PHYSICS OF MAGNETIC PHENOMENA AND PHYSICS OF FERROICS

https://doi.org/10.15407 /ujpe66.5.412

A.S. VDOVYCH

Institute for Condensed Matter Physics, Nat. Acad. of Sci. of Ukraine
(1, Svientsitskii Str., Lviv 79011, Ukraine; e-mail: vas@icmp.lviv.ua)

LONGITUDINAL AND TRANSVERSE
ELECTROCALORIC EFFECTS IN GLYCINIUM
PHOSPHITE FERROELECTRIC

A modified proton ordering model of glycinium phosphite ferroelectric, which involves the
piezoelectric coupling of the proton and lattice subsystems, is used for the investigation of
the electrocaloric effect. The model also accounts for the dependence of the effective dipole mo-
ment on a hydrogen bond on an order parameter, as well as a splitting of parameters of the
interaction between pseudospins in the presence of shear stresses. In the two-particle cluster
approximation, the influence of longitudinal and transverse electric fields on components of the
polarization vector and the dielectric permittivity tensor, as well as on thermal characteristics
of the crystal, is calculated. Longitudinal and transverse electrocaloric effects are studied. The
calculated electrocaloric temperature change is quite small, about 1K; however, it can change
its sign under the influence of a transverse field.
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1. Introduction

As is known, NH3CH;COOH-H3PO3 crystal (glyci-
nium phosphite — GPI) belongs to the family of fer-
roelectrics with hydrogen bonds [1,2]. At room tem-
perature, this crystal is in the paraelectric phase and
has a monoclinic structure (space group P2;/a) [3-
5]. But, at the temperature about 225 K, the crys-
tal passes to the ferroelectric phase (space group
P2;). At that, there appear simultaneously ferroelec-
tric ordering of dipole moments along the crystallo-
graphic b axis and the antiferroelectric ordering in
the (b,c) plane. As a result, the crystal is sensitive
to the influence of both: longitudinal and transverse
electric fields. In particular, in [6, 7] it was exper-
imentally discovered that its transverse permittiv-
ity €., in the ferroelectric phase greatly increases
under the influence of a transverse field E,. In ad-
dition, dielectric properties of the crystal greatly
depend on hydrostatic [8] and uniaxial [9] pres-
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sures. These peculiarities make GPI crystals of inter-
est for studies.

In [6, 10], a pseudospin proton ordering model was
proposed for the theoretical study of dielectric prop-
erties of GPI crystals, which takes the orientation of
dipole moments in an unit cell into account. Based
on this model, the transverse field effect on the per-
mittivity €,, was qualitatively properly explained.

In [11], this model was developed by considering
the lattice strains and piezoelectric coupling of the
proton and lattice subsystems (deformed proton or-
dering model). This made it possible to calculate ex-
pressions for the spontaneous polarization, static di-
electric permittivity tensor, piezoelectric coefficients,
elastic constants, and molar heat capacity of the crys-
tal and to obtain the good explanation of experimen-
tal data for these characteristics. In addition, based
on a modified GPI model, the effects of transverse
fields E, and E, [12] of hydrostatic [13] and uniaxial
[14] pressures on the phase transition and thermo-
dynamic characteristics of GPI crystals, as well as
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relexational phenomena [15], were quantitatively ex-
plained.

Experimental data [16] show that, in the presence
of longitudinal field F, the phase transition smears,
and the temperature dependence of the longitudinal
permittivity e,,(7) has rounded maximum. At the
same time, in the model proposed in [11], the effec-
tive dipole moments with different values of longitudi-
nal components in the para- and ferroelectric phases
are used for the description of €., (7). This leads to
the appearance of a break on the curve ,,(T) in-
stead of a smoothed maximum in the presence of the
field E,. Therefore, in [17] for a proper description
of the phase transition smearing, the model [11] was
modified. It was supposed that the effective dipole
moment on a hydrogen bond depends on the order
parameter on this bond, because this parameter con-
tinuously depends on the temperature near the phase
transition point. This made it possible to quantita-
tively describe the effect of the field E,.

In [18], the model of GPI proposed in [11] was mod-
ified with regard for the splitting of parameters of the
interaction between pseudospins under shear stresses
€4 and eg. This enabled the study of the effects of
shear stresses o4 and og on the phase transition and
on dielectric and piezoelectric characteristics of the
crystal.

It is interesting to investigate also the electrocaloric
(EC) effect, which is a change the temperature AT
of the crystal at an adiabatic change of the applied
electric field E, or I, on the basis of the deformed
proton ordering model. In the present paper, we will
simultaneously consider the dependence of the effec-
tive dipole moment on a hydrogen bond on the order
parameter on this bond, as well as a splitting of pa-
rameters of the interaction between pseudospins un-
der shear stresses.

2. The Model of GPI Crystal

The proton ordering model of GPI [11, 18] can be
understood from Fig. 1, where a unit cell in the
ferroelectric phase is presented. For a better under-
standing of the model, the only phosphite groups are
shown in the figure. Protons, which are localized on
O-H ... O bonds between the phosphite groups HPOg,
form zigzag chains along the crystallographic c-axis
of the crystal. Dipole moments dq¢(f = 1,...,4) are
ascribed to the protons on the bonds. In the ferroelec-
tric phase, the dipole moments compensate one an-
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Fig. 1. Orientations of vectors d,s in a primitive cell in the
ferroelectric phase [11,18|

other (dq1 with dg3, dge with dga) in the directions Z
and X (X L (b,e),Y || b, Z | ¢), and simultaneously
supplement one another in the direction Y, creating
the spontaneous polarization.

The pseudospin variables 72, ..., 72 describe a re-
orientation of the dipole moments of the base units:
dys = py 7. The mean values (g) = 1 (n, —ny) are
connected with differences in the occupancies of the
two possible molecular positions, n, and ny.

Hereinafter for convenience, we use the notations
1, 2, and 3 instead of x, y, and z, respectively, for
components of vectors and tensors. The Hamiltonian
of the proton subsystem of GPI, which involves the
short-range and long-range interactions and the ap-
plied mechanical stresses and electric fields Fy, Fo,
E3 along positive directions of the Cartesian axes X,

Y, and Z, can be written in such a way:

IA{:NUseed+ﬁsh0rt+ﬁlong+ﬁE+ﬁlEa (21)

where N is the total number of primitive cells. The
term Useeq in (2.1) is the “seed” energy, which relates
to the heavy ion sublattice and does not explicitly de-
pend on the configuration of the proton subsystem. It
includes the elastic, piezolectric, and dielectric parts
expressed in terms of electric fields E; (i = 1, 2, 3)
and strains €; (j =1, ...,6):

6
1
Useed = v (2 Z CjEj(’)(T)gjgj' -

s 6 Jy'=1 3
1

_E E (;’?jEjEi— E 2XZQEZE2>
i,1'=1

i=1 j=1

(2.2)

The parameters cfjg(T), egj, X5 are so called “seed”

elastic constants, “seed” coeflicients of piezoelectric
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stresses, and “seed” dielectric susceptibilities, respec-
tively; v is the volume of a primitive cell. Matrices

i, el;, X5 are given by:
cﬁo c{%o c{%o 0 c{%o 0
B cEY B0 00
éfj(?: B BV CEY 0 00 ’
0 0 0 2 o
I e U 7R | B <

0 0 0 cB o &
0 0
é?j: 6(2)1 682 683 0 635 0,
0 0 0 €% 0 €%
xil 0 i3
0 x5 0

X33 0 x5%

0 694 0 6(1)6
(2.3)

~e0 __

Xiit =

In the paraelectric phase, all coefficients e?j =0.
Another terms in (2.1) describe the pseudospin part

of the Hamiltonian. In particular, the second term in

(2.1) is the Hamiltonian of short-range interactions:

2 Oq1 0¢2
_ E q q
Hshort - - (wl +w

qq’

X (§RqRq/ + 6Rq+Rc7Rq’)' (24)

In (2.4), 045 is the z-component of the pseudospin
operator that describes a state of the f-th bond
(f = 1,2,3,4) in the g-th cell. The first Kronecker
delta corresponds to the interaction between protons
in the chains near the tetrahedra HPOgs of type “I”
(see Fig. 1), whereas the second one — near the tetra-
hedra HPOj; of type “II”, R, is the lattice vector along
the c-axis. Contributions to the energy of interaction
between protons near tetrahedra of different types, as
well as the mean values of the pseudospins ny = (g47),
which are related to tetrahedra of different types, are
identical.

Parameters wy, we, which describe the short-range
interactions within the chains, are expanded linearly
in the series in strains €;:

wy = wO-I-Z dnpej = w0+z dig1+0484+d686,
] !

wy = wo—l—z 065 = w0+z 01g1— 0484 —d6E6,
J l

(2.5)
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where [ =1, 2, 3, 5. The third term in (2.1) describes
the long-range dipole-dipole interactions and indirect
(through the lattice vibrations) interactions between
protons, which are taken into account in mean field
approximation:

_ (0as) (o0 s")
Hlong:§ZJff,(qq/) af/ \9q' "1

2 2

rf

B n{ogs) oar
> Jppled) 5 5

!

(2.6)

The Fourier transforms of the interaction constants
Jrp =22 Jrp(qq') at k = 0 are linearly expanded
with respect to the strains ¢;:

0
Jff/ = Jff/ + waf/jal.
J

In view of the symmetry of the crystal, the parame-
ters Jyy are given by:

-

J

gl
@)

L= J Zl/fllﬁl + V11484 £ Y1166,
!

Jis =05+ Y Prsier + Y13aea + Yisece,
I

Jiz = Jip + Z V12161 £ Y124€4 £ Pr26€s,
: (2.7)

<
N

1 =Ji+ Z VYrai€r £ Praaga £+ Pra6€s,
]

Tz = Jgh + Y thamer + anaca + Pazees,
!

Jog = J9 + Z Yos1€1 + 24484 + Y2466,
/

As one can see from (2.5), (2.7), the parameters w
and most of Jy split in the presence of shear strains
4, €6-

As a result, (2.6) can be written as:

4
Hiong = NH" =3 > H7L,

(2.8)
q f=1
where
LI L
H= )" g Jrrmgny s Hy = > 5 drrge (29)
£F=1 F=1
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The fourth term in (2.1) describes the interactions
of pseudospins with the external electric field:

—ZWE%. (2.10)

qf
Here, p, = (N:f;aalﬁ?,vﬂﬁ)» M3 = (_Nfgvﬂgsa_/iia)a
Mo = (—pdy, —iy, 45s), pa = (34, —pby, —p3,) are

the effective dipole moments per one pseudospin.
The term HF, in Hamiltonian (2.1) is introduced in
the present model for the first time. It accounts for
the above-mentioned dependence of the longitudinal
components of dipole moments on the mean value of
the pseudospin sy:
2
%af 1 qf
By =S % =3 (e %
q/
(2.11)

Here corrections to the dipole moments S?,u} are used
instead of s fM} because of the symmetry considera-
tions, the energy should not change, when the field
and all pseudospins change their sign.

The term H 72, as well as long-range interactions, is
taken into account in the mean field approximation:

af

N2 ZZZ Oqf0q'f9q" f

Wy Eo
_WZZZ((Uqf‘FUq’f"‘Uq”f)U?_277?) f2 =

qu f UfE2 2

fE

af ¢ q”
4 /
W Eo
=33 o~ 2ap 7 =
q f=1
Y S N B (212)

q f=1 f=1

The two-particle cluster approximation for short-
range interactions is used for the calculation of field
effects in GPI. In this approximation, the thermody-
namic potential under stresses o; is given by:

4 6
G = NUseed +t NH°+N> 0}y By — NvY _0jej —
f=1 j=1

ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 5

4
- kBTZ {2 In Spe‘ﬁﬁq@) - Z In Spe™ qu} (2.13)
q f=1

where the following notations are used:

sp{d= > > > > {.}

o1=*1o0s=4103=%104==%1

8 = kBLT, kg is the Boltzmann constant, H’éz) and

H é? are the effective two-particle and one-particle
Hamiltonians:

ag

R S L an
f=1

(1 ys o

a'y = fﬁf ;f, (2.15)
g, g, g g,

yr = B(AL + My + psE + 3nf )} Ea), (2.17)

;= BAf+y;. '

The symbols Ay are the effective fields created by
the neighboring bonds from outside of the cluster. In
the cluster approximation, the fields Ay can be de-
termined from the condition of minimum of the ther-
modynamic potential 0G/OA; = 0, which gives the
self-consistency condition that states that the mean
values of the pseudospins (oqr) = 1y calculated with
the two-particle and one-particle Gibbs distributions,
respectively, should coincide:

Sp Uqfe—ﬁﬁéz)

’r] = — =
f Spe‘ﬁngz)

)
Sp crqfe —BH

(2.18)
Spe~

Using (2.18) with the one-particle distribution func-
tion (ny = th(ys/2)), the effective fields Ay are ex-
pressed through the order parameters 7y

1 I+np 1 1 9
In — —(ufE+3 E

Then yy are given by:

Ap=—

4
1. 14n Jrp Ié]
yr=5n LBy Ao+ 5

5 (1 BA3 U ).

The first equality (2.18) yields the system of equa-
tions for the order parameters 7;:

4 o
—BHsn+ > wi qu}
b)

1
nf = ESP{Uqfe = (2.19)
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where Z is the two-particle partition function.

TR
—BHsn+ > yi—5-
=1

Z=Spe (2.20)

3. Thermodynamic Characteristics of GPI
Let us write the thermodynamic potential per unit
cell in the form

4 6
G
9= 77 = Useea +H° +ZTI?M}E2 - UZUJEJ‘ +
f=1 j=1
1 4
2
+4kpTIn2 — 5kBT Z In(1—n})—2ksTIn Z. (3.1)
f=1

From the condition of minimum of the thermody-
namic potential, we have

99
(9Ej B

i,0j

=0.

Taking (2.19) into account, we get a system of equa-
tions for the strains ¢;:

6
= Z cfj(,)(T €

2Ml

3

=D e B

i=1

Yy
Z g g
=

(3.2)

Here, the following notation is used:

Og1 0¢g2
M =S ( 9q19q2 s
1 P{ U5 +02; 2 9
Differentiating the thermodynamic potential with re-
spect to the fields F;, one can get the expressions for
components of the polarization P;:

_ 0 0 0
Py = ej,e4 + €7686 + X11E1 +

1 xr xT
+ %[Ms(m —13) — pgs(n2 — M)l

_ .0 0 0 0 0
P, = €51€1 F €999 + €9363 + e9565 + X§2E2 +

ERNNCE)
!/
+%J;nfuf,

1
+ — 13 (m + n3) — pd4(n2 + n4)]

2v
P. = 0 0 EOE
3 = €3464 + €gg€6 + X33FE3 +

]' z z
+ %[/"13(”1 —n3) + p34(n2 — 14)]-
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7gs
0g3 Uq4>€ BHsn+ E Yy }

The components of the isothermic dielectric suscep-
tibility tensor of mechanically clamped or free crystal
GPI can be found by the numerical differentiation of
components of the polarization vector with respect to
components of the field at a constant strain or con-

stant stress, respectively:
hm oF
/—)0 aE ’

1 0P, -

1m i =

Buso \OEy ).

The molar entropy of the proton subsystem (here, R
is the gas constant) is given by:
1A
42+ > In(1—ny)+

o M (89) _ R{_
1 \or),. 4 ot
4
2 —BHan+ Y yp 4L
+2InZ — ;Sp{HzBe =T }}7 (3.4)
where such notation is used:

Hyp = — sh+z <Z Jff/??f/—&-

fr=1

g __
Xiit =

—_

+ Q(HfE+3nf/~LfE2)> ;f

The molar heat capacity of the proton subsystem
of GPI crystals can be found by the numerical differ-
entiation of entropy (3.4):

act=1(53).

5T (3.5)

The total specific heat is considered to be the sum of

the proton and lattice contributions:
C = AC? + Clatice- (3.6)

The lattice contribution near T, is approximated by

the linear dependence
Olatticc = C’O + Cl (T - Tc) (37)

The corresponding lattice contribution to the entropy
near T, is then

Slattice = / %dT = (CO - Cch) IH(T) + C1T
(3.8)

Hence, the total entropy as a function of the temper-
ature and the field component FE; reads

Stotal(T7 E’L) =5 + Slattice- (39)
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Solving (3.9) with respect to the temperature at
Stotal (T, E;) = const and two values of the field, one
can calculate the electrocaloric temperature shift (as
seen in Fig. 10)

AT = T(Stotala Ez(2)) - T(Stotala Ez(]-))

The electrocaloric temperature change can be cal-
culated also, by using the known formula

E;
TV [(OP;
AT = — —_ ! B,
I (8T>E.d &
J 1

where V' = vN,4/4 is the molar volume.

(3.10)

(3.11)

4. Results of Numerical
Calculations. Discussion

For the numerical calculation of the dielectric charac-
teristics of GPI, we use the parameters determined in
[18] and earlier in [11] from the condition of agree-
ment of the calculated characteristics with experi-
mental data. At that, experimental data on the tem-
perature dependences of the spontaneous polarization
P,(T) [19], molar heat capacity C,(T) [20], compo-
nents of the dielectric permittivity €3, [21, 22], €7y,
€%, [1], piezoelectric coefficients da1, d23[22], as well
as the dependences of the phase transition temper-
ature on the hydrostatic pressure T.(p) [8, 23|, were
used. The results of lattice dynamics simulations [24]
were taken into account as well. The optimal values
of the theory parameters are given below.

The parameter of the short-range interactions
U}O/kB = =800 K.

The parameters of the long-range interactions:

JO =J% =JY, =6.23 K,
J =00 =J9, =6.03K,

70 _ 70
where .Jff, = Jff,/kB.
Strain potentials:

61 =500 K, & =600K, d&5=>500K,d, =150 K,
05 =100 K, 6 =150 K; &; = ;/ks;

Wy = 1873 K, thppo = 505.1 K, s = 221.3K,
Grprs =454 K,

V114 = Y124 = Poos = P116 = Y126 = Paze = 317.8 K,
Y134 = Y144 = YPosa = VY136 = Y146 = Y246 = 0.0 K.

=vYssi/ks.
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where 1;”/]»

“seed” dielectric susceptibilities X

Components of the effective dipole moments

(55 = 0.4x107 "% esu-cm; p¥y = 4.05x107'8 esu-cm;
pis =4.2x107"% esu-cm; pg, = 2.3x 107 esu-cm;

ph, =3.0x107"% esu-cm; pf, = 2.2x 107 esu-cm.

Corrections to the effective dipole moments pf =
=ph=-025x10"® esu-cm and ph = p) =
= 0 esu-cm are found in the present paper from the
condition of agreement of the calculated saturation
polarization with experimental data.

The volume of a unit cell of GPI is v = 0.601 x
x 10721 cm3.

The “seed” coefficients of the plezoelectrlc stress eV

7
, and “seed” elastic

constants c” are obtained as follow e = 0.0 eg;;;
X11—01 X22—0403 X33—05 X351 = 0.0;
011 = 269.1 kbar, 012 = 145 kbar, cf} = 116.4 kbar,
cE0 = 39.1 kbar, ¢ = (649.9 — 0.4(T — T.)) kbar,
CQEP’O = 203.8 kbar, c£¥ = 56.4 kbar, c%) = 244.1 kbar,
035 = —28.4 kbar, cf = 85.4 kbar, c¥Y = 153.1 kbar,
ck9 = —11 kbar, c(‘?Go = 118.8 kbar.

The parameters of lattice contribution to the molar
heat capacity (see (3.7)): Co = 147.5 J/(mol-K),
C1 = 0.45 J/(mol - K?).

Let us investigate firstly, how the present the-
ory describes the dielectric properties of GPI. In the
absence of a field, the spontaneous polarization P
monotonically and continuously decreases with in-
creasing the temperature and goes to zero at the tem-
perature T, (Fig. 2, curve 0). For comparison, we also
present the temperature dependences calculated in
[17] P>(T) (curve (') with regard for the dependence
of the effective dipole moment p(n) on the order pa-
rameter, but omitting the splittings of the parameters
w and Jyg in the presence of shear strains. Besides,
we present the temperature dependences calculated in
[18] P5(T") (curve 0”) in view of the splittings of the
parameters w and Jy s, but not accounting for p(n).

The longitudinal electric field Fo smears the phase
transition. As a result, the curve P5(T") become
smoothed (Fig. 2, curves 2¥, 4¥). In this and next fig-
ures in the notations of the curves “a?, a*,” number a
means a value of an external field in MV/ m, indices
y and z mean the directions of the field (E,, E,).

The transverse field EF3 induces the polarization
component Ps; (Fig. 3) and lowers the temperature
T., as it is shown in Fig. 4. In a weak transverse field,
the phase transition remains the second order one. At
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Pz, 10® c/em?

05 24 & o , En
0.37

0.2}

E,=7MV/m

017 N,

7| 6.5%

0 1 1 L i
180 190 200 210 220 230 T,K

Fig. 2. Temperature dependences of the longitudinal polar-
ization P> of GPI crystal at different values of the electric fields
E5 and E3. Curves 0 (the present result), 0°[17], 0”7[18], as well
as symbols o [19], A [1], O [22], V [16] correspond to zero field

Py 10 clem?
25 :

EZ=7MV/m

72

0 L L L L
180 190 200 210 220

230 T,K

Fig. 3. Temperature dependences of the transverse polariza-
tion P3 of GPI crystal at different values of the field F3

that, the temperature dependence Py(T) is qualita-
tively similar to the case of E3 = 0 MV/m (Fig. 2,
curves 4%, 5°), the curve P5(T') has a sharp bend at T,
(Fig. 3, curves 2%, 4%, 5%). In the fields stronger than
some critical E* &~ 5.9 MV /m (tricritical point), the
phase transition becomes the first order one (dashed
curve in Fig. 4). As a result, the components P (T")
and P3(T') have a break at T, (curves 6%, 6.5%, 7% in
Fig. 2 and 3).

In the absence of a field, the longitudinal dielectric
permittivities of mechanically free €5, and clamped
€5, crystals go to infinity at T, (Fig. 5, solid 1 and
dashed 1’ curves, respectively; as well as Fig. 6,
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Fig. 4. Dependence of the transition temperature T, of GPI

crystal on the transverse field F3

€20

800

700}

600 |

500}

400}

300}

200}

100}

222 223 224 225 226 227 228 229T,K

Fig. 5. Temperature dependences of the longitudinal dielec-
tric permittivities of mechanically free €3, (solid lines) and
clamped €5, (dashed lines) GPI crystals in the absence of
a field; symbols are experimental data of [21] (o), [22] (O).
Curves 1, 1’ are calculated in the present paper; 2, 2 —in [17];
3, 8 —in [18]

curves 0, solid and dashed, respectively). In the para-
electric phase, the permittivities €3, and €5, coin-
cide. For comparison, we also present the tempera-
ture dependences €55 (T') calculated in [17] (Fig. 5,
curves 2, 2) with regard for u(n), but omitting the
splittings of the parameters w and Jyy in the pres-
ence of shear strains. In addition, we give the temper-
ature dependences calculated in [18] 55 (T') (Fig. 5,
curves 3, &), by considering the splittings of the pa-
rameters w and J g/, but not accounting for pu(n).
In the presence of a longitudinal electric field Es,
the curves 55 (T') are smoothed (Fig. 6, curves 1Y,
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2v 4¥, as well as Fig. 7). In Fig. 7, black lines are the
present results, and red lines are calculated in [17]
without regard for the splittings of the parameters
w and Jyg. It is necessary to note that the curves
€%5(T), which are calculated for the fields Fy = 20,
30, 40, 70, 120, 170, and 220 kV/m, quite well agree
with the experimental data [16], which were mea-
sured at the fields Fy = 0, 10, 20, 50, 100, 150, and
200 kV/m. This points to the presence of some inter-
nal longitudinal electric field Es;,, = 20 kV/m in the
crystal [16]. The experimental data [16] for €3,(T) in
the absence of a field are one and a half times over-
stated in comparison with experimental data of an-
other papers. Therefore, for the theoretical descrip-
tion of data [16], we suppose that, in this sample, the
parameters ¥ = 4.32 x 1078 esu- cm, but all other
parameters are such as obtained in [18].

In a weak transverse field F3 < EY, the longi-
tudinal dielectric permittivity of a mechanically free
crystal €9, goes to infinity at 7. (Fig. 6, solid lines
4%, 5%), whereas the permittivity of a clamped crys-
tal €5, is finite (Fig. 6, dashed lines 4%, 5%). Curves
€%,(T) and €5,(T) do not coincide even in the para-
electric phase. In a strong field E5 > E%, owing to
the first-order phase transition, the permittivities e55°
both become finite and decrease with increasing the
field strength (Fig. 6, curves 6%, 6.5, 7).

In the absence of a field, the transverse dielectric
permittivities of mechanically free €9, and clamped
€33 crystals are finite and have sharp bends at T,
(Fig. 8, solid line 0 and, very close to it, dashed
line 0, respectively). In the paraelectric phase, the
permittivities €93 and €55 coincide. For comparison,
we present the temperature dependences €5(T") [17]
(Fig. 8, curve () with taking u(n) into account, but
not considering the splittings of the parameters w and
Jyyg in the presence of shear strains.

In the presence of a longitudinal field, the curves
£%4(T) and €53 also become smoothed (Fig. 8, solid
and dashed curves 4¥). In the presence of a trans-
verse field, the transverse dielectric permittivities £33
greatly increase in the ferroelectric phase in compar-
ison with the case of E3 = 0, and curve €53(T") has
a break at T, (Fig. 8, curves 4%, 5°). As was shown
in [25], such increase of 55 is related to the disor-
dering of pseudospins in the chain “B” (see Fig.1) at
the influence of the field F3. The maximum value of
35 goes to infinity, when E3 — E*. In a strong field
Es > E'Y owing to the first-order phase transition,
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Fig. 6. Temperature dependences of the longitudinal dielec-
tric permittivities of mechanically free €J, (solid lines) and
clamped €5, (dashed lines) GPI crystals at different values of
the fields F» and E3. Symbols are experimental data [21] (o),
[22] (O) without a field
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Fig. 7. Temperature dependences of the dielectric permit-
tivity €9, of GPI crystal at different values of the field Fs
(MV/m): 0.0 — 1, 1/; 0.02 — 2, 2’ (0); 0.04 — 3, & (0); 0.07 —
4y 4" (<); 0.12 = 5, & (>); 0.22 — 6, 6’ (V). Symbols are exper-
imental data [16]

0-7

the permittivities £33 decrease again with increasing
the field strength (Fig. 8, curves 6%, 6.5, 7#, §).

In the presence of the field F3, experimental curves
€45(T') are smoothed near T, and have no any break
(Fig. 9). In order to explain such behavior of the
transverse permittivity, we calculated £45(7T), by sup-
posing that an internal electric field Fs appears to-
gether with the applied external field Fs5. It turned
out that it is possible to achieve the satisfactory
description of the temperature dependence of ¢4,
by supposing that Es ~ 0.07E5 (Fig. 9, solid black
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Fig. 8. Temperature dependences of the transverse dielectric
permittivities of mechanically free g5 (solid lines) and clamped
€53 (dashed lines) GPI crystals at different values of the fields
E3 and Ej3; symbols o are experimental data [1] at the zero
field
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Fig. 9. Temperature dependences of the dielectric permittiv-
ity €75 at different values of the field strength E3(MV /m): 0.0 -
1(<);1.0-2(0);2.0-38(0); 3.0 4 (A); 4.0-5 (V) [7] and
at the applied simultaneously longitudinal field Fo2 = 0.07E3.
Red dashed curves 1'-5 [25] of the permittivity e§; at the
same values of E3 and at the field E2 ~ 0.05F3 applied simul-
taneously

curves). In this figure, the permittivity calculated in
[25] of a mechanically clamped crystal €55 is shown at
different values of the field F3 and at applied simul-
taneously longitudinal field Fy ~ 0.05E3 (dashed red
curves). We note that the y-components of the effec-
tive dipole moment was considered in [25] to be the
same in the paraelectric and ferroelectric phases. It
is necessary to note that the phase transition tem-
perature for the sample in [7] was 222 K. For the ex-
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Fig. 10. Temperature dependences of the molar entropy of
GPI at different values of the fields Fo and FEs3

planation of the experimental data [7], we supposed
that the values of all interactions in this sample are
proportional to the values of corresponding interac-
tions in the sample with 7. = 225 K: w°(222 K) =
= kw'(225 K), »97(222 K) = kvPT(225 K),
6:(222 K) = k6;(225 K), w;ﬁ(zm K) = kwﬁ.(z% K),
pr(222 K) = kpsp(225 K), where £ = 0.987 =~
~ 222/225. All another parameters are such as for
the sample with T, = 225 K.

The longitudinal field Fs decreases the entropy of
a crystal in the whole temperature interval (Fig. 10,
curve 50%), inasmuch as it increases the ordering of
pseudospins in both sublattices, “A” and “B” (Fig. 1).
The transverse field E3 also decreases the entropy,
but only in the paraelectric phase. In the ferroelec-
tric phase in the weak fields E3 < E%, the entropy
increases owing to a disordering of pseudospins in sub-
lattice “B” under the influence of the field FE5 (Fig. 10,
curve 47). The strong field F3 > E% overturns the
pseudospins in sublattice “B” and orders them in its
direction. As a result, the entropy decreases again
(Fig. 10, curve 507).

The effect of the fields F5 and E5 on the molar heat
capacity is mainly similar to the effect of these fields
on the dielectric properties: the field E5 smoothes the
curve C(T) near T, (Fig. 11, curve 4¥), whereas the
field E5 lowers T, (Fig. 11, curves 4%, 5%, 6%, 6.5%, 7).

As one can see from the previous figures, the
present model, which simultaneously involves pu(n)
and the splittings of the interaction parameters w and
J¢g in the presence of shear strains, practically re-
produces the results of previous calculations [17] and
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Fig. 11. Temperature dependences of the heat capacity of

GPI at different values of the fields F2 and E3. Symbols o are

experimental data [20]. Solid line presents the result of calcu-

lations, the dashed line corresponds to the lattice contribution
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Fig. 12. Temperature dependence of the electrocaloric tem-
perature change AT of GPI crystal at different values of the
field E»

[18], as well as satisfactorily describes the experimen-
tal data for dielectric characteristics and the effect
of electric fields on the dielectric permittivity. The-
refore, this model can be suitable for the investigation
of the electrocaloroc effect in GPI crystals.

Let us firstly examine the longitudinal EC effect. In
Fig. 12, 13, a change of the temperature AT of the
crystal at the adiabatic change of the applied elec-
tric field Fy at different values of the initial temper-
ature and the field Fy are presented. In the weak
fields (B2 < 1MV/m) at the initial temperature
T = T, = 225 K, the temperature change follows
the law AT ~ E§/3 (green curve in Fig. 13); at
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Fig. 14. Temperature dependence of a change in the elec-
trocaloric temperature of GPI crystal at different values of the
field E3
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Fig. 15. Dependence of AT on the field E3 at different initial
temperatures
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T < T.,, AT ~ E5 (blue curves in Fig. 13); at
T >T., AT ~ E2 (red curves in Fig. 13). At stronger
fields E > 1MV /m, the dependences AT(E;) devi-
ate from the mentioned laws and reach the saturation
at Eo > 50 MV /m. The longitudinal EC effect is pos-
itive in the whole temperature interval.

In the case of adiabatic application of a transverse
field E3, the electrocaloric temperature change AT
can be positive or negative (Fig. 14, 15). At the ini-
tial temperatures T > T, the transverse EC effect is
qualitatively similar to the longitudinal EC effect: in
the weak fields AT ~ E? (green and red curves in
Fig. 15). At strong fields, the dependences AT (E3)
deviate from the quadratic law and reach the satura-
tion at E2 > 50 MV /m. At the initial temperatures
T < T, in the weak fields E3 < E%, the temper-
ature of the crystal nonlinearly lowers with increas-
ing the field strength (blue curves in Fig. 15). This
is connected with the above-mentioned disordering
of pseudospins in sublattice "B” under influence of
the field F5 that leads to increasing the entropy at
a constant temperature (Fig. 10, curve /%) and to
the adiabatic (at a constant entropy) lowering of
the temperature. In addition, as one can see from
Fig. 3, in the ferroelectric phase the the polarization
component Pj3 increases with the temperature, i.e.,
0P5/0F3 > 0. Then AT < 0, according to (3.11). At
a further strengthening of the field (E3 > E'Y), as
was said above, the pseudospins in sublattice “B” turn
over and order in the direction of field that leads
to decreasing the entropy at a constant temperature
(Fig. 10, curve 507) and an isoentropic increase of the
temperature.

5. Conclusions

The simultaneous consideration of the dependence of
the effective dipole moment of a hydrogen bond on
the order parameter on this bond w(n), as well as the
splittings of the interaction parameters w and Jy s in
the presence of shear strains, practically reproduces
the results of previous calculations of the dielectric
characteristics with regard for only wu(n) or only the
splitting of w and Jyy .

At the weak field Es in the ferroelectric phase,
an electrocaloric temperature change AT linearly in-
creases with the field, in the paraelectric phase —
quadratically, and at the initial temperature T' = T, —
by the law AT ~ E§/3. At strong fields, the depen-
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dence AT (F5) deviates from these laws and reaches
the saturation at Eo > 50 MV /m.

The transverse EC effect is qualitatively similar to
the longitudinal EC effect, whereas, in the ferroelec-
tric phase, it can be negative. This is connected with
the antiferroelectric ordering in the plane (a, ¢) be-
low T,.

It should be noted that the present deformed pro-
ton ordering model is suitable for studies of the
barocaloric, piezocaloric, and multicaloric effects in
GPI crystals.

The author is indebted to Prof. R.R. Levitskii and
L.R. Zachek for useful remarks.
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A.C. Bdosun

ITO3I0BYKHIN I IIOTIEPEYHNI
EJIEKTPOKAJIOPUYHI EOEKTU
B CETHETOEJIEKTPUKY ®OC®IT TJIIIIUHY

Hutst mociijizKeH s eJIEKTPOKAJIOPUYHOI0 e(PeKTy BUKOPUCTAHO
Moau(iKOBaHy MOJIE/Ib MPOTOHHOIO BIIOPSIAKYBAHHSI CETHETO-
estekTpuka pocdir rIinuHy, fKa BPAXOBYE II'€30€I€KTPUTHII
3B’SI30K IIPOTOHHOI i I'paTKoBOI mijicucrem. Mozesb TakoX Bpa-
XOBY€E 3aJIEXKHICTb €(PEKTUBHOTO JUIIOJIBHOIO MOMEHTY Ha BO-
JHEBOMY 3B’fI3KY BiJ| IapamMerpa BIIODsIKYBaHHS, a TaKOX
PO3IIEIJIEHHS [TapaMeTPiB B3a€MO/Iil MiXK IICEBIOCHIHAMU P
HasiIBHOCTI 3cyBHUX JedopMarliiil. B Hab/imKeHH] 1BOYaCTUHKO-
BOI'O KJIaCTe€pa PO3PaxXOBAHO BIIMB II03/I0BXKHBOTO Ta IIOIIe-
PEYHOro IOJisi Ha KOMIIOHEHTH BEKTOpa IOJisipu3aliil Ta TeH-
30pa CTATUYHOI JieIeKTPUYHOI IPOHUKHOCTI KpHUCTaja, a Ta-
KOXK Ha HOro TemioBi xapakTepucTuku. JlociiizkeHo mo3moB-
JKHI#l 1 monepeunuii ejekTpokasiopuunuii edpekr. PoszpaxoBana
€JIEKTPOKAJIOPUYHA 3MiHA TEMIIEPATYPHU BUSBUJIACH JOCUTh Ma-
010, 6immspko 1 K, nmpore BoHa MOKe MiHSATH 3HaK i J1i€r0
IIOIIEPEYHOTO TI0JIS.

Katowoei caoea: dpepoenekrpuku, (pa3oBuil mnepexisi, iie-
JIEKTPUYIHA TPOHUKHICTD, €PEKT JIEKTPUIHOTO IIOJIsI, €JIEKTPO-
KaJIODUIHUN eDEKT.

423



