H. Schmidt, Phys. R&83
A165 (1964).

27s. Havlin, E. Litov, and H. Sompolinsky, Phys. Rev.1B, 1297
(1976.

28y.G. Vaks, N.E. Zein, and B.A. Strukov, Phys. Status Solidi A
30, 801 (1975.

2R.R. Levitskii, I.R. Zachek, and Ye.V. Mitanpublishedl

30R.R. Levitskii, Ye.V. Mits, and I.R. Zachetunpublishedl

31L.A. Shuvalov and A.V. Mnatsakanyan, Sov. Phys. Crystallogr.
11, 210(1966.

32| J. Fritz, Phys. Rev. B3, 705(1976.

33Numerical Data and Functional Relationships in Science and
Technology edited by K.-H. Hellwege and A. M. Hellwege,
Landolt-Banstein, New Series. Group Ill: Crystal and Solid
State Physics, Vol. 16, Pt. (Springer-Verlag, Berlin, 1982

3R.S. Adhav, J. Appl. PhyS9, 4091(1968.

35W.P. Mason and B.T. Matthias, Phys. R&& 477 (1952.

36R.S. Adhav, Br. J. Appl. Phys., J. Phy32, 171(1969.

37S. Hausshl, Z. Kristallogr. 120, 401 (1964).

%R.S. Adhav, J. Acoust. Soc. Am3, 835 (1968.

39]. Skalyo, Jr., B.C. Frazer, G. Shirane, and W.B. Daniels, J. Phys.
Chem. Solids30, 2045(1969.

4OM. Chabin and E. Giletta, Ferroelectrits, 149 (1977.

#IR.M. Hill and S.K. Ichiki, Phys. Rev130, 150 (1963.

42E. Giletta and M. Chabin, Phys. Status SolidlB0, K77 (1980.

43A.G. Slivka (private communication



