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The KD2PO4 ferroelectrics in external fields conjugate to the order parameter: Shear stresss6
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A microscopic model of the influence of the conjugate to the order parameter external fields—electric field
E3 and shear stresss6—on deuterated KD2PO4-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«6. TheTC vs s6 phase diagram of KD2PO4 is constructed,
and the stress dependences of the dielectric, piezoelectric, and elastic characteristics associated with strain«6

are discussed.
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Hydrostatic pressure studies1 have proven to be extremel
useful in elucidating the role of the hydrogen subsystem
the phase transition and dielectric response of
KH2PO4-family crystals. They revealed2,3 a strong depen-
dence of the transition temperature and dielectric charac
istics of these crystals on the geometry of hydrogen bo
~in particular, on the separation between the two equilibri
hydrogen sites on a bond!.

Along with the shift of hydrogens at ordering, oth
changes in the geometry of the crystals, accompanying t
polarization ~at the phase transition or in response to
electric field! can be equally important. For instance, a d
tortion of PO4 groups takes place at the transition, so that
P ions move closer to the upper~or lower, depending on the
polarization direction! oxygen ions, and the lines connectin
upper and lower oxygens of each PO4 group stop being
perpendicular.4 Also, one of the diagonals of the squar
shaped projection of the tetragonal unit cell on theab plane
elongates, while the other shortens, turning this square in
rhomb ~the angle between the corresponding sides of
square and of the rhomb defines the shear strain«6).
Thereby, the angle between hydrogen bonds along the a
cent square~rhomb! sides deviates fromp/2.

A natural way to explore the role of structural chang
occurring in the crystals at the phase transition is to st
behavior of the crystals in external fields that would indu
identical changes. For the KH2PO4-family ferroelectrics,
such fields are the shear stresss6 and the electric fieldE3
applied along the ferroelectric axisc. Via the piezoelectric
effect, both of them induce polarizationP3 and strain«6;
polarization and strain of the same symmetry arise spont
ously in the low-temperature phase.

The way the fields conjugate to the order parameter af
the phase transition in the system is already clear from
analysis of the Landau expansion for thermodynamic po
tial

G5G01
ã8

2
~T2T0!j21

b̃

4
j41

c̃

6
j62Ẽj

(ã8.0, b̃,0; for KD2PO4 j is a certain linear combination
of polarizationP3 and strain«6, andẼ is a linear combina-
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tion of E3 ands6). In a linear inẼ approximation, the tem-
perature of the first order phase transition increases withẼ as

TC5TC02Ẽ
12c̃

7ã8b̃
A 4c̃

23b̃
,

and the phase equilibrium curves terminate at the crit
points (6Ẽ* ,T* )

Ẽ* 5
8

15
ãA23b̃

10c̃
,

T* 5TC01
7

5

3b̃2

16c̃ã8
.

A microscopic theory of these phenomena and accompa
ing them changes in the physical properties of t
KD2PO4-type systems is still absent. Such a theory must t
into account the facts, that the mentioned above change
the crystal structure affect the short-range correlations
tween hydrogens, and that piezoelectric coupling with sh
strain«6 produces long-range molecular fields5 analogous to
the external electric fieldE3.

In the calculations of the static properties of th
KH2PO4-family crystals performed within the pseudosp
proton ordering model, effects related to spontaneous st
«6 are usually neglected. Studying the influence of the fie
s6 and E3 we en routetake these effects into account an
obtain a more consistent description of KD2PO4 in the ferro-
electric phase. We also can calculate the elastic and pi
electric characteristics of the crystals and find out to w
extent the peculiarities of their temperature behavior can
attributed to the hydrogen subsystem.

These studies provide helpful information about t
theory of mixed Rb12x(NH4)xH2PO4-type systems. Thus
we estimate a magnitude of the piezoelectric coupling wh
gives rise to random electric fields in such systems,6 smear-
ing out the transition between the spin-glass phas
paraelectric phase.7 Also we elucidate the changes in th
energies of deuteron configurations induced by the strain«6.
These changes can be a source of randomness in the s
6198 ©2000 The American Physical Society
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range interactions in these systems, though not as impo
as extra hydrogen bonding brought by impurity ammoni
ions.

In the present paper we propose a generalization of
conventional proton ordering model that takes into acco
effects of the shear strain«6: piezoelectric fields and splitting
of the short-range Slater-Takagi energy levels. We ve
that the developed model can describe the temperature p
liarities of associated with the strain«6 elastic and piezoelec
tric characteristics of the crystal at atmospheric pressure
fluence of the stresss6 on the phase transition, dielectri
elastic, and piezoelectric properties of deuterated KD2PO4 is
investigated. TheTC-s6 phase diagram is constructed a
calculated dependences of the physical characteristics
stresss6 are presented.

I. THE MODEL

We consider a deuterated crystal of the KD2PO4 type to
which external electric fieldE3 and shear stresss6 are ap-
plied. BothE3 ands6 induce polarizationP3 and strain«6 in
the crystal; polarization and strain of the same type a
spontaneously in the ordered phase.

The entire Hamiltonian of the model consists of a ‘‘see
part, independent of deuteron subsystem configuration
attributed to a host lattice of heavy ions, and of a pseudos
Hamiltonian of the deuteron subsystem, including sho
range and long-range counterparts

H5NUseed1H long1Hshort2(
q f

m3E3

sq f

2
, ~1!

N is the number of primitive cells; tunneling is neglecte
The last term in the Hamiltonian describes interaction of
longitudinal effective dipole moments of primitive cellsm3
with external electric field applied along the ferroelectric a
c. The dipole moments are created by heavy ions polar
tion and displacements, triggered by deuteron ordering.

The ‘‘seed’’ energy expressed in terms of the electric fi
E3 and strain«6 has the standard form8

Useed5
v̄
2

c66
E0«6

22 v̄e36
0 E3«62

v̄
2

x33
0 E3

2 ~2!

and includes the elastic, piezoelectric, and electric coun
parts, which do not depend on hydrogen arrangem
c66

E0 , e36
0 , andx33

0 are the so-called ‘‘seed’’ elastic constan
coefficient of the piezoelectric stress, and dielectric susc
tibility, respectively; v̄5v/kB , v is the primitive cell vol-
ume;kB is the Boltzmann constant.

H long is the Hamiltonian of the long-range interactio
between deuterons~dipole-dipole and lattice mediated9!
taken into account in the mean field approximation. In ad
tion, piezoelectric coupling induces additional molecu
field5 linear in strain«6. Hence
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H long5
1

2 (
q8 f 8q f

Jf f 8~qq8!
^sq f&

2

^sq8 f 8&
2

2(
q f

F S (
q8 f 8

Jf f 8~qq8!
^sq8 f 8&

2 Dsq f

2
22c6«6

sq f

2 G
52Nnh22(

q f
~2nh22c6«6!

sq f

2
, ~3!

where

4n5J1112J121J13

is the eigenvalue of the long-range interaction matrix Fou
transformJf f 85(Rq2Rq8

Jf f 8(qq8);

h5^sq1&5^sq2&5^sq3&5^sq4&

is the mean value of the Ising pseudospinsq f561 whose
two eigenvalues are assigned to two equilibrium positions
a deuteron on thef th bond in theqth primitive cell. As one
can see, the piezoelectric fieldc6«6 is analogous to externa
electric fieldE3. Under hydrostatic pressure, the correspon
ing fields( i 51

3 cci« ih are proportional to the diagonal com
ponents of lattice strain tensor and to the mean values
pseudospins;3,5 therefore, they are analogous to internal m
lecular fields created by the long-range deuteron-deute
interactions.

Let us consider now the Hamiltonian of the short-ran
configurational interactions between deuterons. A proper
proximation is the four-particle cluster approximation9

which adequately takes into account the geometry of th
interactions.

The Hamiltonian is usually chosen such as to reprod
the energy levels of the Slater-type model for KDP~see, for
instance, Ref. 10!—the Slater energies«, w, and w1 («
!w!w1), determined by the energies of up-down«s , lat-
eral «a , single-ionized«1, and double-ionized«0 deuteron
configurations

«5«a2«s , w5«12«s , w15«02«s .

If «650, the ‘‘up’’ and ‘‘down’’ deuteron configurations
have the same energy«s , assumed to be the lowest.~The
‘‘up’’ configuration is the one with two hydrogens in poten
tial wells being close to upper oxygens of a given PO4 group,
while the hydrogens on the two other bonds are close to
neighboring tetrahedra.! Correspondingly, lateral configura
tions with two hydrogens close to an upper and a lower o
gens are fourfold degenerate; single-ionized configurati
with only one~or three! hydrogens close to a given group a
eightfold degenerate, and double-ionized configurations w
four ~or zero! hydrogens are twice degenerate.

The strain«6 splits certain energy levels of the conve
tional Slater-Takagi model~see Table I!. Since the system is
no longer symmetric with respect to a mirror rotationS4 ~the
operation changes the sign of polarization and strain«6), the
energy of up-down configurations (i 51,2) splits to two dif-
ferent levels, and the energy level of lateral configuratio
splits to two twice degenerate levels (i 55,6) and (i 57,8).
Configurations corresponding to each level are symme
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TABLE I. Deuteron configurations and their energies with the splitting due to strain«6 taken into
account.
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with respect top rotationC2. Similarly, single-ionized con-
figurations are divided into two groups, with thec compo-
nent of dipole moments assigned to each configuration b
directed up (i 59,10,11,12) or down (i 513,14,15,16).

In the hydrostatic pressure case, the changes in the S
energies are usually attributed to pressure-induced cha
in the D-site distanced.3,11 Here we assume thatd does not
depend on strain«6. Instead, the energies of deuteron co
figurations are altered only by splitting of the degenera
levels due to lowering of the system symmetry. From g
metric point of view, this happens mostly because the P4
groups are distorted~the P ions shift up or down! and the
angle between perpendicular in the paraelectric phase hy
gen bonds is changed. All splittings are taken as linear fu
tions of strain«6.

To rewrite the energies of deuteron configurationsEi in
terms of pseudospins, we associate the configuration op
tor N̂i with the configurationi according to the following
rule: each operator is a product of four factors, one per e
hydrogen bond, each factor being equal to1

2 (11sq f) if deu-
g

ter
es

-
d
-

ro-
c-

ra-

ch

teron is in the first minimum at thef th bond and 1
2 (1

2sq f) otherwise. Then the entire Hamiltonian of the syste
with the short-range interactions taken into account wit
the four-particle cluster approximation, takes the form

Ĥ (4)5N~Useed12nh2!1(
q

Ĥq
(4) ,

Ĥq
(4)52(

f 51

4
z

b

sq f

2
1

«6

4
~2ds612d16!(

f 51

4
sq f

2

2«6~ds612d16!Fsq1

2

sq2

2

sq3

2
1

sq1

2

sq2

2

sq4

2

1
sq1

2

sq3

2

sq4

2
1

sq2

2

sq3

2

sq4

2 G
1~V1da6«6!Fsq1

2

sq2

2
1

sq3

2

sq4

2 G
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1~V2da6«6!Fsq2

2

sq3

2
1

sq4

2

sq1

2 G
1UFsq1

2

sq3

2
1

sq2

2

sq4

2 G
1F

sq1

2

sq2

2

sq3

2

sq4

2
. ~4!

When strain«6 is not taken into account, the short-range p
of the Hamiltonian is symmetric with respect to a simul
neous change of signs of all pseudospins and, hence,
tains only two- and four-particle terms. However, due to
splitting of up-down and single-ionized configurations the
arise terms odd in pseudospins~one- and three-particle!,
whose prefactors are, naturally, proportional to the strain«6
and to the constants of the splittingds6 andd16.

In Eq. ~4! the following notations are used:

V52
1

2
w1 , U5

1

2
w12«, F54«12w128w,

and

z5b@2D12nh22c6«61m3E3#.

The short-range interactions with the sites neighboring to
q f th site, which are not explicitly included into the fou
particle cluster Hamiltonian, are taken into account via
cluster fieldD.

Using the condition of equality of the mean values
pseudospins calculated with the four-particle~4! and single-
particle deuteron Hamiltonians

Ĥq f52
z2bD

b

sq f

2
,

we exclude the parameterD and obtain

h5
m

D
, ~5!

where

m5sinh~2z1bds6«6!12b sinh~z2bd16«6!,

D5cosh~2z1bds6«6!14b cosh~z2bd16«6!

1d1aa61a/a6 ,

z5
1

2
ln

11h

12h
1bnh2bc6«61

bm3E3

2
,

a5exp~2b«!, b5exp~2bw!,

d5exp~2bw1!, a65exp~2bda6«6!.

The elastic, dielectric, and piezoelectric characteristics
the crystal will be calculated using the thermodynamic p
tential ~Gibbs’ function! g1E(T,s6 ,E3 ,h)
t
-
n-

e

e

e

f

f
-

g1E~T,s6 ,E3 ,h!5
v̄
2

c66
E0«6

22 v̄e36
0 «6E32

v̄
2

x33
0 E3

212T ln 2

12nh222T ln~12h2!

22T ln D2 v̄s6«6 , ~6!

obtained from the electric thermodynamic potent
g2E(T,«6 ,E3 ,h)

g2E~T,«6 ,E3 ,h!5Useed12T ln Sp exp~2bĤq
(4)!

2T(
f 51

4

ln Sp exp~2bĤq f!

5g1E~T,s6 ,E3 ,h!1 v̄s6«6 ,

or the free energyf (T,«6 ,P3 ,h)

f ~T,«6 ,P3 ,h!5g2E~T,«6 ,E3 ,h!2 v̄P3E3

5
v̄
2

c66
P0«6

22 v̄h36
0 «6P3

1
v̄
2

1

x33
0 F P3

22S 2
m3

v̄
h D 2G12T ln 2

12nh222T ln~12h2!22T ln D, ~7!

whereh36
0 5e36

0 /x33
0 , c66

P05c66
E01e36

0 h36
0 .

The thermodynamic equilibrium conditions

1

v̄
S ]g1E

]«6
D

E3 ,s6

50,
1

v̄
S ]g1E

]E3
D

s6

52P3

or

1

v̄
S ] f

]«6
D

P3

5s6 ,
1

v̄
S ] f

]P3
D

«6

5E3

yield

s65c66
E0«62e36

0 E31
4c6

v̄

m

D
1

2M6

v̄D
, ~8a!

P35e36
0 «61x33

0 E312
m3

v
m

D
, ~8b!

or

s65c66
P0«62h36

0 S P322
m3

v
m

D D1
4c6

v̄

m

D
1

2M6

v̄D
, ~9a!

E352h36
0 «61

1

x33
0 S P322

m3

v
m

D D , ~9b!

where
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TABLE II. The theory parameters. The data in the second row taken from Ref. 13 were used in the
where the spontaneous strain«6 was not taken into account.

« w n c6 ds6 da6 d16 c66
E0310210 2m3 /v e36

0 x33
0

~K! (dyn/cm2) (mC/cm2) (esu/cm2)

91.3 795 34.13 2505 2680 1250 100 6.6 6.9 0.23104 0.55
88.3 778 37.05
r-

iti
tr

he

zo-
tant

lly
ient

s

m-
M652ds6 sinh~2z1bds6«6!1da6S aa62
a

a6
D

14bd16sinh~z2bd16«6!.

Equations~8! and ~9! can be approximated by familiar the
modynamic relations8

s65c66
E «62e36E3 ,

P35e36«61x33
« E3 ,

or

s65c66
P «62h36P3 ,

E352h36«61
1

x33
«

P3 ,

where the elastic constant at constant field

c66
E 5S ]s6

]«6
D

E3

5c66
E01

8bc6

v̄

2¸c61r

D22¸w
1

2b

v̄D2
M6

2

2
2b

v̄D
Fds6

2 cosh~2z1bds6«6!1da6
2 S aa61

a

a6
D

14bd16
2 cosh~z2bd16«6!G2

4wr 2

v̄TD~D22¸w!
,

~10!

the coefficient of piezoelectric stress

e365S ]P3

]«6
D

E3

5e36
0 1

2m3

v
bu

D22¸w
, ~11!

and dielectric susceptibility of a clamped crystal~at «6
5const)

x33
« 5S ]P3

]E3
D

«6

5x33
0 1

m3
2

v
2b¸

D22¸w
~12!

are those characteristics of the crystal that have singular
at the transition point, whereas the constant of piezoelec
stressh36

h3652S ]E3

]«6
D

P3

52S ]s6

]P3
D

«6

5
e36

x33
«

~13!
es
ic

and the elastic constantc66
P at constant polarization

c66
P 5S ]s6

]«6
D

P3

5c66
E 1e36h36 ~14!

are the so-called ‘‘true’’ constants of the crystal. Here t
following notations are used:

¸5cosh~2z1bds6«6!1b cosh~z2bd16«6!2hm,

r 5ds6 cosh~2z1bds6«6!22bd16cosh~z2bd16«6!1hM6 ,

u522¸c61r ,

w5
1

12h2
1bn.

Hence, having the microscopic expressions forc66
E , e36,

andx33
« , we can calculate other elastic, dielectric, and pie

electric characteristics of the crystal: compliance at cons
field

s66
E 5S ]«6

]s6
D

E3

5
1

c66
E

, ~15!

the coefficient of the piezoelectric strain

d365S ]P3

]s6
D

E3

5e36s66
E , ~16!

the constant of piezoelectric strain

g3652S ]E3

]s6
D

P3

5
h36

c66
P

, ~17!

the dielectric susceptibility of a free crystal~at s65const)

x33
s 5S ]P3

]E3
D

s6

5x33
« 1e36d36. ~18!

II. NUMERICAL RESULTS

A. The fitting procedure

In numerical calculations we shall consider a partia
deuterated crystal with the transition temperature at amb
pressureTC05211.7 K ~a nominal deuterationx50.89),
hereafter abbreviated as KD2PO4. We also restrict ourselve
to the effects of shear stresss6.

We need to set the values of the following theory para
eters.
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~a! The Slater energies«,w,w1, the so-called deformation
potentialsds6 ,da6 ,d16,c6, and the eigenvalue of the long
range interaction matrix Fourier transformn ~they determine
the transition temperature as well as the dielectric, elas
and piezoelectric characteristics associated with strain«6).

~b! The effective dipole momentm3 ~it sets the magni-
tudes of dielectric and piezoelectric characteristics!.

~c! The ‘‘seed’’ elastic constantc66
E0 , piezomodulee36

0 ,
and longitudinal dielectric susceptibilityx33

0 .
The adopted values of the theory parameters chose

described below are presented in Table II. To determ
them, we use the experimental data of Refs. 14,15 for
temperature dependences of the coefficient of piezoele
straind36, dielectric susceptibilityx33

s , and compliances66
E

of KD2PO4 at s650. Using Eqs.~10!–~18! and having the
values ofd36, x33

s , and s66
E , we can find ‘‘experimental’’

points for the piezoelectrice36,h36,g36, and elastic
c66

P ,c66
E ,s66

P , and dielectric susceptibilityx33
« .

We neglected contributions of double-ionized configu
tions, putting w1

0→`. As the first approximation for the
Slater energies« and w and for the long-range interactio
parametern, we use their values found earlier.12,13They pro-
vided a fair description of experimental data for the tran
tion temperature, spontaneous polarization, dielectric per
tivities, and specific heat of the crystal at ambient press
within a theory where the shear strain«6 is not taken into
account. The adopted in this paper values of« and w are
rather close to those of Refs. 12,13~see Table II!, whereas
the value for the long-range interaction parameter is low
than the one used in the theories where spontaneous str
not taken into account.12

The « and n are major parameters in setting the mag
tude of the transition temperature, whereasw, effective di-
pole momentm3, piezoelectric parameterc6 and splittings
ds6 , da6, andd16, varied within physically reasonable lim
its, changeTC0 only by a few degrees. The final values of th
mentioned parameters were found such as to set the the
ical transition temperature ats650 to TC05211.7 K and
obtain the best description of the temperature curve of
compliances66

E and the piezomodulee36, the magnitudes of
h36 and g36 and their slopes]h36/]T and ]g36/]T at T
.TC0, as well as the peak values and Curie constants of
permittivity «33

s and the piezomoduled36.
At the adopted values ofc6 andds6, the magnitude of the

piezoelectric field2c6«6 at spontaneous strain«6 taken just
below the transition point is about 14% of the molecular fie
nh created by dipole-dipole and lattice mediated inter
tions. Splitting of the up/down configuration energy 2ds6«6
is less essential and constitutes 7.5% of«.

The value ofc66
E0 was chosen by fitting the calculate

c66
P (T) dependence to experimental data. The ‘‘seed’’e36

0

andx33
0 are merely the high temperature limits of experime

tal temperature dependencese36 andx33
« , respectively.

B. Ambient pressure case

Figure 1 illustrates how the presented theory describes
temperature behavior of several related to the strain«6 elas-
tic, piezoelectric, and dielectric characteristics of KD2PO4 at
c,

as
e
e

ric

-

-
it-
re

r
is

-

ret-

e

e

-

-

he

atmospheric pressure. As one can see, the theoretical re
are in a good quantitative agreement with the experime
data in the paraelectric phase. Apparent discrepancy betw
the theory and experiment in the ferroelectric phase can
related to a multi-domain structure of experimental samp
whereas the theory describes a single-domain ideal mod

The compliances66
E at T→TC0 has an anomalous in

crease; correspondingly, the elastic constantc66
E nearly van-

ishes at the transition point. The elastic constantc66
P at T

,TC0 is almost constant with temperature, has a small
crease atT5TC0, and slightly increases in the paraelectr
phase.

FIG. 1. Temperature dependences of the strain«6-related physi-
cal characteristics. Lines and solid symbols correspond to a de
ated KD2PO4; open symbols representing pure KH2PO4 are shown
for comparison. Experimental points are taken fromh: Ref. 16;s:
Ref. 17; L: Refs. 18,19;j: Ref. 14; d: Ref. 15; n and m are
recalculated from Eqs.~10!–~18! using experimental data of Refs
16,17 and Refs. 14,15, respectively.
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Temperature dependences of the coefficient of piezoe
tric straind36, coefficient of piezoelectric stresse36, dielec-
tric permittivities of a free («33

s ) and clamped («33
« ) crystals

are similar. They all have singularities at the transition te
perature, sharply increasing atT→TC0, with the increase in
the ferroelectric phase being much faster than in
paraelectric phase. In contrast, the ‘‘true’’ piezoelectric co
stants of the crystalh36 and g36 do not exhibit singularities
but have finite upward jumps at the ferroelectric transit
and are almost independent of temperature above the tr
tion point.

The presented graphs indicate that one can describe
temperature peculiarities of these dielectric, piezoelec
and elastic properties of KD2PO4 attributing those peculiari-
ties to deuteron subsystem only, with the heavy ions lat
counterpart considered as a temperature independent b
ground. A dominating role in these peculiarities belongs
piezoelectric coupling, described by the parameterc6, and to
the short-range up-down deuteron configurations splitti
induced by strain«6 and described by the parameterds6.

FIG. 2. Temperature dependences of the thermodynamic po
tial and solutions of equation for the order parameter at differ
values of stresss6: ~a! s650, ~b! s6,s6* , ~c! s65s6* , ~d! s6

.s6* . s and d correspond to maxima and minima of the the
modynamic potential, respectively.
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e
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C. Nonzero s6 stress case

In Fig. 2 we plot the temperature dependences of the
lutions of the equation for the thermodynamic potentialg1E
extremum~5! and the corresponding values ofg1E at differ-
ent values of stresss6 in the vicinity of the transition point.
Equation~5! may have up to five different solutions, three
which correspond to minima, and two correspond to maxi
of the thermodynamic potential. One of the minima—t

n-
t

FIG. 3. Stress dependences of the thermodynamic potential
solutions of equation for the order parameter at different value
temperature:~a! T!TC0, ~b! T,TC0, ~c! TC0,T,T* , ~d! T*
.T. s andd correspond to maxima and minima of the therm
dynamic potential, respectively.

FIG. 4. TC-s6 phase diagram of a KD2PO4 crystal.
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FIG. 5. Temperature depen
dences of polarizationP3 and
strain «6 at different values of
stresss6 ~bar!: 1–0; 2–15; 3–45;
4–s6* 564; 5–90; 6–110. Polar-
ization was calculated with
2m3 /v56.2 mC/cm2.
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central one—occurs at small values of the order param
and has the same sign as that of the stresss6. The other two
minima, if they exist, are nearly symmetric~exactly symmet-
ric at s650), with the deeper minimum having the sam
sign as the stress.

Let h1,0, h2'0, andh3.0 be the possible solution
of Eq. ~5!, corresponding to the minima ofg1E . As one can
see~Fig. 2!, at s6.0

g1E~h3!,g1E~h2! at T,TC ,

g1E~h3!5g1E~h2! at T5TC ~ the transition criterion!,

g1E~h3!.g1E~h2! at T.TC .

The temperature of the first order phase transition at wh
the branches of the thermodynamic potentialg1E(h3) and
g1E(h2) intersect increases with stresss6, and the value of
h2 at the transition point increases, whereash3 decreases. At
a certain value of the stresss6* the jumpdh becomes zero—
there is a critical point where phase transition disappe
Further increase in the stress smears out the phase tran
and results in a continuous and smooth temperature de
dence of the order parameter. Such behavior is typical for
first order phase transitions in ferroelectrics in the elec
field conjugate to the spontaneous polarization.20

The dependences of the values of the order param
corresponding to the extrema of the thermodynamic poten
on stresss6 at different temperatures in the vicinity of th
transition point are depicted in Fig. 3. AtT,TC0, the
branches of the thermodynamic potentialg1E(h1,0) and
g1E(h3.0) intersect, and the solutions of Eq.~5! h1 andh3
can exist simultaneously. Experimentally, on changing str
s6, a regular hysteresis loopP32s6 should be observed. A
TC0,T,T* , there can coexist only one of the nonze
minima and the central minimum of the thermodynamic p
tential (h1 andh2 or h3 andh2). Experiment should revea
a double hysteresis loop. At temperatures higher than
critical T* , the dependencesg1E(s6) andh(s6) are smooth,
and no jump in the order parameter is observed. Such a
quence of the hysteresis loops—a single loop atT,TC0, a
double loop atTC0,T,T* , and a gradual change atT
.T* —was obtained by Sidnenko and Gladkii22 for KD2PO4
in the electric fieldE3.

The correspondingTC-s6 phase diagram of KD2PO4 is
depicted in Fig. 4. Only the stable phases correspondin
absolute minima of thermodynamic potential are shown. T
er

h

s.
ion
n-
e

c

ter
al

ss

-

e

e-

to
e

following temperatures are indicated:TC05211.7 K is the
temperature of the first order phase transition ats6

50; T* 5212.6 K is the temperature of the critical points
stresses6s6* 564 bar. The diagram is symmetric with re
spect to a changes6→2s6. An increase in the transition
temperature with stresss6 is practically linear with the slope
]TC /]us6u513 K/kbar.

The observed ‘‘Y-shaped’’ form of the phase diagram
not unique but typical for the systems in fields conjugate
the order parameter. TheTC-E phase diagram of the sam
topology was obtained within the phenomenological a
proach without invoking any microscopic model b
Schmidt;21 an increase in the transition temperature withE3

and disappearance of the transition at certain criticalE3*
were observed experimentally22 in KD2PO4 by examining
the hysteresis loops.

In Fig. 5 we present temperature dependences of polar
tion P3 and strain«6 at different values of stresss6. As one
can see, these quantities exhibit similar variation with te
perature and stress, and analogous are the correspondin
perimental temperature curves of polarization at differ
fields E3.23 Spontaneous strain«6 and polarizationP3

slightly decrease with temperature and jump to zero aT
5TC0. Stresss6 induces nonzero«6 andP3 above the tran-
sition temperature and increases their magnitudes below
The jumps of«6 andP3 at the transition point decrease wit
stress and vanish ats6* and T5TC* . When the sign of the
stress is reversed, the signs of strain and polarization rev
as well, but their absolute values do not change.

The major stresss6 effects on the physical characteristic
are related to the changes induced by this stress in the c
acter of the phase transition and, therefore, essential on
the vicinity of the transition point; atuT2TCu.5 K, these
effects are negligibly small. Two examples of behavior
the physical characteristics with stresss6 are presented in
Fig. 6. Ass6 increases, the peak values of the quantities w
anomalous temperature behavior (s66

E , «33, d36, and e36)
initially decrease. Whens6 approaches the critical stres
s6* , they start to increase, and ats65s6* they are maximal.
Further increase in stresss6 lowers the peaks and rounds u
the cusps in the temperature curves of these characteris

Stresss6 effects on ‘‘true’’ characteristics of the crysta
(c66

P , h36, andg36) are analogous to those on polarizatio
P3 and strain«6: Up to s6* , the stress reduces the jumps
these quantities at the transition point; at critical stresss6*
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FIG. 6. Temperature depen
dences of the strain«6-related
physical characteristics at differ
ent values of stresss6 ~bar!: 1–0;
2–15; 3–45; 4–s6* 564; 5–90;
6–110.
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the jumps vanish, and ats6.s6* these quantities exhibit a
gradual increase (h36 andg36) or decrease (c66

P ,P3 ,«6) with
temperature.

III. CONCLUDING REMARKS

In this paper we presented the microscopic model fo
description of stresss6 influence on the phase transitio
static dielectric, elastic, and piezoelectric properties of d
terated ferroelectrics of the KD2PO4-type. Unlike hydrostatic
or uniaxialp52s3 pressures, the stresss6 lowers the sym-
metry of the high-temperature phase down to the symm
of the low-temperature phase, inducing the strain«6 and, due
to the piezoelectric effect, polarizationP3.

An important role in dependences of the transition te
perature and dielectric characteristics of hydrogen bon
crystals of the KH2PO4 family on pressures that do no
change the system symmetry is played by the correspon
changes in the D-site distanced. Most likely, the stresss6
does not perceptibly affectd. Instead, it distorts PO4 groups
and alters the angle between hydrogen bonds, perpendi
in an unstrained paraelectric crystal, thereby splitting the
ergies of deuteron configurations. Another important mec
nism of the stresss6 influence on the phase transition an
physical properties of the KD2PO4-type ferroelectrics is the
piezoelectric coupling, which gives rise to the effective fie
whose action, for the symmetry reasons, is equivalent to
tion of an external electric field applied along the ferroele
tric axis. Taking into account the piezoelectric effect in t
developed model allows one, at the proper choice of
a

-

ry

-
d

ng

lar
n-
a-

s
c-
-

e

theory parameters, to describe quantitatively the availa
experimental data for the temperature dependences of die
tric, elastic, and piezoelectric characteristics of unstrain
KD2PO4.

The transition temperature increases with the stresss6.
Effects of stresss6 on the calculated dielectric, piezoelectri
and elastic characteristics are related to the changes in
character of the phase transition. In the constructed ph
diagram, which is of the same topology as theTC2E
diagram,21,22 there are two symmetric critical points whe
the curves of phase equilibrium terminate, and the peak
ues of the physical characteristics of a crystal having pe
liarities at the transition point are maximal. The stress
above critical smear out the phase transition and smoo
the temperature dependences of the characteristics.

Experimental verification of the obtained results for stre
s6 influence on the phase transition and physical proper
KD2PO4 type ferroelectrics appears to be difficult. In o
next paper we shall present our calculations for the effect
the electric fieldE3, the other field conjugate to the orde
parameter, which is more accessible to experimental ve
cation.
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