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Brillouin-scattering study of the broad doublet in isotopically exchanged SrTiO3
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A comparative Brillouin-scattering study of the broad doublet and acoustic phonons in isotopically substi-
tuted SrTi(18O12x

16Ox)3 and ‘‘pure’’ SrTi16O3 crystals is presented. The acoustic-phonon frequency is found to
decrease as a result of the substitution, but the doublet spectra above 20 K show no obvious differences. The
results are examined in connection with the second-sound interpretation of the doublet. Influence of the phase
transition on the doublet spectra is discussed.
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Strontium titanate (SrTiO3) is a typical example of quan
tum paraelectrics~QPE!, failing to undergo a ferroelectric
phase transition at low temperature.1 Its low-temperature be
havior has become a recent topic of great interest prom
by the discoveries of a large number of novel anomal
including the most remarkable appearance of a new br
doublet component in light-scattering spectra.2–5 The origin
of the doublet has been discussed in terms of the sec
sound,3,6 optical-mode crossing,7,8 and two phonon differ-
ence scattering,9 however, a closer investigation of the do
blet is needed to corroborate its possible explanation.
and co-workers have recently found that isotopically mo
fied SrTi(18O12x

16Ox)3, where oxygens are exchanged f
their heavier isotopes, exhibits ferroelectric behavio10

Light-scattering studies have already begun making con
butions to the understanding of the ferroelectric phase t
sition in SrTi(18O12x

16Ox)3, revealing several low-
temperature acoustic anomalies.11,12

In the present work, we will focus on the effects of th
isotopic substitution on the broad doublet spectra. Introd
tion of the 18O isotope into SrTiO3 crystal increases the mas
disorder of oxygen atoms and the rate of the phon
impurity scattering, an unfavorable condition for the seco
sound propagation. An investigation of the doublet in t
isotopically substituted crystal can serve as a good test
help clarify the origin of the doublet. In addition, the so
phonon frequency changes largely with temperature near
ferroelectric phase transition. The behavior of the broad d
blet near the phase transition can contribute to its more c
prehensive understanding. In this study, we have investig
the doublet in SrTi(18O12x

16Ox)3 using high-resolution Bril-
louin scattering and examined its temperature dependen

Brillouin-scattering experiments were performed
Verneuli-grown single-crystal cubic samples, 33333 mm
for SrTi(18O12x

16Ox)3 ~hereafter STO18! and 53535 mm
for SrTi16O3 ~hereafter STO16!. The final exchange ratio o
the 18O isotope was 40.3%. Details of the sample prepara
are given elsewhere.10 The crystal faces were perpendicul
0163-1829/2002/65~17!/172102~4!/$20.00 65 1721
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to the @11̄0# direction and at 45° to the@001# and @110#
directions. This orientation has enabled us to observe
light-scattering spectra in the 90° scattering geometry w
the scattering vectorQi@001# and i@110#, and with slight

uniaxial pressure to the cubic@11̄0# direction in the entire
temperature range, which makes thec axis of the tetragona
domains formed below cubic-to-tetragonal phase-transi
temperature prefer the orientation in the@001# direction. The
sample was mounted in a closed-cycle He-gas refrigera
Brillouin-scattering measurements were carried out in
temperature range from 300 K to 7 K with the stability
within 0.05 K. A highly mode-hop supressed and frequen
jitter stabilized vertically polarized longitudinal single mod
Ar1-ion laser~spectral width within 2 MHz! operated atl
5514.5 nm with intensity stabilization was used as a lig
source. The measurements were made using a Sander
type six-pass tandem Fabry-Perot interferometer with
finesse of more than 100.

Figure 1~a! shows the temperature dependence of
Brillouin-scattering spectra of STO18 with the scatteri
vector Qi@001#. The broad doublet peak around 20 GHz
clearly seen in the spectra at 29.0 and 24.8 K. Thec33 lon-
gitudinal ~LA ! and c44 transverse~TA! acoustic modes are
observed at around 53 and 28 GHz, respectively. In Fig
these peaks are off-scaled to emphasize the central com
nent. The peaks around 75 GHz are instrumental ghosts
the spectra at 88.5 K and 53.8 K, an intense broad cen
component is observed. With decreasing temperature, th
tensity of the central component decreases and the dou
feature is found in the spectra below 40 K.

In the spectra taken withQi@110#, the intensity of the
central component decreases with decreasing tempera
similar to the spectra withQi@001#, however, the doublet is
not observed in this direction and the central peak show
plateaulike shape between the stokes and antistokes TA m
frequencies@Fig. 1~b!#. This anisotropy is consistent with
results reported for SrTiO3 and is attributed to the antiphas
boundaries formed below the cubic-to-tetragonal ph
©2002 The American Physical Society02-1
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transition.3 The trailing foot of the LA modes in the high
frequency sides is not observed in this direction, in contr
with Fig. 1~a!, suggesting anisotropic nature of the bro
central component.

Figure 2 shows the Brillouin-scattering spectra of STO
at various temperatures taken with~a! Qi@001# and ~b!
Qi@110#. The doublet feature appears with decreasing te
perature at around 40 K in theQi@001# configuration and the
plateaulike spectra are observed withQi@110#. These

FIG. 1. Temperature dependence of the light-scattering spe
of STO18 above 20 K taken with~a! Qi@001# and ~b! Qi@110#,
whereQ is the scattering vector.

FIG. 2. Temperature dependence of the light-scattering spe
of STO16 taken with~a! Qi@001# and ~b! Qi@110#.
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temperature-dependent spectral features found for ST
agree with the previous studies.3 The temperature depen
dence of the spectra in Fig. 2 does not show significant
ferences from the STO18 spectra above 20 K. Below 20
new features appear in the spectra of STO18 as a result o
ferroelectric phase transition, as will be discussed later.
us now focus on the effects of the isotopic substitution ab
20 K.

For a quantitative analysis of the doublet spectra
damped oscillator model was employed, which describes
line shape of the doublet as

I ~v!5
I D

p

vD
2 GD

~v22vD
2 !21~vGD!2

, ~1!

whereI D , GD , andvD are the integrated intensity, dampin
constant and frequency shift of the doublet, respectively. T
broad central peak13 and a broad background originated fro
the soft ferroelectricEu mode3 were also included in the
fitting, similarly to the previous works.3,5 The soft ferroelec-
tric Eu modes are Raman inactive from the symmetry co
siderations in the tetragonal phase, however, they are o
observed in the quantum paraelectric regime.3,14 The spectral
shape of the doublet has been fitted reasonably well with
damped oscillator function.

Figure 3 shows the temperature dependence of the
quency shift obtained from the fitting. Both STO16 an
STO18 have similar frequency values in this temperat
range, although STO18 has slightly larger frequency sh
and the frequency decreases with temperature. It has b
reported that the frequency of the doublet,vD , shows an
acoustic-mode-like dispersion relation,vD5vDQ, wherevD

is effective velocity andQ is scattering vector.3 The effective
velocities were estimated to be 2778 m/s for STO18 a
2657 m/s for STO16 at 25 K. They are slightly smaller th
previously reported values,3 possibly due to crystal differ-
ences. In the present study, both crystals were obtained f
the same source.

Figure 4 shows the temperature dependence of
acoustic-mode frequencies for both STO16 and STO18. F
quency shifts were measured in the 90° scattering confi
ration with theQ vector parallel toc axis. Bothc33 andc44

tra

tra

FIG. 3. Temperature dependence of the doublet frequency s
for STO18 and STO16.
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mode frequencies in STO18 show smaller values below
phase-transition temperature. For example, at 27 K, thec33
frequency shifts for STO16 and STO18 are 54.0 and 5
GHz, respectively, and thec44 frequency shifts are 28.3 an
27.8 GHz, respectively. The ratio of the acoustic-mode f
quencies for STO18 and STO16 is about 1.02 for bothc33
andc44 modes. It has been reported that the lattice const
for STO16 and STO18 in the tetragonal phase show no
ferences within experimental error.10 The density ratio for
STO16 and STO18 can be estimated and the expe
change of the frequency shifts ofc33 andc44 modes can be
obtained asv16/v185(r18/r16)

1/2.1.01. Similarly, the ratio
of the acoustic-mode frequencies is 1.01 for bothc33 andc44
modes at 45 K. The observed changes of the acoustic-m
frequency are of the same magnitude as expected from
density changes. The small temperature dependence o
ratio can be a result of the temperature-dependent diele
constants.

Figure 5 shows the polarization dependence of the dou
in STO18 at 27 K. Both the doublet and the central peak
background components have stronger polarized com
nents. The depolarization ratio for the doublet is about 10
for STO18 from the fitting analysis. The high-frequency t
of the LA mode peak shows the trailing feature in VV co
figuration similar to STO16, which is attributed to the co
pling between the doublet and LA phonon mode.3

FIG. 4. Temperature dependence of the frequency shifts of
c33 andc44 acoustic modes for STO18 and STO16.

FIG. 5. Polarization dependence of the light-scattering spe
of the broad doublet in STO18. VV indicates vertical polarization
both incident and scattered light, VH indicates vertical polarizat
of incident light and horizontal polarization of scattered light w
respect to the scattering plane.
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The second-sound velocity,v II , of the multiple-polarized-
phonon gas in the Debye approximation is expressed
terms of the sound velocities as

v II
25

1

3 (
l

vl
23S (

l
vl

25D 21

, ~2!

where vl (l5t1 , t2 , or l ) is the sound velocity of each
acoustic branch~two transverse modes and longitudin
acoustic mode, respectively!.15

The second-sound velocities obtained from Eq.~2! are
2475 m/s for STO16 and 2385 m/s for STO18, and
change expected from the isotopic substitution is the
proximately 4% decrease. The experimental values ofvD
obtained from the doublet frequencies are slightly sma
than those estimated from Eq.~2! and they increase, instea
of decreasing, by 4%. On the other hand, the acoustic-m
frequencies decrease as a result of the substitution owin
the increase in density, as was discussed previously.

For the second-sound propagation, a weakly damped t
perature wave,16 the ‘‘window condition’’ given by
tU

21 ,t I
21!vD!tN

21 has to be satisfied, wheretU
21 , tN

21 ,
andt I

21 are the rates for the umklapp and normal process
and phonon-impurity scattering. Gurevich and Tagant
have shown that in ferroelectric crystals with the soft opti
phonons in the low-frequency region, the interaction b
tween the acoustic phonons and anharmonic soft opt
phonons enhances the rate of the normal collision proc
and makes the upper limit of the window conditiontN

21

higher than in ordinary dielectric crystals.16 Substituting the
18O isotope into SrTiO3 crystal increases the mass disord
of oxygen atoms and increases the rate of isotope scatte
of phonons, thus the lower limit of the window conditio

e

ra
f
n FIG. 6. Temperature dependence of the light-scattering spe
of STO18 near the ferroelectric phase-transition pointTC with ~a!
Qi@001# and ~b! Qi@110#.
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BRIEF REPORTS PHYSICAL REVIEW B 65 172102
increases. If the lower limit becomes as high as the hig
limit ( tN

21), the window will no longer be open and ther
will be no second-sound propagation. The doublet spe
are expected to change significantly if it is second sou
However, our experimental results do not show such effe
of the isotopic substitution.

Figure 6 shows the temperature dependence of the dou
spectra of STO18 near the ferroelectric phase-transition t
perature~12 K!. In this temperature region, the intensity
the spectra observed for STO18 increases with decrea
temperature, in contrast to the spectra observed above 2
for both STO18 and STIO16. In the central peak region, n
features appear in the spectra in addition to the doublet c
ponent @Fig. 6~a!#. The spectra show anomalous behav
near the phase transition. The spectral shape shows a
toropy and different character in the two directions of t
scattering vectorQ. No such behavior was observed in th
spectra of STO16. WithQi@001#, the broad doublet feature
is clearly seen down to 17 K, where the intensity of t
spectra in the high-frequency region shows anomalous
o

a

e

Y

.
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havior, indicating that the low-frequency optical-phon
spectrum is changing with temperature. The frequency
intensity of the doublet are not affected by the phase tra
tion in this temperature region. The doublet spectra should
largely affected by the frequency changes of the lo
frequency optical phonons in the second-sound scen
since the interaction between the acoustic and soft o
phonons governs the higher limit of the window condition16

This relative unresponsiveness of the spectral shape to
soft mode frequency was also observed in STO16 un
electric field.5 With Qi@001#, the intensity and line shape o
the central part of the spectra~plateaulike part between th
TA modes! show no obvious changes down to 17 K, wh
the acoustic peak shape changes in the same temper
region.

In conclusion, the elucidation of the Brillouin-scatterin
spectra of STO18 and STO16 has revealed new feature
the broad doublet. The results do not support the seco
sound interpretation of the doublet, providing experimen
incentive for further study of its origin.
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