2 FIELD-DEPENDENT THERMOPOWER OF DILUTE- -

9A rough analysis of the magnetoresistivity curves of
AuFe alloys (Ref. 6), using the formulas of Ref. 1, in-
dicates that for AuFe, V> |Jl, and the orders of mag-
nitude are J~ -0,75 eV, V=3 eV, In addition, suscep-
tibility measurements indicate the spin S to be 3/2; see
O. S. Lutes and J. S. Schmit, Phys. Rev. 134, A676
(1964); E. Scheil, H. Specht, and E. Wachtel, Z.
Metallk. 49, 590 (1958); B. Dreyfus, J. Souletie, J. L.
Tholence, and R. Tournier, Appl. Phys. 39, 846 (1968);
C. M. Hurd, Phys. Chem. Solids 28, 1345 (1967).

10The fact that a formally higher-order term is larger
numerically is a consequence of the slow convergence of
the logarithmic series for the scattering amplitudes,
which has been noted before (Ref. 1). As we have men-
tioned in that reference, this implies that perturbative
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calculations such as this one can reproduce the qualitative
features of the experimental behavior, e.g., low-field
dependence on M2, but estimates of J and V from explicit
use of these perturbative formulas are valid only for the
relative orders of magnitude.

A, M. Guénault (private communication quoted in
Ref. 5).

2p, K. C. Macdonald, W. B, Pearson, and I. M.
Templeton, Proc. Roy. Soc. (London) A266, 161 (1962).

BIneremental susceptibility measurements on CuCr
[M. D. Daybell, W. P. Pratt, Jr., and W. A. Steyert,
Phys. Rev. Letters 22, 401 (1969)] indicate that for
T« Ty, Tgthe Kondo temperature, the impurity mag-
netization does not saturate for gugH/kT > 1, but for
gupH/kT > 1.
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Results of optical absorption and electroabsorption (EA) measurements in the vicinity of
the interband absorption edge are reported for top-seeded solution-grown crystals of BaTiOs;.
In common with other perovskite oxides, the absorption edge in BaTiOj is found to display

Urbach-rule behavior.

The exponential absorption tail can be described between 20 and 450 °C
by an effective temperature T* =T+ 7T, where Tj=140°K, i.e., o« ehw/’T*

Although no

uniquely defined band gap can be extracted from an exponential edge, we propose, on the basis
of indirect arguments, that the room-temperature band gaps are 3.38 and 3. 27 eV, respec-

tively, for light polarized parallel and perpendicular to the ferroelectric c axis.

At high tem-

peratures in the cubic phase, the band gap decreases at the rate —4.5 %104 eV/°C. EA mea-
surements in the tetragonal phase show that an applied electric field along the ¢ axis shifts
the entire Urbach edge rigidly upward in energy by an amount A &, which is proportional to
the square of the total polarization P, spontaneous plus field-induced, i.e., A(‘,’:BPZ.

The effect can be described by a temperature-independent band-edge polarization potential 8
having the value B;;=1.16 eV m?/C? The smaller B, coefficient could not be measured, be-
cause of photoconductivity and carrier-trapping effects. An anomalous increase in the band
gap with decreasing temperature within 150 °C of the Curie point is attributed to coupling be-
tween polarization fluctuations and the band edge. A simple thermodynamic model is shown
to describe the temperature dependence of this fluctuation contribution with reasonable accu-
racy. The results suggest that the correlation volume V, is at most a weak function of tem-
perature and that V, does not display critical behavior. This conclusion is consistent with
several recent experiments in displacive ferroelectrics. The magnitude of the observed mean
square polarization fluctuation contribution to the band-edge position (=15 meV at T'=T) can
be understood using the simple fluctuation theory with the value V,~ 4.5 %104 A® deduced pre-
viously from photoelastic constant measurements. It is also suggested that a mean square
polarization fluctuation contribution to the band-edge position is present in the tetragonal
phase below approximately 100 °C owing to the proximity of the tetragonal-orthorhombic tran-
sition. A fluctuation contribution of about 40 meV is indicated at room temperature.

I. INTRODUCTION to fit similar absorption data to well-known formu-

las. Gihwiller? has also reported results of elec-

Several studies of the optical-absorption edge in
BaTiO; have been reported. Casella and Keller!
and Gahwiller? find a broad absorption tail extending
to nearly 2.5 eV, while Cox et al.® have attempted

troabsorption (EA) experiments in the vicinity of
the band edge and related the field-induced band-
edge shifts to crystal polarization. Recently, Di-
Domenico and Wemple* have shown that these ab-
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sorption and electroabsorption results were actually
not related to properties of the pure crystal but
were in fact dominated by impurities that appear to
be unavoidable in samples grown from a KF flux.®
In the purer top-seeded solution-grown (melt-
grown) crystals, ® the interband absorption edge dis-
plays Urbach-rule behavior, %" i, e., the absorption
coefficient increases exponentially with increasing
photon energy, and there is consequently no unique-
ly defined band gap. An Urbach edge is also ob-
served in the perovskite oxides SrTiO;, 8 KTa0,, 8,10
and KTag, g5 Nbg 35 O3, * so that such behavior appears
to be an inherent characteristic of this class of ma-
terials. In the present paper, we report results of
a more complete investigation of the optical-absorp-
tion edge in melt-grown BaTiO, than given previous-
ly. Absorption data are presented in both the te-
tragonal and cubic phases to a temperature of 450
°C, and EA results are reported as a function of
temperature in the tetragonal phase. The experi-
mental observations are discussed with special ref-
erence to the influence of crystal polarization on

the band-edge position. In particular, we show

that polarization fluctuations affect the band edge
and that these fluctuations are directly observable
in the optical experiments. A brief preliminary
account of this work was reported previously. 1

Il. ABSORPTION MEASUREMENTS

All absorption measurements were made using
single-domain crystals prepared and poled as de-
scribed elsewhere.!? A sample-in-sample-out pro-
cedure was used, and corrections for surface and
multiple internal reflections were made using pre-
viously published refractive index data'®'® and
well-known formulas. The experimental apparatus
consisted of a Perkin-Elmer double-pass glass
prism monochromator in conjunction with a xenon
arc lamp, photomultiplier detector, and a 13-Hz
lock-in detection system. The sample was con-
tained in an oven capable of heating the crystal to
the vicinity of 450°C. Care was taken to limit the
monochromator resolution to less than 5 A to pre-
vent the spectral width from influencing the ob-
served Urbach-edge slope. Some representative
absorption results at selected temperature are
shown in Fig. 1. At 23°C, two Urbach edges are
indicated, corresponding to light polarized parallel
(a,) and perpendicular (a,) to the tetragonal ¢ axis.
We find that @, >@,, and, in agreement with previ-
ous measurements, ¢ the two edges are very nearly
parallel and are separated by 108 meV. With in-
creasing temperature, both edges shift to lower en-
ergy and their slopes decrease. The tetragonal-
cubic transition occurred at 132 °C in these melt-
grown crystals so that only a single absorption edge
is present above this temperature.
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FIG. 1. Representative absorption versus photon

energy data near the interband edge in BaTiO;. Below
the Curie point at 132 °C the two edges correspond to
light polarized parallel (@,) and perpendicular (a,) to
the tetragonal c axis.

1t is of interest to compare our 23 °C data with
those obtained by Gahwiller? using flux-grown crys-
tals. This comparison is shown in Fig. 2 where
we have indicated by the dotted line an extension of
the Urbach edge beyond the range of absorption co-
efficients observed in the present study. This ex-
tension is justified by the previously reported® oc-
currence of Urbach-rule behavior to an absorption
coefficient of almost 10° em™. It is clear from
Fig. 2 that the Urbach edge blends into Gahwiller’s
data for absorption coefficients above 3X10° cm™.
The extra impurity-related absorption in the flux-
grown samples is plotted as a function of photon en-
ergy in Fig. 3. Note that the impurity-band peaks
appropriate to the two light polarization directions
are separated by very nearly the same energy as
the two corresponding Urbach tails (i.e., ~108
meV). This result suggests that the electronic
states responsible for the impurity absorption may
lie just above the valence-band edge. In order to
estimate the number of impurity centers required
to account for the absorption bands of Fig. 3, we
make use of a relation'® derived in the context of
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FIG. 2. Comparison of room-temperature absorp-
tion-edge data in flux-grown BaTiO; (see Ref. 2) and
melt-grown crystals. The dotted extension of the curve
for melt-grown crystals is blended smoothly into the
data of Ref. 2.

F centers and assume that the oscillator strength
is ~0.5. The result is a center concentration of
~10'® cm™. The nature of these centers is not
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FIG. 3. Impurity-related absorption bands found in
flux-grown crystal of BaTiOs.
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FIG. 4. Temperature dependence of reciprocal
Urbach-tail slope in BaTiO;. The solid line is given
by Eq. (1) of the text.

known at present; however, Arend and Novak'® have
shown that even in their purest (undoped) samples
the Fe content was of this order of magnitude while
the K and F concentrations were an order of magni-
tude higher. It is possible, of course, that flux-
vacancy complexes may also be involved.

Returning to the absorption characteristics of
melt-grown crystals, we turn now to a more de-
tailed examination of the Urbach-edge slope and its
temperature dependence. Using data similar to
those shown in Fig. 1, we can determine the tem-
perature dependence of the Urbach-tail slope, or
to be more precise, the reciprocal slope S in meV/
decade. Results are shown in Fig. 4 where a linear
relationship between the reciprocal slope and tem-
perature is evident. The solid line is given by the
expression

S=2.3k(T +Ty), 1)

where Ty=(140+10K (kTy=12+1 meV), T is the
absolute temperature, and % is Boltzmann’s con-
stant. The experimentally determined Urbach tail
in BaTiO; is thus governed by the relation

a=agexp [(h - E))/k(T + Ty)]. (2)

In Eq. (2), aqand E, are constants which cannot be
separately determined, and kv is the photon energy.
The form of the Urbach edge given by Eq. (2) is
exactly that observed by Frova'® in the cubic perov-
skite KTaO;. Furthermore, Frova also finds that
To= 140 °K in this material so that the same effec-
tive temperature 7* =T + T, describes the Urbach
edge in both BaTiO3 and KTaO;. In SrTiO;, on the
other hand, it has been found® that T,~50 °K.

There is an additional observation connected with
the Urbach-edge temperature dependence in BaTiO,.
We find no significant change in slope on passing
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FIG. 5. Temperature dependence of band-edge separa-
tion A§ in the tetragonal phase of BaTiOg.

through the tetragonal cubic transition at 132 °C.
This would suggest that the soft transverse optic
phonon associated with the ferroelectricity is not
an important contributor to the band-edge tail.
Other phonons must dominate as discussed in Sec.

V.

III. INFLUENCE OF SPONTANEOUS PO-
LARIZATION ON ABSORPTION EDGE

According to Fig. 1, the energy separation A8
between the absorption edges for light polarized
parallel and perpendicular to the tetragonal ¢ axis
is 108 meV at 23°C. The complete temperature
dependence of this separation is plotted in Fig. 5.
As expected, the separation decreases with in-
creasing temperature and disappears at the first-
order phase transition temperature 7. At the
transition, the parallel and perpendicular edges
decrease discontinuously in energy by 36+ 4 and
11+4 meV, respectively, and coalesce. Because
the order parameter which measures the extent of
tetragonality in BaTiOj; is the spontaneous polariza-
tion P,, we expect A § to depend on even powers of
P,. In Fig. 6 we have plotted A& versus Pi using
P,-versus-temperature data reported elsewhere. !
It is clear that A8 increases somewhat more rap-
idly than P2. In Sec. V we attribute the observed
deviations from an exact quadratic dependence to
the influence of polarization fluctuations.

2

IV. ELECTRIC FIELD DEPENDENCE OF
BAND EDGE

Electric-field-induced modulation of the optical
transmission in the vicinity of the Urbach edge has
been observed using techniques similar to those de-
scribed by Gihwiller.? A 13-Hz square-wave uni-
polar voltage was applied along the crystal c axis,
and polarized light was propagated parallel to a

H. WEMPLE 2

crystal a axis. The modulated transmission at 13
Hz was then detected using a calibrated lock-in
detection system. Measurements were made as a
function of electric field, photon energy, and tem-
perature in the tetragonal phase between 19 and
130 °C. The applied voltage was always selected
to fall in the region of linearity between the modu-
lation signal and the electric field.

Using a valid approximation? to the usual multiple
reflection transmission equation given elsewhere,
it can be shown that the fractional change in light
transmission At/t induced by an electric field is
given closely by

At/t=-ad(l - 2R2 ) Aa/a . (3)

Here ¢ is the transmission coefficient, R is the
single-surface reflectivity, a is the absorption co-
efficient, and d is the sample thickness. In our ex-
periments, £<0.3 and R=0.2, so that the multiple-
reflection correction given by 2R%# in Eq. (3) can
be entirely neglected. The fractional change in ab-
sorption Aa/@ can be related to changes in the
parameters which describe the Urbach tail by dif-
ferentiating Eq. (2) with the result

Aa/a=~-AEy/k(T + Ty) + Aay/ o

+(Eg = hV)ATy/R(T + Ty . (4)

It is unlikely that the applied electric field alters
T, since, as noted above, this quantity is not sig-
nificantly affected by the spontaneous polarization.
Furthermore, even if the fractional changes in E,,
a,, and T, were all of comparable magnitude, the
term containing AE, in Eq. (4) would dominate. To
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FIG. 6. Dependence of band-edge separation in the

tetragonal phase on the square of the spontaneous polar-
ization Pg. The indicated lines serve only to emphasize
the observed nonlinear behavior.



2 POLARIZATION FLUCTUATIONS AND THE OPTICAL:- - -

show this, we can substitute E,=3.5 eV, k(T +T,)
~0.035 eV, and E,- hv=0. 2 eV into Eq. (4) which
then becomes

Aa/a=100AE)/ Ey+Aay/ag+2ATy/ T, . (5)

Thus, neglecting the Aq, and AT, terms, Egs. (3)
and (4) yield

At/t=(ad)AE)/R(T +Ty) . (6)

According to Eq. (6), the EA signal should be pro-
portional to the absorption and thus should increase
exponentially with photon energy. To verify this
expectation, the wavelength dependence of the EA
signal was measured at several temperatures be-
tween 23 and 130 °C. The results at 71 °C are
shown in Fig. 7 for light polarized along the ¢ axis.
The exponential dependence is confirmed, and the
reciprocal slope is the same as observed for «
(i.e., 96 meV/decade). The effect of the electric
field is thus simply a 7igid upward shift of the Ur-
bach tail by AE,. Frova'® found that his EA results
in KTaO4 could be described approximately by a
rigid upward shift. For temperatures below 40 °C
the EA signal appeared to deviate significantly from
the exponential behavior predicted by Eq. (6). At
high photon energies the expected proportionality
between At/t and a was observed; however, at low
energies an excess EA signal was present, which,
at room temperature, showed considerable struc-
ture as a function of wavelength. Careful examina-
tion of this excess signal showed that it did not vary
linearly with the electric field; in some cases the
signal actually decreased with increasing field.
Furthermore, a nonsystematic time dependence was
observed with a time constant of the order of 1 min.
A very strong temperature dependence was also
found with the excess signal decreasing rapidly with
increasing temperature and disappearing at approx-
imately 40 °C. These results suggest that photo-
excitation of carriers and trapping are playing im-
portant roles. For EA measurements, using light
polarized perpendicular to the ¢ axis, this defect-
related process dominated at all temperatures and
photon energies, so that no reliable data could be
obtained for this geometry. In the parallel geom-
etry (below 40 °C) only the observations at high pho-
ton energy where Af/tx o were used in computa-
tions of the EA signal.

In Fig. 8 we show the temperature dependence of
the EA signal for an applied electric field of 1800
V/cm, an optical path length of 0. 975 mm, and an
absorption coefficient of 20 cm™. The observed
rapid increase in the EA signal with temperature
is a straightforward consequence of the tempera-
ture-dependent dielectric behavior of BaTiO;. To
show this we assume, following Frova!® and Gih-
willer, 2 that the Urbach-edge shift AE, depends
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only on the crystal polarization and that the effect
is fundamentally a biased quadratic effect where

AE=2B,, PSP . (7)

Here B,; is the quadratic band-edge polarization po-
tential, 6P = (k,— 1)€,E is the field-induced polar-
ization, k. is the c-axis unclamped relative dielec-
tric constant, and ¢ is the free-space permittivity.
Substituting Eq. (7) into Eq. (6) yields

At/t= z(ad)611€0(K¢ - I)PSE/k (T+ To) . (8)

Using the EA data shown in Fig. 8 and the values
of k, and P, reported elsewhere, 12 we can compute
Bi from Eq. (8). The result is a temperature-in-
dependent polarization potential having the value

B11=1.16£0.05 eVm?/C? . (9)

As pointed out earlier, photoconduction and carri-
er-trapping phenomena precluded measurement of
Bis. In addition, owing to depletion layer formation
at the electrodes, it was not possible to reliably
measure either B, or By, in the cubic phase, using
a dc biasing field to generate a linear effect. !®

V. DISCUSSION
A. Urbach-Edge and Band-Gap Determinations

A detailed theoretical understanding of the Urbach
edge is not presently available, although many if
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not most ionic crystals display such behavior. The
consensus appears to be that phonon-assisted tran-
sitions are involved. "% Kiel'® and Dunn®® suggest
that phonon coupling to the valence electrons is
dominant, leading to a substantial tailing above the
top of the valence-band edge. None of the existing
theories, however, predict the form of the Urbach
tail observed in BaTiO; and KTaO3 where T* =T
+T,, and Ty=140°K. As suggested by Frova, ' it
is conceivable that the extra band tailing described
by the parameter T, may be related to impurities;
however, there appears to be no reason to expect
this effect to be simply describable in terms of an
effective temperature 7,. Furthermore, BaTiO;
and KTaO,; are chemically different and are grown
at very different temperatures so that it would be
surprising if both materials displayed the same
impurity-related tailing. It is also puzzling that

T, =50 °K in SrTiO;, a material closely related to
BaTiO;. If, indeed, the Urbach tail is produced by
phonon coupling to the valence-band p-like elec-
trons, then the following simple physical picture
suggests itself. Those phonons which couple
strongly to valence electrons cause the valence-
band edge to be diffuse, producing the observed
Urbach tail. Because, as pointed out earlier, the
tail is not significantly influenced by the phase
transition in BaTiO;, it would appear that the soft
zone-center transverse optic (TO) phonon is not
involved. This view is further supported by the ob-
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FIG. 8. Temperature dependence of the electroabsorp-
tion signal At/t for an applied field of 1800 V/cm, sample
thickness of 0.975 mm, and an absorption coefficient of
20 em™!,
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servations that (a) Ty=140 °K in KTaO; and T
=50 °K in SrTiO;, while the soft-mode frequencies
are nearly the same, and (b) T,=140 °K in BaTiOs,
while the soft-mode frequency is substantially lower
than in KTaO3; and SrTiO;. Turning to the conduc-
tion band, we expect® strong coupling between this
band and the crystal polarization associated with
the soft mode. Thus, either a dc crystal polar-
ization (see Sec.V B) or polarization fluctuations
(see Sec. V C) should couple to the conduction band
via the pdm interaction and influence the band-edge
position. In principle, polarization fluctuations
should also influence the band-edge shape, but this
does not appear to be a dominant mechanism as
suggested by the experimental data.

Although various values of the band gap in BaTiO,
have been reported in the literature, it is clear, as
discussed by Moss, 22 that no well-defined band gap
exists in a material having an Urbachian edge. A
commonly employed strategem is to arbitrarily de-
fine the band gap as occurring at a specified value
of absorption coefficient. The experimental results
for @=20cm”™! are plotted versus temperature in
Fig. 9. In the tetragonal phase, two “gaps” are
present which decrease substantially with increasing
temperature and coalesce above T.. At high tem-
peratures the gap decreases linearly with temper-
ature at the rate — 8. 5X10™* eV/°C; however, sub-
stantial deviations from a linear dependence are
observed within 150 °C of the Curie temperature.
We will subsequently attribute these deviations to
the influence of polarization fluctuations, but first
it is of importance to establish more realistic band-
gap values than those obtained for =20 cm™. To
do this we make use of the absorption and EA re-
sults reported by Frova!® for KTaO,. He finds,
using very thin samples, that the absorption in-
creases less rapidly with the photon energy above
an absorption coefficient of approximately 10% cm™
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than in the Urbach tail. The blending of the Urbach
tail in BaTiO4 with Gahwiller’s results (see Fig.

2) show similar behavior. The pertinent results
reported by Frova which allow a realistic estima-
tion of the band gap are (i) the shape of the absorp-
tion curve is temperature independent in the region
of rounding above a=~10° cm™, suggesting that
phonons are playing a minor role, and (ii) the EA
results show a small peak in the region of rounding.
Based on these results we believe that a realistic
value for the band gap in BaTiO; can be estimated
by extrapolating the Urbach tail to an absorption
coefficient of 3xX10% cm-! using the form of the edge
given by Eq. (2). The resulting band-gap energies
shown in Fig. 10 are probably not more than 50
meV in error. At room temperature we find band
gaps of 3. 38 and 3. 27 eV, respectively, for light
polarized parallel and perpendicular to the ferro-
electric c axis. At high temperatures, the gap de-
creases at the rate —4.5%10™* eV/°C, a more or
less typical value® for crystals. It is of interest
that the band gaps of BaTiO3 and SrTiO; (Ref. 8)
are very nearly the same.

It should be clear from the preceding discussion
that no conclusions can be drawn concerning the
“direct” or “indirect” nature of the band edge in
BaTiOz. Lattice phonons are responsible for the
band-edge Urbach tail, but the nature of the phonons
involved is not known either experimentally or the-
oretically. The extrapolated band gaps shown in
Fig. 10 are probably direct, however, since the
absorption coefficient is quite high (~10%* em™).
Furthermore, in the region of rounding above~10°
cm™ Frova'® finds in KTaO, that there is a negligi-
ble temperature dependence of the absorption shape.

B. Influence of Crystal Polarization on Band Edge

The influence of the spontaneous polarization in
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the tetragonal phase on the band-edge separation
A is shown in Fig. 6. Nonlinear behavior is evi-
dent so that we conclude from these data that A8,
contrary to expectations, is not precisely propor-
tional to P2 In terms of the polarization potentials
defined by the expression A& = (8, - B;,) P%, we find
that By, - B;, varies between 1.0 eVm®*/C®at T=T,
and 1.6 eVm®*/C%at T=23°C. The discontinuous
band-edge shifts observed at 7= T, can be used to
separately determine By, and $3,, at this temperature
with the results 8;;,=1.2+0.15 and B8;,=0.3+0.15
eVm*/C% These values should be compared with
the value By, =1.16+0.05 eV m*/C? determined from
EA data in the tetragonal phase. The EA result,
however, is independent of temperature, whereas
the quantity By, — By, derived from the influence of
spontaneous polarization on the static band-edge
positions is significantly temperature dependent,

as noted above. It is not possible to separately de-
termine the temperature dependences of By, and By,
in the tetragonal phase using Fig. 10 because there
is no easily established reference point from which
the energy shifts can be measured. Thus, it is not
clear how one might extrapolate the high-tempera-
ture data to a temperature below T, to yield the
required reference energy.

In Sec. VC we give a qualitative argument for
attributing differences in the temperature depen-
dence of 8y, — B,, based on EA and static dichroism
measurements to perturbations produced by mean-
square polarization fluctuations. First, however,
we turn to a discussion of the magnitude of band-
edge polarization potentials observed in BaTiOs.

By extending the linear-combination-of-atomic-
orbital (LCAO) calculation of Kahn and Leyendecker®
to include the polarization-induced nuclear motions,
Brews?! has estimated the energy shifts to be ex-
pected for various interband critical points. He
finds that a value f~1 eV m“/ C?is expected and
that the principle physical origin of the shift is very
likely a modulation of the pdm overlap integral by
the motion of Ti atoms towards a nearest-neighbor
oxygen atom, although changes in the Madelung po-
tential may be a significant factor, as discussed
by Géhwiller.? More detailed discussions of the
physical origin of polarization potentials in perov-
skite-type ferroelectrics are given elsewhere. % %526
For our present purposes we can only conclude that
the band-edge polarization potentials observed in
BaTiOj; are of the expected order of magnitude. It
is of interest to compare the BaTiO4 results with
those obtained in other perovskite oxides. In
KTa0;, Frova' finds that 8;,~1.9 eVm*/C? and
in KTag, g5 Nby, 3505, DiDomenico and Wemple! report
that By; —B1,~2.2 eVm*/C2 These values are not
qualitatively different from those observed in BaTiQ,
although it would appear, from the limited data
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available, that the band-edge polarization potentials
in BaTiOg tend to be somewhat small. In this con-
nection it is important to recognize that all these
polarization potentials apply in the unclamped ex-
perimental situation so that energy shifts induced
by electrostrictive (or piezoelectric) strain are in-
cluded in the total observed effect.

The polarization potentials associated with other
interband critical points may, of course, differ
from those reported here for the band edge, al-
though based on the work of Brews, 4 they should
be of comparable magnitude. An “average” inter-
band polarization potential 8 can be defined? in
terms of shifts of the “average” interband oscillator
that describes the refractive index and its disper-
sion. Using unpublished refractive-index'® data
and an oscillator description of the form?®

n-1=8, 8,/[8%- ()?] , (10)

where &, is the dispersion energy, %, is the single-
oscillator energy, and Av is the photon energy, we
find that A8, = (B, — By,) P2 with 8;,=6.3 eV m*/C?
and B,~0 eVm®/C%.  Detailed discussions of po-
larization potentials in the contexts of electro-optics
and nonlinear optics have been given previously for
the entire class of oxygen octahedra ferroelectric ?’
For this class of materials it is found that f~3 eV
m*/C?, a value similar to the band-edge polariza-
tion potential observed in the present study. The
small value of Elz in BaTiOj; is unusual, however,
and appears to place this material in a somewhat
special position. Note, however, that the band
edge B, is also small (i.e., B;,~0.3 eVm*/C?).

C. Influence of Polarization Fluctuations on
Band Edge

As discussed in Sec.V B, crystal polarization,
whether spontaneous or field induced, shifts the
band edge to higher energy in BaTiO;. In this sec-
tion we examine the possible contributions of polar-
ization fluctuations to the band-edge position as-
suming that the band-edge tail shape is not affected.
The existence of such fluctuations is firmly estab-
lished on both experimental and theoretical grounds.
For example, Raman scattering experiments® have
been used to observe directly the spectral density
of polarization fluctuations in the tetragonal phase
of BaTiOz. The inelastic neutron scattering exper-
iments of Yamada et al.3® show clearly both the
fluctuations and the presence of correlation in the
cubic phase with a correlation length along a polar-
ization (100) axis of approximately 20 A at 137°C.
Comes et al. ! have also deduced, using x-ray data,
the existence of short-range order in the cubic
phase of BaTiO; with a correlation length of roughly
35 A. These authors have interpreted their data in
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terms of an array of unit cell distortions along
(111) axes rather than in terms of polarization fluc-
tuations. Cochran®® has suggested, however, that
their results are in fact consistent with a polariza-
tion fluctuation model. In their analysis of electron
transport properties of perovskite oxide ferroelec-
trics in their cubic phases Wemple et al. %® have de-
duced that electron scattering in these materials
results from conduction-band-edge perturbations
induced by quasistatic polarization fluctuations.
This polarization potential scattering is analogous
to the deformation potential concept commonly em-
ployed to describe scattering by acoustic modes of
vibration. These authors also propose a simple
physical picture of polarization fluctuations consist-
ing of a three-dimensional array of needlelike clus-
ters which are essentially static when compared
with electron relaxation times or optical frequen-
cies. The needlelike shape arises from the strong
long-range dipolar forces that lead to intercell cor-
relation and ferroelectric behavior along (100) di-
rections and the much weaker short-range forces
normal to a polar axis which are involved in for-
mation of 180° domain walls. Based on the esti-
mated widths of 180° domain walls (4-20 A) and
the correlation length deduced by Yamada et al.
(20 10\), each fluctuation cluster is estimated to have
the approximate volume of V,~10* A%, Experimen-
tal evidence has been presented® 3*34 indicating
that this correlation volume is weakly temperature
dependent in the sense that no critical behavior
associated with the nearby phase transition is evi-
dent. This same conclusion was recently drawn by
Lines® in connection with effective field theories

of ferroelectricity as applied to LiTaO; and LiNbOs.
Lines incorporates strong intercell correlations
into his theory and is forced to conclude, using
both experimental data and theoretical arguments,
that the correlation volume is noncritical and
weakly temperature dependent even in the vicinity
of the phase transition. No microscopic theory
that would account for this behavior is presently
available.

Lacking a detailed theory of polarization fluctua-
tions involving anisotropic correlations, we resort
to the thermodynamic description that was used
previously in the analysis of the electron scattering
results. ® That is, we use the fluctuation-dissipa-
tion theorem and write the expression®®

(P* =kTe/V, , (11)

where (P2> is the mean square polarization fluctua-
tion averaged over the volume V,, €* is now the
clamped dielectric constant, and 27 is the thermal
energy. In a more detailed analysis it would be
necessary to know all the Fourier components of
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the fluctuation (i.e., its ¢ dependence); the ¢ depen-
dence of the interaction under consideration would
then be required, and finally integration over all

q vectors would lead to the final result. None of
these steps is possible at present, however, so that
we essentially use Eq. (11) to define a correlation
volume V,. It should be clear that V, is an experi-
mental quantity and is not necessarily the same as
the cube of the correlation length [, observed by
Yamada and Shirane.® Thus, these authors find
that 7, is critical, whereas we find that V_ is al-
most temperature independent and noncritical. The
difference, of course, is due to the fact that €* is
explicitly introduced into Eq. (11).

Returning now to the temperature dependence of
the band gap of BaTiOz shown in Fig. 10, we con-
sider the small deviations from linearity, A&, ob-
served within 150 °C of the transition temperature
in the cubic phase. Subtracting the linear extrapo-
lation given by the dotted line from the band gap
versus temperature curve, the results shown by
the dotted line in Fig. 12 are obtained. The solid
line in Fig. 11 is a plot of Eq. (11) normalized to
the value 15 at 7= T, for comparison with the A&,
results. We have assumed that V,=const and
the €* data were obtained from Ref. 12. The two
curves are in qualitative agreement, considering
the experimental errors in the band gap, the un-
certainties inherent in the linear extrapolation from
the high-temperature data, and the possibility of a
weakly temperature-dependent correlation volume.
The anomalous increase in the band gap above the
Curie temperature observed in BaTiOj; thus appears
to be attributable to coupling between polarization
fluctuations and the band edge via the polarization
potential interaction. The magnitude of the polar-
ization fluctuation-induced energy-band shift A&,
is also reasonable. To show this we substitute'®
€*=8000¢, and T=T,=405°K into Eq. (11). The
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FIG. 11. Polarization fluctuation contribution Aé’f to
the band-edge position in the cubic phase (---); normali-
zed prediction of fluctuation model given by Eq. (11)
(—); and normalized negative contribution An of polar-
jzation fluctuations to refractive index (=),
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result is
A8=(B°) (P?) =4x10°(B°)/V, meV, 12)

where (B°) is a spatially averaged clamped (zero
strain) polarization potential seen by a ray tra -
versing the crystal, and V_is the correlation vol-
ume in A%, Because the contribution of electro-
striction to the observed zero-stress band-edge po-
larization potential is not known, the value of (3°)
can only be estimated to be of the order of 1 eV m?/
C2. Taking® V,~5%10* A%, we then obtain at T="T,
the value A&,~20 meV in agreement with the ob-
served value of 15 meV. The magnitude agree-
ment should not be taken too seriously since (8°)

is not known precisely; however, the results show
that polarization fluctuations can account for both
the magnitude and temperature dependence of the
anomalous band-edge shift shown in Fig. 10

using “reasonable” values for the physical param-
eters. We point out also that the size of the aver-
age shift implies dynamic band-edge fluctuations
of at least 30 meV so that the electron scattering
mechanism suggested in Ref. 26 is given strong
support.

As pointed out in Sec. ITI, the polarization poten-
tial B;; — By, deduced from absorption measurements
in the tetragonal phase is significantly temperature
dependent whereas the EA results give a tempera-
ture-independent value of 8,;. We now suggest that
this apparent discrepancy may result from polar-
ization fluctuations associated with the tetragonal-
orthorhombic phase transition near 5°C. A fluc-
tuation-induced upward shift at room temperature
of approximately 40 meV is required to account for
the entire temperature dependence, and as noted
above, a shift of this magnitude is not unreason-
able. Unfortunately, a detailed theory of fluctua-
tions in an anisotropic dielectric is not available,
so the agreement cannot be made more quantitative
at the present time. In terms of our fluctuation
model, the EA results are understandable if the
applied field has a negligible influence on the fluc-
tuation contribution to the band-edge position. To
indicate the implications of this statement, we
write the following expression for the total band-
edge shift due to both the spontaneous polarization
P, and polarization fluctuations:

Ag=BP2+(BYRTE"/V (13)

Cc b
where we anticipate that the second term is approx-
imately 40 meV at room temperature. The incre-
mental shift in A8 can be obtained by differentiating
Eq. (13) with respect to the applied field-induced
polarization 6P. The result is

64 8/6P~2BP,+0. 045 In€*/5P . (14)



FIG. 12. Temperature depen-
dence of a-axis refractive index
in melt-grown crystals of BaTiOg
for A=5145A&. The fluctuation
contribution is given by the dif-
ference between the dashed and
solid lines.
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The second term in Eq. (14) is the fluctuation con-
tribution to the EA signal. This term may indeed
be small compared with the first term which is ap-
proximately 0.5, so that a temperature-independent
EA value of 8 may not be surprising. There are,
however, no reliable theoretical or experimental
values of 61n€*/5P on which to base a quantitative
argument.

D. Influence of Polarization Fluctuations on
Refractive Index

If, as suggested above, polarization fluctuations
above the Curie temperature raise the band edge
via the polarization potential interaction, then a
corresponding anomalous decvease should be ob-
served in the refractive-index temperature depen-
dence. Hofmann®? has in fact observed just such
an effect in flux-grown crystals and invoked polar-
ization fluctuations to account for the observation.
Recently, similar data'® have been obtained using
prisms of melt-grown BaTiO;. Results are shown
in Fig. 12. The linear decrease in refractive index
at high temperatures is of the same magnitude as
reported by Hofmann. Within 150 °C of the Curie
temperature, the refractive index falls below the
linear extrapolation and is essentially flat in the
immediate vicinity of 7. It is of interest to note
that the a-axis refractive index exhibits no change
at the transition (i.e., B;,=0). In Fig. 11 the dif-
ference, An, between the dashed and solid lines
shown in Fig. 12 is plotted as a function of temper-
ature for comparison with the band-edge shift re-
sults and the fluctuation theory. For purposes of
comparison the curve is normalized so that An
=15 at T=T,. The agreement is within the rather
large experimental uncertainties so that both the
upward shift in the band edge and the decrease in
the refractive index above the Curie temperature
appear to be related to the coupling of polarization
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fluctuations to the energy bands. The magnitude
of the anomalous refractive-index decrease (= 2.5
x10-% at T'=T,) can be qualitatively understood by
examining the corresponding upward shift in the
single-oscillator energy &, [see Eq. (10)] that de-
scribes the refractive-index dispersion. We find
that A8~ 20-30 meV compared with an upward
band-edge shift A8,~15 meV. The two shifts are
not expected to be equal since the “average” inter-
band polarization potential is generally higher, as
discussed earlier, than the band-edge value. We
conclude that the observed upward shifts A&, and
A&, are qualitatively consistent with one another,
but a more detailed comparison cannot be made at
the present time.

If there is a contribution to the refractive index
due to the influence of polarization fluctuations de-
scribed by Eq. (11), then application of crystal
strain can alter the refractive index through mod-
ification of the dielectric constant and thus the am-
plitude of polarization fluctuations. This fluctuation
contribution to the elasto-optic coefficients has been
computed recently®® and shown to contribute a mea-
surable temperature-dependent term. Cohen et
al. % have made a detailed analysis of elasto-optic
data in BaTiO; above T and report quantitative
agreement with the fluctuation theory using a value
V,~4.5x10* A%, Furthermore, the temperature
dependence of the elasto-optic coefficients reveals
that V, is essentially temperature independent and
noncritical, as suggested by both the electron scat-
tering® and band-edge shift results. Thus, all four
experiments, viz., electron scattering, band-edge
shift, refractive-index temperature dependence,
and photoelastic coefficient temperature dependence
support the view that polarization fluctuations are
large over an extended temperature range (~ 150 °C)
above T=T,, and that the correlation volume V,
is noncritical and has a value of 10*~10° A3, The
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physical meaning of this volume as well as its re-
lationship to the neutron and x-ray scattering re-
sults remains an open question.
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