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The microscopic mechanism of optical anisotropy and spontaneous polarization in the tetragonal phase of
ABOs perovskite type structure, in particular BaTiOs;, KNbO; and PbTiO,, are discussed by using a
microscopic model. For the optical anisotropy, we have taking into account of the dipole-dipole effect due to
the ionic and electronic polarizations of the crystal and the spontaneous Kerr effect. The last effect is a cause
of the strong local field acting on the constituent ions. For the spontaneous polarization we use only the
dipole-dipole effect. In this microscopic model, only the Ti ions for BaTiO; and PbTiO; and Nb ions for
KNbO; localized at the center of the unit cells of the lattice are assumed to have the spontaneous shift. The
cubic-tetragonal phase transition in the three compounds above mentioned is also analyzed. It is found that
the optical anisotropy, the spontaneous polarization and the nature of the phase transition are in good

agreement with the experimental data.

L. INTRODUCTION

The oxygen-octaedra ferroelectrics ABOs; perovskite
structure constitute a very attractive class of compounds for
various properties. The cases of barium titanate BaTiOs,
potassium niobate KNbO; and lead titanate PbTiO; are
given as illustrative examples. These three materials have
similar structure and exhibit a sequence of ferroelectric
phase transitions. At high temperature all materials above
mentioned are paraelectric with the cubic structure. Their
unit cell is reported in the Fig. 1.
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FIG. 1. Unit cell of ABOj perovskite structure.

On cooling these materials undergo successive
structural phase transitions. The symmetries, the direction
of the spontaneous polarization and the phase transitions
temperatures of the three oxygen-octaedra above
mentioned are reported in Fig. 2.

In the Fig. 2 the upper indices (), (’) and ()
correspond to BaTiO;, KNbOs and PbTiO; respectively.
All these phase transitions are strongly of first-order
character and related to a large thermal hysteresis,' a
remarkable optical anisotropy’ and a large spontaneous
polarization.*

In tetragonal phase, BaTiO; and KNbO; have a much

large birefringence’ and a large spontaneous polarization.*
In both materials the birefringence and the spontaneous
polarization decrease with increasing temperature to the
next phase transition.® Whereas PbTiO; of the same family,
as BaTiO3 and KNbOs;, it has a much larger tetragonality
and a smaller birefringence’ and shows a remarkable
spontaneous polarization.® The birefringence of PbTiO;
first increases (absolutely) with decreasing temperature,
passes through a maximum at about 400 °C, and then
decreases.’
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FIG. 2. Symmetries, direction of the spontaneous
polarization and the phase transition temperatures.

The unusual nature of the birefringence of PbTiO;
compared to BaTiO; and KNbO; appears strange and so it
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will be interesting to examine it.

The aim of this article is to discuss quantitatively about
the birefringence, the spontaneous polarization and the
nature of the cubic tetragonal phase transition of BaTiOs,
KNbO; and PbTiO; from a microscopic viewpoint.

In this article, we discuss, in section 2 the origin of the
optical anisotropy, in section 3 the dipole-dipole
interaction, in section 4 the spontaneous Kerr effect based
upon a quantum approach. Finally, in section 5 we make a
summary and some discussions about the global results.

II. ORIGIN OF THE OPTICAL ANISOTROPY

Following Kinase et al, The origin of the optical
anisotropy is considered as the results of three main
mechanisms :'*'"12

(i) The change of the dipole-dipole interaction due to

the lattice deformation by the piezoelectric effect ;

(i) The modification of the electronic polarizabilities
due to the lattice deformation by the piezoelectric effect.

(iii) The variation of the electronic polarizabilities by
the Kerr effect due to the perturbation of the local field
acting on the constituent ions when the sample is biased by
an external field.

These three processes are specified by a diagram in
Fig. 3.

The process (ii) is not discussed in this work. It has a
close relation to the elasto-optic effect and requires a
precise knowledge about the chemical bonds. In the case of
BaTiO; for example the value of the birefringence in the
tetragonal phase is known with an absolute uncertainty of £
20 %." So the contribution of this process is negligible
with respect to the accuracy of the experimental data.
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FIG. 3. The diagram of the mechanism of optical anisotropy.

III. DIPOLE-DIPOLE INTERACTION

At first we consider the dipole-dipole field acting on the
constituent ions in the tetragonal phase of oxygen-octaedra
ferroelectrics ABO; perovskite structure. In the similar
manner to the previous work on the electro-optic effect in
BaTiO;,' BaTiOs : Fe,"” and PbTiOs,'° they are expressed
as:

; 1
Ei‘“” = V—Z(4,1888 +8; + YT+ V2T + y,-j3‘c3)pj (1)
0 j

where the indices i and j correspond to K, Nb or Ba, Ti or
Pb, Ti and O;, O, O; ions corresponding to KNbOs3,
BaTiO; and PbTiO; respectively.

In the equation (1), Vj is the volume in the cubic phase,
p; are the dipole moments due to the electronic polarization
of the j-ions; S; are the so-called Lorentz correction
factors ; y; (where k is the Cartesian coordinate) are the
further correction factors due to the lattice deformations
corresponding to T, T, and Ts.

The numerical values of S; and Yy are obtained by
performing a calculation over the whole lattice. The results
in the case of ABOjs crystals are listed in Table I which was
calculated in the earlier article by Kinase."”

The local fields E/* acting on the respective ions in
the tetragonal phase are obtained by the summation of the
dipole-dipole fields and the bias EP . They are expressed
as :

dipole
interaction

Chang of '
electronic Optical
polarization anisotropy

E,‘lo — Eidip a4 Eibias :_EL (2)
i

where o; represent the electronic polarizabilities.

TABLE 1. Lorentz correction factors (S;) and further

correction factors due to the lattice deformation (Yj1, Yip,
Yii3)-

Latt'ice Sij Yin Yii2 Yii3

point

(0,0,0) 0.000 2.156 2.156  -16.879
(Y4, Y2, V2) 0.000 -10.062  -10.062 7.558
(0, 12, 15) 4.334 -1.579 -27.173 3.184
(¥4, 0, ¥2) 4334 -27.173 -1.579 3.184
(Y2, 1, 0) -8.668 11.423 11.423 -9.408
0, 0, ¥5) 30.082 -2.116 -2.116  -98.581
(0, ¥4, 0) -15.041 1.595 43.007 -12.045
(1,0, 0) -15.041 43.007 1.595 -12.045

The equation (1), can be rearranged as :

Edip =Lf;p 3)

Vo

where E4? and p are column vectors arranged in order of

K, Nb or Ba, Ti or Pb, Ti and O3, O,, O, ions and B is the
dipole interaction matrix.

If we consider only the Lorentz correction factors in
equation (1), we obtain the results already calculated by
Slater for BaTiO3."®



By taking account of the lattice deformation, the matrix
B can be written :

For BaTiO; :
4.0438 42955 46070 8.6144 8.6144
42955 40438 334919 -11.0512 -110512
B=|-46070 334919 4.0438 8.6144 8.6144 @)
86144 —110512 8.6144 40438 —4.6070
86144 -110512 86144 -46070 4.0438
For KNbOs :
39937 43944 47208 87412 8.7412
4.3944 39937 333223 -112614 -112614
B=|-47208 333223 39937 8.7412 8.7412 5)
87412 -112614 87412 39937 —4.7208
87412 -112614 87412 —4.7208 39937
For PbTiO;5 :
33281 48652 52860 9.7412 81321
48652 33281 29.7150 -12.1308 -12.1308
B=|-52860 297150 33281 91321 8.7412 6)
9.1321 -121308 9.1321 33281 -5.2860
91321 -121308 9.1321 -5.2860 3.3281

when the bias field is only of optical origin, the
equation (2) can be written :

Eloc = gort 4 Lﬁ p (7)
Yo

Considering the relation p; =0, E/*, we obtain the

following expressions of the electronic dipole moments p;
induced by the incident light :

For BaTiO; :
PBa = 4.6821E (1-128611; — 128611, — 1.736015)

pri = 06027E° (1-0.17817; — 017811, — 6.475813)
Po, = T2778E™" (1-123171; - 123171, - 2.994313)  (8)

Po, = S8964E" (1~ 110661, — L1066, — 2.099813)

Po, = S8964EP (1- 110667, — 110667, — 2.099813)

For KNbO; :

Pk =40671E (1+014717; + 014711, — 2.028213)
P = 04637E" (1+044571; + 044571, —523321;)
Po, =51014E (1086361, — 086367, —2.251913)  (9)
Po, = 43898E" (1- 094741, — 094741, — 1.497113)

)

Po, =43898E" (1- 094741, — 094741, — 1497115

For PbTiO;5 :
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ppp = 6.0211E" (1159551, — 159551, — 1.87581;)

pri = 0.6291E°" (1+0.18427; + 018421, — 6.067813)

Po, = T6T24E" (1- 142467, — 142461, —2.88801;) (10)
Po, = 65256 E (1-159831; — 159831, —2.116913)
( )

Po, = 6.5256EP" (1— 15983t — 159831, —2.11691,

The expression of the lattice deformations T, T, and T3
for an optical field acting along the (001) direction, namely
the 3-direction are :

r,:xz_ai— r3=ai-1 (11)
0 0

In the same manner, when the optical field is along the

(010) direction, namely the 2-direction, the lattice
deformations being :
T =Ty =— o Ty =1 (12)

ao ap

where ay is the lattice parameter in the cubic phase and a
and c are the lattice parameters in the tetragonal phase.

For our calculations, we have used the data reported in
Tables II, III and IV corresponding to BaTiO;, KNbO; and
PbTiO; respectively where Z; are the ionic effective charge,
8, the ionic shifts, n, the optical index in the cubic
phase, An the birefringence and P, the spontaneous

polarization in the tetragonal phase.

TABLE II. Numerical data for BaTiO5 at 25°C.

a=3.992 A c=4.035 A ay=4.001 A
85, =0.000 A  8&;=0.140 A 8, =0.000 A
Zp, =1.48 Zpy=2.72 Zo=-1.40

ny=2.4 An=-0.100 P, =0.26 Cm™

TABLE III. Numerical data for KNbOj3 at 350°C.

a=3.997 A c=4.063 A a=4.023 A
88 =0.103 A 8y, =0.18 A 8, =8,
=0.018 A
Zx=0.75 Zpp =2.85 Zo=12
ny=2.36 An=-0.119 P, =0.30 Cm™

TABLE IV. Numerical data for PbTiO; at 25°C.

a=3.902 A i c=4.156 A i ay=3.97 A :
8E p, =0.000 A 8E5;=0.157 A 8, =0.114 A
Zp, =1.20 Zp; =378 Zp=-1.66
ny=2.659 An=-0.012 P, =0.60 Cm™

The total electronic polarization induced by the incident
light is obtained by summation of the p; divided by the
volume of the distorted unit cell that is written :

V=V0(1+Tl)(1+T2)(1+T3) (13)
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pr =Ly, (14)
Vo 4

For BaTiO; :
PP =02872E " (1-164197; —1.64191, — 3166613 ) (15)
For KNbOs :

PP = 02828 (1- 064721 — 0.64721, — 1918513) (16)

For PbTiO; :

P =02452E " (1- 008781, —0.08781, — 1172913 ) (17)

The birefringence (An)d[” due to the change of the

dipole-dipole interaction caused by the lattice deformations
is given by :

4n(8P"’” )

.
(An) ’p = 2n0E0Pt

(18)

By taking account of the ionic polarization, the
equation (1) can be written :

o1
Efir = V—2(4.1888+ Sy + Yyttt + VT2 +VyaTa | + Z;e8E ;) (19)

0

The spontaneous polarization is calculated by
summation of the ionic and the electronic polarizations :

3 =$§(p,- +p9) (20)

where p§ =Z;edE; correspond to the ionic moment dipole
of the j ion.
The calculated value of P, and corresponding (B,)™"

obtained at the cubic-tetragonal transition temperature of
the three crystals above mentioned are reported in Table V.

TABLE V. Calculation values of A, and ()™

£ (B)™®
BaTiO; at 25°C 0.28 Cm 0.26 Cm?
KNbO; at 350°C 0.35 Cm~ 0.30 Cm
PbTiO; at 25°C 0.50 Cm™ 0.60 Cm™

IV. SPONTANEOUS KERR EFFECT

The spontaneous Kerr effect was first discussed in the
scope of a quantum approach. By using the variational
method, the variation of the electronic polarizabilities of
the constituent ions due to the local field was calculated by
the determination of the change of the Slater-type
orbitals.'?

The electronic polarizabilities of the constituent ions
are expressed as :

22
o, =a‘}.[1—e3j(55.“) } 1)

2
g =a‘}{1—ezj(15;“) ] (22)

where 63; and 6,; =83, /3 are the Kerr coefficients and

refer to the polarizabilities respectively parallel and

perpendicular to the 3-axis. of

; is the free electronic

polarizability of the j-ion without any local field.

Equation (21) and (22) represent the non-linear and
anisotropic effect of the electronic polarizability due to the
local field.

In the case of oxygen-octaedra ABO; perovskite
structure, we calculated the electronic polarizabilities of the
constituent ions as :

For BaTiOs :

2
0354 =1.9460{1—18.1785IO_IS(Eg;f) } PR

2
(x3T,~:O.1859{1—17.1039 10“6(E;‘;“)] &2 (23)

2
O30 = 2.3940[1—8,1059 107%(£8°) } A3
For KNbO; :

2
cx3K:1.9460[1—18.515610“4(1555’“) } A3

2
a3Nb:().1859{1—11.129710"'6(E§(,’,§') ] A’ 24)

2
30 =2.0877[1—6_562810_14(E(’§"') } A®

For PbTiO; :

2
Ol3pp = 22520 165256 10—‘4(55;»,;‘) A3

-16( 1-loc |
oy =01859| 1171039 107 (Efe¢)

A3 (25)

|

2
o30 =239401-81059 1074 (ES<)" | A

The birefringence (An)*”" due to the modification of

the electronic polarizabilities induced by the local field,
that is the spontaneous Kerr effect can be written as :'*
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Kerr _ 1 a]),' - 09 El{)c % 26 El()c =-0.0075
(An) = opt z oL ; 7 3-i( i ) (26) k['()c
2eqngVo E" 7 oo EN; =03979
!
i Epy =03404 | 1106 in CGS esu (28)
where € is the permitivity of the free space and the indices E ~ 00119
i and j represent the sort of the constituent ions. %C ’
The local fields acting on the respective ions were Eo, =00119
calculated as :
) For PbTiO; :
For BaTiO; :
. E¥¢ = 00139
Eﬁc = 03753 loc _ 288 16 -
loc - Eo; =02884 |xex10'® in CGS esu (29)
E103 =22884 |x¢x10'S in CGS esu (27) E(l)()zc =00112
oc _
Eo, =00112 Ej°=00112
loc _
E 0"[ ©=00112
For KNbO -aai is the rate of the electronic dipole moment of the i-
or 3 o
ion by the change of the electronic polarizability of the j-
ion which was expressed as the following matrix (i) :
For BaTiO; :
28326 01901 -0.0130 07288 0.7288
5 -00169 27713 03252 -0.0092 -0.0092
[BL] =|-00169 33579 37847 0.7906 0.7906 |x E°P! (30)
% ij 07785 -01102 09183 28994 -0.0111
07785 -01102 09183 —00111 2.8994
For KNbO; :
28326 -01901 -00130 0.7288 0.7288
3 —-00169 27713 03252 -0.0092 -0.0092
(BL] =|-00169 33579 37847 0.7906 0.7906 |x E°P! 31
% ij 07785 01102 09183 28994 -0.0111
07785 -01102 09183 —00111 2.8994
For PbTiO; :
28326 -01901 -00130 07288 0.7288
3 -00169 27713 03252 -0.0092 -0.0092
( BL) =-00169 33579 37847 0.7906 0.7906 |x E“P' 32)
@i ij 07785 01102 09183 28994 -0.0111
07785 —-01102 09183 -00111 2.8994
The calculated values of (An)*" and those of (An)“ V- SUMMARY AND DISCUSSION
are reported in Table VI : The total birefringence An is obtained by taking
_ X account of two effects discussed above. We obtain the
TABLE VI. Calculated values of (An)™” and (An)™" calculated value as :
of BaTiOs, KNbO; and PbTiOs. 1 p
: An)ca = An) 1p+ An Kerr (33)
(An)dtp (An)l(err ( ( ( )
BaTi . -0. -0. i
K;gg?;t;;oo% _8 8;2 _8 ?g; The value of (An)™ and the corresponding (An)“P
PbTiO; at 25°C 0.0078 20.004 obtained at the cubic-tetragonal transition temperature of

the three crystals above mentioned,
Table VII.

are reported

in
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TABLE VIL Comparison between (An)* and (An)™
of BaTiO3;, KNbO; and PbTiOs.

( An)cal ( An)exp
BaTiO; at 25°C -0.091 -0.100
KNbOj3 at 350°C -0.138 -0.119
PbTiO; at 25°C -0.011 -0.012

Table V and Table VII show that the measured values

of the spontaneous polarization and those of the
birefringence respectively obtained at the cubic-tetragonal
transition temperature of BaTiOs, KNbO; and PbTiO; are
very close to our calculated results.

These theoretical results show that the experimental
spontaneous polarization can be explained by considering
the contribution of the dipole-dipole effect alone. The
birefringence is reproduced by considering the contribution
of the Kerr effect which contributes for about 60 %, 74 %
and 36 % for BaTiOs;, KNbO; and PbTiOs respectively.
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