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Brillouin-scattering observation of the TA-TO coupling in SrTiO 5
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Brillouin scattering from transverse-acoustic modes of Sgig®bserved, while the frequencies of the soft
polar modes are remeasured with hyper-Raman scattering. It is shown that an anomalous decrease of sound
velocities at low temperatures results from the coupling of the strain with the gradient of the electrical
polarization fluctuations. The corresponding anomaly in the acoustic width indicates an inhomogeneous broad-
ening of the soft polar mod¢S0163-18208)50822-3

There recently appeared several low-temperatiijein- plied on a(110 face while cooling througf ,. This forces
vestigations of SrTi@ and related incipient ferro- the ¢ axis in the orthogonal001] direction® In early
electrics'~3 Many were triggered by the report that an un- measurements? [results reproduced in Fig(d)], a pressure
expected, apparently non-symmetry-breaking, transitionlik@f ~1 kbar was necessary. For the data in Fig),2obtained
feature occurs in SrTiQat T,~37 K.1* A reinvestigation of  On a new crystal, a pressure below 0.1 kbar was sufficient,
low frequency(w) and wave-vector ) modes of SrTiQ  providedT was lowered slowly througfi,.*" In both cases
using both Brillouin- and neutron-scattering spectroscdpiesthe pressure was releasedTabelow T,, and the samples
indeed revealed loW- anomalies, although not necessarily maintained their orientation at loW.
related toT,. In Brillouin spectroscopy, the most intriguing ~ We concentrate here exclusively on two TA modes, one
observations weréi) the existence of an additional broad propagating along the tetragonal-axisand thus polarized
Brillouin doublef” and (ii) the appearance of an unusual in the ab plane, and a second one propagating along the
low-T softening of some shear mod&%The origin of (i) is  diagonald of the ab plane and polarized along. Both
still under investigatiod®®We present here the explanation modes relate to theametetragonal elastic consta@y,.
for (ii). The early data, complemented by newer results, dem¥he observed acoustic velocities of these modes, given by
onstrate that the anomalous softening is due to a bilineay=w/q, are labeled/$, andVy,, respectively. Owing to the
coupling between the strain and the gradient of the electricgbarticular crystal cut required for the application of the ori-

polarization fluctuations. This coupling, already described 4350

long ago'’*8 can lead to the anticrossing of the transverse
acoustic(TA) branches with the soft transverse opfidO) 4300 b o
ones. At smallg’s, the coupling just depresses the TA- 4250 0 p0g8ougTE 0 ;
frequency proportionally t@?. The effects of this coupling < —/////we’
were identified so far at the largel’s of neutron s £80° °
scattering'®° It appears to be the first time that its signature E ol @ o 5% are |
is seen inany material at the smaly’s of Brillouin spectros- g LoL
copy. Z a0 %0  Soosen 1
In our experiments, Brillouin scattering was excited with o o o bare values
a single-mode argon laser operating\at 5145 A, and ana- 4100 ¢ I
lyzed with a six-pass tandem interferometérhe T region 5 = " - -

of interest is below the cubic-to-tetragonal structural transi- TEMPERATURE (K)
tion at T,~105 K. It is essential to these measurements that FIG. 1. (3 VelocitiesVS,(T) at two differentq values;(b) the

the SrTi(% crystgl beorit_antedin its tetrago.nal'phase below are velocityVrA(T) obtained from(@) by the addition ofAV| as
Ta. This is achieved with a moderate uniaxial pressure apaypiained in the text. The solid lines are guides to the eye.
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4350

gradientof polarization. The symmetry further imposes that
the acoustic displacement be parallel to the polarization
vector P to which it couples, while the gradient is along
The displacement, for glic, lies in theab plane, likeP for

the doubly degenerated softest TO mode of symmEtry

On the other hand, faylld, one hasilic, which is parallel to

P for the somewhat harder TO mode of symmefry,. A
asof o 02552 1 discussion of these TO mode symmetries is given in Ref. 25.
S o °barevalues | With a notation inspired from Vak¥, the equations for the

e coupled displacement and polarization amplitudes for waves
0o 20 a0 0 a0 at w andqg are written,

TEMPERATURE (K) 2 2 2
FIG. 2. (a) Velocities VS,(T) and V4,(T) measured in backscattering; (ag"— 09u+vq°P=0, (18

(b) the corresponding bare velocit(T) obtained from(a) by the addi- 2 _ 2\p_
tion of |[AV| as explained in the text. The solid lines are guides to the eye. vQiu+ (Ale +Sq2 »)P=0. (1b)

) ) . ) Here, v is the coupling constant, and all indices were
enting pressure, the accessible scattering geometries are opped. For both TA modes=C,,/p. The bare TA fre-
stricted. Some early dafdig. 1(a)] were obtained in 90° quency is w%A:aqz, and the bare acoustic velocity is
scattering® For all the other data, it was convenient to useVTA:wTA/q:\/a The bare TO frequency af=0 is

backscattering. Although backscattering from these TAQZ_ A/ . ) . .
. - 3 . o = Ale, wheree is the appropriate dielectric constant. For
modes is forbiddef® there is sufficient leakage to allow the tq”C’ P is in the ab plane,e=s,, and Q=0 the fre-

measurement, as shown in Fig. 1 of Ref. 7. An importan
remark is that the leakage is nbtdependent. For any given quency of the sc_)ftest TO mcide &, symmetry. Forqid,

) ! . 4 .. one hasPllc, e=¢., and Q=Q., the frequency of the
scattering geometry, the ratio of the forbidden TA 'mens'tysecond-softest TO mode @,, symmetry. It is this differ-
to the allowed Iongitudin_al _aco_ust(d:A) one remains con- ence in{) which produces tr21Lé largely dii‘fereM’s for the
stant belowT,. Hence, it is difficult to argue that thé two scattering directions in Fig.(&, as explained below.

dependent f”‘”oma"es W are cpnnected W'th. leakage. Fur- Tpe dispersion ternso? is added to Fig. (b) for complete-
thermore, since same anomalies are seen in rather differep

samples(Figs. 1 and 2, their origin can be presumed intrin- ness. It is not needed for the discussion of Brillouin scatter-
sic P gs- 9 P ing, as for smallq, Q2>sc?. For convenience we define a

2 _ 2 H
Figure Xa) shows early data for twq values correspond- bare ITO ftrequen2cy aq#? .bz thr?_ Ale +qu 'th'Ea”y’tE[h?
ing to 90° and 180° scattering,g=4.2<10° and g?“pt'_”g E?;Tth Watsls rictly g sakr)ne Hor oth sca _erm?
6.0<10° cm %, respectively. Here g=4mn sin(@2)/x, irections if the crystal remained cubic. However, owing to

where#d is the scattering angle, amd=2.47 is the refractive the tetragonal distortion; can be slightly different for the

index whose weall dependence is neglected. The measurecEWO directions. This difference is proportional to the square
frequency shiftss, which are approximately 28 and 40 GHz, of the order pargmeter of the tetragonall phase, the oxygen-
respectively, were converted to velocities in Figa)l In octahedron rotation angle squaréd, and it should be rela-

these measuremengsis parallel toc, so thatV=Vy,. Un- tively s_mall. It is neglected in the_ analysis belpw.
T . e : Solving Eg. (1) for the two eigenfrequenciesy, and
certainties in the instrument calibration, as well as in the ;
. e . . ®_, one obtains

precise value9=90°, do not allow a direct comparison of
the absolut_e velocities for the two geometries. Th_e dgta for w?::% [(w'ZI'A+w'2I'O)i \/(w$o_ w$A)2+402q4], 2)
90° scattering were thus shifted up by 32 m/s, which is less _ )
than its precision, to match it to that for 180° scattering.At small g, the square root in E2) is expanded and one
Above ~35 K the curves nearly overlap, whereas at lowerfinds to lowest order irmj,
temperatures they are distinct. This. implies_ thgt, has a 0_— oa=Aw=—302q% waQ2 3)
T-dependent anomaly that is a function of sizeof q. o

Figure 2a) shows data obtained in backscattering fromThe anomalyAV produced by the coupling is thehV=V
two different directions on a recently grown Verneuil —Vra, WhereV=w_/qg. It is negative, corresponding to a
crystal?! Neglecting the very small birefringence, the samesoftening. From Eq(3), it can be written
q=6.0x 10° cm ! applies to both curves. Whereas there is a _ 2 2102 (2
large drop inV§, at low T, just as in Fig. ta), the corre- AVINTa= Aol 1= —v g7 2V, Q% @
sponding anomaly oN/f’14 is much smaller. The actual data Its dependence og? can be verified from the data in Fig.
points forV$, were shifted down by 20 m/s to match them to 1(a), and that inQ) ~2, from these in Fig. @). In effect, we
V4, at highT. The large difference observed at Idwdem- ~ now determine the value af such that/AV| added toV
onstrates that the anomalyVhalso depends on thdirection ~ leads to a single curve for the bare velocityya(T), as
of q. shown in Figs. tb) and 2Zb). One remarks that the bare

The fact thatv depends both on the size and direction of velocity Vra can still be weaklyl dependent at low, ow-
q is reminiscent of piezoelectric crystals, where this resultdng to the combined effects of anharmonicity and of the tran-
from the bilinear coupling between strain and electricalSition atTj. _
polarization?* Here however, the symmetry does not allow ~ To carry out this plan, one needs accurate value$}pf
such a coupling, but rather one between the strain and tmﬁdﬂgz. These quantities become large and vary rapidly at
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FIG. 3. Hyper-Raman scattering results on the inverse soft-mode fre- TEMPERATURE (K)
quencies 0,2 and Q;?, for the soft modes of, and A,, symmetries, FIG. 4. The HWHM,I'14(T), of the Brillouin line corresponding to
respectively. TheD are from Ref. 11. The lines are guides to the eye. VS,(T) in Fig. 2. The lines are explained in the text.

low T. Sufficiently detailed values dR 2 could not be de-
rived from the literature. Hence, these frequencies were re~(0.4 GHz. Nevertheless, one can recognize two obvious
measured with hyper-Raman spectroscopy. The apparatus dgntributions to the width. One arises from the structural
described _eIsewher"é.The_ sample is a Verneuil crystdl, transition itself, noted" ¢ in Fig. 4, and a second one, noted
oriented with a slight verticalV) pressure on &1 1 0) face. T, relates to the anomalyV.
Near backward scattering along the secphd Q] direction  “The structural transition produces a bilinear coupling be-
is observed. In VH polarization, where the horizontal H isyyeen the strain and the antiferrodistortive displacement of
II(;, one measures th&,, mode, whereas the HV ge_:ometry Eq symmetry? owing to the order parametet. The term in
gives theE, mode. The rﬁsults, complemented with otherihe free-energy expansion responsible for this effect is the
recent data on the, mode,” are shown in Fig. 3 ona sczale one designated bly;; in Ref. 25, the component of interest
emphasizing the lowW- range. One remarks thd:—€QF  here beingb,s,,. It produces a rapid variation &, near
=A(t],—t]) ¢°27 from Ref. 25, while¢p” can be taken T,.2% |ts amplitude, AC,,, induces a damping by the
from Ref. 26. From an adjustment of 0QZ— Q2 data to¢>  Landau-Khalatniko¥LK) mechanisni® In the simplest phe-
over the entire measured range ©f we obtaintj,—t];  nomenology, the change in complex modulus AsC
=1.27x 10" cgs?’ =ACu/(1+iw7), wherer is the time constant associated
Using the values of) 2 in Eq. (4), one adjusts the con- with the critical slowing down of the antiferrodistortive soft
stantv to obtain a single curve fo¥1A(T) from the two  mode, 7= 7,T/|T—T,|. Assuming thatwra7<1, the imagi-
curves in Fig. 1a), and also a single curve from the two nary part of AC produces a widthI'\x=Awyxa/ X4
curves in Fig. 2a). One neglects the weak dependence of =Aw,wta7. Here,Awy is the jump ofwrs NearT,, andy,
v, and the only importanT dependence that needs to beis the susceptibility of the soft mode at frequeney, . The
accounted for in Eq(4) is that of Q~2. The resulting data condition wa7<1 is satisfied since the measurédy,
points forV1A(T) are drawn in Figs. (b) and 2b), respec- ~6 GHz is much larger than the width in the region of in-
tively. The smoothl dependences found fM7A(T) in both  terest. Then, the only importaiit dependence it « is that
cases give strong support to this explanation. The solid line# 7, which is known fromT,. The adjustment of  « de-
are two-parameter fits to parabolas, as guides to the eye. Tipends on a single prefactor that lumps all the constants. A
same parabolas are traced in the lower parts of the figures ood agreement is obtained in the higfieregion, as illus-
illustrate the strength akV. The shape o¥/15(T) isin good trated by the dotted line markeld, « in Fig. 4. A small
agreement with ultrasonic data on pressure-orientedonstant background was added to the calculftgdvalue
samples?? as it should be, since in ultrasonigss so small  to account for the broadening produced by the finite collec-
that AV is negligible. From this adjustment we obtain tion angle in the experiment. This calculated broadening is
Ju=5300 m/s, with an estimated accuracy ®p8%. This  very small(0.016 GHz HWHM owing to the backscattering
value agrees with a smail-neutron measurement on the geometry.
coupling of theA,, mode with the TA mode, which gave We now turn to the anomalous contributidr), that de-
Ju~5500 m/s(see Fig. 2 of Ref. B Interestingly, thev velops at lowT. This contribution is specific to the mode
extracted from neutron measurements on KJ&be only  whose velocity i8/3,. For the TA mode of velocity/i4, we
other perovskite for which it is knowris nearly the same, find I'ta=I"\x, where ' is the same LK damping as
Ju=5100 m/s*® However, a Brillouin anomaly was very above, with no appreciable additional broadening at Taw
hard to observe in KTaQsinceQ) "2 is an order of magni- Since the anomaly in velocity is much weaker for the mode
tude smaller than in SrTiQ propagating alongl, T" 4, must be related to the anomakyw
Finally, it is worthwhile to investigate whether there is a given in Eq.(4), in which case it cannot be derived from a
measurable phonon-linewidth anomaly associated with standard calculation of the dampifigTo estimatel’,, one
Figure 4 shows the Brillouin width§ 1, derived together might first attempt to use an expression inspired from the LK
with VV$, data of Fig. 2a). To obtain these widths, the spectra theory. Replacing\ o by [Aw|, and using fory the complex
were fitted to Lorentzians convoluted with the instrumentalsusceptibility x, of the soft polar mode ai+,, one finds
function. The error bars are sizable since the instrumentdl a=|Aw|x./x.=|Aw|tans. We note thatAw| is less than
half-width at half maximum(HWHM) is relatively large, 2 GHz at the lowesT. The value of tardat 8 K and 10 GHz
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is known from microwave measuremeftdUsing tansxw, ~ Ref: 33, as it shows a smallét, . We presume that there
the loss factor extrapolates to less than 10at wy,  Might be an increase df, over the valug(S) owing to the
fact that the observed TA scattering arises from the leakage

~40 GHz. Hence, one estimates thg{<2 MHz from this ; : o o
mechanism, which is much too small to account for the ob_of a forbidden process, meaning that it is likely to originate

servations in Fig. 4. A likely explanation for the large valuefmrn regions_ O-f the crystal fo_rbidden process, meaning that it
of T, is that the width of the soft TO mode &, symmetry. is likely to originate from regions of the crystal that are more

o O disturbed than average. The sum of the two dotted lines in
I'o, which is known from hyper-Raman scatteriif@rises g 1 gives the solid line markeldy, , in satisfactory agree-

from a spatial spread of the soft-mode frequency. Then thg,ent with observations. We are aware that a simple summa-
spread inw _ is also inhomogeneous, aiig, must be calcu- o of ", andT« might not be strictly correct, but the low

lated from the derivative of E¢3). This gives accuracy of the data does not justify a more elaborate treat-
2l ment. This quantitative analysis implies that fairly large scale
Fa=[Aw[—5~. (5 inhomogeneities in the soft-mode frequency lead, via the

coupling-induced changes in the TA mode frequency, to the
The value ofl', has been measured for several samples irapparent width of the dressed TA mode propagating atong
Ref. 33, and it was indeed found to be sample dependent. In conclusion, we have established that the Brillouin-
The full width 2I", shown in Ref. 33 refers to the “best” scattering anomalies observed at low temperatures on the TA
sample i.e., the one that exhibited the weakest hypermodes of SrTiQ are produced by the coupling of the shear
Rayleigh signal together with the smalldsg,. The dotted strain to the gradient of the electrical polarization. These
line markedI', in Fig. 4 is obtained using thatlZ, in Eq. = anomalies are neither reIatedTg],14 nor to the crossing of
(5), and multiplying it by a constant equal to 1.6, which is the softE, andE, modes™® This appears to be the first time
reasonably close to 1. Preliminary measurements of théhat this coupling is observed at Brillouin frequencies. The
width of our own hyper-Raman signal indicate, however,observation is made possible by the exceptionally low soft-
that our sample is somewhat better than the best sample mode frequency.
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