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Abstract

We present the results of studies of electrogyration effect in the solid solutions
Pbs(Ge 51, );0,, and (Pb, Ba );Ge;O, . We show that substitutions of

Pb with Ba and Ge with Si do not lead to the changes in electrogyration
coefficients, defined in the units of reciprocal electric polarization. At the same
time, the main contribution to the changes in electrogyration coefficients, defined
in the units of reciprocal electric field strength, is given by critical behaviour of
the dielectric permittivity in the vicinity of Curie temperature. It follows from a
simple thermodynamic analysis that a hypothetical tricritical point can exist on

the x,7-phase diagram for the solid (Pb,, Ba, );Ge,;0,, solutions.
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1. Introduction

Lead germanate crystals ( Pb;Ge,0,,, abbreviated often as PGO) are proper ferroelectrics
exhibiting a phase transition at the temperature 7,=450 K [1]. The crystals belong to the

hexagonal point symmetry group 6 above the Curie temperature, whereas the inversion
symmetry axis disappears below this point and the symmetry is reduced to the point
group 3. Ferroelectric properties of the lead germanate crystals has been revealed more
than 30 years ago. Though a number of the known polar dielectrics exceed one million
[2], PGO crystals remain, probably, a unique example of materials where the mentioned
symmetry change occurs at the phase transition. From the viewpoint of studies of optical
activity phenomenon, such the change of symmetry at the phase transition is very
convenient. Then the optical rotation in both the paraelectric and ferroelectric phases
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could be directly measured for the light propagating along the optic axis, without the
accompanying linear optical birefringence, while the application of external electric field
along the optic axis induces no linear birefringence in this direction. Temperature
behaviour of the optical activity in the proper ferroelectrics should reflect behaviour of
the order parameter, i.e. the spontaneous electric polarization [3]. Therefore the
electrogyration induced by a biasing field shows the same temperature behaviour as the
dielectric permittivity. Thus, the studies of the temperature changes of natural optical
activity and electrogyration would allow one to reveal character of the phase transition,
change of the point symmetry group at the phase transition, etc.

In case of the PGO crystals, the spontaneous polarization as the order parameter
is linearly coupled with the optical activity, which appears below T, . This fact has
been revealed for the first time by H.Iwasaki et al. [1]. The main contribution

to the spontaneous polarization originates from shifting of Pb* ions along ¢ axis
[4], while the optical activity and the change of its sign under domain switching is

caused by the rotation of GeOi_ tetrahedrons [4]. In other words, while the Pb*>" ions
move out of the tetrahedron prism, the oxygen ions also undergo a shift inducing twisting
of the GeOff tetrahedrons [4]. The lead germanate crystals and solid solutions on their

basis could serve as model objects when analyzing mechanisms of the natural optical
activity (i.e., the electrogyration induced by spontaneous polarization) and the
electrogyration effect. In particular, this is due to simplicity of chemical elements
substitutions or doping. There has been a lot of experimental results concerned with the
electrogyration effect in the lead germanate family crystals. For instance, we may refer a

reader to the results of studies of Pb,(Ge,Si,);0, and (Pb, Ba, );Ge,O, solid

solutions [1, 5-8].

Searching for the solid solutions (or doped ecrystals) with high values of
electrogyration rotation is still interesting from the viewpoint of applications of
new electrogyration materials for operating optical radiation. Let us note here that,
besides of chemical substitution, doping of pure crystals with some chemical elements
could be also suspected as promising for this aim. For example, the electrogyration effect
has been studied for the PGO crystals doped with such the impurities as Eu [9], Cd and
Nd [10]. Doping of the PGO crystals with different chemical elements can lead
to shifts in the phase transition temperature. It is useful for applications in the
optical storage, lasing and fabrication of thin ferroelectric film memory
units. The photorefractive effect has been studied for the PGO crystals doped with Cu and
Nd [11, 12]. Concerning electrogyration effect in the doped PGO crystals, one
can remind that the magnitude of electrogyration coefficient in Pb;Ge,O,,:Cr at T,
is larger than that observed for the pure crystals [13]. Thus, the present paper is

devoted to analysis of electrogyration effect in the lead germanate family of crystals, with
the emphasis on the influence of chemical substitution on its magnitude.
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2. Electrogyration in the solid solutions Pbs(Ge.xSix):011 (PGSO)

The solid solutions of lead germanate-silicate (Pbs(Ge(1.Six);011 or simply PGSO)
crystals turn out to be very suitable for the studies of electrogyration effect in the course
of phase transition. Increasing Si concentration leads to a drastic decrease in the Curie
temperature (e.g., it is about 313K for x=0.40, while for the pure PGO crystals we

have the Curie temperature 450 K ). In addition, the conductivity in these solid solutions

decreases with decreasing temperature [14]. The Curie temperature for the crystals
substituted with Ba as well as Si also decreases [5-8, 15], thus permitting to apply higher
electric fields without appearance of noticeable electric currents. The measurements of
optical activity in the PGSO crystals have been carried out on single-domain samples
with the silicon concentrations x =0, 0.03, 0.05, 0.10, 0.20 and 0.40. No biasing electric
field has been applied, while the electrogyration effect has been studied in the conditions
of zero-frequency biasing field applied along Z axis.

Substitution of Ge ions with Si ones leads to decrease in the specific rotatory power
at the same temperatures, though this can be easily explained by the corresponding Curie
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temperature decrease (Fig. 1). The rate of the phase transition temperature decrease with
increasing Si concentration is linear. In Fig. 1a the temperature dependences of optical
activity are presented in the units of gyration tensor component g, = pAn, /7 (with p
being the specific angle of polarization plane rotation, A the wavelength of optical
radiation and #», the ordinary refractive index). When calculating temperature
dependences of the gyration tensor component for the solid solutions of PGSO, we have
taken the temperature dependence of the refractive index into account. At the same time,
the value of the refractive index for the PBaGO solid solutions has been chosen as
n,=2.12 [16].

As one can see from Fig. 1b, the dependence of the gyration tensor component g,

on (T.-T )% is almost linear. This corresponds to classical temperature behaviour of the

order parameter in the course of second-order phase transitions.

As seen from Fig. 2, the substitution of Ge with Si hardly affects the optical rotation
power (the corresponding data for the temperature dependence of spontaneous
polarization are taken from [15]). It is also worthwhile that the dependences presented in
Fig. 2 for PGSO crystals can be better approximated with a higher-order polynomial:

g33 = }7333P3S + ﬂ3333p3sl)3s + 533333[);]);P; 4 (1)

where P is the spontaneous polarization, 7., B, and S, are respectively the

coefficients of linear, quadratic and cubic electrogyration represented in the units of
reciprocal polarization.

Since the quadratic term in Eq. (1) is forbidden by the symmetry conditions, one can
pick out a contribution of cubic electrogyration induced by spontaneous polarization.
Then Eq. (1) may be rewritten as

853 = Vi3 + 0B B R, (2)

where &, is the component of fifth-rank axial tensor. The coefficient of linear
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electrogyration j7,,, calculated for PGSO crystals at x = 0-0.10 is equal to
(59.7+£0.6)x10°m*/C, whereas the cubic electrogyration parameter is equal to

Oypps =(3.5£0.2)x10°m®/C°.

The temperature dependences of the linear electrogyration obtained by us (see
Fig. 3) are in general similar to those for the dielectric permittivity [15]. It is seen from
Fig. 3b that the temperature dependence of y;;, parameter almost satisfies the known
Curie-Weis law.

The field dependences of the optical activity increment measured in the paraelectric
phase become nonlinear in the vicinity of 7. (Fig. 4). This is readily explained by a field-
induced shift of phase transition temperature towards higher temperatures. As a
consequence, we have used the slopes of these dependences at E. =0 in order to
determine correctly the electrogyration coefficients. In the paraelectric phase, we have
observed the so-called double hysteresis loops in the vicinity of 7, (see Fig. 5). They
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should be a result of shift of the phase transition towards higher temperatures and
production of ferroelectric domains by the electric field.

3. Electrogyration in the solid solutions (Pb(.xBa,)sGe;O01; (PBaGO)
In general, the solid solutions of (Pb, ,Ba, );Ge;0,, (abbreviated as PBaGO) manifest the

same type of phase transition as that in the pure PGO crystals. The temperature
dependences of optical activity for the solid solutions characterized with the
concentrations x=0, 0.02 and 0.05 are presented in Fig. 6a. It is seen that the
substitution of Pb with Ba yields essential decrease in the phase transition temperature
(from 450 K for the pure PGO to approximately 356.4 K for the PBaGO with x = 0.05).
The second result is increased range of smearing of the phase transition. Still the most
interesting is the fact that the temperature dependence of the optical activity changes its
behaviour in case of the PbaGO solid solutions. For example, the phase transition in the
pure PGO crystals is of the second order, while the temperature dependences of optical
activity (i.e. the order parameter) in the PBaGO solid solutions are far from the classical
behaviour usual for second-order phase transitions. This is testified by definitely non-

202 Ukr. J. Phys. Opt. 2007, V8, Ne4



Electro-gyration effect

| g, 10°
44 ° o x=0
° N o x=0.02
o v =
3] ° 4 LI . x=0.05
¥ Co o *
% o b
2_- * %%% OOOO ° . (a)
: * [ )
J o °
| X o °
11 . . .
x* ° o
] >§§< %o 1: T, K Fig. 6. Dependences of
0_ Ky 0 000 !

T optical activity in the PBaGO
300 325 350 375 400 425 450 475 solid solutions on the
] . temperature (a) and the
1933 10° ® x=0 P @)

4- o x=0.02 . parameter (7. —T)"* (b).
] % x=0.05 e
[ ]
(¢)
3] A
o O.
; o (b)
£ o
2 ;? o© © ° *
X °
o °
X 0 L4
14 % o..
5 K 12 102
0_.0. (TC-T) K
0 2 4 6 8 10 12

linear behaviour of the parameter g,, on (7, —T)"? (see Fig. 6b). One can assume that a
tricritical point (i.e., a change of the order of phase transition from the second to the first
one) exists on the x,7-phase diagram of the PBaGO somewhere at x >0.05.

Fig. 7a shows that the peak electrogyration value achieved at 7. in the solid

solutions with x =0.02 is higher, when compare with the corresponding value measured
for the pure PGO crystals. Nonetheless, the magnitude of the anomaly observed for the
electrogyration coefficient falls rapidly down already for the concentration x =0.05. This
may be caused by smearing of the phase transition occurred in the compounds
characterized with the concentration of Ba equal to x =0.05 . The temperature behaviour
of the reciprocal electrogyration coefficient almost satisfies the Curie-Weiss law (see

Fig. 7b).
4. Discussion

The x,T-phase diagrams for the solid solutions under test are presented in Fig. 8. In both
cases the substitution of lead and germanium ions leads to decrease of 7., though the
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substitution of lead with barium induces more essential change in the phase transition
temperature. This result correlates with the conclusion [4] that the main contribution to
the spontaneous polarization comes from shifting of Pb>* ions.

Let us remind some basic relations for the proper second-order ferrolelectric phase
transitions (see, €.g., [17]). Let us write the thermodynamic potential as

F=F+a(T-T)YP? +%/3‘”P4 +%5‘”P6 o 3)

Then the following relations for the spontaneous polarization and the gyration tensor
component are straightforward:

8rma(T-T)

“p? = 4
; 4)
and
L 235 | 27 3 v
83 =T n |: I (Tc T)} . 5)
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Fig. 8. x, T-phase diagram for the PGSO and PBaGO solid solutions.

The temperature dependences of the dielectric permittivity and the electrogyration
coefficient are defined respectively by the relations

& = ¢ at 7>T, (6)
T_ c
and
833=L at 7<T,, (7)
2AT. -T)
and
Cg()j;333
=—>>2> for T>T, 8
V333 T-T ¢ 8)
CéoVs3
=—2 for T<T, 9
7333 2(TC—T) ¢ )

where C=(2a)”" is the Curie-Weiss constant and y,; = 74558, (€5 - 1) = 71336065, (With &
being the permittivity of free space). Hence, we arrive at the Curie-Weiss law for the
electrogyration coefficients:

-1
(7333 T<T,

7
(7333 ST,

=2. (10)

It follows from Tables 1 and 2 that the Curie-Weiss law is approximately satisfied
for the PGSO and PBaGO solid solutions (the temperature dependences of the dielectric
permittivity and spontaneous polarization have been taken from [8,15]). It is interesting to
notice that the Curie constant increases with increasing amount of the substitution ions.
At the same time, the coefficients of thermodynamic potential ¢ and £ then decrease.

The value of the coefficient & obtained by us from the present optical measurements is in

good agreement with the corresponding value obtained using the dielectric measurements
[1,7,13].
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Notice also that the two coefficients of thermodynamic potential mentioned above
tend to zero with increasing substitution ion concentration and, quite probably, can
change their signs at further increasing of x. Such behaviour of thermodynamic
coefficients is peculiar for a tricritical point, i.e. a change in the order of phase transition.
This tendency manifests itself more clearly for the PBaGO solid solutions (see Table 2).
In addition, one should remind specific behaviour of the optical activity in the PBaGO
solid solutions, which is improper for the second-order phase transitions. All of these
facts suggest that a hypothetical tricritical point could exist on the x,7-phase diagram, at
least for the PBaGO solid solutions. However, the concentration behaviour of the £
coefficient for the PBaGO solid solutions obtained in the present work is more
pronounced than that obtained in [7] on the basis of dielectric measurement. This fact
might be associated with some difference between the temperature dependences of
optical activity and spontaneous polarization for the solid solutions under study.

Table 1. Coefficients of thermodynamic potential for the PGSO solid solutions.

X (73_31)T<71, /(7/3_31 T>T, C’ 104 K a, 10-4K-l ﬁ’ m4/C2
0 2.9 1.0 0.5 7.5
3[1] 1.04[1] 0.48 1] 16.55 [1]
2.4 for Cr’* doped 0.4+0.1 for Cr** 1.25 for Cr** 5 for Cr'* doped
PGO [13] doped PGO [13] doped PGO [13] PGO [13]
0.1 3.3 1.1 0.45 5.6
0.4 4.0 1.4 0.36 0.9

Table 2. Coefficients of thermodynamic potential for the PBaGO solid solutions.

X O [, | G10'K | @, 107K B, m*/C?
0 2.9 1.0 0.5 7.5
271 1.32[7] 0.38[7] 2.8x10™"" (CGS units)? [7]
0.02 4.82 3.22 0.16 0.45
L717] L5[7] 0.33[7] 2.5%x10™" (CGS units)? [7]
0.05 1.50 6.6 0.08 0.1
1.6[7] L7571 0.2917] 2.1x10™"" (CGS units)” [7]
It is clearly seen from Fig. 9 that the recalculated coefficient 7, = v 353'3 depends on
0“33

neither temperature nor concentration of the substitution ions. Hence, one can conclude
that the difference of the magnitude of electrogyration effect observed for the solid
solutions of PGSO and PBaGO is caused solely by the critical behaviour of dielectric
permittivity in the vicinity of the phase transition temperature.
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Fig. 9. Temperature dependences of 7., coefficient for the PGSO (a)
and PBaGO (b) solid solutions.

5. Conclusion

We conclude that the substitutions of Pb with Ba and Ge with Si do not influence on the
magnitude of electrogyration coefficient defined in the units of reciprocal electric
polarization. The difference of electrogyration coefficients represented in the units of
reciprocal electric field strength observed in the vicinity of phase transition temperature is
determined by critical behaviour of the dielectric permittivity at 7. For both the PGSO

and PBaGO solid solutions, the substitutions lead to decrease in the Curie temperature
and decrease in the coefficients of thermodynamic potential. Small-percentage
substitutions of Pb with Ba in the PBaGO solid solutions imposes a situation when both
the thermodynamic coefficients tend simultaneous to zero, thus suggesting existence of a
hypothetical tricritical point on the x,7-phase diagram. We have also revealed a
measurable cubic electrogyration effect in the solid solutions of PGSO and have
determined the corresponding parameter.
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