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A study of soft modes in SrTiO; using a temperature-derivative Raman technique is reported. The 4,,
component of the mode which softens towards the phase transition at 108 K has been studied below the phase-

transition temperature. The energy of the modes as a function of temperature was followed down to 4 cm

-1

The square of the energy of this mode deviates from the Landau behavior for T/ T, > 0.95 and follows a
temperature dependence very similar to that of the rotation of the octahedra in SrTiO;. The soft ferroelectric
mode has been observed for the first time in second-order Raman. It is shown that two structures in the
spectracorrespond to a replica of the soft mode and to the simultaneous emission of the soft mode and the

absorption of an acoustic mode close to the I" point.

I. INTRODUCTION

Since the discovery of the relation between the
softening of certain vibrational modes and struc-
tural phase transitions by Cochran,''? considerable
attention has been given to the study of soft modes
in crystals. Many systems have been studied so
far and a comprehensive review of the subject has
been given by Scott.®* In recent years new discov-
eries were made regarding the behavior of crys-
tals very close to their structural phase transi-
tion. Detailed EPR experiments on SrTiO, by
Miiller and Berlinger* have clearly shown for the
first time that crystals which undergo a second-
order structural phase transition also exhibit crit-
ical behavior. In the case of SrTiO, the order pa-
rameter was found to be the angle of rotation of
the oxygen octahedra around a [100] axis. The de-
pendence of (¢) on (T~ T)/T, in SrTiO, and
LaAlQ, are almost exactly the same, showing
that (¢)? is indeed a valid order parameter in these
systems. Outside the critical region (¢)? is linear
in T.-T (for T>0.6T,), where T/ is a temperature
higher than the actual phase-transition tempera-
ture. Close to the phase-transition temperature,
(@) was found to be* proportional to (T, - T)%,
where o =0.33+0.02.

In 1970, Cowley® has proposed that in the neutron
scattering spectrum one should observe in addition
to the line corresponding to the soft mode also a cen-
tral line corresponding to the elastic scattering of
neutrons. This ideawas further elaborated by
Coombs and Cowley.® The intensity of this line
should increase as the crystal approaches the
phase-transition temperature both from above
and from below. Moreover it was found that the
frequency of the soft mode does not vanish at the
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phase transition. These discoveries had aroused

a great deal of interest in the study of soft modes
close to the phase-transition temperature. Fleury
et al.” have measured the temperature dependence
of both soft-mode components below the phase
transition. In the range 0.57,<T<0.97, the square
of the soft-mode frequency was linear in 7', - T.
Steigmeier and Auderset® have measured the fre-
quency of the soft mode close to the phase-transi-
tion temperature, using Raman-scattering spec-
troscopy. Approaching the transition temperature
from below they found that w?(T, - T) deviates from
linearity when (7, - T)/T.>0.9. Owing to the in-
tense laser light scattering at energies close to
the laser-line frequency, they were not able to fol-
low the peak of the soft mode to energies lower
than w=15 cm™!. At this frequency, the deviation
from linearity is still too small to be considered
as proven beyond doubt.

The difficulty in studying soft modes close to the
phase-transition temperature using Raman tech-
niques arises primarily from the fact that the soft-
mode line is often buried under the wings of the
laser line. While the soft-mode frequency is
strongly temperature dependent, the peak sur-
rounding the laser line is in general much less
temperature dependent. It is then quite obvious
that a temperature-derivative Raman spectrum
might be useful in studying soft modes.

In many materials the soft mode is not at the
Brillouin-zone center. For example, above the
transition temperature the soft mode of SrTiO, is
at the R point. Using Raman spectroscopy, this
mode can be observed only in second order. How-
ever, second-order Raman spectra are continu-
ous, consequently it is difficult to obtain accurate
information from such spectra. Wavelength-de-
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rivative Raman spectroscopy® has improved the
situation considerably. In these spectra one can
directly measure the energies of pairs of phonons
at Van Hove singularities and use the line shape to
identify the experimental structures with particu-
lar points in the dispersion relations. Since soft
modes are strongly temperature dependent, a
temperature-derivative measurement of the Ra-
man spectrum would enhance scattering processes
associated with the soft mode compared to other
scattering processes.

In this paper we report the first use of tempera-
ture-derivative Raman spectroscopy. We have ap-
plied this technique to the study of the soft A,,
mode below the structural-phase-transition tem-
perature. We also observed for the first time
second-order Raman scattering by the ferroelec-
tric mode, and the ferroelectric mode was ob-
served in two scattering processes: an overtone
and the simultaneous emission of the ferroelectric
phonon and the absorption of a TA phonon.

In Sec. II we discuss the experimental setup that
was used to measure the temperature-derivative
Raman spectra. In Sec. III we discuss first the
theoretical line shapes one expects to find in tem-
perature-derivative first-order Raman spectra.
We then present the experimental spectra produced
by the A,, scft mode in SrTiO,. These results are
analyzed in comparison with the results of Miuller
and Berlinger* and of Shapiro et al.!°

In Sec. IV we discuss the line shapes one expects
to find in temperature-derivative second-order
Raman spectra. The experimental results obtained
in SrTiQ, are then presented and interpreted. The
properties of temperature-derivative Raman spec-
troscopy and the results of this work are summa-
rized in Sec. V.

II. EXPERIMENTAL TECHNIQUE

The modulation of the temperature of the crystal
was achieved using the setup shown in Fig. 1. To
obtain sufficiently large temperature variations at
a reasonable frequency, we have used crystals
polished to a thickness of 100 um. Small thickness
is also important in maintaining the temperature
uniformity throughout the scattering region. The
sample was prepared in the following way: A thin
film of Pt was evaporated on one face of the crys-
tal. The surface electrical resistivity of the film
was adjusted to 200 £; on both ends of the crystal
we evaporated Al to form low-resistance contacts
to the Pt film as shown in Fig. 1. We thus obtained
3Xx3-mm? resistive film. The crystal was mounted
on a copper crystal holder, placing a 3x3x0.15-
mm? glass plate between the crystal and the cop-
per. This plate was used as a thermal resistor.

Ruby
/ Al

:87

Sample -
holder

2793

Sample
Glass

FIG. 1. Setup for the modulation of the temperature
of crystalline samples.

The product of the heat capacity of the heated part
of the crystal with the thermal resistance of the
glass was chosen to be approximately # sec so
that the system will be best suited for a modula-
tion frequency of 1 Hz.

The heater was connected to a square-wave volt-
age source with frequency of 1 Hz, riding on a dc
level equal to one half of the peak-to-peak voltage.
This produces a dc temperature change plus a 1-
Hz ac temperature variation. The crystal is both
heated and cooled on the same side, consequently
the dc temperature of the crystal will be uniform
throughout its thickness. On the other hand, there
will be some nonuniformity in the ac component of
the temperature; however, as it will be pointed
out, this will not reduce the accuracy of our re-
sults.

The geometry of the measurement was as fol-
lows: The crystal was placed in a vertical posi-
tion. Both top and bottom edges were optically
polished. The laser light was applied through the
bottom edge and the scattered light was collected
through the film-free surface. We used an ordi-
nary double spex monochrometer and a lock-in
amplifier operating at 1 Hz. The sample was
cooled down to the proper temperature in a con-
tinuous He flow Dewar. The temperature of the
sample holder was measured by a Pt resistor and
controlled to 0.1 K. At low temperatures a carbon
resistor was used.

One of the main difficulties in this experiment is
the precise measurement of the temperature of the
sample itself. The dc temperature of the crystal
differs from the temperature of the sample holder
because of the dc and laser heating. In addition,
it is necessary to measure the ac component of the
temperature. Ordinary temperature measuring
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devices such as a thermocouple cannot be used
here because they affect the local thermal equilib-
rium leading to an erroneous temperature reading.

We first tried to use the resistivity change of a
Pt film, but at these thicknesses the Pt resistivity
is dominated by imperfections of the film rather
than phonons; consequently, the resistivity is very
insensitive to temperature changes. The method
we finally used is as follows: We placed a tiny
(less than 100 yum in diameter) lightly doped ruby
crystal on the sample’s surface. The ruby was
small enough to thermalize with the sample in
times shorter than 0.1 sec. We used part of the
argon laser light to excite the R1 fluorescence
line of the crystal. This line is very strong and
sharp and its frequency is temperature dependent.
This dependence has been very carefully estab-
lished, both theoretically and experimentally.!
We have used this property to measure the tem-
perature shifts in the following way: The mono-
chromator equipped with a wavelength-modulation
device® is tuned to the peak of the line. The wave-
length derivative of the fluorescence line, dIp/dA,
is therefore zero. We now apply the argon laser
to the crystal and put on the heater. As a result
of the temperature change the R1 line is shifted
and the derivative is no longer zero. We then ad-
just the spectrometer back to read a zero deriva-
tive value and measure the change in the R1 line
frequency. Using the well-known dependence of the
line frequency on temperature, we can then mea-
sure the temperature shift caused by the applica-
tion of heat and of the laser light.

The main limiting factor in the determination of
the temperature change by this method is the ac-
curate measurement of the line shift. In our case
this was limited by the mechanics of the mono-
chrometer. To avoid this difficulty we have used
a parallel glass plate placed behind the entrance
slit. Rotation of this plate around an axis paral-
lel to the slit, shifts the line. The shift is cali-
brated with respect to the changes in wavelength
of the light transmitted by the monochrometer.

In this way very small shifts in wavelength may
be accurately measured.

The ac temperature component can also be mea-
sured by measuring the ac variation of dIz/dx
around its zero value and comparing the amplitude
to the change in dI,/dx associated with a known
dc temperature change. Characteristic features
of the system described above are as follows: The
ac peak temperature change is approximately

0.25 K/mW. The dc temperature change is also
approximately 0.25 K/mW. The accuracy in the
measurement of the temperature changes (using
the mechanical drive of the monochrometer) is
0.5 K; between 65 and 300 K; the accuracy is
worse at lower temperatures because of the
smaller shift of the line with temperature.

III. 4,, COMPONENT OF SOFT MODE IN SrTiO,

In the cubic phase, SrTiO, has a soft mode at
the R corner of the Brillouin zone. Its symmetry
representation is I',;. This mode is, of course,
Raman inactive in the first order. In the tetrag-
onal phase, due to the doubling of the unit cell,
the soft mode appears at the center of the Brillouin
zone and therefore is Raman active in the first
order. Moreover, the triply degenerate soft mode
splits into a singly degenerate A,, mode and a
doubly degenerate E, mode.

The line shapes theoretically expected in the
temperature derivative Raman spectrum can be
found by considering the Raman scattering tensor,
taking anharmonic interaction into account. Ac-
cording to Cowley'?

(W2 +2woA — Q%) +4wiI?”

1
Ic(xly)ﬂ)\ (ﬂ) -

217"“2)

Y

Here Q is positive for phonon absorption and nega-
tive for phonon emission; n(2)=|(e8"® =1)"'|; P,4
is the polarizability tensor of a crystal perturbed
by the long-wavelength vibrational mode |Q(0, 7)),
w, is the self-energy of this mode in the harmonic
approximation and is therefore temperature inde-
pendent, and IT = 2w,A ~ 2iw,I" is the self-energy
correction. A and I" are in general both tempera-
ture and frequency dependent. Expression (1) is
not sufficient for the description of a system at
temperatures very close to a second-order phase
transition where the frequency of the mode ap-
proaches zero. In this case it is necessary to take
into account another interaction channel which is
important only at very low frequencies. The cor-
rection for the self-energy is given in this case

in the form

I=2wyA - 2iw,I" = y8*/(y —iQ). (2)

Replacing this energy-correction term in Eq. (1)
yields

2P %P+ xwd| 2wol +6°yQ/ (92 +2)]

I&sr = (1/20m(@) 12

=T+ ) - BT 1 [20,T + 650/ 0F 1 ®
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Here w% =w?+2wyA.

Shapiro et al.'® have shown that this expression
can be divided into a central component and a side
component if w%>)? and 6?/y>TI'. The central
component is given by
528 v’

”2

WIw? Q% +y

(4)

I8 (R) = (21)"'n(Q)2PE5 Py wo

and the side component is given by

I&IY)B)\ side (Q)
2w,I'
(w2 = %)% +4wir?

(5)

= (Zn)"rL(Q)ZPgﬂP7 AW

Here w’?2=w? - 5% and 7’ = yw2/w?.

The central part of the scattering tensor gives
rise to a peak at & =0 with a width of y’, whereas
the side component gives rise to a structure with
a peak at w =w,, and width equal to 2w,I'. Evidence
from neutron scattering'® at temperatures above
the phase transition show that ’<5x107® em™!.
Thus, in our experiments it is expected that only
the side scattering component would be observed,
however the tail of the central component may
show up at small @ through the finite resolutions
of the spectrometer. The total intensity of scat-
tered light is proportional to (w/?)~! and is ex-
pected to diverge at the phase transition tempera-
ture. Thus w!? vanishes at this temperature, but
w? remains finite.

The temperature derivative of the side compo-
nent of the scattering tensor is given by
ar), an(Q) dw?, w? - Q2

Zoside _ p(1)],,-1 _9 We
ar ! [" i 7 PR o) o P

d(w,I") -
+—d%—-(2wor‘) t

8wiI®
x(l T (i - Q%) +4wf,I"2>] : (6)

The temperature derivative of the scattered inten-
sity is therefore divisible into three parts: The
first is associated with the change of the Planck
occupation number »n(2). The spectral shape of
the component is similar to that of 7*)(R) and is
schematically shown in Fig. 2(a). The second is
associated with the shift of the frequency w? with
temperature. The line shape of this component is
shown in Fig. 2(b). The third component results
from the change of the broadening parameter w,I’
and it gives rise to a line of the form shown in
Fig. 2(c).

The temperature derivative spectra of first-or-
der Raman scattering produced by the A,, mode
were measured in SrTiO; under the following con-

dI(l)/dT

(a)

(b)

)

FIG. 2. Schematic line shapes of temperature-deriva-
tive first-order Raman spectra.

ditions: (a) The scattering configuration was

2[x, (z,x)]Y. In this configuration all three species
Ay, E;, and T,, may contribute to the spectrum.
However, no information has been lost in this case
because the A,, mode contributes only to the A4,
species. We preferred to use unpolarized scat-
tered light in order to improve our signal-to-
noise ratio. (b) The amplitude of the temperature
variation AT was kept as low as possible. The
spectra presented below were measured with AT
=0.5 K. (c) The laser intensity was kept down to
200 mW and was slightly defocused to avoid local
laser heating. (d) After every dc temperature
change we waited for 2 h before measuring the
spectrum. (e) The monochromator slit widths
were 250 um for 7<0.977, and 150 pm for T
>0.97T,.

Five examples of the temperature derivative
first-order Raman spectrum produced by the soft
A, mode are shown in Fig. 3. Several features
should be noticed: (a) The spectra have the form
of the wavelength derivative of a Lorenzian. (b)
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FIG. 3. Examples of temperature-derivative first-
order Raman spectra produced by the A;, mode of
SrTiO;.

The linewidth clearly increases as the phase tran-
sition is approached. (c¢) The spectrum at ~T,
was measured down to 3.75 cm™! from the laser
line. The spectrum could not be followed below
this energy because of excessive noise. Compari-
son of the experimental line shapes with the line-
shape components shown in Fig. 2 indicates that
the second component, produced by the change in
the mode frequency with temperature, is com-
pletely dominant. This result appears to be some-
what surprising in view of the fact that the line-
width does change very significantly. However,
inspection of the second component of dI*)/dT re-
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FIG. 4. 4u}I'? as a function of temperature.

veals that the linewidth is indeed expected to
change even for w,I' constant if w% changes. We
observe that

402T2 =02 -2, (7

where @, and @, are frequencies for which the
second component in Eq. (6) has maximum and
zero values, respectively.

In Fig. 4 we plot Q% — Q2 as a function of temper-
ature. Indeed the experimental results show that
€2 - Q2 remains constant within the experimental
accuracy. The numerical value of this constant is
4w3I? =140 cm 2.

Let us now consider the temperature dependence
of w?%. Inspection of Eq. (6) shows that if the sec-
ond component is dominant, w? is determined by
the zero points in the dI )/dT spectra. The tem-
perature dependence of w? is shown in Fig. 5.

The results clearly show a deviation from the
Landau behavior both at low temperatures T
<0.6T, and for high temperature 0.957,< T< T..

On the same plot we also present the temperature
dependence of the octahedron rotation angles
squared (¢%. In comparing the two curves we ad-
justed the phase transition temperature in both
curves and the values of (p)? and of w? at one other
temperature. The two curves are identical within
the experimental accuracy for 0.67,< 7< T, except
for one point. At T=T,, ¢ =0 whereas w,#0. As
was pointed out, this is to be expected, because

at the phase transition w, =0. Measurements of
w. by Shapiro et al.'® also show that w., does not
vanish at the phase-transition temperature but
saturates at ~4.7 em~'. This value is in rough
agreement with the lowest value we could measure.
The temperature dependence of w? definitely devi-
ates from linearity for temperatures 0.957.< T
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FIG. 5. w as a function of 7/T.. Vertical bars in-
dicate the experimental results. The size of the bars
indicate the experimental uncertainty. Also shown are
the values of (¢) indicated by dots. These are taken
from the results of Miiller and Berlinger (Ref. 4).

<T,. The exact temperature dependence in this
temperature range could not be determined yet,
with safety, because T, was not determined inde-
pendently. If we use the value obtained for T, by
Miiller and Berlinger,* the experimental values
follow a (T, - T)V/3 law. However, the actual ex-
ponent is very sensitive to the critical tempera-
ture. Thus this result cannot be regarded at this
point as well established.

QOutside the critical region the molecular-field
approximation would be valid. It is therefore ex-
pected that the relation, between the frequency of
the soft A;, mode below the transition and the soft
mode above the transition,'* would hold, namely

w":‘u(TC—AT)=2w§¢(TC+AT) . (8)

Experimentally, the slope of the linear portion of
w%,, measured in our results is 29.2 cm~2/K. The
slope of w% in Shapiro ef al.!° results for 7> T, is
13.37 em~?/K. The ratio between the slopes is
2.18 which is within 10% from the predicted value.

IV. TEMPERATURE-DERIVATIVE SECOND-ORDER
RAMAN SCATTERING INVOLVING FERROELECTRIC
MODE

The scattering tensor of a second-order Raman
process may be expressed as follows:

1°(@) = 3~ n(w)n(w,) 1K)

K

X 8[2 - w,(K) - w,(K)]. 9)

In this expression w, and w, are dependenton the cry-
stal momentum K. They are positive for phonon ab-
sorption and negative for phonon emission. Io('ﬁ) is
the contribution to the scattering tensor by two nor-
mal vibrational modes with frequencies w, and w,and
crystal momentum equal to Kor -RK. (Phonon-phonon
and phonon-impurity scattering processes have been
neglected.) Every one of the terms in the above ex-
pression is momentum and frequency dependent. How-
ever, in a crude way the expression in Eq. (9) may
be regarded as the product of the scattering tensor
produced by a pair of phonons n(wl)n(wz)lo(ﬁ) mul-
tiplied by the density of states

p(Q) = Z 5[9‘ wl(ﬁ) - wz(ﬁ)] .
jd

The strongest frequency dependence is found near
energies known as the Van Hove critical energies.
These energies are defined through the require-
ment that gﬁ[w,(f{.) +w,(K)]=0. At these points the
density of states has a discontinuous wavelength
derivative. The behavior of second-order Raman
scattering in the vicinity of such points has been
extensively discussed.”® Temperature affects the
spectrum of the scattered light in two ways. It
changes the temperature in the expression for
n(w,) and n(w,) and it also changes w, and w, for a
given K value. Thus we may divide dI®(Q)/dT
into two parts:

dI(Z)(Q)
art

- Lol - w,@) - 0@ J%;[n(wl)n(wz)lo(l-{.)]
K

+ n(wl)n(wz)zo(k’)g‘;— 52 - w,(K) - w,(K)].
%

(10)
The first term in this expression is continuous in
frequency. In a crude way this term represents
the change in the scattering produced by a pair of
phonons without changing the density of states.
Consequently its spectral form would be similar to
that of 7?(Q). On the other hand, the second term
is crudely the product of the scattering tensor of a
pair of phonons and the temperature derivative of
the density of states.

In the vicinity of a Van Hove singularity,

d = -
rrd ZKj 8@~ w,(K) -w,(R)]

= —(%[wl(ﬁc)‘FwQ(KC)])
xS ol - 0@ - 0, @)], ()
3

namely the temperature derivative is proportional
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to the wavelength derivative of the density of
states. The line shapes appearing in wavelength-
derivative Raman spectra in the vicinity of Van
Hove singularities has been extensively dis-
cussed.”® Neglecting broadening effects, the lines
have singularities at the Van Hove critical ener-
gies. Thus, the main contribution to the tempera-
ture derivative spectrum is expected to arise from
the second term in Eq. (10).

The ordinary spectrum of second-order Raman
scattering of SrTiO, has been experimentally
studied.’® However, its interpretation was rather
crude and little information has been extracted
from it. In particular, no evidence has been found
to the contribution of soft modes to this spectrum.
The frequency of two modes is known to vary
strongly with temperature: the I',; mode at R and
the TO, (ferroelectric mode) at the zone center.

In the present study we have measured the spectra
of dI'? /dT at different temperatures. Three ex-
amples of these spectra are shown in Fig. 6. The
spectra were taken in a Z[X,(X,Z)] Y configuration
with an ac temperature amplitude of AT =4 K.
Measuring time of the spectra was about 4 h. The
long measuring times were necessary to obtain
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FIG. 6. Examples of temperature-derivative second-
order Raman spectra of SrTiO;.

sufficiently large signal-to-noise ratio. It is in-
teresting to note several features of these spectra:
(a) both peaks shift very significantly to higher en-
ergies with temperature. This might be expected
from the fact that they appear in a temperature
derivative spectrum. (b) The linewidths of the
peaks increases very significantly as the tempera-
ture is raised. (c) The spectra shown in Fig. 6
are very different from the ordinary Raman spec-
tra. Both peaks appear also in the wavelength-
derivative Raman spectra among other structures
which are not strongly temperature dependent.'®
From this we may conclude that peaks A and B

are caused primarily by the frequency change,
namely, they correspond to the second term in

Eq. (10).

Moreover, from Fig. 6 we observe that d(w,
+w,)/dT >0. Since dI®/dT <0, we conclude from
Eq. (11) that dp(R)/dQ>0. Structures A and B
therefore correspond to scattering from either a
minimum (m,) or a saddle point (m,) in the phonon
dispersion relations.

In Fig. 7 we plot the frequency of peak B, wg and
half of the frequency of peak A, $w,, as a function
of temperature. (3w, was chosen for reasons of
interpretation). Note that both frequencies in-
crease with increasing temperature in a rather
similar way. The spacing between the two curves
also increases with temperature. Comparison of
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FIG. 7. Temperature dependence of 3w, and wg.
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the results presented in Fig. 7 with the results of
Fleury and Worlock" for the temperature depen-
dence of the ferroelectric mode, shows that 3w,
is equal to the ferroelectric mode energy. This
mode has indeed a minimum at I.

The interpretation of line B is less obvious.
Line B can be observed down to very low tempera-
tures. Thus it can either be associated with the
simultaneous emission of two phonons or with the
emission of one and the absorption of another with
small energy. The energy of the absorbed phonon
should not exceed 30 cm™ at low temperatures. In
the case of the emission of two phonons, one pho-
non should have an energy less than 15 cm™. In-
spection of the dispersion relations given by Stir-
ling'® shows that there is no combination of two
emitted phonons that could explain line B. The
only process which can account for line B is the
emission of the ferroelectric mode and the absorp-
tion of an accoustic mode.

The energy difference between the TO, mode and
the TA mode has a minimum at a point which lies
on the [100] direction. The energy difference be-
tween the TO, (ferroelectric mode) and the LA
mode has also a minimum but the energy differ-
ence at this minimum is in complete disagreement
with our experimental value at room temperature.
Second-order Raman scattering involving the TO,
and the TA modes along [100] are allowed in all
three species A, E,,and T,,. Both A, + E, and
T,, were observed. This interpretation naturally
explains the temperature dependence of line B. It
also explains the sign of the observed peak.

It is interesting to note that the difference w,/2
— wp is also temperature dependent. This quantity
should have been constant if the curvature of w.
(K) did not change with temperature. This curva-
ture is known to increase with decreasing temper-
ature and it is easily observed that this would
cause w,/2 — wy to increase with temperature.
This effect is indeed observed in Fig. 7.

The results presented in Fig. 7 can be more
thoroughly understood by analyzing small-K vector
phonons in terms of the zone-center phonons. The
vibration of any atom I~ in the direction ¢ associ-
ated with a vibrational mode | @K,j)) may be ex-
pressed in the form (Izi |Q(K, j)) = (ni|Q(K, 7))
e'*! whereT is the unit-cell vector, » the
number of the atom in the unit cell, and IQ(K 7))
is the perlodlc part of the elgenvector At any
point K the elgenvectors IQ(K 7)) form a com-
plete set such that |Q(K,j)) == a,; | Q(K, j)).
Following Axe et al.'® we may now express the TO,
and TA vibrational modes at small K in terms of
the phonons at K =0. Since the energy difference
between TO, and TA is small at low temperatures,
we assume that a;,» would involve only these

wy (cm™t)
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FIG. 8. wp as a function of fw,.

modes. a,, satisfies then the following equation:

2+ Y, Y a o [a,;
Wy + Iy, 12 14 =w,2(K) 1Jj . (12)

Y, Y, Y &Y

In this expression Y, le, and Y,, are even func-
tions of K and w,=w {K=0). Equation (12) can be
solved if

w? + Y“—wi(l_(.) Y,

Y Y,

. =0. (13)
22~ wJZ(K)

12

This equation then yields the energies of the TO,
and TA modes at small values of K. Both solutions
are functions of K and w,. If we assume that Y,
Y,,, and Y,, are proportional to K2, then

w,(tﬁ, tw,) =tw,(ﬁ, w,) for any ¢.

Thus, it is easily observed that if
ﬁ’i [wml(f(’, w,) — wTA(K, w,)]=0 for K=K, ,

then
Vﬁ [qu(ﬁ, tw,) - w (K, tw))]=0 for K =K, .

This leads us to the final result that the frequency
difference wrg Ry, wo) - w, A(Ko, w,), evaluated at the
point Ko, where the gradient of this frequency dif-
ference vanishes, is proportional to w,.

In Fig. 8 we plot the energy difference wp = Wrg
- w,as a function of 3w, = w,. It is observed that
the two are indeed linearly dependent. The ratio
(w0, — w4)/w, can be expressed in terms of v{o
Y9 and Y{? as follows:
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[wrol(Kowo) - wr(Kowo) ]2/ w}
Y v, p©
=1+ —2%(1’,2 + Y9 -2VD)

y |: Y% 2y(@% 4 y(©° oD | /2 1}
B
Y2y @ Y@ - D

(14)

2
where D= Y(l?) Ygg) - Y(lg) s Y, = Y(I(I’)K29 Y,= Ygg)Ke,
and Y,, = V{9 K2,
The numerical value of this ratio can be found
from Fig. 8 and is equal to 2wp/w4 =0.717.

V. SUMMARY

In this paper we have presented the first appli-
cation of temperature-derivative Raman spectro-
scopy to the study of soft modes. The main ad-
vantage of this method stems from its ability to
enhance processes originating in soft modes as
compared to other scattering processes. The
modulation of temperature is achieved by using
small enough crystals and carefully matching the
thermal RC constant to the frequency of modula-
tion. This match is important in order to de-
crease the power needed for the modulation and
the dc temperature rise accompanying it. The
main difficulty in the technique is the accurate
measurement of the temperature of the sample
itself. This was achieved by using the tempera-

ture dependence of the R1 line of ruby crystals.

Using this technique, it was possible to follow
the A,, component of the soft mode down to 3.75
cm™'. This enabled us to observe a clear devia-
tion from the Landau predicted behavior. The
temperature dependence of w% for temperatures
between 0.6 T, and T, fits very well the tempera-
ture dependence of {¢)*> measured by Miiller and
Berlinger. However, this agreement was obtained
by fitting the phase-transition temperature in the
two curves. It would be necessary to perform an
independent measurement of the transition tem-
perature simultaneously with the Raman measure-
ment in order to determine accurately the critical
dependence of wZ on temperature. Temperature
derivative second-order Raman spectra of SrTiO,
showed two structures; one was interpreted as the
overtone of the ferroelectric mode. The other was
attributed to scattering involving the simultaneous
emission of the ferroelectric mode and the absorp-
tion of a TA mode along the [100] direction at a
point where the energy difference between the two
is at minimum. This interpretation predicts that
the ratio between the energies of the two peaks
would be constant. This is indeed experimentally
verified.

In conclusion, temperature derivative Raman
spectroscopy can be expected to be useful in a
variety of problems involving strongly tempera-
ture-dependent excitations such as vibrational
modes and magnons, both at the center of the
Brillouin zone and at other points.

*Present adress: Racach Institute of Physics, Hebrew
University, Jerusalem, Israel.
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