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A microscopic model of the influence of the conjugate to the order parameter external fields—electric field
E; and shear stresss—on deuterated KEPO,-type ferroelectrics is presented. The major mechanisms for this
influence are the splitting of the Slater-Takagi energies of the short-range correlations and the effective field
created by piezoelectric coupling with shear strain The T vs o phase diagram of KEPO, is constructed,
and the stress dependences of the dielectric, piezoelectric, and elastic characteristics associated wih strain
are discussed.

Hydrostatic pressure studfelsave proven to be extremely tion of E; and o). In a linear inE approximation, the tem-

useful in elucidating the role of the hydrogen subsystem "(l)erature of the first order phase transition increaseshuils
the phase transition and dielectric response of th

KH,PO,-family crystals. They revealéd a strong depen- 5 =

dence of the transition temperature and dielectric character- Tc=Tco—~ng /4_C~

istics of these crystals on the geometry of hydrogen bonds 7a’'b b

(in particular, on the separation between the two equilibrium

hydrogen sites on a bond and the phase equilibrium curves terminate at the critical

Along with the shift of hydrogens at ordering, other points (* E*,T%)
changes in the geometry of the crystals, accompanying their
polarization (at the phase transition or in response to the ~ 8. —3b
electric field can be equally important. For instance, a dis- E* 21—53 \ =
tortion of PQ, groups takes place at the transition, so that the 10c
P ions move closer to the upp@r lower, depending on the -
polarization directiohoxygen ions, and the lines connecting 7 3b?
upper and lower oxygens of each P@roup stop being T =Teot 5 516ca’
perpendiculaf. Also, one of the diagonals of the square-
shaped projection of the tetragonal unit cell on &ieplane A microscopic theory of these phenomena and accompany-
elongates, while the other shortens, turning this square intoimg them changes in the physical properties of the
rhomb (the angle between the corresponding sides of th&KD,PO,-type systems is still absent. Such a theory must take
square and of the rhomb defines the shear steajn into account the facts, that the mentioned above changes in
Thereby, the angle between hydrogen bonds along the adjthe crystal structure affect the short-range correlations be-
cent squarérhomb sides deviates fromr/2. tween hydrogens, and that piezoelectric coupling with shear
A natural way to explore the role of structural changesstraineg produces long-range molecular fieldmalogous to
occurring in the crystals at the phase transition is to studyhe external electric fields.
behavior of the crystals in external fields that would induce In the calculations of the static properties of the
identical changes. For the KRO,-family ferroelectrics, KH,PO,-family crystals performed within the pseudospin
such fields are the shear stresg and the electric fieldEg proton ordering model, effects related to spontaneous strain
applied along the ferroelectric axés Via the piezoelectric &4 are usually neglected. Studying the influence of the fields
effect, both of them induce polarizatidd; and straineg; o and E; we en routetake these effects into account and
polarization and strain of the same symmetry arise spontan@btain a more consistent description of K80, in the ferro-
ously in the low-temperature phase. electric phase. We also can calculate the elastic and piezo-
The way the fields conjugate to the order parameter affeatlectric characteristics of the crystals and find out to what
the phase transition in the system is already clear from thextent the peculiarities of their temperature behavior can be
analysis of the Landau expansion for thermodynamic potenattributed to the hydrogen subsystem.

tial These studies provide helpful information about the
theory of mixed Rb_,(NH,),H,PO,-type systems. Thus,
3 B r B we estimate a magnitude of the piezoelectric coupling which
G=Go+ ?(T—T0)§2+ Z§4+€§6—E§ gives rise to random electric fields in such systéramear-

ing out the transition between the spin-glass phase—
paraelectric phaseAlso we elucidate the changes in the
(a'>0, b<0; for KD,PQ, ¢ is a certain linear combination energies of deuteron configurations induced by the strain
of polarizationP; and straineg, andE is a linear combina- These changes can be a source of randomness in the short-
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range interactions in these systems, though not as important 1 (og) (ogrir)
as extra hydrogen bonding brought by impurity ammonium Hiong=% > Jie(aq) 5 5
ions. a'f'af

In the present paper we propose a generalization of the (oqri)) oge ot
conventional proton ordering model that takes into account —Ef > Je(Aq ) |5~ 2866
effects of the shear strain: piezoelectric fields and splitting at L\t

of the short-range Slater-Takagi energy levels. We verify o

that the developed model can describe the temperature pecu-  =2Nvp?— >, (zyn—zwﬁsﬁ)—qf, ©)
liarities of associated with the strairg elastic and piezoelec- af 2

tric characteristics of the crystal at atmospheric pressure. Inyhere
fluence of the stressg on the phase transition, dielectric,
elastic, and piezoelectric properties of deuterateg KD is
investigated. Thelc-o¢ phase diagram is constructed and
calculated dependences of the physical characteristics ds the eigenvalue of the long-range interaction matrix Fourier
stressog are presented. transformef,=2Rq_Rq,Jff,(qq’);

4V:\]11+ 2\]12+J13

77:<0'q1>:<0'q2>:<0'q3>:<0'q4>
is the mean value of the Ising pseudospigy=+1 whose

We consider a deuterated crystal of the JA), type to ~ two eigenvalues are assigned to two equilibrium positions of
which external electric field&; and shear stressg are ap- @ deuteron on théth bond in theqth primitive cell. As one
plied. BothE, ando induce polarizatiorP; and straineg in~ €an see, the piezoelectric fiefhe s is analogous to external
the crystal; polarization and strain of the same type aris@lectric fieldE;. Under hydrostatic pressure, the correspond-
spontaneously in the ordered phase. ing fieldsEle:,bcisi 7 are proportional to the diagonal com-

The entire Hamiltonian of the model consists of a “seed” ponents of lattice strain tensor and to the mean values of
part, independent of deuteron subsystem configuration anpseudospind? therefore, they are analogous to internal mo-
attributed to a host lattice of heavy ions, and of a pseudospilecular fields created by the long-range deuteron-deuteron

Hamiltonian of the deuteron subsystem, including shortinteractions.
range and long-range counterparts Let us consider now the Hamiltonian of the short-range

configurational interactions between deuterons. A proper ap-
proximation is the four-particle cluster approximation,
o which adequately takes into account the geometry of these
H=NUgeeqt H long™ Hshor E ,U«3E37, 1 interactions.
af The Hamiltonian is usually chosen such as to reproduce
the energy levels of the Slater-type model for KBfee, for

N is the number of primitive cells; tunneling is neglected. nstance, Ref. 10—the Slater energies, w, andw, (e
The last term in the Hamiltonian describes interaction of theSW<W1), determined by the energies of up-downy, lat-
longitudinal effective dipole moments of primitive cells; €@l £a, single-ionizede;, and double-ionized, deuteron
with external electric field applied along the ferroelectric axisconfigurations
c. The dipole moments are created by heavy ions polariza-
tion and displacements, triggered by deuteron ordering. e=g,— &g, W=g1—&g, Wi=gg—&g.

The “seed” energy expressed in terms of the electric field
E; and strainsg has the standard fofin

I. THE MODEL

If eg=0, the “up” and “down” deuteron configurations
have the same energy, assumed to be the lowegiThe
“up” configuration is the one with two hydrogens in poten-
— — tial wells being close to upper oxygens of a given,R@oup,
while the hydrogens on the two other bonds are close to the
neighboring tetrahedraCorrespondingly, lateral configura-
tions with two hydrogens close to an upper and a lower oxy-
) o ) ) gens are fourfold degenerate; single-ionized configurations
and mclud_es the elastic, piezoelectric, and electric countefgitn only one(or threg hydrogens close to a given group are
pggts, S’Vh'Ch d(? not depend on hydrogen arrangemengightfold degenerate, and double-ionized configurations with
Ces» €36, aNdxzz are the so-called “seed” elastic constant, four (or zerg hydrogens are twice degenerate.
coefficient of the piezoelectric stress, and dielectric suscep- The straineg splits certain energy levels of the conven-
tibility, respectively;v =v/kg, v is the primitive cell vol- tional Slater-Takagi modékee Table)l Since the system is
ume; kg is the Boltzmann constant. no longer symmetric with respect to a mirror rotat®n(the
Hiong is the Hamiltonian of the long-range interactions operation changes the sign of polarization and stsg)n the
between deuterongdipole-dipole and lattice mediatdd energy of up-down configurations=1,2) splits to two dif-
taken into account in the mean field approximation. In addiferent levels, and the energy level of lateral configurations
tion, piezoelectric coupling induces additional molecularsplits to two twice degenerate levels<5,6) and (=7,8).
field® linear in straineg. Hence Configurations corresponding to each level are symmetric

v — v
UV k02 0 02
Useed‘ECGGSG_Ue36E386_§X33E3 2
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TABLE I. Deuteron configurations and their energies with the splitting due to strgiteken into
account.

1 01090304 Ei 3 01020304 Ei

++++ €s — 03686 9 -———++ €1 — b16¢6

—
o

b 5 47 4 bt

—-_——— €s + 8s6€6 -——+ -

+ 4+~ - €a + ba6€6 13 ++ -+ €1 + 61656

——++  eatlwes| 14 +++-

—++- €a — bas€s 15 -+++

b b\ 41 b by

+—-—++ €4 — 0a6Es 16

with respect torr rotationC,. Similarly, single-ionized con- teron is in the first minimum at théth bond and3(1

figurations are divided into two groups, with tilecompo-  — o) otherwise. Then the entire Hamiltonian of the system,
nent of dipole moments assigned to each configuration beingith the short-range interactions taken into account within
directed up {=9,10,11,12) or downi=13,14,15,16). the four-particle cluster approximation, takes the form

In the hydrostatic pressure case, the changes in the Slater

energies are usually attributed to pressure-induced changes . .

in the D-site distanc®.>'* Here we assume thatdoes not H®=N(Usgeeqr 2v7%) + 2, H,
depend on straimg. Instead, the energies of deuteron con- a
figurations are altered only by splitting of the degenerated
levels due to lowering of the system symmetry. From geo- @ Z oqi ©6 4 oy
metric point of view, this happens mostly because thg PO Hg’=— > B > T (Tost 2516)21 >
groups are distorte@he P ions shift up or downand the -

angle between perpendicular in the paraelectric phase hydro- 0q1 0q2 g3 Oq1 Oq2 Oga
gen bonds is changed. All splittings are taken as linear func- —e6(0612018)| 5 5 5 TS 5
tions of straineg.

To rewrite the energies of deuteron configurati@sin Oq1 0q3 Oqa  Tq2 0g3 Oqa
terms of pseudospins, we associate the configuration opera- T o ot T o

tor N; with the configurationi according to the following
rule: each operator is a product of four factors, one per each
hydrogen bond, each factor being equaj (d + aqr) if deu-

O'ql 0'q2+0'q3 0'q4
2 2 2 2

+ (V+ 5a686)




PRB 62 KD,PO, FERROELECTRICS IN EXTERNAL FIEL[S . .. 6201

U — 1))
glE(T,Us,Es177)=§ng8§_063686|53_ 5X33E§+2T In2

Oq1 0q3  Oq2 Oga +2v9?—2TIn(1— 7?)

U5 5% 3

—2TIND—voges, (6)

Oq1 0q2 g3 Tg4 i . . )
+‘I’7 2 T2 o (4) obtained from the electric thermodynamic potential
92e(T,e6,E3,7)
When straireg is not taken into account, the short-range part
of the Hamiltonian is symmetric with respect to a simulta- 926(T,e6,E3,7) = Ugeeqt 2T INSpexig— BHSY)
neous change of signs of all pseudospins and, hence, con-

tains only two- and four-particle terms. However, due to the ‘

splitting of up-down and single-ionized configurations there _szl In Sp exg — BHgf)
arise terms odd in pseudospitiene- and three-particle
whose prefactors are, naturally, proportional to the stegin =0,e(T,06,E3,7) +v0ges,
and to the constants of the splittirdlys and §;¢.

In Eq. (4) the following notations are used: or the free energy(T,eq,P3,7)

1 1 - —0F
V=— 2w, U:§W1_8a ®=4e+ 2w, — 8w, f(T,e6.P3,7)=02e(T,26,E3,7) ~vP3E;3

2 _
_U P02 10
and =5Ce686~ VN3gesPs
— 2
Z2=B[—A+2vn—2¢ges+ u3Es]. v 1
Al 7T 2¥eeet uakal +5 5| P3- 222, |+2Tin2

The short-range interactions with the sites neighboring to the X33 v
qfth_ site, which are not explicitly inclu_ded into the f_our- +2v72—2TIn(1- 7?)—2TInD, (7)
particle cluster Hamiltonian, are taken into account via the
cluster fielda. wherenS,=e%y xS, coo=cE2+ el

Using the condition of equality of the mean values of  The thermodynamic equilibrium conditions
pseudospins calculated with the four-parti¢le and single-

particle deuteron Hamiltonians

E(’?glE

) _ E({?glE
N Z_BA Oqf % &86 Ej,0¢ , v

aEg) = Ps
96

qf_ B 2 ’

or
we exclude the parametér and obtain

1( of ) 1( of ) £
= — =g y = —— =
v a86 P3 6 v &Pg 3

m
n= 5! (5) £g
iel
where yield
o . 4pg m 2M
m=sinh(2z+ B8e¢) + 2b SiNN(z— BS1686), oezcggse—eg6E3+ﬁ—+ - 6, 83
v D D
D=cosh2z+ Bdge6) +4b cosiz— BSiee6)
m
+d+aag+ala, Py=eleea+ xoEs+ 2= o (8
1 1+9 BusEs or
z= Emm‘f‘BV’r]—BlJ/GSG-F Y
mz My Aggm  2Mg
a=exp(— Be), b=exp —pw), aezcgg%—hge( P3—275)+UTB = (93
d=exp(—Bw1), as=exp—Bdsecs)- o
M3
- : : : L Es=—hget+ —| Ps—2 —), 9b
The elastic, dielectric, and piezoelectric characteristics of 3 36°6 ng 3 D (9b)

the crystal will be calculated using the thermodynamic po-
tential (Gibbs’ function g.g(T,06,E3,7) where
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TABLE Il. The theory parameters. The data in the second row taken from Ref. 13 were used in the theory
where the spontaneous straig was not taken into account.

€ W v e Os6 Sas 815 Cgex10710 2pzlv €% X3
(K) (dyn/cn?)  (uClen?)  (esu/cm)
91.3 795 3413 —-505 -—-680 1250 100 6.6 6.9 0x10* 0.55

88.3 778 37.05

) and the elastic constanfy at constant polarization
MGZ — Osp S|nk(22+ 355686) + 5a6

a
aadg 2
+ 4b516$inf'(z— 1851686) .

Equations(8) and(9) can be approximated by familiar ther-
modynamic relatiorfs

&0-6
CGPG:<(9_) =CgeT €Nz (14
€p p
3
are the so-called “true” constants of the crystal. Here the
following notations are used:

E
=C —eg5E3,
06~ Leef6 ™ ©3653 %=C0SH2z+ Béseq) + b cosiz— BSee5) — M,

Ps=esest x3:E3,
37 3676 X33=3 I = 8¢ COSH 22+ BSsse ) — 2b515COSHZ— BS1ee6) + TM g,
or

0: —2%¢6+I’
P H
06= Cge 6~ N36P3,

1 @:
E3:_h3686+ _£P3, 1—77
X33

where the elastic constant at constant field

2+,8v.

Hence, having the microscopic expressions ®§g, €36,
andy3;, we can calculate other elastic, dielectric, and piezo-

Jdo electric characteristics of the crystal: compliance at constant
E 6 i
€p £
8Bus —xlistt 2B £ (2%) -2 (15
EO 6 —xPeT Tl 2 S66=| 55| — E°
=Cgot+ — +=——M dog c
66 o D-2x¢ pp2'°© E; Ce6
the coefficient of the piezoelectric strain
a
—=——| 8% cosh2z+ Bdeg) + 6| adg+ — op
A _ 3] _ E
36| 5 = €36566+ (16)
Og
4<,DI’2 Fs
+4b &2 coshz— BSigeg) |- =— ; ; ;
16 Borees vTD(D - 2x0) the constant of piezoelectric strain
the coefficient of piezoelectric stress 936~ 7| Jog . Co (17
3
_[9Ps) _ o 2rs BO the dielectric susceptibility of a free cryst@t o5=const)
367 | 5 =egzt D—2x0’ (11
€6/ g v xQ
s [P3) .
and dielectric susceptibility of a clamped cryst@t g X33~ FT=N = Xag+ €ae0ze. (18
=const) 76
. [dPs o M5 2Bx Il. NUMERICAL RESULTS
X3=\oE.] TXt T D Tone (12
3/ e v ¢ A. The fitting procedure

are those characteristics of the crystal that have singularities In numerical calculations we shall consider a partially
at the transition point, whereas the constant of piezoelectrifeuterated crystal with the transition temperature at ambient

stresshgg pressureTc,=211.7 K (a nominal deuteratiorx=0.89),
hereafter abbreviated as KPO,. We also restrict ourselves
JE3 o €36 to the effects of shear stress.
hge=— 90l T laps T e 13 We need to set the values of the following theory param-
“elp 3les X33 eters.
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(a) The Slater energies,w,w,, the so-called deformation s& (10 em%dyn) ces (10'0 dynfem?)
potentialsdgg, 5,6, 016, PP, and the eigenvalue of the long- 8
range interaction matrix Fourier transfonm(they determine
the transition temperature as well as the dielectric, elastic,
and piezoelectric characteristics associated with surgn

(b) The effective dipole momenjs (it sets the magni-
tudes of dielectric and piezoelectric characterisgtics

(c) The “seed” elastic constantt), piezomoduleeds,

ﬂl:lc:ﬁu o o

and longitudinal dielectric susceptibilit,yg3. H
The adopted values of the theory parameters chosen a %5 o~ 2 50 AT(K) 25 0 25 50 AT(K)
described below are presented in Table Il. To determine £, €5
them, we use the experimental data of Refs. 14,15 for the
temperature dependences of the coefficient of piezoelectri€®®[ 1000

straindgg, dielectric susceptibilityy3;, and compliancesg,
of KD,PQ, at 0g=0. Using Eqs(10)—(18) and having the 4000t

750

values ofdgs, x3;, andsgg, we can find “experimental” so0|
points for the piezoelectricesg,hsg,936, and elastic 00l
Chs»CEs.S6s, and dielectric susceptibilitys,. L 2501

We neglected contributions of double-ionized configura- J o . \‘\-\.5
tions, puttingw{—o. As the first approximation for the 2 0 2% 0ATK) B 0 25 50 ATK)
Slater energies andw and for the long-range interaction _, s (10 *esu/dyn) o0 e35 (10%esujem’)
parametew, we use their values found earl&rSThey pro- °

vided a fair description of experimental data for the transi- |
tion temperature, spontaneous polarization, dielectric permit-
tivities, and specific heat of the crystal at ambient pressure;gs|
within a theory where the shear strai is not taken into
account. The adopted in this paper valuesschnd w are 10%F
rather close to those of Refs. 12,18:e Table I, whereas
the value for the long-range interaction parameter is lowerto'g , , , . . .
than the one used in the theories where spontaneous strain 25 0 2 50 AT(K) 25 0 25 50 AT(K)
not taken into accourtt h36 (10*dynfesu) 5. 836 (10 em’fesu)

The ¢ and v are major parameters in setting the magni-
tude of the transition temperature, wheregseffective di-
pole momentus, piezoelectric parametefg and splittings
bs5, Oag, aNddyg, varied within physically reasonable lim- 2
its, changél oo only by a few degrees. The final values of the
mentioned parameters were found such as to set the theore ;|
ical transition temperature atg=0 to Ty=211.7 K and
obtain the best description of the temperature curve of the . . . , . . .
compliancm&6 and the piezomodulesg, the magnitudes of % o0 =z ® AT(K) % o %0 AT(K)
hsg and gz and their slopesihge/dT and dgse/dT at T

>Teo, as well as the peak values and Curie constants of the .F'CG- 1. Temperature dependences of the stgielated physi-
o pu . cal characteristics. Lines and solid symbols correspond to a deuter-
permittivity e3; and the piezomoduldsg.

. ated KD,PO,; open symbols representing pure 0, are shown
) Atthe a‘?lop,ted values af and dg, the maQ”'tUde OT the for comparison. Experimental points are taken fiamRef. 16;0:
piezoelectric field— ge¢ at spontaneous strain taken just  gef 17- ¢ - Refs. 18.19W: Ref. 14: @ Ref. 15: A and A are
below the transition point is about 14% of the molecular fieldrecalculated from Eq€10)—(18) using experimental data of Refs.

vy created by dipole-dipole and lattice mediated interac-6 17 and Refs. 14,15, respectively.

tions. Splitting of the up/down configuration energyge¢

is less essential and constitutes 7.5% of atmospheric pressure. As one can see, the theoretical results
The value ofc§y was chosen by fitting the calculated are in a good quantitative agreement with the experimental

cgﬁ(T) dependence to experimental data. The “seeﬁ@é data in the paraelectric phase. Apparent discrepancy between

and 3, are merely the high temperature limits of experimen-the theory and experiment in the ferroelectric phase can be

tal temperature dependenaeg and x5,, respectively. related to a multi-domain structure of experimerjtal samples,
whereas the theory describes a single-domain ideal model.

The compliancesg; at T—T¢, has an anomalous in-
crease; correspondingly, the elastic constéatnearly van-
ishes at the transition point. The elastic constefyat T

Figure 1 illustrates how the presented theory describes the T, is almost constant with temperature, has a small de-
temperature behavior of several related to the sigirlas-  crease aff =T, and slightly increases in the paraelectric
tic, piezoelectric, and dielectric characteristics of fd@, at  phase.

150

100

S0

401

301

201

B. Ambient pressure case
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815K) 10 SE (K)
780 TTO 0.5 78
a) 00 -80
-0.5 .
82 '
-,
-1.811 -300 -150 0 150 06(bar) -gOO -150 0 15066(bar)
81 (K) n(l)
1.0
1.0 77
05 0.5 °°oo°°°
78 b ool |/
0.0 ) /
.% o5 05 | oo,
-0. 79 :
-,
0 60 30 0 30 %030 0 30
-80, * 00— o4(bar) 6 (bar)
311 22 T(K) 21 212 T(K) o ® o s

81£K) n
—e 10—
-785 r
P\ 0.5 ,
790 0.5 \ c) 0.0 E
) -79.0 '
-80 \ 00 05t |
-0.
-81 > 50 0

211 212 T(K) 191 212 T(K)

© W 790 1.0
78,0, S1E 101 05

© \ -79.5 d) /
0.5 0.0
-79.5¢
d) 0.0 -80.0 A -0.5¢¢
-81.0 \ 05 ¢

211 212 T(K) RAE 212 T(K) FIG. 3. Stress dependences of the thermodynamic potential and
solutions of equation for the order parameter at different values of
FIG. 2. Temperature dependences of the thermodynamic poteRemperaturei(@ T<Tc, (b) T<Tcg (€) Teo<T<T*, (d) T*
tial and solutions of equation for the order parameter at different>T O and @ correspond to maxima and minima of the thermo-
values of stresgrg: (@) 06=0, (b) os<0g, () gg=0%, (d) 06 dynamic potential, respectively.
>og . O and @ correspond to maxima and minima of the ther-
modynamic potential, respectively. C. Nonzero o stress case

-79.5

1.0
n(1)

50 0 50 Ga(baf)- 50 64(bar)

)-1.0

50 0 5004(bar -50 0 5004(bar)

In Fig. 2 we plot the temperature dependences of the so-

Temperature dependences of the coefficient of piezoeledutions of the equation for the thermodynamic potengig!
tric straindsg, coefficient of piezoelectric streggg, dielec-  extremum(5) and the corresponding values @f: at differ-
tric permittivities of a free £3) and clamped £3) crystals ent values of stressg in the vicinity of the transition point.
are similar. They all have singularities at the transition tem-Equation(5) may have up to five different solutions, three of
perature, Sharp|y increasing EHTCO! with the increase in which Correspond to minima, and two Correspond to maxima
the ferroelectric phase being much faster than in thef the thermodynamic potential. One of the minima—the
paraelectric phase. In contrast, the “true” piezoelectric con-
stants of the crystahs;s and g;g do not exhibit singularities
but have finite upward jumps at the ferroelectric transition
and are almost independent of temperature above the transi-
tion point.

The presented graphs indicate that one can describe the
temperature peculiarities of these dielectric, piezoelectric,
and elastic properties of KIPO, attributing those peculiari-
ties to deuteron subsystem only, with the heavy ions lattice
counterpart considered as a temperature independent back-
ground. A f:lominat.ing role in these peculiarities belongs to 211 . O
piezoelectric coupling, described by the parameigrand to 75 50 25 0 25 50 ogbar)
the short-range up-down deuteron configurations splitting,
induced by straireg and described by the paramei®g. FIG. 4. T¢-04 phase diagram of a KO, crystal.

T K)
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Py (uC/em? &
3 (uCem”) 0.010

0.008 - FIG. 5. Temperature depen-
dences of polarizationP; and
strain e at different values of
stressog (ban: 1-0; 2—15; 3-45;
4—0§ =64; 5-90; 6-110. Polar-
ization was calculated with
2u3lv=6.2 uClcnt.

0.006

0.004

1L \\ 0.002
e T
T 0.000

0 L L 1 I K L L L L
211 212 213 214 215 T(K) 211 212 213 214 215 T(K)

central one—occurs at small values of the order parametdollowing temperatures are indicate@y=211.7 K is the
and has the same sign as that of the stogssThe other two  temperature of the first order phase transition &

minima, if they exist, are nearly symmetfiexactly symmet-  =0; T*=212.6 K is the temperature of the critical points at
ric at o=0), with the deeper minimum having the same stressest o =64 bar. The diagram is symmetric with re-
sign as the stress. spect to a changeg— — og. An increase in the transition

Let 7, <0, 7,~0, and7;>0 be the possible solutions gmnerature with stress; is practically linear with the slope
of Eq. (5), corresponding to the minima gf,z. As one can 9T 8| g =13 K/kbar.

see(Fig. 2), atos>0 The observed “Y-shaped” form of the phase diagram is

not unique but typical for the systems in fields conjugate to
the order parameter. ThE.-E phase diagram of the same
topology was obtained within the phenomenological ap-
proach without invoking any microscopic model by
916(73)>01e(7,) at T>Te. Schmlfjt, an increase in the tran§!tlon tempergture.vﬁtjw

and disappearance of the transition at certain crit€gl
The temperature of the first order phase transition at whickvere observed experimentalfyin KD,PO, by examining
the branches of the thermodynamic potengat(7s) and  the hysteresis loops.
91e(72) intersect increases with stresg, and the value of  |n Fig. 5 we present temperature dependences of polariza-
7, at the transition point increases, whereggecreases. At ion P, and straire; at different values of stresss. As one
a certain value of the stresg the jumpdz becomes zero—  ¢an see, these quantities exhibit similar variation with tem-
there is a critical point where phase transition dlsappearsberature and stress, and analogous are the corresponding ex-

Further increase in the stress smears out the phase transitigBrimental temperature curves of polarization at different
and results in a continuous and smooth temperature depefz|q4s E,.2® Spontaneous strair, and polarization P

dence of the order parameter. Such behavior is typical fort.hglightly decrease with temperature and jump to zerdr at

first order phase transitions in ferroelectrics in the electric_ .
) . . =Tcq. Stressog induces nonzereg andP; above the tran-
field conjugate to the spontaneous polarizatin.

The dependences of the values of the order paramet tion temperature and increases their magnitudes below it.

corresponding to the extrema of the thermodynamic potentia he jumps Of86_and Pf' at the faﬂs't'on point de(_:rease with
on stressog at different temperatures in the vicinity of the SU€SS and vanish ats andT=Tc . When the sign of the
transition point are depicted in Fig. 3. AE<Tg,, the stress is reversed, the signs of strain and polarization reverse

branches of the thermodynamic potentigk(z;<0) and &S well, bL!'[ their absolute values do not.change. o
91(775>0) intersect, and the solutions of E&) 7; and 75 The major stress ¢ effects on the physical characteristics

can exist simultaneously. Experimentally, on changing stres&r€ related to the changes induced by this stress in the char-
¢, a regular hysteresis lodd;— o should be observed. At acter_o_f t_he phase tran:f,lfuon an_d, therefore, essential only in
Tee<T<T*, there can coexist only one of the nonzerothe Vicinity of the transition point; afT —T¢|>5 K, these
minima and the central minimum of the thermodynamic po—effeCtS are negligibly Sma”' T.WO examples of behawo_r of
tential (5, and 7, or 75 and ,). Experiment should reveal the phy5|callcharacter|st|cs with stresg are presenltgd in
a double hysteresis loop. At temperatures higher than thEig. 6. Asag increases, the peak values of the quantities with
critical T*, the dependencege(os) and7(og) are smooth, anomalous temperature behaviehd, ¢33, dss. -and )
and no jump in the order parameter is observed. Such a sélitially decrease. Whernrg approaches the critical stress
quence of the hysteresis loops—a single loofatTo, a 76 » they start to increase, and@¢= o5 they are maximal.
double loop atTo,<T<T*, and a gradual change & Furtherincrease in stress; lowers the peaks and rounds up
>T*_—was obtained by Sidnenko and Gladkiior KD,PO, the cusps in the temperature curves of these characteristics.
in the electric fieldEs. Stressog effects on “true” characteristics of the crystal
The corresponding c-o phase diagram of KgPO, is  (Cés» Nss. andgsg) are analogous to those on polarization
depicted in Fig. 4. Only the stable phases corresponding t&3 and straineg: Up to o , the stress reduces the jumps of
absolute minima of thermodynamic potential are shown. Thehese quantities at the transition point; at critical stre§s

91e(73)<Q1e(72) at T<Tc,

01e(73)=041e(7m,) at T=T¢ (the transition criterion
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10} 6-110.
1.75¢
0 1 1 1 |
211 212 213 T(K) 211 212 213 T(K)

the jumps vanish, and ats>og these quantities exhibit a theory parameters, to describe quantitatively the available
gradual increasehg andgze) or decreasedgs,Ps,sG) with experimental data for the temperature dependences of dielec-
temperature. tric, elastic, and piezoelectric characteristics of unstrained
KD,PO,.
IIl. CONCLUDING REMARKS The transition temperature increases with the strgss
Effects of stresgg on the calculated dielectric, piezoelectric,

In this paper we presented the microscopic model for and elastic characteristics are related to the changes in the
description of stressrg influence on the phase transition, character of the phase transition. In the constructed phase
static dielectric, elastic, and piezoelectric properties of deudiagram, which is of the same topology as tfig—E
terated ferroelectrics of the KIPO,-type. Unlike hydrostatic  diagram??2 there are two symmetric critical points where
or uniaxialp= — o3 pressures, the stresg lowers the sym-  the curves of phase equilibrium terminate, and the peak val-
metry of the high-temperature phase down to the symmetryies of the physical characteristics of a crystal having pecu-
of the low-temperature phase, inducing the stegjmnd, due liarities at the transition point are maximal. The stresses
to the piezoelectric effect, polarizatid®y. above critical smear out the phase transition and smoothen

An important role in dependences of the transition tem-the temperature dependences of the characteristics.
perature and dielectric characteristics of hydrogen bonded Experimental verification of the obtained results for stress
crystals of the KHPQ, family on pressures that do not o4 influence on the phase transition and physical properties
change the system symmetry is played by the correspondingD,POQ, type ferroelectrics appears to be difficult. In our
changes in the D-site distané Most likely, the stressrs  next paper we shall present our calculations for the effects of
does not perceptibly affed. Instead, it distorts POgroups  the electric fieldE;, the other field conjugate to the order
and alters the angle between hydrogen bonds, perpendiculparameter, which is more accessible to experimental verifi-
in an unstrained paraelectric crystal, thereby splitting the eneation.
ergies of deuteron configurations. Another important mecha-
nism of the stresgrg influence on the phase transition and
physical properties of the KJPO,-type ferroelectrics is the
piezoelectric coupling, which gives rise to the effective fields The authors would like to thank Dr. N.A. Korinevskii and
whose action, for the symmetry reasons, is equivalent to ad3.M. Lisnii for their help and valuable remarks. This work
tion of an external electric field applied along the ferroelec-was supported by the Foundation for Fundamental Investiga-
tric axis. Taking into account the piezoelectric effect in thetions of the Ukrainian Ministry in Affairs of Science and
developed model allows one, at the proper choice of th&echnology, Project No. 2.04/171.
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