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Linear electro-optical properties of tetragonal BaTiO,
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Abstract. Linear optical susceptibility and clamped linear electro-optical tensor coefficients of
tetragonal BaTiQ are calculated using a formalism based on bond charge theory. Calculated values
are in close agreement with experimental data. The covalent Ti—O bonds constituting distogted TiO
octahedral groups are found to be major contributors to the electro-optic coefficients making them
more sensitive than the Ba@groups for these properties. Orientations of chemical bonds play an
important role in determining these properties.
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1. Introduction

Perovskite ferroelectrics having oxygen octahedral groups are important for their electro-
optical, nonlinear optical, acousto-optical and photorefractive applications. Of these,
BaTiO, exhibits larger values of spontaneous strain and electro-optic (EO) coefficients. It
undergoes successive ferroelectric phase transitions; from a high-temperature cubic phase
(paraelectric) to a tetragonal, orthorhombic to a low-temperature rhombohedral phase. In
its tetragonal phase, the magnitude of the IEQcoefficient is significantly higher than
the rest [1]. A few studies towards understanding the origin of their EO coefficients were
reported in literature. Recent theoretical study [2] suggested the importance of ionic con-
tribution to its EO properties. The ionic polarization associated with relaxation process
occurring at higher frequency (of about 200 MHz) is suggested to be responsible for larger
value ofr ,, coefficient.

The values of EO coefficients of a crystal can be estimated using the optical suscep-
tibility of individual chemical bonds comprising its crystal structure [3-5]. The amount
of optical nonlinearity is determined by the relative magnitudes of bond polarizabilities
and mutual orientations, characterized by direction cosines of chemical bonds. Such type
of bonds, involving polarizable electrons which are also influenced by an anharmonic po-
tential arising from asymmetrically oriented bonding network, are likely to be the major
contributors to EO and NLO properties [6]. A detailed analysis based on these aspects en-
ables us to locate the sensitive region of the crystal structure for these properties which is
helpful for their further improvement.
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In this paper, linear optical susceptibility) and linear clamped EO coefﬁcier{tﬁjk)
of tetragonal BaTiQ are computed using a formalism [3] based on Phillips—Van Vechtens'’
dielectric theory of solids [7,8] and Levine’s bond charge model [9]. Results are discussed.

2. Theory

The clamped EO coef'ficiet(nijk)S comprises ionic and electronic components. The value
of the electronic componefit;; )° can be estimated from the coefficigut; ) of second
harmonic generation (SHG) as [10]

(rip)® = —4d; /g€ (1)

&,&; being the optical permittivities.
The ionic component can be computed using the expression [3]

(1) = (A/B) S (2Bon/cho) [Fy] 2)

where
A= & (&g — &) Bij = NV(ec) g¢;

B)-

Fi = fay O O+ 1/2(0,0 ik T njOi

The summation is done over all bonds in one unit cne”l K are the direction cosines of

thenth bond having a lengt, and a bond susceptlbllltgo along the bond directiorg,,
is the electric permittivity in vacuung, is the low-frequency dielectric constasf, , are
the optical permittivitieséhl-’k are the Kronecker delta functiorid,is the number of pairs
of atoms in the unit celly is the volume of one unit celle.)" is the Callen effective
ionic charge, the value of which can be estimated from that of the Szigeti effective charge
(eg)* [11]. The expressions for various bond parameters are described in literature [3,9] in
detail.

If the crystal is composed of different types (according to their lengths, nature of con-
stituting elements etc.) of chemical bonds labglethen its total linear macroscopic sus-
ceptibility (x) can be estimated from thogg*) for the individual bonds from the relation

X ={(ng)?—1}/4m= S FHx" =5 (N,)* (X" (3)

in which x* is the total macroscopic susceptibility of the crystal composed entirely of
bonds of typgu, n, is the refractive index at long waveleng, is the fraction of number
of bonds,(x,)* is the susceptibility of a single bond a(id,)* is the number of bonds of

type u per cn.
X" = (1/4m)(hwp/Eg)? DA (4)

whereDH andA* are the correction factors [9]. The paramgigiis proportional tox .
Using the above formalism, bond parameters and clamped electro-optic coefficients
(rij)® of BaTiO; are estimated.

548 Pramana — J. Phys.Vol. 59, No. 3, September 2002



Electro-optical coefficients of tetragonal BaT{O
3. Results and discussion

The space group of tetragonal BaTi® P4mm with cell dimensiong, = 3.9945A and

Cp= 4.0335A [12]. According to Kleinman symmetry conditions [13], the non-zero com-
ponents of;, tensor for 4 mm point group symmetry argy(=r,3),r33 andr 4,(= rsy).
Atroom temperature, measured [1] valuesraf)® and(r,,)® are larger than that df ; )°.
Different coordinations of elements lead to different distributions of valence electrons
among the chemical bonds. The structure consists of didahedral and BaQ groups in

which oxygen atoms are connected to four barium atoms and two titanium atoms. Hence,
coordination numbers of 6, 6 and 12 are used for O, Ti and Ba atoms respectively. The
structural groups contain three types of Ba—O bonds (each type four in number) and three
types of Ti-O bonds (one of them four and other two one each in number) [12]. Ac-
cordingly, bond parameters are estimated for them based on the equation representing the
number of types of bonds constituting a single molecule in the unit cell:

BaTiO; — Bay 50(1), 5+ Bay 50/ (1),5+ Bay ;507 (1), 5
+7Ti1,60(1)1 6+ Tiy60(2)1 6+ Ti/50(2),5 (5)

using the average value,) of experimental principal refractive indices 2.4(r2,) and
2.36(n5) [1] at a wavelength of 633 nm. Such a way of division of a molecule in terms of
all types of constituting chemical bonds is also discussed in literature [14]. The calculated
bond parameters are listed in table 1. From the valuds, @a—O bonds are indicated to

be highly ionic as compared to Ti-O bonds. This result is supported by the known formal-
ism relating ionicity of a chemical bond and electronegativity of its constituent elements
[15]. It is also consistent with earlier results reported [16] for compounds consisting of
Ba—O bonds. From table 1, the dominating contribution from Ti—O bonds to the linear
susceptibilityx with significantly highe«x,))* values can also be noticed.

Table 1. Bond parameters of tetragonal BafiO

Ba-O(1) Ba-O(1) Ba-O(1) Ti-O(1) Ti-O(2) Ti-O(2)

d (A) 2.796 2.826 2.882 1.862 2.001 2.172
E, (eV) 3.10 3.02 2.88 8.51 7.12 5.80
C(eV) 11.72 11.40 10.85 131 111 9.1
f; 0.93 0.93 0.93 0.70 0.71 0.71
fe 0.07 0.07 0.07 0.30 0.29 0.29
f 0.026 0.034 0.048 -0.163 -0.131 —-0.092
ks (A)~1 2.19 2.18 2.15 2.74 2.64 254
4y 2.55 261 2.72 7.84 8.89 10.32
(X)H ()3 0.72 0.74 0.77 2.23 253 2.94
>a, 280 —-0.14 —2.88 1.0 -0.23 -1.0
2(03)3 1.37 -0.0002 -1.5 1.0 —0.0008 -1.0

s (ay)%a, 071 -0.071 -0.693 0.0 -0.115 0.0
fz(03)3+za3 283 —-0.143 -2.95 0.84 -0.23 —0.907
5 (a,)205+1/25 ay 142 —0.074 -1.47 05 0.1 -05
(eg)*/e=290 (ec)*/e=1.30 per formuta unit
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The ionic components of EO coefficients are computed using eq. (2), crystal structural
parameters [12] and clamped dielectric constants at high frequency (exact value of the
frequency is not available) [1] (table 2). Since the valuedinmeasured at 633 nm are

not available, the electronic compone(rtiz}k)e' (eq. (1)) are estimated using the available

[17] d; values measured at about 1064 nm. The erro(siip)“’” are estimated from
those in structural [12] and dielectric constant [1] data. The large difference between the
calculated and reported [1] value ©of, is mainly due to the error in the reported value

of (&,,)° which is used in the present calculations. It is also partly due to the difference
in the wavelength at which the electronic component and ionic components are estimated.
However, within the errors, the calculatég,, ) are in close agreement with the reported
ones [1], as shown in table 3. From these results, it is evident that, like in KII&), the

ionic components are major contributors to EO coefficients and electronic components are
not much significant in tetragonal BaTjOThis resultis supported by the earlier theoretical
study [2] on BaTiQ.

From the values of individual chemical bonds, contributions from ;Te&dd BaQ,
groups are estimated and are listed in table 4. We can see that linear EO behavior in
tetragonal BaTiQ is dominated by distorted TiQoctahedral and not by Bg@groups.

This is due to higher values of bond susceptibiligy,)* for Ti-O than for Ba—O bonds

(table 1). The Ti atoms have more number of valence electrons (including the d-shell elec-
trons) and a lower coordination number as compared to K atoms. These electrons are more
delocalized (as evident from the highiervalues for Ti-O) and are relatively more sus-
ceptible to applied field leading to a higher contribution to EO coefficients, as described
in the Introduction. In BaTiQ, the movement (or response) of8aions with respect to
oxygen octahedral network due to applied field is known [19] to be much less than that
of Ti*t ions. Thus, most of the polarization and other optical properties arise due to the
network involving Tf* ions. Covalent nature of Ti-O bonds was indicated also in other
TiOg4 octahedral ferroelectrics [4].

Table 2. Experimental clamped dielectric constants and refractive
indices [1] of tetragonal BaTiQat 633 nm.

&, = £y, = 2180+ 300 {(&55—&5)/(&)?} = 1.626
€33 =56+3 {(e22— &)/ (£38,)} = 67.1
n, = 2412
ng = 2.360

Table 3. Clamped linear electro-optic coefficients (in pm/V) of
tetragonal BaTiQ.

(rg9)°" = 37.85+£2.2¢ (rg)® = 0.85%
(r39)®~ 387422 (r33)eXp 4064 2.5
) (rs2)
) (rs2)

el

(rgp)°" = 6416+ 885¢
(r4p)%¥ ~ 64384885

42

r42)®® = 730+ 100

*Reported [1] values at 633 nm determined using experimental dt&lectronic component
calculated using reported [17] measured SHG coefficients at 1064 r@alculated values of the
ionic components at 633 nm.
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Table 4. Contributions (in pm/V) from structural groups
to clamped electro-optic coefficients.

TiOg BaO,,
(rgg)" 31.85 6.0
(rgp)n 518.6 123.0

Apart from the role of the nature of atoms and their coordination numbers, the impor-
tance of mutual orientation of chemical bonds in EO properties can be noticed from the
terms(f 3 (a3)® + 3 a;) and(f 3 (a,)2a; +1/23 ay) in eq. (2) for the ionic components
of r35 andr,, respectively. As the values of the magnitudesre small(< 0.2), the term
> a5 dominates over the term containifgsee table 1) which is related to electronic struc-
ture. Sincey a is present only for ;5 andr,, coefficients and is absent in the formula of
the coefficient,;, the value of the latter is much lower than those of former two. Calcula-
tions show a better contribution, of nearly the same magnitude but with opposite sign, from
the two Ba—O bonds of lengths 2.796and 2.882A and a negligible contribution from
the third type of Ba—O bonds fog, andr ,,. Thus the net value is significantly lower due
to cancellation of direction cosines (see the values af, for them in table 1) and hence
of individual contributions. Likewise, net contribution from the two Ti—O bonds of lengths
1.862A and 2.172A is reduced due to cancellations as described. Calculations also show
that the value of the coefficient, is maximum for Ti—O bonds of length 2.004

Observed anisotropy in the valuesrgf, namely much higher value foy, than that
of ry5 is indicated to be mainly due to the corresponding anisotropy in measured dielec-
tric constant [1] than due to orientations of chemical bonds (as suggested from nearly the
same values for the factof$ 5 (a3)3 + 3 a5) and(f S (a,)?a5+1/25 as) involving the
direction cosines in table 1).

4. Conclusions

Present study indicates that the clamped EO coefficients of tetragonal Bafignate

from TiOgz octahedral groups in its crystal structure due to favorable coordinations and
electronic configuration of Ti atoms which leads to higher amount of electronic delocal-
ization along the Ti—O bonds. lonic components dominate over the electronic components
of EO coefficients. Geometrical orientations of chemical bonds play an important role in
determining its EO properties.
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