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Temperature-Induced Changes of the Electronic Structure of Ferroelectric LiTaO,
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A 8Ty MGssbauer study of LiTaOj in the temperature range from 4.2 to 1050 K reveals
temperature-induced changes of the electronic structure. Both the electric-field-gradient
tensor and the total electron density at the nucleus exhibit dramatic temperature depend-
ences. The latter reflects a charge transfer from the neighboring O ions to the central
Ta ion increasing nonlinearly with temperature, an effect that has been postulated theo-
retically on the basis of a nonlinear anisotropic polarizability of the O ion.

PACS numbers: 77.80.Bh, 76.80.+y

It was recently pointed out that the origin of
ferroelectricity in the ABO, perovskites is due
to a strongly anisotropic polarizability of the
oxygen ion.! A nonlinear shell-model theory
based on this assumption could in fact quantita-
tively explain the temperature dependence of the
ferroelectric soft mode and related properties.
It was further suggested that the unusual aniso-
tropic polarizability of oxygen is due to a dynam-
ical hybridization of the oxygen p states with d
states of the transition-metal B ion.? With in-
creasing temperature this should lead to a trans-
fer of charge from the oxygen p states to d states
of the transition-metal ion.

In the present Letter we show that the high-
resolution 6.2-keV nuclear y resonance of ®Ta
allows a quantitative study of this effect. As was
realized previously,® the isomer shift of this
nuclear y resonance has a rather unique sensi-
tivity to small changes of the electronic struc-
ture. Effects like the one discussed here could
therefore not be detected in previous Mossbauer
studies of ferroelectric systems employing
mostly the *"Fe y resonance.*

An ideal ABO, system to study with '®Ta Mdss-
bauer spectroscopy is given by LiTaO,, which
has a ferroelectric Curie point of 7'(=906 K. We
find that the isomer shift S increases explicitly
with temperature in a nonlinear way, in agree-
ment with the theoretically predicted O-p to Ta-d
charge transfer. In addition, the main compo-
nent of the electric-field-gradient (EFG) tensor
at the '®Ta nucleus changes drastically with
temperature, which can be quantitatively ac-
counted for on the basis of the known structural
changes of LiTaO,; with temperature. The ob-
served nonvanishing asymmetry parameter 7,

however, cannot be explained with the known
structure of LiTaO, alone.

The Mossbauer transmission experiments were
performed on a 5-mg/cm?-thick polycrystalline
LiTaO, absorber, using a single-line source of
18w diffused into a single crystal of tungsten.
The absorber, prepared by sedimentating the
finely powdered substance onto a Be disk, could
be heated up to 1100 K in a resistively heated
high-vacuum furnace or cooled to 4.2 K in a
liquid-helium cryostat. The rest of the setup
used was quite standard, employing sinusoidal
source motion and an Ar-5%Kr proportional
counter for v-ray detection.

Representative spectra of LiTaO, at various
temperatures are shown in Fig. 1. They are split
into nineteen partly overlapping resonance lines
due to electric-quadrupole splitting of the & -
£ nuclear transition® and yield both magnitude
and sign of the main component V,, and the asym-
metry parameter 7 of the EFG tensor. Figure 1
clearly shows the dramatic temperature depen-
dence of the EFG tensor, with a change in sign
of V,, occurring around 800 K. The resonance
spectra were least-squares fitted to a superpo-
sition of dispersion-modified Lorentzian lines?
yielding V,,, n, and S as the main fit parameters.

The least-squares-fit results for V,, and n are
plotted in Fig. 2 (solid circles connected by solid
lines). The open circles represent the results of
a previous nuclear-quadrupole resonance study
of LiTaO, at room temperature and below.” As
is obvious from Fig. 2(a), V,, varies from about
3x10'7 to about — 2x10'” V/cm? when the tempera-
ture is raised from 4.2 K to =~1000 K, with a
sign change occurring around 800 K (indicated by
a horizontal arrow).
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FIG. 1. '¥Ta Mossbauer transmission spectra of
LiTaO; as a function of temperature. The solid lines
represent the results of the least-squares analysis.

In order to clarify the origin of the relative
variation of V,, with temperature, point-charge
EFG- calculations were performed with the method
of de Wette® and with use of the well-known in-
teratomic displacements in ferroelectric LiTaO,
as a function of temperature.® The dashed line
in Fig. 2(a) represents the results of this calcula-
tion, employing a lattice Sternheimer factor of
(1 -y.) =60 and effective charges as in Ref. 10.
The agreement with the experimental data is very
satisfactory, especially with the sign change be-
ing reproduced at the right temperature. In order
to discuss the effect of the ferroelectric displace-
ment of the Ta ion, z1,(T), on the EFG tensor,
the results of two further calculations are in-
cluded in Fig. 2(a). The dash-dotted curve was
obtained under the assumption that z,(T)=0 and
with use of the actual lattice expansion with
temperature. The dotted curve, on the other
hand, represents the results of a calculation with
the actual z 1, (7), but assuming that the unit cell
does not change with temperature. These model
calculations show that there are two main con-
tributions to the EFG in LiTaO,: a weakly tem-
perature-dependent negative one due to the hexag-
onal lattice, and a strongly temperature-depend-
ent positive contribution due to the ferroelectric
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FIG. 2. Temperature dependence of the electric-field-
gradient tensor at the Ta site in LiTaO;: (a) main com-
ponent V,,, (b) asymmetry parameter 7. Solid lines,
experiment; dashed line, result of point-charge calcula-
tion for V,,. Dash-dotted line, theoretical result with-
out ferroelectric displacement; dotted line, theoretical
result with ferroelectric displacement but constant
volume.

displacement 21, (T). Above T, the second con-
tribution is expected to vanish. The experimental
results above T, however, indicate dynamical
contributions to V,, as caused, e.g., by struc-
tural fluctuations of the Li ions.® This latter
aspect can be clarified further when more data
above T, become available.

It is obvious from Fig. 2(b) that the asymmetry
parameter 7 is unequal to O in the whole ferro-
electric region, where the increase of n around
800 K is caused by the zero crossing of V,, and
not connected with T,. Our room-temperature
result for n (7=0.09+ 0.03) is in good agreement
with that of Ref. 7 (n=0.08). Neutron and x-ray
diffraction measurements,® however, have shown
that the structure of LiTaO, can be described by
the space group R3c (or R3c) in the paraelectric
(or ferroelectric) region. An axially symmetric
EFG tensor with =0 is therefore expected in
both regions. It is presently not clear whether
static or dynamic effects are causing the observed
nonaxiality of the EFG tensor, since a rather
small distortion of the O octahedron in the ferro-
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electric phase would be sufficient. On the other
hand, dynamic contributions due to anisotropic
thermal vibrations of the O neighbors® could also
account for the observed effect.

The temperature dependence of the line shift S
of the resonance spectrum (relative to a W
source) is plotted in Fig. 3 (solid points and solid
curve). We may write S=Sgp+Sg, Where Sgop
represents the second-order Doppler shift and
Sis the isomer shift [due to differences in the total
electron density p(0) at the '*'Ta nucleus]. Above
room temperature, the temperature dependence
of Sgop is approximately given by (0Ssop/97)s
~—2.3%X10"* mm/s*deg (Ref. 3) (indicated by the
dotted line in Fig. 3), while the slopes (0S/6T)p
of the experimental curve are +(32+5)X 10" mm/
s-deg at 300 K and +(62+ 5)x10"* mm/s- deg at
1000 K, respectively. Accordingly, the observed
temperature-induced line shifts are 14 to 27 times
larger and of opposite sign than the second-order
Doppler shift. Therefore, the dominant contri-
bution to 8S/3T stems from a strongly nonlinear
variation of p(0) with temperature. Since the
change of the mean-squared nuclear charge ra-
dius is negative for the 6.2-keV y transition of
18lTa,!! the observed increase of the isomer shift
with temperature corresponds to a decrease of
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FIG. 3. Variation of the line shift S of the *'Ta reso-
nance spectrum with temperature. The line shift as a
function of temperature (relative to 300 K) is decom-
posed in three main contributions. Dotted line, thermal
redshift Ssop; short-dashed line, volume-dependent
part SISV; dash-dotted line, explicitly temperature-
dependent contribution S;sT. The long-dashed line rep-
resents the line shift at 300 K and serves as a guide-
line to the eye.
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p(0).
There are two contributions to the temperature-
induced change of the isomer shift

Sis @) =S15" () +S157(T). (1)

The first term in Eq. (1) represents the implicit
variation due to volume expansion

(8S1s¥/aT)p=(8S;5/0 InV) (3 InV /aT) p, (2)

while the second term describes an explicit tem-
perature dependence at constant volume caused
by a change of the local electronic structure of
the Ta ion with temperature. A quantitative
separation of S;s(7') into the two contributions of
Eq. (1) requires a knowledge of the volume de-
pendence of the isomer shift, (8S;s5/8 InV),, which
can be obtained from high-pressure experiments.
Since such data are presently not available for
LiTaO, we estimate (8S;5/d InV),= 100 mm/s~ deg
for LiTaQ, from the result for Ta metal (135 mm/
s+deg)'? and from systematics of (8S;5/d InV),
values for other metallic and nonmetallic com-
pounds of transition elements.'® Using this value
and the known temperature dependence of the
unit-cell volume of LiTaOQ,,° the dashed curve in
Fig. 3 is obtained for S;s" (T'). The explicit tem-
perature dependence of the isomer shift, S;s7(T),
which is equal to the difference between the ex-
perimental points and the sum of Ssop(T) +S;s" (T'),
is given by the dash-dotted curve in Fig. 3. It
corresponds to a strongly nonlinear decrease of
p(0) explicitly with temperature, as caused, e.g.,
by a transfer of charge from O-p states tod
states of the central Ta ion. An increase in the
population of Ta-5d orbitals will cause a decrease
of p(0) due to an increased screening effect.!!
This is exactly the mechanism postulated by the
theory of Bilz and co-workers.*? For a more
quantitative comparison with the theoretical pre-
dictions, high-pressure experiments on LiTaO,
are in progress.
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We present experimental measurements of the resonance of the large intensity depen-
dence of refractive index in InSb near the band-gap energy at 77 K and derive a semi-
empirical theory for this effect which fits the measurements well, both in absolute mag-
nitude and wavelength dependence, using only measurable parameters. The size of the
effect in other nondegenerate direct—band-gap ITI-V compound semiconductors and at

other temperatures is predicted.

PACS numbers: 78.90.+t, 42.65.Gv

Direct-narrow-gap semiconductors present
unique situations which give large optical satura-
tion effects in solids at low powers, particularly
in the region near the band-gap energy where the
effective optical matrix element for direct transi-
tions is large and the density-of-states changes
rapidly whence such saturation leads both to non-
linear absorption and to a strong intensity depen-
dence of refractive index. We have observed this
nonlinear refraction at 77 K in the semiconductor
InSb obtaining dn/dI=n, as high as 1 cm?®/kW
[equivalent to an effective degenerate x(s)(w HOR
-w,w) of ~1.0 esu]. This effect has already
proved to be the important mechanism in the ob-
servation of optical bistability,”? optical transis-
tor action,®* and degenerate four-wave mixing*
thus demonstrating nonlinear optical devices op-
erating at milliwatt powers.

In this paper, we present the first measure-
ments of the resonance of nonlinear refraction
(n,) in the semiconductor InSb near its optical
band gap at 77 K under which conditions nonde-
generate (Boltzmann) statistics prevail. A semi-
empirical model is derived which uses only meas-
urable parameters and predicts the size and sign
of nonlinear refraction due to saturation and the
frequency dependence of its resonance for nonde-

generate direct—band-gap III-V compound semi-
conductors in general when excitonic effects are
negligible; this is compared with the experimen-
tal results.

Existing models which have been proposed for
band-gap-resonant nonlinear refraction have ei-
ther adopted a full-density-matrix approach®®
leading to adjustable parameters (e.g., T,) which
are difficult to explain and measure, or have been
restricted to low temperatures (dynamic Burstein-
Moss shift)>?; in no case has it been possible to
explain the detailed resonance of n,. The present
theory is one extreme limit of the density-matrix
approach, with intraband relaxation being suffi-
ciently strong to thermalize the carrier distribu-
tion in times much less than the recombination
time. For these thermal distributions, the sim-
ple Kramers-Kronig relations, not generally
valid for nonlinear optical processes,® are again
applicable because the quantum-mechanical phas-
es of the carriers have been randomized by the
thermalizing collisions. The theory rests on the
following mechanism:

(i) A fraction of optical absorption in the semi-
conductor at the photon energy of interest (which
may be below the band gap) results in the crea-
tion of free electrons and holes in the semicon-
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