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Polarized Light Transmission of BaTiOs Single Crystals
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Optical transmission and reflection measurements were made on poled BaTi03 single crystals in the tetrag-
onal phase (crystal class C&,) with light polarized parallel and perpendicular to the c axis. The absorption
coefficients, p, &t and pz are presented as functions of the incident photon energy at room temperature. At the
absorption edge, pq &p~ t. A theoretical basis for this selection rule, which has been derived from 6rst principles,
is presented. The theory represents a generalization of earlier work on wurtzite crystals a,nd extends the
apphcability of the wurtzite selection rule to all solids in the crystal classes, C„,and C„,where n =3, 4, or 6.
Limitations of the theory are discussed. The dichroic effect in BaTi03 has also been studied experimentally
at elevated temperatures, in the vicinity of the Curie point. It is concluded that the extrema of the valence
and conduction bands of BaTi03 probably lie at (or very close to) the origin of the BriBouin zone.

I. INTRODUCTION AND THEORY
' N this paper we describe an experimental study of the

~ anisotropic behavior of the fundamental optical
absorption process in barium titanate and propose a
theoretical interpretation of the results obtained.
Recently, substantial experimental and theoretical
effort has gone into similar studies of crystals having
the wurtzite symmetry. Since, in the point of view
adopted here, the barium titanate and wurtzite struc-
tures are not unrelated, we shall begin by reviewing
brieAy the present status concerning wurtzite. Recent
experimental work includes that of Button' and Gross
and Razabirin' on CdS, Piper, Marpie, and Johnson'
and Keller and Pettit4 on ZnS, and Thomas' on ZnQ.
For each of these materials one finds that at the absorp-
tion edge, light polarized perpendicular to the c axis
is much more strongly absorbed than light polarized
parallel to the c axis. Hopfield' has given a theoretical
treatment of Thomas' results in terms of an exciton
model. Wheeler~ has subsequently treated the CdS
data using the exciton picture. Paralleling Hopfield's
work Birman' and Casella' independently proposed an
explanation of the CdS and ZnS data by invoking
direct interband transitions. The theoretical work
demonstrates that the selection rule follows whether
one assumes an exciton model or one of direct interband
transitions. To our knowledge, neither model correctly
predicts the frequency dependences of the absorption
coefficients of these materials.

Further discussion in this paper will be limited to the

' D. Dutton, Phys. Rev. 112, 785 (1958); and J. Phys. Chem.
Solids 6, 101 (1958).' K. F. Gross and B. S. Razbirin, J. Tech. Phys. U.S.S.R. 27,
2173 (1957) I translation: Soviet Phys. (Tech. Phys. ) 2, 2014
(1957)j.' Piper, Marple, and Johnson, Phys. Rev. 110, 323 (1958); also
Piper, Johnson, and Marple, J. Phys. Chem. Solids 8, 457 (1959).' S. P. Keller and G. D. Pettit, Phys. Rev. 115, 526 (1959).

'D. G, Thomas, Bull. Am. Phys. Soc. 4, 154 (1959).' J. J. Hopfield, Bull. Am. Phys. Soc. 4, 154 (1959).' R. G. Wheeler, Phys. Rev. Letters 2, 463 (1959).' J.L. Birman, Phys. Rev. Letters 2, 157 (1959) and Phys. Rev.
114, 1490 (1959). We wish to thank Dr. Birman for a preprinL
of his work.

R. C. Casella, Phys. Rev, 114, 1514 (1959).

interband approach. Both Birman' and Casella' have
pointed out that the selection rule depends critically on
the fact that the component of the one-electron mo-
mentum, p, parallel to the t." axis transforms according
to the identity representation of the group G~ of the
wave vector, k, at k=0. That is, p, is invariant under
the point-group operations in the group, C6„where the
s axis has been chosen coincident with the c axis of
the crystal. " Birman has based his conclusions about
the selection rule upon explicit assumptions regarding
the detailed symmetries of the conduction and valence
bands of ZnS, whereas Casella has noted that, at the
absorption edge, the selection rule follows independently
of the symmetries of the bands, provided only that they
be different. The latter viewpoint, coupled with the in-
variance of p, under the operations in Gx at k=0 for
any crystal possessing a unique unidirectional axis, led
us to the conjecture that the selection rule should apply
to all solids belonging to the crystal classes C„„where
n =3, 4, or 6, provided their band extrema lie at k=0."

Since barium titanate belongs to the crystal class

C4, at room temperature, " it was selected as a proto-

type to test this assumption, both theoretically and

experimentally. The conjecture was verified theo-

retically for barium titanate for both the single and
double groups of k at k=0 by precisely the same

method outlined in reference 9, with the aid of character

' This point was overlooked in an earlier work of Dresselhaus.
[G. Dresselhaus, Phys. Rev. 105, 135 (1957).J

"Although a crystal in the class C2„also has a unique uni-
directional axis, there are two reasons why one might expect the
general selection rule not to be valid for C2,. Firstly, unlike the
classes we have considered above, C2, is characterized by two
inequivalent axes, a and b, perpendicular to the polar c axis. Thus,
one might expect the absorption to depend upon whether the
light is polarized along the a, b, or c axis. Secondly, the double
group of Cr„has only one extra irreducible representation. /See,
for example, Table XLV of reference 13.j Hence, in the limit of
strong spin-orbit interaction, the assumption that the initial and
final states have different symmetries is incorrect. In the limit of
vanishing spin-orbit interaction, a more detailed analysis shows
that one cannot predict the polarization selection rules for crystals
in C&, without a,dditional knowledge of the specific symmetries
of the conduction and valence bands of each crystal.

"W. Kanzig, Solid State Physics edited by F. Seitz and D.
Turnbull (Academic Press, Inc. , New York, 1957), Vol. 4., p. 1.
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"See reference 12, pp. 162—264."This viewpoint has also been ado ted in
context by Triebwasser I S Triebxn vasser, J. Phys. Chem. Solid 5
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The following remarks concerning the assumptions
of the theory generally apply to all solids in the crystal
classes" C3„,C4„and C6„.Our derivation of the selection
rule is based on the following assumptions: (1) The
relevant energy-band extrema lie at k=-0; (2) the
electronic transitions are direct from the valence band
to the conduction band; (3) the wave functions of the
electrons at the two band extrema belong to different
irreducible representations. of the group of k, G~. Of
these, the first is certainly the most severe in limiting
the applicability of the theory. The cubic semicon-
ductors, Ge and Si are obvious examples suggesting the
possibility of exceptions to this assumption among the
crystals we are considering. The possibility of violating
the third assumption is believed unlikely, but cannot
be disregarded. There exist three types of optical transi-
tions which are excluded by assumptions (1) and (2),
but for which, nevertheless, the selection rule is believed
to be valid. The first, and most trivial, is one where the
band extrema do not lie precisely at k=0 but are dis-

placed slightly due to a small spin-orbit interaction.
This case has been discussed with respect to the wurtzite
systems in reference 9. The second concerns Dumke's"
mechanism for indirect vertical transitions at k=o,
which he applied to InSb. In the event that the first
assumption is grossly incorrect the symmetry analysis
may be applied to the theory of indirect transitions due
to Hall, Bardeen, arid Blatt." The conditions under
which the selection rule may still apply have been dis-
cussed in references 8 and 9. Birman' has noted that,
in the case of wurtzite, the rule ought to be valid even
if the extrema are displaced from the origin by a con-
siderable amount along the k, axis. We believe his com-
ment also applies to the general systems we have
considered. Thus, the applicability of the rule to indirect
transitions involving multiple valleys centered on the

' The applicability of the selection rule to crystals in the class
C3, was also verified theoretically within the limitations discussed
in this section."%.P. Dumke, Phys. Rev. 108, 1419 (1957).

22 Hall, Bardeen, and Blatt, Phys. Rev. 95, 559 {1954).

k. axis constitutes the third relaxation of our initial
assumptions.

V. CONCLUSIONS

I''rom our experimental results we tentatively
conclude that the selection rule applies to BaTi03.
We believe the smallness of the atomic displacements
involved in the transition from the cubic to the tetra-
gonal phase explains why the dichroic effect is less
pronounced than it is in the wurtzite materials. Assum-

ing our interpretation, we may infer that probably the
transition is direct and that the conduction and valence
band extrema lie at (or very close to) k=0, although
other possibilities clearly exist. Moreover, there may be
several closely spaced sub-bands in the neighborhood
of one or both of the band edges.

We have shown theoretically that the selection rule
applies to a considerable number of anisotropic crystals.
In addition to the crystal classes we have considered
above, the rule also applies to the relatively low-

symmetry crystals associated with the cyclic point
groups, C3, C~, and C6."Moreover, it has been derived
independently of the symmetry types of the valence
and conduction bands and applies to a variety of
models. Thus, it provides an additional tool for in-
vestigating the band structures of these solids and
allows interpretation of optical data in cases such as
BaTi03 where the order of levels has not been as-
certained by energy-band calculations.
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