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Brillouin-scattering study of the broad doublet in isotopically exchanged SrTiQ
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A comparative Brillouin-scattering study of the broad doublet and acoustic phonons in isotopically substi-
tuted SrTi¢0,; _,10,) 5 and “pure” SrTit®0; 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 (SrTig) is a typical example of quan- o the [110] direction and at 45° to thg001] and [110]
tum paraelectric¥QPB, failing to undergo a ferroelectric djrections. This orientation has enabled us to observe the
phase transition at low temperaturts low-temperature be- Jight-scattering spectra in the 90° scattering geometry with
havior has become a recent topic of great interest prompteghe scattering vecto|[001] and [[110], and with slight
.by thg discoveries of a large number of novel anomalies niaxial pressure to the cubjd 10] direction in the entire
including the most (emarkable appearance of a new bro mperature range, which makes thexis of the tetragonal
doublet component in light-scattering spectraThe origin domains formed below cubic-to-tetragonal phase-transition

of thgsg"”b!e‘ lhasdbeen d'chgssedd n terrrrl]s of th;ﬁsecor} mperature prefer the orientation in fft®1] direction. The
sound, ?tptllca@-r:no N cr035||n > an tV\;p pt ono?thl Zr' sample was mounted in a closed-cycle He-gas refrigerator.
ence scatteringnowever, a closer investigation ot the dou- Brillouin-scattering measurements were carried out in the

blet is needed to corroborate its possible explanation. ItOtPemperature range from 300 Ko t7 K with the stability

and co-workers have recently found that isotopically mOdi'within 0.05 K. A highlv mode-hob supressed and frequency-
fied SrTi(*®0,_,%%0,);, where oxygens are exchanged for ' - A ighYy b sup 5 y

. X o . jitter stabilized vertically polarized longitudinal single mode
their heavier isotopes, exhibits ferroelectric beha¥for. J yp g g

) Ar*-ion laser(spectral width within 2 MH} operated ai
Light-scattering studies have already begun making contri-_ (Sp £.0p

. . . =514.5 nm with intensity stabilization was used as a light
butions to the understanding of the ferroelectric phase trans-Ource The measurements were made using a Sandercock-
siion in SrTi(®0,_,%0,);, revealing several low- '

; ; type six-pass tandem Fabry-Perot interferometer with the

temperature acoustic anomalfés? finesse of more than 100

In the present work, we will focus on the effects of the Figure Xa) shows the temperature dependence of the
isotopic substitution on the broad doublet spectra. '”trOdUCBriIIouin-scattering spectra of STO18 with the scattering
tion of the 180 isotope into SrTi@ crystal increases the mass vector Q||[001]. The broad doublet peak around 20 GHz is
disorder of oxygen atoms and the rate of the phonongiearly seen in the spectra at 29.0 and 24.8 K. Thelon-
impurity scattering, an unfavorable condition for the secondgitudina| (LA) and ¢y, transversgTA) acoustic modes are
sound propagation. An investigation of the doublet in thephserved at around 53 and 28 GHz, respectively. In Fig. 1,
isotopically substituted crystal can serve as a good test anflese peaks are off-scaled to emphasize the central compo-
help clarify the origin of the doublet. In addition, the soft nent. The peaks around 75 GHz are instrumental ghosts. In
phonon frequency changes largely with temperature near thtae spectra at 88.5 K and 53.8 K, an intense broad central
ferroelectric phase transition. The behavior of the broad doueomponent is observed. With decreasing temperature, the in-
blet near the phase transition can contribute to its more contensity of the central component decreases and the doublet
prehensive understanding. In this study, we have investigateféature is found in the spectra below 40 K.
the doublet in SrTit®0, _,*%0,) 5 using high-resolution Bril- In the spectra taken witlQ|[110], the intensity of the
louin scattering and examined its temperature dependencecentral component decreases with decreasing temperature

Brillouin-scattering experiments were performed onsimilar to the spectra witkQ|/[ 001], however, the doublet is
Verneuli-grown single-crystal cubic samplesx3xX3 mm  not observed in this direction and the central peak shows a
for SrTi(*%0,_,1%0,)5 (hereafter STO1Band 5<5xX5 mm  plateaulike shape between the stokes and antistokes TA mode
for SrTi*%0; (hereafter STO16 The final exchange ratio of frequencies[Fig. 1(b)]. This anisotropy is consistent with
the 180 isotope was 40.3%. Details of the sample preparatiomesults reported for SrTiQand is attributed to the antiphase
are given elsewher¥.The crystal faces were perpendicular boundaries formed below the cubic-to-tetragonal phase
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R \ L temperature-dependent spectral features found for STO16
. t agree with the previous studi@sThe temperature depen-
100 0 5 =0 700 dence of the spectra in Fig. 2 does not show significant dif-

. ferences from the STO18 spectra above 20 K. Below 20 K,
Frequency Shift (GHz) new features appear in the spectra of STO18 as a result of the
FIG. 1. Temperature dependence of the light-scattering spectr&l’l’OE'GCtriC phase transition, as will be discussed later. Let
of STO18 above 20 K taken witte) Q|[[001] and (b) Q|[[110],  us now focus on the effects of the isotopic substitution above
whereQ is the scattering vector. 20 K.

For a quantitative analysis of the doublet spectra, a
transition® The trailing foot of the LA modes in the high- Qamped oscillator model was employed, which describes the
frequency sides is not observed in this direction, in contra:slfne shape of the doublet as
with Fig. 1(a), suggesting anisotropic nature of the broad

central component. Io w%FD
Figure 2 shows the Brillouin-scattering spectra of STO16 l(w)=— > 32 5 1)
at various temperatures taken with) Q|/[001] and (b) T (0"~ wp)™+(wl'p)

Q|[110Q]. The doublet feature appears with decreasing tem-
perature at around 40 K in th@][ 001] configuration and the wherel, I'p, andwp are the integrated intensity, damping
plateaulike spectra are observed witQ|[110]. These constant and frequency shift of the doublet, respectively. The
broad central pedRk and a broad background originated from

, the soft ferroelectricE, modé were also included in the

a fitting, similarly to the previous work3> The soft ferroelec-
tric E, modes are Raman inactive from the symmetry con-
siderations in the tetragonal phase, however, they are often
observed in the quantum paraelectric regiiti&The spectral
shape of the doublet has been fitted reasonably well with the
damped oscillator function.

Figure 3 shows the temperature dependence of the fre-
quency shift obtained from the fitting. Both STO16 and
STO18 have similar frequency values in this temperature
range, although STO18 has slightly larger frequency shifts,
and the frequency decreases with temperature. It has been
reported that the frequency of the doublet;, shows an
acoustic-mode-like dispersion relatiang =vQ, wherev
is effective velocity andQ is scattering vectotThe effective
velocities were estimated to be 2778 m/s for STO18 and
2657 m/s for STO16 at 25 K. They are slightly smaller than
previously reported valuespossibly due to crystal differ-
ences. In the present study, both crystals were obtained from

100 50 0 50 100 the same source.
. Figure 4 shows the temperature dependence of the
Frequency Shift (GHz) acoustic-mode frequencies for both STO16 and STO18. Fre-

FIG. 2. Temperature dependence of the light-scattering spectrguency shifts were measured in the 90° scattering configu-

of STO16 taken with(@ Q|[[001] and (b) Q|[110]. ration with theQ vector parallel tac axis. Bothcs; andcy,

Intensity (arbitrary units)
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The second-sound velocity,, , of the multiple-polarized-
sal a%a,, R phonon gas in the Debye approximation is expressed in
A '
% 44" terms of the sound velocities as
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°s ° v sTotec, wherev, (A=ty, t,, orl) is the sound velocity of each
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acoustic mode, respectively?

The second-sound velocities obtained from E). are

FIG. 4. Temperature dependence of the frequency shifts of th@475 m/s for STO16 and 2385 m/s for STO18, and the
C33 andc,, acoustic modes for STO18 and STO16. change expected from the isotopic substitution is the ap-

proximately 4% decrease. The experimental values ©f

mode frequencies in STO18 show smaller values below thebtained from the doublet frequencies are slightly smaller
phase-transition temperature. For example, at 27 Kcthe than those estimated from E() and they increase, instead
frequency shifts for STO16 and STO18 are 54.0 and 53.2f decreasing, by 4%. On the other hand, the acoustic-mode
GHz, respectively, and they, frequency shifts are 28.3 and frequencies decrease as a result of the substitution owing to
27.8 GHz, respectively. The ratio of the acoustic-mode frethe increase in density, as was discussed previously.
quencies for STO18 and STO16 is about 1.02 for bogh For the second-sound propagation, a weakly damped tem-
andc,, modes. It has been reported that the lattice constantserature wavé® the “window condition” given by
for STO16 and STO18 in the tetragonal phase show no difz ! 7 *<wp<ry® has to be satisfied, whers,*, *,
ferences within experimental errJé?r.The density ratio for andr, ! are the rates for the umklapp and normal processes,
STO16 and STO18 can be estimated and the expecteghd phonon-impurity scattering. Gurevich and Tagantsev
change of the frequency shifts of; andc,, modes can be  have shown that in ferroelectric crystals with the soft optical
obtained a1/ w15=(p1a/p1g) V*=1.01. Similarly, the ratio phonons in the low-frequency region, the interaction be-
of the acoustic-mode frequencies is 1.01 for boghandcss  tween the acoustic phonons and anharmonic soft optical
modes at 45 K. The observed changes of the acoustic-mogghonons enhances the rate of the normal collision process
frequency are of the same magnitude as expected from thgyd makes the upper limit of the window conditiofy
density changes. The small temperature dependence of thggher than in ordinary dielectric crystaféSubstituting the
ratio can be a result of the temperature-dependent dielectricsp isotope into SrTi@ crystal increases the mass disorder
constants. of oxygen atoms and increases the rate of isotope scattering

Figure 5 shows the polarization dependence of the doublgst phonons, thus the lower limit of the window condition
in STO18 at 27 K. Both the doublet and the central peak and

background components have stronger polarized compo-
nents. The depolarization ratio for the doublet is about 10/47
for STO18 from the fitting analysis. The high-frequency tail
of the LA mode peak shows the trailing feature in VV con-
figuration similar to STO16, which is attributed to the cou-
pling between the doublet and LA phonon mdde.
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FIG. 5. Polarization dependence of the light-scattering spectra Frequency Shift (GHz)
of the broad doublet in STO18. VV indicates vertical polarization of
both incident and scattered light, VH indicates vertical polarization FIG. 6. Temperature dependence of the light-scattering spectra
of incident light and horizontal polarization of scattered light with of STO18 near the ferroelectric phase-transition pdigtwith (a)

respect to the scattering plane. Q|[001] and(b) Q|[110].
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increases. If the lower limit becomes as high as the highehavior, indicating that the low-frequency optical-phonon
limit (7-,]1), the window will no longer be open and there spectrum is changing with temperature. The frequency and
will be no second-sound propagation. The doublet spectrintensity of the doublet are not affected by the phase transi-
are expected to change significantly if it is second soundtion in this temperature region. The doublet spectra should be
However, our experimental results do not show such effectkargely affected by the frequency changes of the low-
of the isotopic substitution. frequency optical phonons in the second-sound scenario
Figure 6 shows the temperature dependence of the doubleince the interaction between the acoustic and soft optic
spectra of STO18 near the ferroelectric phase-transition tenphonons governs the higher limit of the window conditdn.
perature(12 K). In this temperature region, the intensity of This relative unresponsiveness of the spectral shape to the
the spectra observed for STO18 increases with decreasirgpft mode frequency was also observed in STO16 under
temperature, in contrast to the spectra observed above 20 ectric field®> With Q||[001], the intensity and line shape of
for both STO18 and STIO16. In the central peak region, nevthe central part of the spectfplateaulike part between the
features appear in the spectra in addition to the doublet comFA modes show no obvious changes down to 17 K, while
ponent[Fig. 6(a)]. The spectra show anomalous behaviorthe acoustic peak shape changes in the same temperature
near the phase transition. The spectral shape shows anis@gion.
toropy and different character in the two directions of the In conclusion, the elucidation of the Brillouin-scattering
scattering vectoQ. No such behavior was observed in the spectra of STO18 and STO16 has revealed new features of
spectra of STO16. WitlQ|[[001], the broad doublet feature the broad doublet. The results do not support the second-
is clearly seen down to 17 K, where the intensity of thesound interpretation of the doublet, providing experimental
spectra in the high-frequency region shows anomalous bencentive for further study of its origin.
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