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Using modified microscopic model of GPI by taking into account the piezoelectric coupling with strains &; in
the frames of two-particle cluster approximation, the components of polarization vector and static dielectric
permittivity tensor of the crystal at applying the external transverse electric fields E; and Ej are calculated. An
analysis of the influence of these fields on thermodynamic characteristics of GPI is carried out. A satisfactory
quantitative description of the available experimental data for these characteristics has been obtained at a
proper choice of the model parameters.
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1. Introduction

One of the actual problems in physics of ferroelectric materials is the study of the effects that appear
under the action of an external electric field. It can be a powerful tool for purposeful control of their
physical characteristics. The effects of the action of external fields depend both on the intensity and the
type of such an action, and on the properties of the materials. The application of an electric field is a very
important instrument for the investigation of ferroelectric materials with a complex spatial arrangement
of the local effective dipole moments. Consequently, phase transitions with different order parameters
connected with each other can take place in these materials. In particular, it appears possible to influence
this system by means of an electric field, which is perpendicular to a spontaneous polarization, and to
study the changes of polarization and the other dielectric properties.

One of the most interesting examples of a crystal sensitive to an electric field effect is the glycinium
phosphite (GPI), which belongs to ferroelectric materials with hydrogen bonds [1, [2]. At the room
temperature this crystal has a monoclinic structure (space group P2;/a) [3]. The hydrogen bonds between
the tetrahedra HPO3 form infinite chains along the crystallographic c-axis (figure[Il). There are two types
of hydrogen bonds with the length ~ 2.48 A and ~ 2.52 A [3-3]. The ordering of protons on these bonds
[4,15] causes an antiparallel orientation of the components of dipole moments of the equivalent hydrogen
bonds along the crystallographic axes a and c in the neighbouring chains. However, the changes of the
distances between ions in the tetrahedra HPO3 and the parallel ordering of the corresponding components
of dipole moments along the b-axis in the chains causes a total dipole moment along this axis.

Consequently, at the temperature 225 K the crystal passes to the ferroelectric state (space group P2)
with a spontaneous polarization perpendicular to the chains of hydrogen bonds. It is necessary to note
that the phase transition in GPI is closely connected with the short- and long-range interactions within
these chains and between them.

The study of the effect of deuteration on T, witnesses in favour of the proton ordering mechanism of
a phase transition due to a strong isotopic shift of the transition temperature (T° — TH = 97 K [6]).
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Figure 1. The lattice structure of glycinium phosphite crystal [3].

The results of measuring the frequency dependence of dielectric permittivity [7, §] also testify that
the phase transition in this crystal is of the order-disorder type. It should be also mentioned that the data
obtained based on the slow neutron scattering investigation, indicate the reorientations and deformations
of the ionic groups (phosphite ions). The revealed temperature anomalies of elastic constants near T, [9]
manifest an important role of deformation processes in a phase transition in GPI.

Highly important are the investigations of transverse electric fields effects on the physical character-
istics of GPI. A crystal seems to be quite special in this respect. The experiment, carried out in [10, [11],
showed a unique sensitivity to a transverse field E,. As it was established, such a field, applied to the
crystal in ferroelectric phase (at T < TCO), is capable of reorienting the local dipole moments that are
connected with protons on hydrogen bonds and with adjacent ionic glycine groups. Consequently, at
some critical field E; there occurs a phase transition, at which a spontaneous polarization along OY-axis
disappears and only the component P, remains. Such an effect resembles the well known spin-flop
transition in antiferromagnetics under the action of an external magnetic field. On the other hand, as
was shown in [[10, [11]], under the action of the field E, there occurs a decrease of critical temperature
of ferroelectric phase transition proportionally to Ezz. The existence of considerable (and increasing with
the field) anomalies of transverse dielectric permittivity &,, in the region of transition at E, # 0 was
revealed.

An explanation of the discovered effects was given in [[10] and [[11,,/12] based on the phenomenological
Landau theory and within the microscopic model approach, respectively. However, it failed to achieve
a full quantitative description of the observed temperature and field behaviour of ¢,,, inasmuch as the
reasons of a smeared character of such dependences remain unclear.

In the present work we continue the study of the transverse field effect, based on a microscopic
description within the model of a deformed crystal [13]. We supplement the approach, applied in [11,,/12],
by taking into account the lattice strains and piezoelectric coupling. At the same time, our goal is to
consider the wider range of phenomena connected with the action of transverse fields E, and E, on a
ferroelectric phase transition and on dielectric and piezoelectric characteristics of GPI crystal.

2. The model

We consider a system of protons in GPI, localised on O—-H. . .O bonds, which form zigzag chains along
the c-axis of a crystal. Dipole moments d; (g is a number of a primitive cell, f = 1,...,4) are ascribed
to the protons on the bonds. In the ferroelectric phase, the dipole moments compensate each other (Cqu
with qu, qu with Jq4) in directions Z and X, and simultaneously supplement each other in the direction

Y, creating a spontaneous polarization. Vectors Cqu are oriented at some angles to crystallographic axes
and have longitudinal and transverse components along the b-axis (figure 2).
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Figure 2. (Color online) Orientations of vectors d; # in the primitive cell in the ferroelectric phase.

. . (o (o
Pseudospin variables Tq', . q4

descrlbe the changes connected with reorientation of the dipole
moments of the base units: dqf ,uf 2 . Mean values (%) = 2(na — np,) are connected with the
differences in the occupancy of the two p0s51ble molecular posmons, n, and np.

Herein below for convenience we often use the notations 1,2 and 3 instead of X, y and zfor components
of vectors and tensors. The Hamiltonian of a proton subsystem of GPI, which takes into account the short-
range and long-range interactions and the applied electric fields E;, E;, E3 along positive directions of
the Descartes axes OX, OY and OZ, consists of the “seed” and pseudospin parts. The “seed” energy
Ugeeq corresponds to the heavy ion sublattice and does not depend explicitly on the configuration of the
proton subsystem. The pseudospin part describes short-range Hghor¢ and long-range Hyr interactions of
protons near tetrahedra HPO3, as well as the effective interaction with the electric fields E;, E; and E;.
Therefore,

H = NUseed + |:|sh0rt + HMF? (2.1)

where N is the total number of primitive cells.

The Ugeeq corresponds to the “seed” energy, which includes the elastic, piezoelectric and dielectric
parts, expressed in terms of electric fields E (i = 1,2,3) and strains g; and &; (j = i + 3). Parameters
Cf,O(T), Cgoﬂ') CEOO') CJEIO(T) . e0 )(” ,)(31 (i” = 1,2,3) correspond to the so-called “seed” elastic
constants, piezoelectric stresses and dlelectrlc susceptibilities, respectively, v is the volume of a primitive
cell:

Useed = ¥

3 6 3
1
§ cEVMeier + 3 § ci(Me; + § cE0(T)eres + i (T)eses
,i'= j=4 i=1

>

N =

Mu

0 0 0 0
€,&i E, - 82585 E, - e1434E1 1656E1 65484E3 - 83686E3

i

1 1 1
~XVE! - S XSEF - XHE? - XV ESE | (22)
2 2 2
The Hamiltonian of short-range interactions is
Oyg1 O'qz O'q3 Oq4
Faen =20 3 (G5 + 25 (O, 08, ) 3)
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In @.3), o,¢ is the z-component of pseudospin operator that describes the 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 HPOj3 of type “I” (figure 2)), where the second one near the tetrahedra
HPO; of type “II”, I-:\’c is the lattice vector along OZ-axis. Contributions into the energy of interactions
between protons near tetrahedra of different types, as well as the mean values of the pseudospins (o7 ),
which are related to tetrahedra of different types, are equal.

Parameter w, which describes the short-range interactions within chains, is expanded linearly into

series over strains g;, €;:
3 6
w = w0+26i8i+26ja,-. 2.4)
i=1 j=4

Mean field Hamiltonian Hyr of the long-range dipole-dipole interactions and indirect (through the
lattice vibrations) interactions between protons, taking into account that Fourier transforms of interaction

constants Jrp = 3 Jrp(Qq’) at k=0are linearly expanded:
q/

Ypo= 32+ T =37, + Z Urpici + Z iiEs, 2.5)

can be written as: . .
Fivie = NH® + H, (2.6)

where

J?l(U1+U3)+ I3 +m3) + 313771773+ 324772774+ 312(771772+773774)+ 314(771774

+1m3) + —(Zl//m& + 24//11,8])(771 +735) + = (211/22181 + 24//22,8])(772 +13)

e

Z(Z Yizigi + 24//13,81)771773 + —(Zl//zzu& + 24//24,81)772774
3

1

Z(Z%zlez + an,s,)(mnz +1374) + —(21014181 + 21014,8,)(771774 +mn3), (2.7)
=1 j=4 j=4

Z 7‘[1 +7‘{2 O—qz + 7‘{3— +7‘[4 0'q4) (2.8)

q

and ¢ = (o). In (2.8) the notations are used:

1
=duna + pEr + uliEx + pf,Es,

1
=3z + 3

Jiama + >

1 1
== -
Hi ZJum + 3

1 1 1 1
Ho = = Joomy + = diam + 5 doama + 5 duams — 15, Er — 1, Ep + 15,5,

2 2 2 2
1 1 1 1 . yo o .
Hs = 5dums + 5 + 5 dam + 5 dam - w3 B+ B - 5B,
1 1 1 1
Ha = 5 Joma + 5 dams + 5 Jpat + 5 duam + 15, E1 — 3, Ex — 115, Es. (2.9)
In @9) " = " = w3V 150 = wy?t = P are the effective dipole moments per one

pseudospin.
The two-particle cluster approximation is used for calculation of thermodynamic and dielectric
characteristics of GPI. In this approximation, thermodynamic potential is given by:

4
A ry(1)
G = NUyeeq + NH? — kg T ) [2InSp e Bl _ > nspear |, (2.10)
=
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where I—A|§12), H;lf) are two-particle and one-particle Hamiltonians:

H(Z):_2w<E@ E%)_QE_QE_EE_%% 2.11)
q 2 2 2 2 B2 B2 B2 B2 '
20 _ _Yr Tar
Hor==%72 (2.12)
Here:
yr = B(Ar + Hp), Jr = BAr + yy. (2.13)

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 determined from the self-consistency condition, which
states that the mean values of the pseudospins (o, ) calculated with the two-particle and one-particle
Gibbs distribution, respectively, should coincide. That is,

7y (2) _pM
Sp O'qfe_ﬁH" _ Spogre Plar

— (2.14)

P
Sp e BHq Sp e BHar
Hence, based on (2.14)) taking into account (2.11) and (2.12) we obtain

1
mpa = ) (sinh Ny + sinh N, + a® sinh n; + a’sinh ny + asinh Ns + asinh Ng ¥ asinh Ny + asinh ng)

y1,3
= tanh —/—,
2
1
M4 = D (sinh Ny +sinhn, — a’ sinh n; a’ sinh Ny ¥ asinh ns + asinh ng + asinh Ny + asinh ng)
Yo4
= tanh ——,
2

D = coshn; + coshn, + a® cosh nz + a cosh Ny + acosh ns + acosh g + acoshny + acosh ng,
(2.15)

where
1 3 6
0
a= -— + ;& + oieill,
CXP[ kgT (w lzzl i€i ]24 4181)1

1 1
n = E(.’/l + Y2+ Y3 + ya), M = E(HI + Y2 — Y3 — Y4),

1 1
=sWi-—pty-va) =50yt

1 1
Ns = 5(!/1 -2+ Y3+ ya), Ne = E(yl + Y2 + Y3 — y4),

1 1
n = 5(—y1 + Y2+ Y3+ y4), ng = §(y1 + Y2 — Y3+ y4).

Taking into consideration (2.15), we exclude the parameters A¢ and write the relations

1. 1+7g
==1
Y1 2111_77

1
1 + Byt + Bviain + Bvizms + BVians + g(,u’ngl + 3B + 5 Es),

1. 147§
y» = Bvizm + < In

2 B
Tt Bvaana + Byvians + Bvaans + E(—ﬂ§4 Ei - u), B + 15,E3).

1 1+n;3
Y3 = Bvisi + Bvian + 5 1n -— Z3 + Bvims + Bvians + g(—#ngl + ul By — 1, E3),

1 T+mn B
Ya = Bviam + Bvaan + Bviaips + 5 In o— . Bvaans + E(ﬂ§4E1 - w5, By — 15, Es),
where vy = J’;{'.
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3. Dielectric characteristics of GPI

To calculate the dielectric, piezoelectric and elastic characteristics of the GPI, we use the thermody-
namic potential per one primitive cell obtained in the two-particle cluster approximation:

G 4
g:——Useed+H —2|w +Zag,+25g, kBTZIn(l—n}%)—ZkBTlnD

i=1 j=4 f=1
+2kgT In2. 3.1)

Minimizing the thermodynamic potential with respect to the strains &;, £;, we have obtained equations
for the strains:

0=c/% +chler + ¢es + 505 — €, — 26[ ig wnz( m+m) - wmn
wzzl( M+ 1) - @n N4 = —(mnz +11314) — —(mm +mm), (1=1,235)

0 = cgea + e — €], E1 — €,E 3_@ @M _10114( m+ 2)—4—0771773
10224( ) - %7] - —(771772 +1304) — —(771774 +1m2173),

0=ciles + Cly 86—816E1 %6E3—%+% w”ﬁ( n+ 2)—%;71;73
wm( M+ ;) - —n n4 = —(mnz +113114) — —(mm +103), (3.2)

where
Mg = 2a’ cosh n; + 2a’ coshny + acosh Ns + acosh ng + acosh n; + acosh ng.
Differentiating the thermodynamic potential over the fields E; we get the expressions for polariza-

tions P;

: (113011 = m3) — (54 (12 — m4)],

P = 61484 +el686 +X11 E, +X31 E3 + — o

P, =6 e+ 6,6+ €83 + E)es + Y5 B + Z[M‘Iﬁ(’h +13) — 3, (2 + na),

1
7 (i3m0 = m3) + p5,(m2 — 114)]- (3.3)

Diagonal components of the static isothermic dielectric susceptibilities of mechanically clamped crystal
GPI are given by:

P3 = (3_,'484 + 66686 + X33 E3 + X31 E] + —

X = a0 AT - A3 - (A - AP G
X = X+ (A AE) = (83 + A1 35)
Wiy = X504 (AL — AT + 5, (A AL (3.6)
Here, the ratio
N

X
;o ( oy )
A 0./,

has the meaning of the local pseudospin susceptibility, which describes the reaction of the f-th order

parameter to the external electric field E, at constant strains. Explicit expressions for quantities introduced
here are given in the appendix [formulae (A.T) and (A2)].
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Based on (3.2), we have obtained expressions for isothermic coefficients of piezoelectric stress €,; of
GPI:

P .
ezz:(d_sj) =&+ MB(A +A5) - /J24(A +A%). (3.7)

Here, the ratio

A _ (%)

A (981 E,
describes the reaction of the f-th order parameter on the strain g; at constant external fields [see the
appendix, formula (A3)].

4. Comparison with the experimental data

To calculate the temperature and field dependences of dielectric and piezoelectric characteristics of
GPI, we have to determine the values of the following parameters:

» parameter of short-range interactions w’;

 parameters of long-range interactions v (f =1,2,3);

* deformational potentials ¢;, w}—'l. (f=1,23;i=1,...,6);

« effective dipole moments p1};; 13,5 pis: piyys (555 (40

* “seed” dielectric susceptibilities y;; ,)(50 (i=123)

» “seed” coefficients of piezoelectric stress e(z’ egs, 6?4, 16° e34, 36,

* “seed” elastic constants Cf,o, CEO CIE;O, Cf60 (i=123i"=123;j=4506).

To determine the above listed parameters, we use the measured temperature dependences for the set
of physical characteristics of GPI, namely Py(T) [14], &7} €5, 1, da1, ths [15], as well as the dependence
of phase transition temperature T.(p) [[16] on hydrostatic pressure.

The volume of primitive cell of GPI is the vy = 0.601 1072 em? [19].

Numerical analysis shows that thermodynamic characteristics depend on the two linear combinations

of long-range interactions v+ = v?’r + 21/(2)’r + vg” and V0~ = v?‘ + 2v + v3 and practically do not
depend (deviation < 0.1%) on separate values of the v?i at given v0* and v0~. The optimal values of
these combinations are v** /kg = 10.57 K, v*~/kg = —0.8 K; as concrete values of the v_?i we use
Pt =90 =T = 2643 K, 77 = 99 = 77 = 0.2 K, where #)* = v* k.

Since the phase transmon in the GPI is of the second order, from the condition of nullification of
the inverse longitudinal dielectric susceptibility (3.3)) we can obtain the equation A(T.) = O for phase
transition temperature. This equation connects the parameter of short- -range interactions w® with the
parameters of long-range interactions »?*, v* and v *. From this equation at E = 0 and at the given v0+

1 2
g+, 5~ and other parameter values, we obtain the value of the short-range parameter w®. Its optlmal

value is w® = 820 K. The optimal values of deformational potentials & » which are coefficients of linear
expansion 0f~the parameter wY over th~e strains &; Lsee (2.4)], are as follows: ; = 500 K, 6, = 600 K,
03 =500K, 84 = 150K, 85 = 100 K, 66 = 150 K; &; = 6;/kg.

For parameters l//_;fl., similarly to the ngi, the 6 linear combinations " = . + 2. + 3. and 6
combinations ; = ¢, + 245, + ¢, are important. Thermodynamic characteristics practically do not

depend (deviation < 0.1%) on separate values of the w}—'l. at given ¢ and ;. The optimal values of

V.
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the w}—'l., are as follows: 1[/}’1 =879K, 1[/}’2 =237.0K, 1[/}’3 = 103.8 K, &;4 = 149.1 K, &;5 =213K,
1&}6 = 143.8 K, ¢;; = 0K, where w}—'l. = ll/fi/kB.

Effective dipole moments in the paraelectric phase are equal to fi;3 = (0.4,4.02,4.3) - 107'8 esu-cm,
fog = (=2.3,-3.0,2.2) - 107!8 esu-cm. In the ferroelectric phase, the y-component of the first dipole
moment is ,u‘;’3fmo =3.82- 1078 esu-cm; X-ray investigation [4] determined the coordinates of atoms in
the primitive cell of GPI. The calculated displacements of the protons, which we marked as 1 and 2, relative
to the centers of hydrogen bonds in ferroelectric phase are equal to AP} = (~0.016, —0.495, —0.160) A,
AT, = (0.389,0.383, —0.147) A. The obtained dipole moments are not proportional to the corresponding
proton displacements. This means that in addition to the proton displacements, the phosphite and glycine
groups also take part in forming the effective dipole moments.

For the “seed” coeflicients of piezoelectric stress, dielectric susceptibilities and elastic constants, the
following values are obtained:

0 _ 0 ) ) e o0 _ 0 _ 0 _ . el _ 0 _ 0 _
€ =€) =6;=65=6,=€,=6,=¢€.=0025 xj =01 x5, =0403 x5 =05

C?’
0 _ . ~0E _ 10 dyn EO _ 10 dyn EO _ 10 dyn
X; =0.0; C/ =26.91-10 <2 S =145-10 =2 O3 =11.64-10 el
EO0 _ 10 d EO0 _ 10 d EO0 _ 10 d
Cs =3.91-10 ﬁ Cy, =[64.99 - 0.04(T - T.)] - 10 ﬁ Cy3 =20.38-10 ﬁ

EO _ 10 dyn EO _ 10 dyn EO _ 10 dyn EO0 _ 10 dyn
Cys =5.64-10 o C33 =24.41-10 o G35 =-2.84-10 o> Css =8.54-10 po

E0 _ 10 dyn E0 _ 10 dyn E0 _ 10 dyn
Cy =1531-107 ==, ¢’ =-1.1-107 =5, ¢ 7 = 11.88- 107" =5.
In [10], the phase transition temperature of the GPI crystal was T, = 222 K. Explaining the experimen-

tal data [[10] we suppose that all interactions in this crystal are proportional to the interactions in the crystal
with T, = 225 K. Thus, w°(222 K) = kw°(225 K), v](li(222 K) = kv](zi(225 K), 6;(222 K) = k§;(225 K),
w}—'l.(222 K) = kw}—’i(225 K), where k = 0.987 ~ 222/225. Besides, the y-components of the dipole mo-
. . . . _ _ -18 .

ments are the same in paraelectric and ferroelectric phases, that is ,uly3ferr0 = p%pam =3.82-107"® esu-cm;

and z-component ui, = 4.2 - 107!8 esu-cm. All other parameters are taken the same as for the crystal
with T, = 225 K.

Now, let us look at the results obtained in this paper for temperature and field dependences of physical
characteristics of the GPI crystal at different values of strength of the electric fields E; and E;. Numerical
calculations of dielectric characteristics of the GPI are carried out for the strength of the fields from 0 up
to +4 MV/m.

Temperature dependences of the order parameters at different values of the fields E; or E; are
presented in figures Bland [l At zero fields, the mean values of pseudospins are 1y = 173, 172 = 174 in the
ferroelectric phase, and n7; = 17, = i3 = n4 = 0 in the paraelectric phase.

Nyp By 1 N3.4(E) 1 Naa B
08 08 08
3

0.6

06 06
0.4

0.4 0.4
0.2
02 55331] 02 ’ 0

o L

0 = L 2 o FF=4 02

0.1
200 210 220 230 T,K 200 210 220 230 T,K 200 210 220 230 T,K 200 210 220 230 T,K

Figure 3. The temperature dependences of the order Figure 4. The temperature dependences of the order
parameters 17y of the GPI crystal at different values parameters 17 of the GPI crystal at different values
of the electric field E; (MV/m): 0.0 — 1; 2.0 — 3; of the electric field E3 (MV/m): 0.0 — 1; 1.0 — 2;
-2.0—3340—5;-40—5". 20—3;3.0—4;40—5;-2.0—3;,-40—5".
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T,K T K
206 c 225
205 1 224 L
224 223
223 222
200 3

221

221
250 220 3
219 219 2 2
4 3 2 1 0 1 2 EMVm 0 2 4 6 8 10 12 E2 (MV/m)

Figure 5. The dependences of the phase transition
temperature T, of GPI crystal on the electric fields
E; (1) and E5 (3).

Figure 6. The dependences of the phase transition
temperature T, of GPI crystal on the squares of the
electric fields E; (1) and E3 (3).

The electric field E; > 0 slightly splits the mean values of pseudospins in the ferroelectric phase, and
fairly strongly in the paraelectric phase. In the paraelectric phase, 71 = 72 < 0, 73 = n4 > 0. An increase
of the field E; leads to a decrease of the 71, 7, and to an increase of 73, 4 parameters. In the case of
E; < 0, in the paraelectric phase 1 =1, > 0,173 =14 < 0.

Applying the electric field E3 > 0 also leads to a splitting of the mean values of pseudospins, but
much stronger than in the case of the field E;. Here, ; = 1, > 0, 7, = 14 < 0 in the paraelectric phase.
An increase of the field E; in the ferroelectric phase leads to an increase of 7y, 17, and to a decrease of
n3, N4 parameters. At E3 < 0, in the paraelectric phase n; =1, < 0,772 =14 > 0.

The dependences of the phase transition temperature T. of GPI crystal on the electric fields E; and
Es, and on the squares of these fields are presented in figures [5land [ respectively. With an increase of
the fields E; and Ej, the phase transition temperatures T, decrease, especially for the field E;.

It is shown that the dependences T.(E; 3) are close to quadratic in the fields (see [10]), and at the
fields up to 4 MV/m, they can be written as:

Tc(El) =T - k{Elzv TC(E3) =T - k§E32’

where le =0.025 Km%/MV?2, k3T =0.3325 Km%2/MV?2,
In figure[7] there are presented the temperature dependences of the components of polarization P; of
GPI crystal at different values of the field E;, and in figure [§] — at different values of the field E;.

P, 10° C/cm? P, 107 C/cm? P.,107° C/cm?
0.3 033
RIS
0.2 02l 5 /<
0.3 3!4 Vg s _
EERE——— R caLyEzT T
OE/E —— {02 X oE
FFrEIZZ=21 5
01134 5 5 0.1
0.1 3 23
0.2 3 0.2 S
o 1
0.3
200 210 220 230 T,K 200 210 220 T,K 200 210 220 230 T,K

Figure 7. The temperature dependences of the components of polarization Py, P>, P3 of GPI crystal at
different values of the field E; MV/m): 0.0 — 1; 1.0 — 2; 2.0 — 3; 3.0 — 4; 4.0 — 5; -2.0 — 3’;
-3.0—4’; —4.0 — 5’; o are the experimental data [14].
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P.,10°® Cc/cm? P, .10°°C/cm? P,,107° C/cm?
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Figure 8. The temperature dependences of the components of polarization Py, P,, P3 of GPI crystal at
different values of the field E3 MV/m): 0.0 — 1; 1.0 — 2; 2.0 — 3; 3.0 4,40 —5; -1.0 —2’;
-2.0—3"; -3.0 —4’; —4.0 — 5’; o are the experimental data [14].
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Figure 9. The dependences of polarizations P;, P,, P3 of GPI crystal on the fields E; and Ej at different
temperatures T (K): 215 — 1; 230 — 2.

With an increase of strength of the electric field E;, the spontaneous polarization P; slightly decreases,
but polarization P; induced by the field increases. Polarization P; induced by the field E; is negative,
and in magnitude it is three times larger than the P;. At the field E; < 0, the sign of polarizations P; and
P; is opposite, and the magnitude of the P, also decreases.

However, an increase of the field E; leads to a decrease of spontaneous polarization P, and to an
increase of the polarization P3; besides, the P3(E3) increases more appreciably than in the case of P (E;).
The temperature dependence of the negative polarization P;(E;z) induced by the field E; is analogous to
the P3(E;) and the value of the P;(E;3) is almost equal to the value of the P3(E;). It is necessary to note
that the effect of the field E3 < 0 on the components of polarization is qualitatively similar to the effect
of the field E; > 0 on them. The dependences of polarizations P;, P,, P; of GPI crystal on the fields E;
and E; at different temperatures T are presented in figure [0

Changes in the temperature dependences of the components of static dielectric permittivities &;; =
1+4m y;; of GPI crystal under the action of transverse electric fields E; and E; are shown in figures[T0HI2

Values of the permittivities €11 (E;), £33(E;) slightly increase in the ferroelectric phase and slightly
decrease in the paraelectric phase. The action of the field E; is much stronger. The temperature depen-
dences of the £11(E3) and £33(E3) have jumps at the phase transition point, which rise with an increase of
the field E; and shift to the lower temperatures. Changes in signs of the fields do not influence the values
of permittivities.
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Figure 10. The temperature dependences of the static dielectric permittivity €11 of GPI crystal at
different values of the fields E; and E3 (MV/m): 0.0 — 1; 1.0 — 2; 2.0 — 3; 3.0 — 4; 4.0 — 5; A are
the experimental data [1].

e (E.) €, (E,)
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5 |4 |32
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0 0 =
222 224 226 T.K 216 220 224 228 T.K

Figure 11. The temperature dependences of the static dielectric permittivity £,, of GPI crystal at different
values of the fields E; and Ez3 (MV/m): 0.0 —1;1.0—2;2.0—3;3.0—4;4.0 —35; o are the experimental
data [[17].

€45(Ey) €,,(E
300 —2—L 500 F2aE2)
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200 210 220 230 T, K 200 205 210 215 220 225 230 1. K

Figure 12. The temperature dependences of the static dielectric permittivity 33 of GPI crystal at
different values of the fields E; and E3 (MV/m): 0.0 — 1; 1.0 — 2; 2.0 — 3; 3.0 — 4; 4.0 — 5; A are
the experimental data [[1].

The jumps of the permittivities at the phase transition point Agj1(E; 3) and Aes3(E 3) are nearly
proportional to the squares of the strengths of the fields E; and E; (figure [13):
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Figure 13. The dependences of the jumps of the permittivities £11(1) and £33(2) of GPI crystal on the
squares of the electric fields E; and Ej.

Aess(Ey) = K5, EL Aes3(Es) = K5 ES,

where the coefficients are k;; = 0.064 Km2/MV2, kj3 = 1.0 Km2MV?2, k3y; = 0.725 Km2/MV?2,
k33 = 12.5 Km*/MV=.

The temperature dependences of the coefficients of piezoelectric stress €; at different values of the
electric fields E; and Ej3 are presented in figures[[4land[I3l An increase of the field E; leads to a slight
increase of piezomoduli &;. The splitting of the temperature dependences of €; is much stronger in the
case of field E;.

The results of an experimental investigation of the static dielectric permittivity £33 of GPI crystal at
different values of the field E; are presented in [[10,/11/]. The phase transition temperature for this case was
222 K, but the field dependence of the T is similar to the crystal with T, = 225 K. Therefore, having made
the above mentioned changes of the model parameters, we consider it possible to explain the experimental
data. The calculated temperature dependences of the static direct £33 and inverse 63‘31 permittivities of
GPI crystal at different values of the field Ez as well as the experimental data are presented in figure [[6l
It is shown that at the phase transition temperature, theoretical curves £33(T) have a sharp jump whose
magnitude increases with an increase of the field. However, the experimental curves £33(T) are smooth,
as in the case of a smeared phase transition.

In order to consider the reason of such a behaviour of permittivity £33, there was carried out a
calculation of this component assuming that together with the applied field E; there also appears an
internal field E,. As it turned out, one can achieve a satisfactory description of the temperature dependence

6% 10° ezl(El)ESU/CmZ g X 10° ezz(El)ESU/CmZ 6 X 10° €5(E Jesulem’ 6% 10° ezs(El)eS‘U/cm2

5 5 5
6
4 4 4
3 1 4 1 3 3 1
3 3

5 2 3 2 3
2 5— ) 5 5
1 1 1

0 0 0 0
215 220 225 T,K 215 220 225 T,K 215 220 225 T,K 215 220 225 T,K

Figure 14. The temperature dependences of the coefficients of piezoelectric stress €; of GPI crystal at
different values of the electric field E; MV/m): 0.0 — 1; 2.0 — 3; 4.0 — 5.
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Figure 15. The temperature dependences of the coeflicients of piezoelectric stress &; of GPI crystal at
different values of the electric field E3 MV/m): 0.0 — 1; 1.0 — 2; 2.0 — 3; 3.0 — 4; 4.0 — 5.
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Figure 16. The temperature dependences of the static direct £33 and inverse 83_31 permittivities of GPI
crystal at different values of the field E3 (MV/m): 0.0 — 1; 1.0 — 2; 2.0 — 3; 3.0 — 4; 4.0 — 5; symbols
v, A, ¢, O, < are the experimental data [[10, [11].

of £33, assuming E; ~ 0.05E; (figure [[7). Such a component of the field E; could appear due to an
incomplete reorientational relaxation of the glycine groups (which manifests itself during measurements
in the hysteresis behaviour of £33); one cannot exclude the possibility of some deflection of the applied
transverse field from the OZ-axis during the experiment (about 2.86°). Nevertheless, if the effect is

€5aEs )

400

350
300
250
200
150

100

50 2
200 205 210 215 220 225 230 T,K 200 205 210 215 220 225 230T,K

Figure 17. The temperature dependences of the static direct £33 and inverse e7d permittivities of GPI
crystal at different values of the field E3 (MV/m): 0.0 — 1; 1.0 — 2; 2.0 — 3; 3.0 — 4; 4.0 — 5 and the
field E; = E3/20; symbols v, A, ¢, O, < are the experimental data [[10, |11].
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connected with the character and peculiarities of internal fields in GPI crystal, the problem needs an
additional study.

It also concerns the role of glycine groups in the phase transition in GPI in the presence of external
fields. Their deformation and reorientation is significant at the transition to the ferroelectric phase and
manifests itself, for example, in the experiment on Raman scattering [[18] or at simulations of lattice
dynamics [19]. At the same time, it was shown that the mechanism of the phase transition is connected
with the proton ordering on hydrogen bonds.

It should be mentioned that the attempt to describe the behaviour of the inverse transverse dielectric
permittivity at different electric fields within the phenomenological approach by means of Landau
expansions was also done in [20,121]]. The authors explain the smeared minimum of the inverse permittivity
below the transition temperature supposing that the phase transition is of the first order one, close to the
tricritical point. They qualitatively describe the experimental data [11], but quantitatively only at low
fields. Such a supposition was based on their experimental data for GPI [20], which noticeably differ
from the obtained ones in the majority of other measurements. This can be connected with the unlike
properties of the crystals grown at different conditions [21].

5. Conclusions

Based on the proposed model of a deformed crystal, the calculation of dielectric characteristics of the
crystal GPI in the presence of electric fields E; and Ej; is carried out. The obtained temperature and field
dependences show that the effect of field E; on these characteristics is much more important than the
effect of field E;. At an increase of the field, the transition temperatures T.(E;) and T.(E3) decrease almost
as square of the field strengths. The magnitude of the jumps of permittivities £1; and £33 increases at the
phase transition temperature according to the same law. Electric fields E; and E; cause polarizations P,
and Ps; their temperature dependences are analyzed in the work.

The shape of anomalies of piezoelectric moduli in the region of a phase transition in the presence of
transverse fields is analyzed. The obtained theoretical dependences have a character of predictions and
can urge the subsequent experimental investigations.

At the same time, it is necessary to note that the ability of GPI crystal to reorientate the local dipole
moments and to change the orientation of the polarization vector by means of phase transition under
reachable values of electric fields is unique. We do not know any analogues among the ferroelectric
crystals with hydrogen bonds.

Due to specific properties of GPI, special attention during investigations is also paid to possible
applications of the crystal in thin film structures [22]; the role of impurities that introduce internal fields
causing the appearance of pyroelectricity is studied [21].

In our opinion, an important role is played by glycine ions that relatively easily change their orien-
tations, exhibiting some inertia. Taking into account their relaxational dynamics, one could significantly
supplement the comprehension of the mechanisms of external fields effect on dielectric properties of GPI.
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A. Parameters determining the local pseudospin susceptibilities with
respect to electric fields and strains

The notations introduced in equations (3.4)-(3.6) are as follows:
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where

np1 = xp19] + %p12BVs + %30y +xp1afvy,  (F=1,2,3,4);

np3 = np193 + xp2BVs — %p1393 — %p1aBYs,

%y = Hp12@s + Xp11 BV + Hp1a0s + %p13BV5,

Ap4 = Rp10@y + 1p11BVS — Rp1a@y — %p13BV3

wp = upaaPyy +apasPing, x5 = apn By + xpaBly,.  xfT = Hp3BUTy + xp1aBu,

P1s = 1%%3 + By = 1%77123 + g(\]n + Ji3),

e = 1_]—@ - i = 1%7754 N §<Jn £ ),
3 6 ]

Vi = V?i + Z & Zwli-jgj , V?i = (311 + yi = Z(lﬂni + Y13i),
B s 1 1

vy = vyt + Z UiEi + Zl//;jsj . oWt = Z(Jloz +J0); ¥5 = Z(l//IZi * Y140
G |

vi =t le y yyeil, vt = (Jzz +3); Uy = 7 W2 = Yoai),

i = (s +1506) =ma(is +156) #1302 = ({3 F17_g) —ma(li_; +17,5),
%1303 = 25,4 +17,0) —=m3(5, =159 #1304 = (£l5_, = 15_¢) —m3(5_, =15 ),
x2,4;11 = (If_3 + I§—6) - 772,4(|ig+3 + |5s+6)7 %2,4,12 = (|f+3 + I%.g) - 772,4(|ig_3 + I;Jrg)a
w413 = (5, —150) —mall5,y = 15g) #2414 = (15,4 15, 0) —mall3_, = 15_¢),
%1305 = (Flo_y +15_¢) —=m3(=lo_y +15_¢) 224115 = F(l5,4 +15,6) +m2a(=15_, +15_¢),
IIC+3 = coshn; + a coshns: |54 = coshny + a’ cosh ny;
5.6 = acoshns +acoshng; 17,4 =acoshn; +acoshng;
143 = sinhn + a’ sinh ns; 15,4 = sinhn, + a® sinh ng;

IS

5. = asinhns + asinhng; 17, = asinhny + asinh ng. (A2)
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The notations introduced in equations (3.7) are as follows:

xS, —%12 —%13 —%14 2D —#1y %12 X, —%14
A¢, = %gl 2D - —x3 —%04 LAY = —%2] 2D —xpn %5 —%04 ’
x5 %3 2D —x33 —%34 %31 -3 xy —%4
%y —%42 %43 2D =4 —%41 —ngp %y 2D —otas
2D —xn1 —%13 —%14 2D — 2y —%12 —x13 A
AS = -1 My 3 | A¢, = =21 2D -y M3 x5, ’
—%31 x5 2D — 33 —%34 —%31 -n32 2D —x33 %5
—%41 %y 43 2D — 44 —%41 —%4 —n43 Ay,

#ep = BUpepan + Yopa)m +m3) + BWayxpan +¥3xp10)(m2 + 14)
+ B s + Yyxpaa)m —m3) + BWoyyxras + Yyxpaa)(n2 — na) + 2B61(pga + pr2)s

| . 1 .1
Y = Z(‘l’nz +Yn3), Yy = Z(‘l’lzz Ya), Yy = Z(lﬂzzl * Yar)s

P31 = =205, —mslsg) prao =18 £ 15 g + s, +15.5),

241 = 2054 +m24l5,4),  p2an = #5_ o — 17,0 +mal5, ¢ +17,5),

13,4 = a’sinh n + a® sinh ny. (A.3)
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Influence of electric fields

BnanB eneKTpMYHMX NOJIB Ha AiieNeKTPUYHI BNaCcTUBOCTI
cerHetoenektpuka GPI

1.P. 3aueid p.p. ﬂeBMLl,bKVlVJZ, A.C. B,qOBVlJz, 1.B. Ctactol?

1 HauioHanbHuin yHiBepcuTeT “/IbBiBCbKa NoniTexHika”, Byn. C. baHgepu, 12, 79013 JlbBiB, YkpaiHa
2 IHCTUTYT $i3nkn KoHAeHcoBaHMX cucteM HAH YkpaiHu, Byn. CBeHuiubkoro, 1, 79011 JbBiB, YkpaiHa

BrikopuctoBytoun mogent GPI, MogndikoBaHy LLASXOM BpaxyBaHHSA N'e30e1eKTPUYHOrO 3B'A3Ky 3 gepopmalLlis-
MW &; B HABAVXXEHHI 4BOYACTUHKOBOrO KNacTepa, po3paxoBaHO KOMMOHEHTY BeKTOpa Noaspu3aLiii Ta TeH3opa
CTaTMYHOI AieneKTPUYHOI NPOHNKHOCTI KpUcTana npy NPUKAajaHHi 30BHILLHIX MONepeYHnX enekTPUYHMX no-
nis Ej i E3. NpoBegeHo aHanis BNAMBY LMX MOMIB HA AieNekTpuuHi xapaktepuctvki GPL. Mpy HanexHomy
BM6Opi NnapameTpiB Teopii OTPMMaHO 3aA0BINbHWI KiNbKiCHNIA ONUC HAaABHUX eKCrnepyMeHTaNbHUX AaHUX A5
LIMX XapaKTepucTmk.

KntouoBi cnoBa: cerHeroenekTpuku, enekTpudHe nose, nonspu3alis, AieNeKkTpudHa NpoHNKHICTb, Pa3oBuii
nepexig
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