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The optical-absorption characteristics of the perovskite oxides BaTiOs, KTaOs;, and KTay.s sNbo.3:03
(KTN) are reported in the vicinity of the interband absorption edge, and, in the case of semiconducting
KTN, in the near infrared where donor photo-ionization absorption dominates. The large optical-absorption
anisotropies observed in the ferroelectric phases of BaTiO; and KTN are shown to be related to shifts in
conduction-band valleys by using a many-valley model with three valley minima at the zone boundary along
the (100) directions. The two valleys lying along axes perpendicular to the direction of the spontaneous
polarization P are raised in energy by an amount A§ccPg? relative to the valley parallel to P, where
A&=2.2P2 eV for KTN and A8=1.5P; eV for BaTiO; (P, is in C/m?). In the case of KTN the valley
energy shifts are found to be consistent with electrical-conductivity anisotropy data. The interband-absorp-
tion-edge data are found to show an exponential Urbach tail in all three materials up to absorption coefficients
of at least 10° cm™. The band-edge results for BaTiO; are in disagreement with existing published data. The
donor photo-ionization data in semiconducting KTN and the attendant large dichroism are shown to be

governed by a simple f sum rule.

1. INTRODUCTION

HE A4 BO; perovskite oxides have been of continuing

interest because of their ferroelectric and electro-
optic properties. Recently, interest has been directed
at the energy-band structure of these materials in an
effort to understand the results of a wide variety of ex-
periments, including ultraviolet reflectivity,? electro-
reflectivity?® and electroabsorption,? electrical conduc-
tivity and Hall effect,®® magnetoresistance,” piezore-
sistance,®® cyclotron resonance,”® and superconduc-
tivity.* In the present work we report on the optical-
absorption characteristics of three members of the 4 BO;
family, viz., insulating BaTiOs, insulating KTaOs, and
both insulating and semiconducting KTageNbo.5503
(KTN). The principal aims are to relate the optical
properties to the energy-band structure and to the
electrical conductivity, and to show how the ferroelec-
tric phase transition affects the optical properties via its
effect on the energy bands.

2. BAND STRUCTURE AND TRANSPORT
PROPERTIES

Theoretical predictions of the energy-band structure
of the perovskite oxides, in particular SrTiO;, have been
made by Kahn and Leyendecker® (KL). Their linear
combination of atomic orbitals (LCAO) or tight-binding
results suggest that the conduction band is many-
valleyed with equivalent minima along (100) direc-
tions at the Brillouin zone boundary. The magnetore-

1 M. Cardona, Phys. Rev. 140, A651 (1965).

¢ S. K. Kurtz, in Proceedings of the International Meeting on
Ferroelectricity, edited by V. Dvorak, A. Fouskova, and P.
Glogar (Publishing House, Czechoslovak Academy of Sciences,
Prague, Czechoslovakia, 1966), Vol. 1, p. 413; also, S. K. Kurtz,
T. C. Rich, and W. J. Cole (to be published).

3 A. Frova and P. J. Boddy, Phys. Rev. Letters 16, 688 (1966).

4A. Frova and P. J. Boddy, Phys. Rev. 153, 606 (1967).

S H. P. R. Frederikse, W. R. Thurber, and W. R. Hosler, Phys.
Rev. 134, A442 (1964).

6 S. H. Wemple, Phys. Rev. 137, A1575 (1965).
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sistance data’™? in SrTiO; and KTaOs, particularly the
very high field measurements in SrTiOs, appear to sub-
stantiate the conclusion of zone boundary minima,
although this conclusion is not totally unambiguous
since it may be possible for suitably warped spheres
at the zone center (£=0) to give the same result. Lack-
ing any absolute evidence for a 2=0 minimum, we
have based our data analysis on a many-valley model
with the point of view of looking for internal incon-
sistencies. Berglund and Baer,* in their analysis of
BaTiO; conductivity data, have taken a similar view-
point.

According to KL the valence band in the perovskite
oxides is primarily an oxygen 2p band, whereas the
lowest conduction band is derived from the transition-
metal B-cation de d orbitals. The tight-binding elec-
tronic energy-band structure of KL for SrTiOj is par-
tially shown in Fig. 1(a) for the de conduction band
and the upper valence bands. Because the (ppr) and
(ppo) interactions are small, the top of the valence band
is relatively flat or very nearly a pure atomic p state.
In the lowest conduction band, the large band bending
X;3—-M; along Z, arises from a large (pdw) overlap, giving
rise to a reasonably small transverse effective mass. The
longitudinal mass, on the other hand, is thought to be
large because the band bending I'y—X; along Ay is

7H. P. R. Frederikse, W. R. Hosler, and W. R. Thurber, Phys.
Rev. 143, 648 (1966) ; H. P. R. Frederikse, W. R. Hosler, W. R.
’%‘hur%er, J. Babiskin, and P. G. Siebenmann, zbid. 158, 775

1967).

80. N. Tufte and E. L. Stelzer, Phys. Rev. 141, 675 (1966).

9S. H. Wemple, A. Jayaraman, and M. DiDomenico, Jr.,
Phys. Rev. Letters 17, 142 (1966).

1071, S. Senhouse, G. E. Smith, and M. V. DePaolis, Phys. Rev.
Letters 15, 776 (1965).

1 See, for example, J. F. Schooley, W. R. Hosler, and M. L.
Cohen, Phys. Rev. Letters 12, 474 (1964); J. F. Schooley, W. R.
Hosler, E. Ambler, J. H. Becker, M. L. Cohen, and C. S. Koonce,
ibid. 14, 305 (1965).

( 13 Ai H. Kahn and A. J. Leyendecker, Phys. Rev. 135, A1321
1964).

13T, Camlibel (unpublished).

14 C. N. Berglund and W. S. Baer, Phys. Rev. 157, 358 (1967).
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F1c. 1. (a) Kahn and Leyendecker (Ref. 12) tight-binding
energy-band structure for the upper valence bands and lowest
de conduction band for the 4 BO; perovskite oxides. (b) Brews’s
(Ref. 15) modified band scheme for tetragonally distorted
(ferroelectric) perovskite oxides. A deep donor level connected
with the X3 conduction band minimum is indicated schematically
by a dashed line in both (a) and (b).

determined largely by the small (dds) overlap of the B
cations over the full *24-A lattice spacing. According to
KL this small band bending places the conduction band
minima along (100) directions at the Brillouin zone
boundary. Since the (ddé) interaction is small, the
['5»—X; tight-binding state is almost a pure atomic d
state.

At the Curie point, the crystal symmetry of the ferro-
electric perovskites (e.g., KTN and BaTiO;) is lowered
from O, to Cs. Optical-absorption anisotropies (di-
chroism) are therefore expected in both band-to-band
and donor photo-ionization absorption. In relating the
dichroism to the KL many-valley model and the crystal
spontaneous polarization, we have made use of recent
calculations of Brews! and Casella’® which estimate the
distortions in the band structure introduced by the
crystal polarization.

In Fig. 1(b) we show the modified energy-band
structure, below the cubic to tetragonal ferroelectric
transition, brought about by the displacement of the
transition-metal ion from the center of the oxygen octa-

15 J, R. Brews, Phys. Rev. Letters 18, 662 (1967).
18 R. C. Casella, Phys. Rev. 154, 743 (1967).
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hedron toward one of the oxygen ions along a crystalline
axis. The band structure of Fig. 1(b) summarizes in
part the results of an analysis performed by Brews!
of the polarization dependence of the LCAO band
scheme for SrTiO;. As can be seen from the left-hand
portion of Fig. 1(b), the tight-binding states in the
direction parallel to the lattice polarization (subscript
[|) are largely unaffected by the tetragonal distortion
of the unit cell, except for the splitting at the I'y; point
and the splitting at the M; point due to the raising of
the flat Z, level. In the direction perpendicular to the
polarization (subscript 1) there are further splittings
and shiftings of the levels as shown in the right-hand
portion of Fig. 1(b). Perhaps the most important of
these for our purposes is the movement of the upper
Z, point at X 1 to higher energies. This suggests that in
the tetragonal ferroelectric phase the two a-axis valleys
lying perpendicular to the direction of spontaneous
polarization move up in energy relative to the c-axis
valley lying parallel to the polarization direction. The
top of the valence band is not strongly affected by the
spontaneous polarization because the (ppr) and (ppo)
overlaps are small. Furthermore, the calculations also
indicate that the ellipsoidal energy surfaces at X; are not
significantly distorted in the ferroelectric phase. We
have therefore based our data analysis on a simple
energy shift of equivalent valleys when the crystal
becomes ferroelectric. We shall relate the magnitude of
this energy shift to the spontaneous polarization and
also to the electrical-conductivity anisotropy associated
with electron repopulation among the valleys.

For the many-valley model shown in Fig. 1 we can
estimate the band bendings A& along Ay and Z; using
a simple tight-binding interpolation between zone
boundary points of the form &(k) = (A&/2) (1d=coska),
where a is the lattice constant. It can then be shown that

(1)

where my is the free-electron mass, and m* is the effec-
tive mass along either the transverse or longitudinal
mass directions. The mass data, calculated band bend-
ings, and other pertinent data are shown in Table I for a
number of perovskite oxides. Masses have been taken
from thermoelectric power,>71® Faraday rotation,"”
magnetoresistance,”'?and magnetic-susceptibility data.!®
It is worth noting that  bands in perovskite oxides are
not particularly narrow when compared with more con-
ventional semiconductors. Their very low mobility
stems from the short relaxation time, in the vicinity of
107 sec at room temperature. The consequent energy
uncertainty is ~0.1 eV; this exceeds the room-tempera-
ture thermal energy 27~0.026 eV, suggesting that the
usual electron-scattering theories may not apply to these
materials. From hydrostatic piezoresistance measure-

AERImo/m* eV,

17W. S. Baer, Phys. Rev. Letters 16, 729 (1966); J. Phys.
Chem. Solids 28, 677 (1967).
BH. P. R. Frederikse and G. A. Candela, Phys. Rev. 147, 583

(1966).
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TaBiE I. Some properties of d-band perovskite oxides.
Electron
Hall mobility Band gap Estimated Estimated
at 295°K (see text) A8 =T —X3 A8=X5— X3 Py
Material (cm?/V sec) (eV) (eV) (eV) T, (C/m?)
SrTiO; 5a 3.4b 0.1-0.2 1 32°Ke oo
BaTiO; ~1d 3.3 0.1 1 133°C 0.18e
KTN 3t 3.6 0.3 2 10°C 0.086
KTaO; 30¢ 3.9 1 3 4°Ke cee
2 See Ref. 5. o ¢ F.Jona and G. Shirane, Ferroelectric Crystals (The Macmillan Company,
b L. Grabner, M. I. Cohen, and R. F. Blunt, Bull. Am. Phys. Soc. 11, New York, 1962).
86 (1966). f See Ref. 22.
¢ G. A. Samara and A. A. Giardini, Phys. Rev. 140, A954 (1965). & See Ref. 6.

d See Ref. 14.

ments we have concluded that the primary electron
scatterer is the transverse optical ‘“soft mode” asso-
ciated with the ferroelectricity.®1®

Associated with the X3 conduction-band minimum in
Fig. 1 we show a donor level extending over most of the
Brillouin zone. These donors, thought to be oxygen
vacancies, can be introduced into KTN by proper ad-
justment of crystal-growth conditions.??* Conductivity
studies® have shown this level to be relatively deep
(~0.3 eV), leading to a spreading of the level through-
out a large fraction of the zone. Donor photoionization
absorption from this level to the conduction-band
states will be discussed in detail in the following sections.

3. EXPERIMENTAL
A. Absorption Data

The optical-absorption characteristics of extrinsic
n-type crystals of KTN and insulating crystals of

TasLe II. Room-temperature single-term Sellmeier dispersion
parameters for the refractive index in the expression n?—1=

S/C1— (\/N)2].

Material S As (mp)
KTNs= 3.80 201
KTaOs 3.66 191
BaTiOz° Sy=3.92 A =211

S1=4.16 AL=216
& See Ref. 32.

by, L. Rideout and S. H. Wemple, J. Opt. Soc. Am. 56, 749 (1966}.

¢ Values given were extracted from data of M. S. Shumate, Appl. Phys.
Letters 5, 178 (1964). The subscripts || and L denote the light polarization
directions relative to the lattice polarization direction.

19 The transport properties of several perovskite oxides will be
reported in detail in a subsequent paper.

2 W. A. Bonner, E. F. Dearborn, and L. G. Van Uitert, in
Crystal Growth, edited by H. S. Peiser (Pergamon Press, Inc,,
New York, 1967), p. 437.

21 Donors can also be introduced into BaTiO; crystals by reduc-
tion in hydrogen. For the optical properties of reduced BaTiO; see
C. N. Berglund and H. J. Braun, Phys. Rev. (to be published).
( 2 S)H Wemple and S. K. Kurtz, Bull. Am. Phys. Soc. 11, 401

1966

KTN, BaTiO;, and KTaO; were measured between 0.1
and 3.5 eV, The KTN crystals had free-electron con-
centrations in the range of 10" to 10'8 cm‘3 and donor
densities in the neighborhood of 10" cm™3.28 In all cases
the crystals were mechanically pohshed with a 6-u
diamond paste on a flat tin lap.

Most of the absorption measurements were made w1th
a Beckman Model DK-1A spectrophotometer. This
instrument was equipped with a pair of Glan-Thompson
polarizing prisms and a sample holder which could be
cooled thermoelectrically or heated. Data were taken
from photon energies of about 0.4 to about 3.5 eV
with a resolution of 10 meV at X0.4 eV and 5 meV at
~23 eV. The insulating crystals of KTN, BaTiO;, and
KTaO; were investigated only in the region of the band
edge since these crystals are essentially transparent
from /0.1 eV to the band edge. To extend the absorp-
tion data down to photon energies of 0.1 eV in semi-
conducting KTN, relative absorption measurements
were taken with a Beckman Model IR-7 spectropho-
tometer.

Since the semiconducting KTN crystals transformed
to single-domain crystals below their Curie point owing
to the elimination of depolarizing fields by the free
electrons, absorption measurements could be made
with polarized light in the ferroelectric phase. Thus, the
temperature dependence of the band-edge absorption
and the donor photoionization absorption could be
measured for light polarized parallel to and perpen-
dicular to the ¢ axis of the crystal. The temperature
dependence of the dc conductivity was also measured
in order to relate the lattice-polarization-induced con-
duction-band valley splittings to electron repopulation
among these valleys below the Curie point.

All of the absorption data reported in this paper were
corrected for surface reflections over the full spectral
range using the following relation derived from the

#S. H. Wemple, D. Kahng, C. N. Berglund, and L. G. Van

Uitert, J. Appl. Phys. 38, 799 (1967).

(1;41% DiDomenico, Jr., "and S. H. Wemple, Phys. Rev. 155, 539
6
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F16. 2. Spectral dependence of the optical absorption in semiconducting KTN having a free-electron concentration of 3X10 cm™3.
(a) Absorption coefficient « versus photon energy %» at various temperatures, and (b) dichroism A« versus /v at several temperatures

below the Curie point.

well-known multiple reflection formula2’
ardom— (2R/N[14+3R(1-8)], (2)

in which « is the true absorption coefficient, ey, is the
measured absorption coefficient, R is the surface reflec-
tivity calculated from refractive index data, ¢ is the
measured transmission ratio, and / is the sample thick-
ness. The surface reflectivity R=(n—1)%/(n-+1)? was
calculated using the Sellmeier dispersion relation for the
index of refraction #:

n—1=5/[1—(\/N?], (3)

where .S and A, are given in Table II. In the ferroelectric
phases of KTN and BaTiO;, the small birefringence and
temperature dependence of # have been neglected in
the calculation of R.

The absorption coefficient « as a function of photon
energy /v for a KTN crystal having a free carrier con-
centration of 3X10” cm™® is shown in Fig. 2(a) at
various temperatures above and below the Curie tem-
perature of 7.=10°C. In the ferroelectric phase, curves
of ay; and a1 versus /v are given where the subscripts
|| and L refer, respectively, to light polarized parallel
to and perpendicular to the direction of spontaneous
polarization. Figure 2(b) shows the wvariation of
Aa=a1—a with kv at several temperatures below 7.
A number of features of the absorption data are of in-

% T. S. Moss, Optical Properties of Semi-Conductors (Academic
Press Inc., New York, 1961{ p. 14. Equation (2) is a simplifica-

tion which applies here, since R<0.2 over the spectral range of
interest.

terest. The first is that the band edge obeys Urbach’s
rule; this will be made clear below. The second is the
broad infrared donor photo-ionization absorption band
peaking at 0.62 eV. The dichroism A« observed at the
absorption peak at the lowest measured temperature of
—10°C is very large. We note also that in the visible
region just below the band edge, the absorption is
larger for 7’< T, than for 7> T, for both polarizations
of light. Very little dichroism was observed in this
region at any temperature.

The band-edge absorption data for KTN, KTaOs, and
BaTiO; are shown in Figs. 3(a), 3(b), and 3(c) as a
function of photon energy at several temperatures.
These data show an exponential tail of the form

a«exp(Bhv). (4)

Assuming an Urbach tail?® with f=1/9kT, where k is
Boltzmann’s constant and 7 is the absolute tempera-
ture, we find that 5=1.67, 1.52, 1.75, and 2.50 in
KTa0s;, BaTiO;, insulating KTN, and semiconducting
KTN, respectively. Data for KTN and BaTiO; below
the Curie point show that in the ferroelectric phase there
are two Urbach absorption edges with ai>a). It
should be pointed out that our band-edge data for
BaTiO; are in disagreement with the published data of
Casella and Keller.”” Their data, given by the dashed
curve in Fig. 3(c), show a much more gradual rise in
the absorption coefficient with photon energy than our

% F, Urbach, Phys. Rev. 92, 1324 (1953).
% R. C. Casella and S. P. Keller, Phys. Rev. 116, 1469 (1959).
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exponential dependence and also show a larger absorp-
tion. We believe that the difference may be due to the
presence of impurities, possibly fluorine, in their crys-
tals, which were grown by the Remeika method® from a

28 J. P. Remeika, J. Am. Chem. Soc. 76, 940 (1954).
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Fic. 3. Band-edge absorption data at several temperatures for
(a) KTN, (b) KTa0;, and (c) BaTiO;. (d) gives the variation of
« with temperature at sv=3.08 eV in BaTiO;. The dashed curve
in (c) is taken from published data of Casella and Keller (Ref. 27).

KF flux. The data of Fig. 3 were obtained using crystals
grown from an excess TiO, melt.”*® These crystals are
almost colorless in large sections. We believe, therefore,

2 A. Linz, V. Belruss, and C. S. Naiman, J. Electrochem. Soc,
112, 60C (1965). )
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F16. 4. Temperature dependence of the optical absorption and electrical conductivity in semiconducting KTN having a free-elec-
tron concentration of 3X 10" cm™3, (a) Absorption coefficient « versus temperature 7T at the peak of the infrared photoionization ab-
sorption band /»=0.62 eV. The dashed curve for T< T, is the average absorption % (aj42a1). (b) « versus T at hv=2.48 eV, (¢) «
versus T"at iv=23.31 eV, and (d) electrical conductivity o versus 7" on a sample having a Curie temperature of 15°C.

that the band-edge data as well as the dichroism peak
reported by Casella and Keller are probably impurity
effects. Figure 3(d) shows the temperature dependence
of the band-edge absorption in BaTiO; at iv=3.08 eV.
These data, obtained by heating a single-domain in-
sulating crystal, show a first-order phase transition at
the Curie point of 7,=133°C.%

In Fig. 4 we show the temperature dependence of
the absorption coefficient in semiconducting KTN at
selected photon energies together with the tempera-
ture dependence of the dc electrical conductivity. Figure
4(a) gives the variation of o with temperature at the

% This value for the Curie temperature is thought to be more
representative of pure BaTiO; than the normally quoted value of
120°C observed in crystals grown from a KF flux (Ref, 28).

peak of the photoionization absorption (/w=0.62 eV).
At the Curie point 7,=10°C, an abrupt first-order
change in absorption is observed. Below the Curie
point au is greater than «j;, and both tend to saturate
with the spontaneous polarization. Similar data apply
throughout the photoionization absorption range,
0.3</w<1 eV. Figure 4(b) gives the variation of «
with temperature at sv=2.48 eV. In the vicinity of the
broad band centered at 0.62 eV, it is observed experi-
mentally that the average absorption ao= (a;+2a+) /3
is independent of the transition. We show in Fig. 4(a)
the curve of o derived from the measured values of o
and a1 in the ferroelectric phase. An outstanding feature
of the donor photo-ionization absorption data shown in
Fig. 4(a) is the large dichroism developed, a/aj~24,
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The temperature dependence of the band-edge absorp-
tion coefficient at sv=3.31 €V is shown in Fig. 4(c).
These data are representative and apply throughout
the band edge. The data given in Fig. 4(c) also show a
first-order phase change at 7.=10°C and once again
a1>ay;. The band-edge dichroism is also large, attaining
the value a1/a)=2. To aid in interpreting the data of
Figs. 4(a) and 4(c), we show in Fig. 4(d) the tempera-
ture dependence of the dc electrical conductivity meas-
ured by a four-terminal method on a KTN sample
having a Curie temperature of 15°C. As might be antic-
ipated from the magnitude of the infrared donor photo-
ionization dichroism, the conductivity anisotropy in
the ferroelectric phase is large, o.1/0)=3. Berglund and
Baer™ report that o1/ >>1 for semiconducting BaTiO;
as well. A detailed interpretation of the data shown in
Figs. 2, 3, and particularly 4 is given in the next section,
where the various absorption processes are related to
the effects of the spontaneous polarization P, on the
energy-band structure. As we shall show, the energy
separation between a-axis and c-axis conduction-band
valleys is proportional to P2 and for this reason we
digress at this point to a discussion of optical birefrin-
gence data from which we extract the required depend-
ence of P, on temperature.

B. Birefringence Data

The temperature and wavelength dependence of the
birefringence developed in the ferroelectric phase of a
semiconducting KTN crystal were measured, using an
interference technique. A sample was mounted between
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F16. 5. Temperature dependence of the relative birefringence
An/Anq at XA=0.7u (open circles) in semiconducting KTN having
3X10" cm™3 free electrons. The solid curve is the best fit of
(Ps/Py)? as a function of AT=T,—T obtained from Eq. (AS8)
using AT,=1.1°C,
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F16. 6. Spectral dependence of the birefringence An for a
semiconducting KTN crystal having a free-electron concentration
3% 10% cm3. The solid curve gives Az versus kv at T'=—8°C and
the dashed curve gives the extrapolated ultraviolet background
birefringence An,, calculated from the Sellmeier dispersion rela-
tions.

crossed polarizers with the [001] crystal axis at 45° to
the polarizer axes; the light was propagated along the
[010] axis. The optical transmission through this
arrangement was then monitored on a strip chart re-
corder as a function of sample temperature. The trans-
mission is given by sin?(I'/2), where I'=(27/)\) Anl is
the phase retardation, X is the wavelength of the light, !
is the crystal thickness, and A#n is the crystal birefrin-
gence. By using thin crystals, it is possible, at long wave-
lengths, to ensure that I'< at the ferroelectric transi-
tion so that Az versus 7" and An versus A can be meas-
ured unambiguously from the transmission data.

Figure 5 shows the relative birefringence An/Ang
(where Any is the birefringence at the Curie point T),
measured at A=0.7 u as a function of temperature for a
KTN sample having a carrier concentration of 3X10%
cm2. Similar data apply for 0.35<A<2.5 p. In a stress-
free crystal, the birefringence is related to the quadratic
electrooptic coefficients gi; by®

(5

where P, is the spontaneous polarization and # is the
refractive index in the cubic phase. Equation (5) indi-
cates that at constant wavelength Az should be related
to the temperature dependence of the square of the
spontaneous polarization. In the Appendix it is shown
in Eq. (A8) how P2 depends on the parameter AT/AT,
where AT=T,—T, ATy=T.,—To, and T is the Curie-
Weiss temperature. The solid curve in Fig. 5 is a plot of
(Ps/ Py)? versus T obtained from Eq. (A8) with AT,=
1.1°C, the value which gives the best fit to the An/An,
experimental data. As can be seen from the curve in
Fig. 5, Eq. (5) accurately describes the birefringence in
the ferroelectric phase. The parameter Py is the lattice

An=3n*(gn—gu) P?,

#J. E. Geusic, S. K. Kurtz, L. G. Van Uitert, and S
H. Wemple, Appl. Phys. Letters 4, 141 (1964).
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polarization occurring at the first-order Curie point T
and is related to the birefringence

Ang= (n%/2) (gu—gi2) Pe’

from Eq. (5). We can make use of this relation to
determine P, by taking gi— g and # to have the same
values as in insulating KTN.® At A=0.7 u, Anp=
6.0X107%, gn—gw=0.14 m?/C% and n=2.27, giving
Py=0.086 C/m? in substantial agreement with existing
published data.®

As shown in Fig. 6, in the range of photon energies
between 0.5 and 1.5 eV there is a small negative con-
tribution to the birefringence given by Any=An— Anyy,
where Anyy is the background birefringence produced by
optical absorption in the ultraviolet. This excess nega-
tive birefringence A can be shown to be related to
the infrared-absorption dichroism through the Kramers-
Kronig relations.

4. INTERPRETATION OF THE
ABSORPTION DATA

A. Absorption Edge

The absorption data presented in the preceding
section can be interpreted in terms of the many-valley
KL tight-binding band scheme, which applies in the
paraelectric phase, and Brews’s modified band scheme,
which applies in the ferroelectric phase. Both band
schemes are given over a limited portion of the Brillouin
zone in Fig. 1. In view of the uncertainties in the
valence-band structure and the low-energy exponential
tailing off the interband absorption edge, it is difficult
to make a definite assignment to the fundamental inter-
band transition. We note, however, that Baer” has
shown from Faraday rotation measurements that
these transitions are probably direct. They can concur,
therefore, at either the zone center (I' point) or zone
boundary (X point). By considering the effect of the
lattice polarization on the various critical points as
calculated by Brews, we shall show that the temperature
dependence of the band-edge dichroism can be inter-
preted consistently with other data, such as electrical
conductivity, in terms of direct transitions occurring
at the X point, i.e., Xs—X; (Xpy—X; is forbidden).
Referring to Fig. 1(a) we note that it is possible for the
indirect I's—X3 transition to occur at lower energy
than the direct zone boundary X;—X3 transition. We
believe that the Urbach tail observed experimentally
is due to multiphonon-assisted X;—X; transitions as
discussed recently by Mahan® and that this masks the
weaker I'i;— X indirect transition. Adopting this as the
fundamental interband transition, we can compute the
absorption anisotropy per valley in both paraelectric
and ferroelectric phases and then sum over the three
valleys to obtain the absorption coefficient. This model

2 . S. Chen, J. E. Geusic, S. K. Kurtz, J. G. Skinner, and S. H.

Wemple J. Appl Phys. 37, 388 (1966).
# G. D. Mahan, Phys. Rev. 145, 602 (1966).
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attributes the entire absorption anisotropy for 7'<T.
to an energy splitting between a-axis (X 1) and c-axis
(X)) conduction-band valleys [see Fig. 1(b)]. Our
interpretation differs from that recently given by
Casella,'® who attributes the absorption anisotropy to
valence-band splittings and associated selection rules.

To compute the relative magnitudes of the absorption
coefficients for light polarized along the a and ¢ axes
it is convenient to define oscillator strengths fv,* and
fve! per valley. The subscript vc denotes valence- to
conduction-band transitions, and the superscripts /
and ¢ denote, respectively, longitudinal and transverse
mass directions. By using the KL symmetrized wave
functions, the selection rules fy‘#0 and fy,/~0 are
obtained. Since the band-edge absorption coefficient has
an exponential Urbach tail, we may define interband

absorption coefficients per valley as
ar="fv.' exp[B(fv—8)],
ar=7fv! exp[B(/v—8) 1

where v is a constant of proportionality which includes
the joint density of states, & is the band-gap energy,
and B=1/nkT as defined in Eq. (4). In the paraelec-
tric phase there are three equivalent valleys giving a
total isotropic absorption coefficient (ap=2a;4-a;)

ao=2vfv." exp[B(hr—28) ], (7)
where we have taken f,,/~0. In the ferroelectric phase
defining the c-axis and a-axis valley energies as &, and

&, respectively, and using f,,/~0, we obtain for the
anisotropic absorption coefficients

o011 =2vfvo! exp[B(hv—&.) ], (8a)
aL=7fv.!{exp[B(lw—8&.) ]+exp[B(hv—&.)]}. (8b)

In this analysis we assume that the oscillator strengths
are insensitive to the lattice polarization, i.e., polariza-
tion-induced changes in the valley shapes are negligible.
It is convenient to normalize o)} and o1 with respect to

(6a)
(6b)

ao and define A&=§,—§&,, giving
ay/ao=exp[#(&—&) ] (%a)
and
ai/ao=3[14exp(8A8) ] exp[B(8—8.)]. (9b)

Using this model we can determine the temperature
dependence of BAE and B(8&—8&,) from the experi-
mentally determined values of a1/ and aj;/ae. Because
the crystals are centrosymmetric above T, we expect
BAEx P2 below T.. To check this possibility we have
plotted BA& as a function of (P./Po)? in Fig. 7 for
both KTN and BaTiO; by using Eq. (A8) and the
parameter ATo=1.1°C previously determined from
birefringence measurements for KTN and AZp=
11—16°C for BaTiO;.* A nearly linear relationship is

3 The value AT,=11°C is taken from data of W. J. Merz, Phys.
Rev. 91, 513 (1953). Data of M. E. Drougard, R. Landauer, and
D. R. Young, Phys. Rev. 98, 1010 (1955) give AT,=~14°C.

Recent data of C. J. Johnson, Appl. Phys. Letters 7, 221 (1965)
give AT(~16°C for crystals similar to those used in the present

study.
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found with
BAExTNRI0.28( P/ Py)? for KTN (10a)
and
ﬁAGBaTioz‘NOQO(P,/Po)Z for BaTiO;. (10b)

For KTN, using Po=0.086 C/m? obtained from bire-
fringence data and B=1/49kT with »=2.50 [see Fig.
3(a)], we obtain

AExTNRS2.2 P2 eV, ( 11)

where P, is in C/m? Similarly for BaTiO; using Po=
0.18 C/m? (see Table I) and =1.52 [see Fig. 3(c)]
we obtain®

A8Barios/1.5P2 €V. (12)

Frova® has observed a similar shift of the conduction-
band edge in KTaO;, using electroabsorption data. His
value, A8xra0,~2.0Ps* eV, compares favorably with
our results. We note that both Frova’s data and ours
are in good agreement with the predictions of Brews.!®
We also note that our result for BaTiO; is in excellent
agreement with the band-edge energy shift obtained by
Gihwiller” at 25°C from electroreflectance measure-
ments.

From the band-edge data shown in Fig. 3, values for
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Fic. 7. BAg as a function of (P,/Py)? for KTN and BaTiOs.
A8 is the energy shift between valleys perpendicular to and
parallel to the direction of P,.

% Since AT is known only imprecisely and may fall between 11
and 16°C, a corresponding uncertainty exists in the coefficient of
(Ps/Po)?in Eq. (10b), giving rise to a range of values in Eq. (12)
of 1.540.2.

3 A. Frova, Nuovo Cimento (to be published).

% Ch. Gahwiller, Solid State Commun. 5, 65 (1967).
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F1c. 8. Temperature dependence of the electrical-conductivity
anisotropy in semiconducting KTN having a free-electron con-
centration of 310 cm™3. The curve is computed from Eq. (13)
using values of Ag computed from Eq. (11) and K =10; the open-
circle data points are obtained from Fig. 4(d).

the direct band gap at the X point can be estimated.
To do this we make use of Mahan’s interpretation of
an Urbach interband edge.?® Mahan suggests that such
an exponential tail is an intrinsic property of certain
polar materials in which an electron-optical-phonon
(polaron) interaction involving several phonons gives
an approximately exponential tail to the spectral den-
sity function. According to this theory we expect the
band gap to be a few high-energy longitudinal optical
(LO) phonons above the energy where the absorption
coefficient « stops increasing exponentially. For all
the perovskites shown in Fig. 3, « is still increasing
exponentially at ax10° cm™. From ultraviolet re-
flectivity data? we estimate that o reaches ~10* cm™!
at w4 eV. Thus, the absorption coefficient increases
much less rapidly with photon energy in the range
arr10°—10* cm™! than in the exponential tail (a 10
cm™). Based on Mahan’s treatment we expect the
true band gap to fall one or two LO phonons above the
axs10° cm™! absorption point giving rise to the esti-
mated band gaps listed in Table I. These values are
close to those calculated by Baer” from interband
Faraday rotation data.

Having obtained values for the conduction-band
valley shifts as a function of spontaneous polarization in
KTN, it is of interest to determine whether these
shifts are quantitatively consistent with electrical-
conductivity anisotropy data in semiconducting crys-
tals. We assume a model in which the deep donor levels
(0.3 eV) remain fixed with respect to the valence band
when the crystal transforms from the cubic to tetrag-
onal state. As a result of the transformation, the energy
difference A8 induced between ¢-axis and c-axis valleys
by the lattice polarization causes electrons to repopulate
between these valleys. It can then be shown, for deep
donors, that the conductivity ratio ¢1/c|) is given by

o1 _ K+(14K) exp(—A8/kT)
o 142K exp(—A8/kT)
where K=p,/u; is a mobility anisotropy coefficient be-

(13)
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tween transverse (u;) and longitudinal (u;) valley
mobilities. Since the temperature dependence of A&
is known, K can be found by fitting Eq. (13) to the
conductivity anisotropy data shown in Fig. 4(d). This
is done in Fig. 8, where a.1/a|| is plotted versus the re-
duced temperature AT/AT,, using the energy splitting
A& given by Eq. (11), ATy=1.1°C, and K=10. As can
be seen, the fit is quite good over the full temperature
range. We point out that the anisotropy constant K =10
is unexpectedly large. From the definition of K we have

K= (m*/m*) (ri/71), (14)

in which 7, and 7, are, respectively, transverse and
longitudinal relaxation times. Magnetoresistance meas-
urements”?® on SrTiO; and KTaOs at 4.2°K give K~v4.
Our room-temperature value of K=10 can then be
interpreted in terms of a collision-time ratio (7./7,),
approximately 2.5 times greater than the low-tempera-
ture ratio, if we assume a temperature-independent
mass.
B. Donor Photo-Ionization

The broad infrared absorption band shown in Fig.
2(a) is due to photoionization of filled deep donors.
To test this conclusion, relative absorption data were
taken at 77°K, where nearly all electrons are known to
freeze out on the donors, thereby eliminating any
possibility of a free-carrier contribution. These data
show no significant temperature dependence in the
vicinity of the 0.62-eV absorption peak. At lower
energies, however, an absorption threshold is observed
near 0.35 eV in substantial agreement with the donor
ionization energy deduced from Hall-effect measure-
ments.

The spectral dependence of photo-ionization absorp-
tion due to deep-lying donors in semiconductors has
been considered by Lucovsky.® He considers a simple
model in which the conduction band is parabolic, and
the donor can be described in terms of a short-range
ion-core potential rather than the long-range Coulomb
potential appropriate for shallow donors. In a zero-
range or d-function approximation, the donor wave
function is s like, and use of time-dependent perturba-
tion theory gives a« (hv—8&p)?*2/(hv)?, where Ep is the
donor binding energy. This model predicts that the
donor photoionization absorption will reach a maximum
at hy=28p and fall off as (k)2 for >Ep. In con-
trast, for hydrogenic donors, the absorption has a
maximum at kv =Ep and falls off as (k)3 for >>&p. It
should be noted that the rate at which the photo-ioniza-
tion absorption falls off with photon energy as well as
the precise position of the peak absorption depends on
the nature of both the band structure and the impurity-
center ion-core potential. The parabolic band approxi-
mation may be in considerable error in the perovskite
oxides particularly when #»>1 eV. This is expected to
cause deviations from the (4v)~3 falloff predicted by

# G. Lucovsky, Solid State Commun. 3, 299 (1965).
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Lucovsky. Experimentally, the data for KTN show
ax ()38, For photon energies falling between the
threshold and the peak (0.35 <Av $0.62 V), effects of
nonparabolicity and contributions from other bands are
reduced so that the observed peak at 0.62 eV does in-
deed fall at approximately twice the donor ionization
energy. Accordingly, we shall assume the donor wave
functions to be highly localized s states determined by
the é-function core-potential approximation used by
Lucovsky.

In our analysis of the photo-ionization-absorption
data (as with the conductivity data analysis) we assume
that the donor level remains fixed with respect to the
valence band both above and below the Curie point,
and that this level is spread throughout almost the
entire Brillouin zone because of the physical localiza-
tion of the donor electron to approximately one unit
cell. Following the analysis of the interband-absorption
data given above, the photo-ionization absorption can
be analyzed similarly in terms of oscillator strengths
per valley from the donor level to the Ay, Zs and As
conduction-band levels. The applicable selection rule is
the same as in the interband case, i.e., the longitudinal
oscillator strengths are expected to be negligible com-
pared to the transverse oscillator strengths. In KTN at
low photon energies, v <1 eV, transitions to Ay and
Z, are expected to dominate due to the non-negligible
downward bending of the Ay level between I'yr and X;
by about 0.3-0.4 eV (see Table I). This leads, in the
vicinity of the conduction-band minimum, to a single
transverse oscillator strength. At higher photon ener-
gies, iwv>1 eV, transitions to As must be included.
Referring to the data shown in Fig. 2(a), we attribute
the decrease in absorption for sv>0.62 eV to a decrease
in oscillator strength as electrons are photoexcited to-
ward the Z, level. From ultraviolet reflectivity data,
Kurtz? has estimated that in KTN Z, at the X; point
lies approximately 2 eV above Z, at the X3 point, giving
an energy separation of about 2.3 eV between the donor
level and Z,. The energy-band calculations of Brews'
and Zook and Casselman® predict an upward shift of
the flat Z, conduction-band level along the ¢ axis in the
ferroelectric phase relative to its position in the para-
electric phase. This is consistent with the data given in
Fig. 4(b), which show that in the visible where /v is
sufficiently large to excite electrons to the vicinity of
Z, the absorption coefficient increases at the ferroelec-
tric transition for both polarizations.

Considering transitions to the vicinity of the con-
duction-band minima we have for -v <1 eV one trans-
verse oscillator strength fy? in the paraelectric phase. The
absorption coefficient per valley is a=«fo!Np, where «
is a constant of proportionality which includes the
density of final states, and Np are the number of oc-
cupied donors. Summing over the three valleys with

( 3 ].)D. Zook and T. N. Casselman, Phys. Rev. Letters 17, 960
1966).



166

polarized light gives

ao=2kfo!Np. (15)

In the ferroelectric phase we have oscillator strengths
fo* and fo! for the c-axis and ¢-axis valleys, respectively.
We neglect here as before any distortions in the shape
of the energy surfaces and assume that the only effect
of the ferroelectric transition is to shift levels relative
to one another. With polarized light we obtain

a)=2«f,*Np, (16a)
avr=k( fo!+f.*) Np. (16b)

It is important to recognize that the oscillator strengths
are functions of frequency through their dependence
on the matrix elements between the fixed donor ground
state and the conduction-band states. For purposes of
further analysis it is useful to consider the ratios

a)/a0=fa/fo,
as/ao=(fo'+fa®) /2fo".

By combining these equations with the experimentally
determined relation 2« 1+a; =30 [see Fig. 4(a)], we
obtain an experimental oscillator strength sum rule
given by

(17a)
(17b)

f01=%(fc‘+2fat)- (18)

This f sum rule describes an important conservation
principle for the allowed transitions above and below
the Curie point among the three conduction-band
valleys. Equation (18) indicates that in the ferroelec-
tric phase f.* and f,* must change with temperature in
such a way that their weighted average remains con-
stant.

These results lead to the following observations:
Since /<1, Eq. (17a) demands that

fat/fet<1, (19a)
in which case, from Eq. (18),
fct/f0z=3_2fat/f0t>1- (19b)

From Egs. (17) and (19) we note that whereas «;;/ao
varies directly as fu!/fo!, a1/ao varies as 3(3—f.t/fo?)
and consequently should approach £ as f,/f,* decreases.
The data given in Figs. 2(a) and 4(a) are consistent
with this prediction. Furthermore, since the a-axis
valleys shift to higher energies according to Eq. (11),
viz., A8« P2 we expect that the threshold energy
where f,* begins increasing rapidly should shift to
higher energies relative to the threshold for fy* by ap-
proximately A&. From Eq. (17a) the peak in oy should
therefore shift to higher energies proportional to Pg.
On the other hand, since the ¢-axis valleys are relatively
stationary, f.! is expected to remain nearly constant,
as indicated by Eq. (19b). We therefore expect from
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F1c. 9. Dichroism Aa/ao at the infrared-absorption peak of
hy=0.62 eV in semiconducting KTN versus (P,/P,)?.

Eq. (17b) that the peak of a. should be nearly inde-
pendent of temperature. These conclusions are borne
out by the observed shifts of the photo-ionization-ab-
sorption peaks which show the peak of « shifting
toward higher energies by approximately 35 meV for
(Ps/ Py)*~3 and the peak of a1 remaining nearly con-
stant. The magnitude and the polarization dependence
of the shift is consistent with Eq. (11) to within the
rather large error limits (210 meV) inherent in the
determination of the peak of a broad absorption band.

Shown in Fig. 9 is a plot of the experimental Aa/ag
data at iw=0.62 eV versus (P,/Py)% The dichroism is
observed to depend quadratically on the spontaneous
polarization for values of Aa/ay as large as one [Aa/ap=
0.35( P,/ P,)?]. An expression for the dichroism (Aa/ao)
can be obtained in terms of f,*/fy* from Eqs. (17) and
(19b) with the result

Ac/ag=3(1—f.t/fo?). (20)

This result combined with the data of Fig. 9 imply a
quadratic dependence of fo!—f,* on spontaneous polari-
zation.

5. CONCLUSIONS

Several conclusions may now be drawn regarding the
electron energy-band structure of the perovskite oxides.
The most important is that the KL many-valley energy-
band scheme together with the lattice-polarization-
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dependent modifications calculated by Brews!® are con-
sistent with the band-edge absorption data, the shifts
in the peaks of the o) and a1 photo-ionization curves,
and the electrical-conductivity anisotropy measure-
ments. We interpret, on the basis of this energy-band
model and Baer’s Faraday rotation data,”” that the
interband transition threshold is probably direct at the
zone boundary between Xs and Xs;. Kurtz? has at-
tributed the lowest energy-absorption threshold seen in
ultraviolet reflectivity to this same transition. The
band-edge data shown in Fig. 3 are masked by a low-
energy exponential tail which we interpret as an in-
trinsic phonon interaction based on Mahan’s® theo-
retical calculations and the fact that all of the perovskite
oxides studied (see Table I) exhibit this property.
We should emphasize that the band-edge data for
BaTiO; shown in Fig. 3(c) are new and in disagreement
with the published results of Casella and Keller.””
Our data analysis has also enabled us to show that the
effect of the spontaneous polarization P; is largely to
shift the energy of the a-axis valleys upward by an
amount A&=2.2 P eV for KTN and A§=1.5 P eV for
BaTiO;, where P; is in C/m?2. )

A second conclusion which may be drawn is that the
donor photo-ionization data can be understood in terms
of transitions from filled donor levels to the Z; and As
conduction-band states. In KTN, where the donors
are deep and as a consequence are thought to have a
1s-state configuration, transitions to the level Z;
(determining the transverse effective mass) dominate,
since the Ay bending is relatively large (0.3 eV).
In this case the photoionization absorption is observed
to obey a simple f sum rule for transitions among the
three conduction-band valleys [see Eq. (18)]. The aver-
age absorption is found to be independent of tempera-
ture and unaffected by the ferroelectric transition.
The dichroism at the infrared-absorption peak is
observed to vary quadratically with spontaneous
polarization according to Aa/ao=47P;, where P, is in
C/m?. We may speculate that in BaTiO;, where the
bending of the Ay level is relatively small (0.1 eV),
transitions to Aj, occurring in the longitudinal mass di-
rection, will become as important as those to Z; In
this case we expect reduced donor photo-ionization
dichroism and a breakdown of the sum rule.
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APPENDIX

Thermodynamic Derivation of P, versus T

For centrosymmetric crystals in which the crystal
polarization P is along one of the crystallographic
axes, the free energy in the zero stress limit can be
written in one dimension as

F=3x P P Pt (A1)
where x, £, and { are constants dependent on tempera-
ture. The coefficient x is related to the low-field dielec-

tric constant e in the paraelectric phase. For large ¢,
x=1/¢, whereupon

x=(T—To)/e&C. (A2)

Here T is the Curie-Weiss temperature, C is the Curie
constant, and ¢ is the permittivity of free space. At
the transition temperature 7%, by combining the equa-
tion F=0 and E=9F/dP=0 (E is the electric field),

we obtain the relation
P=—%(/¢), (A3)

where for first-order transitions £<0. Below the transi-
tion temperature (7'<7.), E=dF/dP=0, so that the
spontaneous polarization P, must satisfy

XF+EPP+§ Pt=0. (A4)

By defining AT=7,—T and ATo=T.—T, we can
rewrite Eq. (A2) as

60CX=ATO*AT. (AS)

Substituting Egs. (A3) and (AS5) into (A4) with
AT =0 gives

ATo=(3/16) (#/t)e C. (A6)

Below the ferroelectric phase transition we therefore
obtain from Eq. (A4) together with Egs. (A3),
(AS5), and (A6) the following quadratic relation for the
spontaneous polarization P, in terms of AT':

3(Ps/ Po)t—4(Ps/ Po)*+(1—AT/ATo) =0. (A7)
Solving for (P,/Py)? we obtain
(Po/ Po)*=3{143[14+3(AT/ATo) ]2}. (A8)



