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Thermodynamic potentials of pure uniaxial ferroelectrics, namely,
triglycine sulphate and lead germanate, have been considered
taking into account their secondary ferroic properties. It has been
shown that the polarization switching in those crystals can occur
under the action of definite combinations of external mechanical
stresses and electrical fields, which may be applied normally to
the ferroelectric axis.

Uniaxial ferroelectrics involve a plenty of crystals
where spontaneous polarization can be oriented along
only one of the crystallographic directions, and the
polarization switching occurs under the action of an
external electric field applied along this direction.
It is this class of crystals that includes triglycine
sulphate (NH3;CH,COOH)3xH»SO4 (TGS) and lead
germanate PbsGe3O1; (LG). According to Aizu’s
classification [1,2], all ferroelectrics are primary ferroics.
However, the theoretical and experimental researches
carried out by us in works [3—8] have allowed
a conclusion to be drawn that all ferroelectrics
should be simultaneously secondary ferroics as well,
i.e. crystals where the polarization switching may
occur under the action of certain combinations of
an electric field and a mechanical stress, or under
the action of two combined mechanical stresses. The
fact that the spontaneous polarization in TGS and
LG ferroelectrics can be oriented along only one
direction, together with the absence of ferroelastic
properties of those crystals at temperatures above
and below the phase transition point, makes them
very convenient objects for studying secondary ferroic
properties. Moreover, the 6 — 3 phase transition
in an LG crystal is accompanied by the emerging
of spontaneous components not only in the tensor
of piezoelectric moduli but also in the tensor of
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elastic constants, contrary to the 2/m — 2 phase
transition in a TGS crystal, which is characterized by
the emergence of only new components in the tensor
of piezoelectric moduli. That is why a ferroelectric
LG crystal is simultaneously both a ferroelastoelectric
and a ferrobielastic, while an TGS one is only a
ferroelastoelectric [6-8].

Consider the 2/m — 2 phase transition in a TGS
crystal. Provided that there are external electric fields
and external mechanical stresses, the Gibbs elastic
energy F' for this proper ferroelectric transition can be
written down in the form
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—5322011022 - 5333011033 - 25313011013—
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+4q1313D1 D303 + - - (1)

where «, [, 7, and pu are certain coefficients,
D; the electrostatic induction components, oy the
mechanical stresses, sgkl the elastic constants measured
at a constant induction, and g;j, the electrostriction
constants.

The center of symmetry in a ferroelectric TGS crystal
disappears at the phase transition, and the crystal
becomes piezoelectric. Although expansion (1) remains
valid at that, the induction D» stands now for the sum of
the spontaneous induction Dsg and induction D-; that
arises owing to the application of an external field. With
respect to this circumstance, the relation

oF
Ui = (8 ) = @2211(D2s + D21)2 =
011

= (I2211D%s + 2¢o211 D25 Doy + Q2211D§1; (2)

where uq1 is a deformation, can be written down for a
mechanically free crystal. Thus, it follows from Eq. (2)
that the piezoelectric coefficient g211 equals

9211 = 2¢2211 D25 (3)

In the same manner, one can find the other piezoelectric
coefficients:

G222 = 2¢2222 D35, (4)
9233 = 2¢2233 D23, (5)
9213 = 2q2213D2s. (6)
Taking into account that ¢i203 = ¢2123, one can also

write down the equation

U23 = D03 =

= qi223D1(Das + Dar) + qo123(D2s + D2y) Dy =

= 2q1223D25D1 + 2q1223D1 D2y (7)
From Eq. (7), it follows that

9123 = 2q1223D325. (8)

In the same manner, we obtain

9112 = 2qi212Dss, (9)
9323 = 2q2323 D35, (10)
9312 = 2¢2312D>s. (11)
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Therefore, the piezoeffect in the ferroelectric phase can
be regarded as the electrostriction linearized by the
spontaneous induction Dsg.

Let a mechanical stress o1o and an electric field E3
be applied to the crystal. Then, the induction

1
D; = —E5 (12)
I
arises. Using the relation
OF
— B 13
<8D2> > (13)
and taking into account that Fs = 0, we obtain
aDs, + D3 = —4¢s312D3012, (14)
FE.
aD, + BDS = —4Q231273012, (15)
or
E
o' Py + B'P = —4qas12 5912 (16)

Thus, a nonlinear dependence of P> on E3015 takes place
(its plot should look like a hysteresis loop). Analogously,
one can obtain the relations

E

oa'Py + B’PQB = —dqo323 3:23 ) (17)
FE

o' Py + B'Py = —4qi21> 1;712 ) (18)
E

Oé’PQ + B’PQB = —4(]1223 1;723 . (19)

Generalizing the dependences quoted above, we can
say that the sign of spontaneous polarization in a TGS
crystal can be changed by applying to it not only the
electric field E, but also the following combinations
of the electric field and the mechanical stress: Fos3,
FEy012, E30923, and FEs012, where the electric field is
directed perpendicularly to the spontaneous polarization
direction (ferroelastoelectric polarization switching) [6].
It should be noted that the polarization switching in
a TGS crystal can be induced also by applying the
E'20'11, EQO’QQ, E20'33, and E20'13 combinations of the
electric field and the mechanical stress, but in those
cases, taking into account the values of coercive fields
for a ferroelectric and a ferroelastoelectric, it will occur
practically due to the presence of the electric field F,
only.

Let us write down the difference between the
thermodynamic potentials (Gibbs functions) for two
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kinds of domains that arise during the phase transition
in the TGS crystal, confining the relevant expansions
into series by those terms that describe secondary ferroic
properties and taking into account the form of the tensor
of spontaneous piezoelectric coefficients [3—6]:

AP = _2P(S)2E2 —4dy123E1 093 — 4d112E1012—
—2dy11 Er011 — 2dp22 Fr 020 — 2dp33 2033 —

—4dy13F5013 — 4dza3 E3023 — 4d312E3012---; (20)

where P; are the components of the polarization vector
and d;i; are the piezoelectric coefficients. The subscript
S denotes a spontaneous effect.

Therefore, if the TGS crystal undergoes the action of
the electric field Es or one of the following combinations
of the electric field and the mechanical stress Ejoo3,
E\012, Ey011, Es022, Es033, Ez013, E3093, or Esoqs,
there emerges an energy difference between domains,
and the crystal will passes to a state with minimal
energy.

A procedure that was connected to piezoeffect
measurements by the static method, as well as the result
of experimental verifications of theoretical conclusions,
was described in work [6]. The experiments showed
that the application of the combination FEsoi5 of the
electric field and the mechanical stress, where the electric
field was directed perpendicularly to the polar axis, to
a monodomain TGS crystal resulted in a change of
the sign of the piezoelectric response, i.e. in a change
of the spontaneous polarization direction, which can
be explained by the availability of ferroelastoelectric
properties of a TGS crystal. In this case, the electric
field strength was 4 x 10° V/m, and the mechanical
stress was 1.5 x 107 Pa. Various specimens had being
undergone such a combined action of the electric field
and the mechanical stress for 30—90 min. When the
electric field and mechanical stress, each possessing the
same corresponding amplitude, had been applied to the
same specimen for the same time interval but separately,
there was no change in the sign of the piezoelectric
response.

For the proper ferroelectric phase transition 6 — 3
which occurs in lead germanate, the elastic Gibbs energy
can be written down as

B

o 1
F=F0+§D§+ZD§+%(D%+D3)_ 55?111“%1_

D D D 2
81122011022 — 81133011033 — 531111‘722_
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—253393015 — 28131501 + g1 D1o11—
—g111D1022 — 29222 D1012 — g220D2011+
+9g222D2092 — 2g111.D2012 + (I3311D§(711+
+as3311 D302> + 3333 D3033 + 442323 D2 D303 —
—4q2313D2D3013 + 4q2313.D1 D323+
+4¢2323D1 D313 + quin1 Dioni+

+qi122D3 022 + qr133 D333+

+QQ1112D3012 + Q1122D3011 + (I1111D3022+
+qu133D3033 — 2q1112D3015 — 2q1112D1 D011+
+2q1112D1D2022 + 4q1212D1D2012+
+4931123D3011023 — 4932213 D3011013—
—4U31123D3022023 + 4032213 D3022013+

+8132213D3023012 + 831123 D3013012 + -+ - (21)
where «, (B, and ~ are certain coefficients, D; the
components of the electrostatic induction, oy the
mechanical stresses, g;jr the piezoelectric coefficients,
sg « the elastic constants measured at a constant
induction, g;j; the electrostriction constants, and @,k
is the tensor of the fifth rank with internal symmetry
V[[V?]?], whose components were included into the
expansion series of F' in order to describe the emergence
of new components in the tensor of elastic stiffnesses.
An LG crystal is a piezoelectric one above the phase
transition point, but below it, there apprear several new
components of its tensor of piezoelectric coefficients. If
the induction D3 in Eq. (21) is considered as the sum of
the spontaneous induction D3g and the induction Ds;
that arises owing to the application of the external field,
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the spontaneous piezoelectric coefficients can be found
from the equations

g311 = 9322 = 2¢3311 D35, (22)
9333 = 2¢3333 D35, (23)
g123 = —g213 = 2¢2313D3s, (24)

(25)

9113 = G223 = 2¢2323D35. 25

An LG crystal differs essentially from a TGS one by
the appearance of the spontaneous components of the
tensor of piezoelectric coefficients at the phase transition
together with the spontaneous components of the tensor
of elastic constants. If D3 = D3s + D3y, the following
equations are valid for the latter:

S$1123 = —S2223 = S1312 = 1931123D35, (26)

51113 = —82213 = —S2312 = — V32213 D3s. (27)

Let the mechanical stress 13 and the electric field E;
be applied to an LG crystal. In this case, the induction

1
D, =-F (28)
Y
appears. Using the relation
OF
— ) =F 2
<3D3> ’ (29)
and taking into account that F3 = 0, we obtain
aDs + D3 = —4qs323D1 013, (30)
aD; + D} = _4Q2;23 Eyo13 (31)

or, converting from the induction to the polarization,

aPs + P} = BECELy Ty (32)
Y

Similar equations can be written down as well for other

combinations of the electric field and the mechanical

stress:

CKP3 + ,BP?? = —4QQ313 E10'23, (33)
CKP3 + BP?)B = 4q2i13 E2013, (34)
aP; + 5P} = 4T Byo, (35)

Equations (32)—(35) testify to that the sign of
spontaneous polarization in the LG crystal can be
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changed by applying not only the electric field FEj
but also the combinations FEjos3, Fio13, FEo0a3, and
E>013 of the electric field and the mechanical stress, in
which the electric field is directed perpendicularly to the
direction of spontaneous polarization (ferroelastoelectric
polarization switching). It should be noted that the
combinations E3o11, E3092, and E3os33 of the electric
field and the mechanical stress can also induce the
polarization switching in the LG crystal, but in this case,
it will occur practically at the expense of the electric field
Es5 only.

Owing to the fact that the phase transition in
the LG crystal is accompanied by the appearance of
the spontaneous components of the tensor of elastic
constants, the polarization switching in this crystal can
be also provoked by applying a combination of two
mechanical stresses. Let the mechanical stresses o7 and
023 be applied to the crystal. Using Eq. (29), taking into
account that E3 = 0, and neglecting the electrostriction
terms gsag D30, we obtain

aPs + BP} = —40931123011093. (36)
Analogously,

aP; + BP; = 4932013011013, (37)
aP; + BP§ = 4951123011023, (38)
aP; + BP} = —4032213022013, (39)
aP; + BP} = —81939913012093, (40)
aP; + BP3 = —8031123012013. (41)

It follows from the dependences quoted above
that the sign of spontaneous polarization in the LG
crystal can be changed without the application of the
electric field but under the influence of the following
combinations of two mechanical stresses (ferrobielastic
polarization switching) [7, 8]: 011023, 011013, 022093,
022013, 023012, and 0130712.

Relations (32)—(35) and (36)—(41) demonstrate
the nonlinear dependence of the polarization P; on
the combinations E10'23, E10'13, E20'23, E20'13, E'30'11,
FEs3095, and E3033 of the electric field and the mechanical
stress, and the dependence of P; on the combinations
011023, 011013, 022023, 022013, 0323012, and 013012 of
two mechanical stresses, respectively. The plots of those
dependences have to look like a hysteresis loop.

The difference between the thermodynamic
potentials of two 180° domains that arise during the
phase transition in the LG crystal, taking into account
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the form of the tensor of piezoelectric coefficients d and
the tensor of elastic compliances s for each domain is

AP = _2P(S)3E3 —4dy123E1 093 — 4d113E1013—
—4dy13E2023 + 4d123 2013 — 2d311 3011 —
—2d311 E3092 — 2d333 E3033 — 451553011023+
+4551 3011013 + 48153092005 — 48553090013 —

—8S2E213023012 - 88523013012 ey (42)
where P; are the components of the polarization
vector, d;r; the piezoelectric coefficients, and sgkl the
coefficients of elastic compliance measured at a constant
electric field E.

Therefore, provided that a PbsGezOq; crystal
undergoes the action of the electric field E3 or one of
the E10923, E1013, E2023, 2013, E3011, E3092, or F3033
combinations of the electric field and the mechanical
stress, or one of the 011023, 011013, 022023, 022013,
093012, Or 013012 combinations of two mechanical
stresses, there appears a difference between the energies
of domains, and the crystal will pass to a state with
minimal energy.

The experimental optical researches, the method
and the results of which were reported in works [7,
8], established that if the combination 011013 of the
mechanical stresses with a value of 8 x 10" Pa? was
applied to the LG specimen in the course of its cooling
from above to below its Curie point, the specimen
became composed of a single domain, although, following
all the rules, ferroelectrics have a polydomain structure
below their Curie points if no constant external electric
field is applied. At the same time, if the same specimen
was cooled under the action of the —o1013 combination
of stresses, it also became monodomain, but with
the opposite orientation of the vector of spontaneous
polarization. The direction of spontaneous polarization
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is easily controlled by using the polarization-optical
method, because domains with different directions Pg
rotate the polarization plane of light that transmits
through a crystal into opposite sides. The same results
were also observed for the stress combination os2093.
Thus, the ferroelectric LG crystal is simultaneously a
ferrobielastic.

1. Aizu K. // Phys. Rev. B. —1970. — 2, N 3. — P. 754 — 772.

2. Aizu K. // J. Phys. Soc. Jap. — 1972. — 32, N 5. — P. 1287 —
1301.

3. Dudnik E.F., Duda V.M., Kushnerev O.I. // Ukr. Fiz. Zh. —
1998. — 43, N 2. — P. 243 — 244.

4. Dudnik E.F., Kushnerev A.L., Duda V.M. // Mat. Res.
Innovat. — 1999. — 2, N 5. — P. 309 — 311.

5. Dudnik E.F., Duda V.M., Kushnerev O.I. // Ukr. Fiz. Zh. —
1999. — 44, N 10. — P. 1277 — 1279.

6. Dudnik E.F., Duda V.M., Kushnerev A.I. // Fiz. Tverd. Tela.
— 2000. — 42, N 1. — P. 133 — 135.

7. Dudnik E.F., Kushnerev O.I., Duda V.M. // Ukr. Fiz. Zh. —
2001. — 46, N 3. — P. 321 — 323.

8. Dudnik E.F., Duda V.M., Kushnerev A.I. // Fiz. Tverd. Tela.
— 2001. — 43, N 12. — P. 2183 — 2186.

Received 01.06.04.
Translated from Ukrainian by O.I. Voitenko

HETPAJIUIINHI CIIOCOBU MTEPEIIOJIAPU3AIIIL
O/THOOCBHOBUX CETHETOEJIEK TPUKIB

0.®. Jyowix, B.M. /lyda, O.I. Kywnepvos
Pesmowme

Po3rsisgayTo TepMoauHAMIYHI IOTEHITIATN YUCTUX OJHOOCHOBHX Ce-
THETOEJIEKTPHUKIB TPUMMIINUHCYIH(ATY Ta FepMaHATY CBHHIOO i3
ypaxyBaHHAM IX BTOpUHHHUX depoiguux BiaactuBocTeil. [Tokazano,
IO MEepenoIIpu3allisd y IUX KPUCTATIAX MOXKe IPOXOIUTH MiJT Ji€r0
neBHUX KOMOiHAIifl 30BHINIHIX MeXaHIYHUX HAIPYXKEHb Ta eJIeK-
TPUYHUX IOJIB, AKi MOXKYTb OYTH CIpPsIMOBaHI IepHEeHIUKYJIAPHO
10 CerHETOEJIEKTPUIHOI OCi.
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