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Infrared dispersion in SrTiO; at high temperature
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Infrared reflection spectra of strontium titanate are reported as obtained with a scanning inter-
ferometer from room temperature up to 1200 K. A fit of the factorized form of the dielectric
function to reflectivity data yields the temperature dependence of TO and LO frequencies,
dampings, and TO oscillator strengths. The soft TO mode is found to be coupled with the next
TO mode. A significant deviation of the soft-mode behavior from the Curie law is evidenced
above 400 K. The temperature dependence of the soft-mode damping is discussed.

I. INTRODUCTION

Two different theories!? were simultaneously
presented to explain the hardening of the ferroelec-
tric (FE) soft mode in strontium titanate. Chaves,
Barreto, and Ribeiro! developed a theory based on a
fourth-order anharmonic Hamiltonian which is re-
stricted to a strong coupling between the soft optical
mode and a transverse acoustic Fj, branch. Such a
coupling had been evidenced by neutron scattering
measurements.’ Earlier and in a more general way,
Cowley* evaluated ab initio the temperature depen-
dence of transverse-optical (TO) and longitudinal-
optical (LO) modes in SrTiO3;. This author found
that the major anharmonic contribution which yields
to the stabilization of the FE soft mode is that of the
fourth-order anharmonic Hamiltonian at the lowest
order. A similar theory for the mechanism of stabili-
zation of a FE soft mode in the paraelectric (PE)
phase of FE crystals was proposed by Silverman and
Joseph.” However, Migoni, Bilz, and Biuerle? con-
sidered that an unrealistic fourth-order parameter had
been used in Cowley’s calculations, and showed that
the behavior of the FE soft mode may be rather ex-
plained by the strongly anisotropic deformability of
the oxygen ions. Both groups of authors!? fitted
their model to the same set of experimental data ob-
tained from liquid-helium temperature up to 400 K
by neutron scattering,®’ electric-field-induced Raman
scattering,? and infrared reflectivity measurements.’
All data points for the soft-mode frequency squared
are approximately aligned and nearly obey a law of
the form

Q2=4(T-T,) (Y]

above 50 K, with T, near 32 K.! Deviations from
this law at low temperature, understood in term of

n

zero-point lattice fluctuations, were correctly fitted by
both models.""> However, while the fourth-order
anharmonicity"* yields a straight line according to Eq.
(1) above the Debye temperature, Migoni et al.2
found that the quantity 4 of Eq. (1) slightly de-
creases with increasing temperature. One of the pur-
poses of the present study was to obtain experimental
data at higher temperatures to see whether the devia-
tion from the law Eq. (1) is important or not, owing
to the consequences that such a deviation would im-
ply concerning the mechanism of the ferroelectricity.
We have, therefore, performed infrared reflectivity
measurements as a function of temperature via a new
technique —Fourier transform scanning interferom-
etry—which we have developed recently'? to study
other FE materials such as LiTaO;, LiNbOj;, BaTiO;,
and KNbO;.

II. INFRARED REFLECTION SPECTRA

Experimental conditions were detailed in Refs. 10
and 11. The temperature dependence of infrared re-

flectivity of strontium titanate, as obtained with a

Bruker IFS 113C scanning interferometer, is shown
in Fig. 1 from room temperature up to 1200 K. The
infrared reflection measured at room temperature
agrees reasonably well with previous measurements.'?
The evolution of the TO mode structure on heating
is displayed in Fig. 2 as obtained from a Kramers-
Kronig analysis of reflectivity data. The classical
dispersion theory is unable to fit the spectra of oxidic
perovskites.'?

For such wide band spectra, a model based on the
factorized form of the dielectric function
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FIG. 1. Infrared reflection spectra as a function of tem-
perature. Curves are the best fit to the model Eq. (2) to ex-
perimental data.
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FIG. 2. Temperature dependence of the imaginary part of
the dielectric function as obtained from a Kramers-Kronig
analysis.

where 10, 10, and y;o represent frequencies
and dampings of TO and LO modes, respectively,
first employed by Berreman and Unterwald'® and
developed to incorporate phonon self-energy effects
after some simplifying assumptions,!*~'¢ has been
successfully used to fit infrared reflection spectra of
crystals such as corundum AlL,0;,' rutile,'” and re-
duced rutile'®!? (taking account of LO phonon-
plasmon coupling). Justification for this product
form, therefore, will not be stated here again. More
interesting is to recall that infrared reflection spectra
of BaTiO; we had obtained at room temperature were
compared to Raman data,?® because 4 ;- and E-type
modes are both infrared and Raman active in the
tetragonal FE phase. It was shown that TO and LO
Raman peaks and linewidths entered in the factorized
form of the dielectric function Eq. (2) readily yield
the experimental infrared reflectivity. Merely, some
minor refinements of the parameters were necessary
to get the best fit.2 It seems therefore there is no
need to invoke off-diagonal coupling terms in the
phonon response matrix?' to describe such spectra.
Besides, excellent fits to BaTiO; spectra obtained in
the range 300—1400 K were reported recently and
coupling between the soft mode and the next TO
mode was confirmed to be very small.2?

Figure 1 shows that the model Eq. (2) again is suc-
cessful in fitting accurately infrared reflection spectra
of strontium titanate at all temperatures. Figure 3
shows an example of agreement between the dielec-
tric function which yields the best fit to reflectivity
data and that evaluated from a Kramers-Kronig
analysis. Transmission measurements were also per-
formed as a function of temperature and confirmed
the experimental results of Ref. 23.
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FIG. 3. Comparison between Kramers-Kronig analysis
(dots) and the dielectric function Eq. (2) which fits reflec-
tivity data.
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III. ANALYSIS OF THE DATA
A. Frequencies

The temperature dependence of TO and LO fre-
quencies deduced from the best fit to reflectivity data
is plotted in Fig. 4. Mode frequencies above 400
cm™! decrease smoothly with increasing temperature,
as commonly observed. Data for the soft-TO-mode
frequency agree with those reported previously at
temperatures lower than 400 K.5® The square of the
frequency of the lowest-energy modes is plotted in
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FIG. 4. Temperature dependence of optical frequencies.
Open and full circles are present TO- and LO-mode frequen-
cies. Other symbols are results taken from Refs. 6—8.
Heavy lines in the lower part of the figure represent a fit of
the model Eq. (3) to the data. Dashed lines are decoupled-
mode frequencies. Small lines are guide to eyes.
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FIG. 5. Temperature dependence of the square of fre-
quencies. The dashed line is an extrapolation of the Curie
law up to high temperature. The dash-dot curve is the
decoupled-soft-mode frequency squared. Same as legend to
Fig. 4 for other symbols. '

Fig. 5. An important deviation from the linear law is
found at high temperature. However, since the soft
mode nearly reaches the next polar mode and the
latter also increases with increasing temperature con-
trary to modes of higher energy, there are indications
of coupling between both modes. We have decou-
pled the system of both TO modes with the very sim-
ple formula?*

Qi=2(0+w) t5[(0;—w)2+4w2]2 , (3)

where Q4 and ) _ represent the experimental
coupled-mode frequencies shown in Fig. 4. After
making the approximation that the uncoupled-mode
frequency at 177 cm™ is temperature independent,
then good fit to Q4 and Q. data can be achieved
with the weak-coupling constant w =10 cm™! and the
decoupled-soft-mode frequency shown by a dashed
curve in Fig. 4. The significant deviation of the
decoupled-soft-mode frequency squared from the
linear regime above 500 K is thus unambiguously’
confirmed as shown in Fig. 5. This important result
will be discussed in the last section.

B. Oscillator strengths

The strengths of the three polar oscillators are de-

duced from the TO-LO splittings with the formula
Q}o— Qo Q20— Q1o

2
Qho k=) Q10— Qo

(Y]
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FIG. 6. Temperature dependence of TO oscillator
strengths.

Results are plotted in Fig. 6. It is clear that the
soft-mode oscillator strength carries nearly all the
contribution to the static dielectric constant and de-
creases on heating roughly according to the Curie
law. At the highest temperatures however there is a
beginning of intensity transfer with the next TO
mode, consistent with the coupling phenomenon.
Let us recall that the static dielectric constant?* 26
agrees with our result €(0) as calculated with Eq. (2),
or equally to €, + 21 Ag; at all temperatures within
experimental error.

C. Damping

The temperature dependence of the soft-TO-mode
damping is shown in Fig. 7 and that of all other
modes in Fig. 8. We will merely follow an approach
which was shown to be successful for the description
of the temperature dependence of phonon lifetimes
in crystals which do not-undergo structural phase
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FIG. 7. Dependence of the soft-mode damping vs tem-
perature. Triangles are Raman linewidths (Ref. 8). Circles
are present data. The curve is an attempt of fit of the
model Eq. (5) to damping data above room temperature.

transformations. The following model

y(T) =y, 0 {n[5Q,(D]+5) . ()
where
n(w)=expl(hw/kgT)—1]"" (6)

is the mean number of phonons, was shown to ex-
plain satisfactorily the temperature dependence of any
damping constant in common oxide crystals.!*!” The
model Eq. (5) is deduced from the imaginary part of
the phonon self-energy function?’ after some simpli-
fying assumptions. Cubic additive anharmonic
processes only are retained and the fact that the fre-
quencies in the combinations of two phonons which
relax the jth phonon are dispersed on both sides of
the frequency —;—Q ; to satisfy the energy conservation

law is merely taken into account. As might be ex-
pected on the other hand, this very simple model was
shown to be inadequate to fit the temperature depen-
dence of phonon linewidths near structural phase
transitions in crystals like quartz?® and lead phos-
phate.?? Fits of the model Eq. (5) to experimental
data are shown in Fig. 8. Such a result indicates that
in strontium titanate all mode but the soft-mode life-
times behave ‘“‘normally.”

Fleury and Worlock® focused attention on the fact
that their soft-mode Raman linewidths are very dif-
ferent from infrared dampings.’® At 85 K, for exam-
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FIG. 8. Temperature dependence of damping (dots). Full
lines are fit of the model Eq. (5) to the data.

ple, the Raman damping is found some 20 times
smaller than the infrared value. At room tempera-
ture, our infrared damping is found to be 27 cm™!
whereas the Raman linewidth is only 17 cm™.% It
could be thought that the higher value found from
our infrared reflectivity experiment is due to the
small penetration depth of the infrared radiation in
SrTiO; near the soft-mode resonance. The absorp-
tion coefficient indeed reaches the value ~ 40000
cm~! which yields a penetration depth much shorter
than 1 wm. Then a disorder induced by surface pol-
ishing could significantly increase the soft-mode
damping although we had taken the precaution to an-
neal the crystal at high temperature to regenerate the
surface altered by the polishing. The contribution of
surface disorder to the linewidth may be estimated to
be temperature independent. On the basis of the
data of Ref. 8, one could thus consider that the soft-
mode linewidth in the bulk would be some 10 cm™
lower than values found from surface measurements.
This is significant at room temperature and below,
but the discrepancy is only 15% at 1200 K, that is
near the usual experimental inaccuracy. It should be
emphasized however that in recent results in SrTiO;
at room temperature obtained by hyper-Raman
scattering,3! 24 cm™! is reported for the soft-mode
damping, thus in close agreement with our value.
More generally, our TO- and LO-mode linewidths
and frequencies agree with the data of Ref. 31 ob-
tained from measurements in the bulk.

It could be thought that coupling with the TO

mode at 175 cm™! would yield a transfer of damping
between both modes, as well as for the oscillator
strengths (Fig. 6). It seems however that this effect
is still weak at 1200 K since the temperature depen-
dence of TO-175-cm™'- and LO-172-cm™'-mode
dampings do not display any anomaly at high tem-
perature (Fig. 8). This is likely so because both un-
coupled modes have not yet crossed each other at
1200 K (Fig. 4). Let us merely note in passing that
the model Eq. (5) is also able to fit the temperature
dependence of present soft-mode infrared damping
reasonably well. In this temperature range, the soft-
mode frequency increases from 89 up to 162 cm™".
But, as might be expected, the model becomes inade-
quate if the phonon decay channels are completely
modified when the mode shifts up considerably as it
is the case in strontium titanate. Thus, irrespective
of the possible systematic ‘‘errors’’ due to surface al-
terations and mode coupling—taking account of the
fact that both effects would lower the observed
damping —the unambiguous change of slope of the
soft-mode damping profile on increasing temperature
is ascribed to changes of phonon decay channels con-
sistent with the fact that the phonon energy is in-
creased by a factor 3.3 from 110 up to 1200 K.

IV. DISCUSSION

The behavior shown in Fig. 4 indicates that the
soft-mode frequency does not increase indefinitely
but rather would tend towards a frequency which
constitutes the limit of stability. We thus confirm the
hypothesis put forward to explain the behavior of the
static dielectric constant at high temperature which
was fitted to a modified Curie-Weiss law.?

We would like to discuss the results of the calcula-
tions of Cowley* which predict the temperature
dependence of TO and LO phonon frequencies and
their linewidths from 100 to 400 K. It was found
that all frequencies increase with increasing tempera-
ture. If this behavior is experimentally verified for
the two lowest-frequency TO modes and the inter-
mediate LO mode—although less marked for the
modes at 172 and 175 cm™! than predicted theo-
retically—a marked decrease of the three other mode
frequencies is observed contrary to theoretical predic-
tions. Therefore, since the only positive contribution
to the real part of the phonon self-energy (which
causes the frequency shift) is the lowest-order
fourth-order anharmonicity, it seems that a too large
fourth-order parameter had been used in Cowley’s
calculations, as emphasized by Migoni et al.> But if
this parameter is reduced to account for the tempera-
ture dependence of high-frequency modes, then
fourth-order anharmonicity alone becomes insuffi-
cient to explain the stabilization of the soft mode



5506 J. L. SERVOIN, Y. LUSPIN, AND F. GERVAIS 22

within Cowley’s model approximation. Of course,
higher-order anharmonic interactions could be in-
voked to explain the deviation from the linear law.
Such contributions, which were not taken into ac-
count in the calculations of Refs. 1 and 4 indeed yield
a temperature dependence of the form 7% with a =2
above the Debye temperature. Most of them have a
negative sign. But the problem that the fourth-order
anharmonic parameter should be further increased in
order that the addition of negative higher-order terms
would yield a resulting profile which would fit experi-
mental data remains raised. On the other hand,
present experimental results seem to support the oth-

er theory based on the strong anisotropy of the oxy-
gen polarizability as proposed by Migoni et al.?
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