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Accurate determination of the far-infrared dispersion in SrTio, by hyper-Raman spectroscopy
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We use the fluctuation-dissipation theorem to relate the hyper-Raman scattering efficiency of transverse and

longitudinal-optical phonons to the infrared dielectric function e(Q) = e'(D) +i@"(0).The relation is applied to
SrTiO, at room temperature in order to clarify the discrepancies between various far-infrared reflectivity studies. We
take advantage of the hyper-Raman selection rules allowing the observation of Raman-forbidden modes. e "(0) is

derived from-accurately measured hyper-Raman lines and combined with compatible infrared reflectivity data to
give e'(Q). Below 100 cm ' the dielectric dispersion can be adequately described by a classical dispersion formula

with a quasiharmonic-oscillator frequency of 87.9 cm ' and a single damping constant of 23.7 cm '. This

approximation fails above 100 cm '.

I. INTRODUCTION

Far-infrared ref lectivity studies of perovskites
have played a pioneering role in our understanding
of structural phase transitions. ' They initiated
the experimental search for soft modes. ' The ac-
curacy in determining the dielectric function, how-
ever, has been rather poor because of unusually
broad reflection bands with power ref lectivities
near 1 and small phase shifts between incident
and reflected light. Owing to the small penetration
depth of the far-infrared radiation the influe»ce
of surface conditions also has to be taken into ac-
count. These unfavorable conditions can hardly
be overcome by advanced infrared techniques, so
that Raman scattering seems to be a more accur-
ate and easier method. '

Nevertheless, in a considerable number of
perovskites optical modes of central importance
are Haman forbidden by symmetry. Modulation
techniques have been invented to circumvent this
difficulty, such as electric-field-induced' and
temperature-derivative' Raman spectroscopy. A

more direct access to infrared-active, but Raman-
inactive, modes is opened by hyper-Raman scat-
tering. ' In this process two photons of the incident
laser light are simultaneously annihilated to give
rise to one scattered photon. If only one laser
source of frequency &~ is used, the scattered light
has frequencies 2~~+ 0, where 0 stands for the
frequencies of the phonons annihilated or created,
respectively. Thus hyper-Raman (HR) lines are
found in the spectral neighborhood of the second
harmonic, 2+~. Since an odd number of photons is
involved, the HR effect has the same parity selec-
tion rule as the one-photon infrared absorption.
In principle all infrared-active modes are also
HR active. Moreover, some types of "silent"

modes being both Raman and infrared forbidden
become observable by HR spectroscopy. '

In this paper the fluctuation-dissipation or Ny-
quist theorem is used to relate the efficiency for
one-phonon HR scattering to the infrared dielectric
function e(0) = c'(0) +i& "(0). The relation is ap-
plied to the lowest-frequency transverse and to
the highest-frequency longitudinal-optical mode of
SrTiO, at room temperature. Our special aim is
to obtain accurate values of a(Q) in the most in-
teresting frequency range of the ferroelectric soft
mode below 150 cm ' in order to clarify the dis-
crepancies between the results of various far-
infrared ref lectivity studies. ' ' The relative
values of c "(0) derived from the HR spectrum are
calibrated by means of Kramers-Kronig and Lyd-
dane-Sachs-Teller relations. The minimum far-
infrared ref lectivity compatible with our absolute
values of e "(0) is calculated and compared with
experimental data. Complementing our & "(0) with
consistent results of Ref. 7 and carrying out a
Kramers-Kronig transformation, we also obtain
E'(0) below 150 cm ' with reasonable accuracy.
Finally, we calculate the soft-mode self-energy
from our e(A) and discuss it in terms of the quasi-
harmonic- oscillator model.

II. THEORETICAL BACKGROUND

The spectral efficiency S(&u) for spontaneous
light scattering is defined as spectral differential
cross section per unit volume and can be written
(cgs units) as"

(~e P"~I')
s(&u) = —

i
vc j I&~I'

Here, + is the frequency of the scattered light, c
the velocity of light in vacuum, V the scattering
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volume, E~ the amplitude of the incident laser
radiation, e a dimensionless unit vector in the
direction of the scattered electric field, and P
the nonlinear polarization representing the source
of the scattered light. The essential term in (1)
is the power spectrum of I'"~ denoted by the brack-
et with subscript (d. Following the notation of
Hayes and Loudon" we have

(
~

p "z
~

')„6((u—(u') = (p "~*((v)p~z((u')) (2}

where P "~(u&) is the complex Fourier component
of P"~ at frequency ~ and the average is taken
over the probability distribution at thermal equilib-
rium.

In the case of one-phonon HR scattering P~~(~)
is given by

$«l 0 0

where i, j, l, and m refer to the three Cartesian
coordinate axes and 0 is the phonon number.

The third-rank tensor X
2' is the second-order

susceptibility responsible for second-harmonic
generation in the absence of inversion symmetry.
W, is the normal coordinate of the HR-active
phonon a, while E is the electric field associated
with the l.ongitudinal-optical phonons. Thy com-
plex conjugates of 8', and E are used to indicate
Stokes scattering.

The phonons of SrTiO, under consideration are
triply degenerate E,„modes. Their HR tensors
sy"'/BW,*, referring to displacements along the
three cubic axes g, y, and z, have the form"

a» 000
R„=] 0 0 0 0 0 b

0000b0

(E E„*)„,and (WQ*)„ taken at the HR shift n =2~~
Using the fluctuation-dissipation theorem we

.getll «12

(w, w,*)„= [n(n) + 1]

„, («.(n}, «.(Q}«.(n)(&. q)(&, q)
k Z', " ~,2',e(n)

]z E„') =- —[n(D)+)] I" Im ), (5)
q )'.n

h (&„q)q -(«.(n)

~(n) =~( )+ g «.(n), (6)

where e(~) stands for the electronic part of e.
Strictly speaking, Z, and Aa, only refer to TO
modes and have to be specified as transverse ef-
fective charge and transverse dielectric function,
respectively. ' In the case of LO modes, how-
ever, they still must be used in (5) and are not to
be replaced by their longitudinal analogs.

To simplify the following formulas let us con-
sider the special scattering configurations of our
experiments. The incident and scattered beams
are parallel to the cubic axes x and z, respective-
ly, so that the phonon wave vector q points into the
[101]direction. If both the incident and scattered
light are polarized parallel to the y axis [scatter-
ing configuration: x(yy)z], only TO modes con-
tribute to the HB spectrum. We have

N is the number of primitive cel.ls in the scattering
volume V, n(n) the Bose-Einstein population fac-
tor, q the phonon wave vector, and Z, the effec-
tive charge. $, represents a dimensionless unit
vector parallel to the dielectric polarization due to

e(n} is the infrared dielectric function, ad-
ditively composed of the mode contributions «,(n}:

0 0 0 0 0 b

R, =l y g b 0 0 0

000 b00
(4)

0 0 0 0 5 0

R=i 000b00
bba000

The last two indices of X' ' have been contracted
to a single one ranging from 1-6. As the normal
coordinate W, of a E,„mode transforms l,ike a
vector, ' the expressions (4) also apply to the elec-
tro-optical tensor By"'/BE*.

Insertion of (3) and (4) into (1) shows that S(&u)

is determined by the power spectra (W,W~)„, S(2~,—n) =a,„[n(n}+1]im[e(n)], (8}

This relation will be. applied to the soft-phonon re-
gion Q &150 cm '. The HR line, observed there, is
remarkably strong compared to the other HR lines
of SrTiO, and those of the alkali halides. " Accord-
ing to ('I) this is primarily due to the large HR
polarizability a, . The influence of the effective
charge is canceled because Z', appears in the de-
nominator as well as in AE, .

For @&150cm 1 we may safely assume that the
sums in (6) and (7) are dominated by the soft-pho-
non contributions and the frequency dependence of
the HB efficiency is given by
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where A.„„is regarded as independent of'Q. Above
150 cm ' the influence of the other modes can no
longer be neglected, and Eq. (8) only holds if the
ratio

I a, I/2, is the same for all infrared and HH

phonons.
In order to observe LO modes the scattering

configuration has to be x(yx)z, x(zx)z, or
x((z, y)y)z. For x(zx)z we find

(~ 4
s((u) =nl —IEz I'[~(n) +1]lm —— 2

I
f „'I'+- —'I+ac(f *f")(c

fy e&T fy

where b'„0 is an element of the electro-optical ten-
sor defined by Eq. (3). We shall apply formula
(9) only to the highest-frequency Lo mode around
800 cm '. In this case all the dielectric functions
hc,(O) appearing in the expression behind (-1/a)
may be assumed as small, real. , and slowly vary-
ing with frequency. Thus the frequency depen-
dence of the HR efficiency is described by

S(2~, —n) =a,.[n(fl) +1]fmI— 1

I, eQ

with A. being nearly independent of Q.

(10)

III. EXPERIMENTAL DETAILS AND RESULTS

The HR spectrum of SrTiO, for 90' scattering
was first published in Ref. 15. The first observa-
tion of polaritons was reported by Denisov et al."
Similar results as in Refs. 15 and 16 were ob-
tained by Inoue et al.'7

W'e have carefully remeasured the highest- and
lowest-frequency HH line denoted by LO4 and TO1,
respectively. %e used the same single-channel
technique as already described in detail in Ref. 15.
Commercially available crystals (National Lead
Company, Titanium Division, USA) were sawed
and ground to cubic samples with (100) surfaces,
the orientation being controlled by Laue patterns.
As mentioned above, the incident and scattered
beam were parallel to [100]axes, while the phonon
wave vector was in the [101]direction. The line
shapes of LO4 and TO1 were measured for various
scattering configurations using polarizers for both
the laser and scattered radiation. As we always
observed the same line shapes, all polarizers
were removed in order to get the maximum of HB
intensity. Then the full spectral slit width could
be decreased down to about 4 cm ', so that no de-
convolution was necessary for analyzing the rela-
tively broad profiles.

Our experimental results are presented in Fig.
1, where the HB intensity, in counts per second,
has been plotted as a function of the HR shift
0 =2+~ —w. The full curves have been obtained
by using Eqs. (8) and (10) and fitting the param-

eters of a classical dispersion formula' for e(A)
to the experi. mental points. In the case of TO1
only a single oscillator has to be taken into account
and two parameters, i.e., mode frequency and

damping constant, have to be adjusted. The pro-
file of LO4, however, is sensitively influenced by
all the three E,„modes. Six parameters, in
addition to those of TO1, are needed for an
adequate description, i.e., mode frequencies,
damping constants, and relative effective charges
of TO2 and TO4. In Table I our parameters are
compared with those of Ref. 7 derived from the
far-infrared ref lectivity spectrum. The number-
ing, symmetry, and spectral position of the eight
different I phonons of SrTiO, are also explained
there.

The crosses in Fig. 2 show e "(0)=Ime(O) as
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FIG. 1. Highest- and lowest-frequency hyper-Baman
line of SrTios at room temperature (Tz). The hyper-
Raman intensity is given in counts per second. The
solid curves have been calculated from classical dis-
persion formulas with the parameters of Table. .I.
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TABLE I. Dispersion parameters for SrTi03 at room temperature deduced from the hyper-
Raman and the far-infrared ref lectivity spectrum. Q0 is the mode frequency, y the damping
constant, Z the effective charge, HR represents hyper-Raman scattering in this work, and
IR infrared reflection spectroscopy, Ref. 7.

Classical dispersion analysis
Qo (cm-i) Qo (cm '} y (cm-')

Mode~ Symmetry Reference 15 HR IR HR IR
Iz/zeal

HR IR

TO1 Eg„
LO1
T02 E&u
LO2
T03 E2„(silent)
LO3
TO4 Ef„
LO4

88
175
175
266
266
474
545
795

87.9 87.5; 87.7 23.7 26.3;43.9 1
I

173.8 6.1 6.1; 6.9 0.22 0.22

544.0 546; 544,18.0 26.8; 26.7 0,40 0.50; 0.44

~ The numbering of the modes is in order of increasing frequencies. ' '8 Note that LO3
corresponds to TO2, whereas LO2 and TO3 are degenerate and silent.

directly calculated from the TO1 HH line by means
of Eq. (6). fn order to calibrate the relative val-
ues, use is made of the Kramers-Kronig relation
for the oscillator strength

the overlapping of Az~(A) with the two other
6e,"(0) may be neglected below 150 cm '.

he, (0) can be evaluated in two ways:
(a) According to Eq. (6) we have

e(0) —e(~)
1+[ru, (0) + ae,(0)j/ac, (0)

' (12)

1200-
rTi 03

TR]000—

800-

++'
+++

+'
+ +
+

+

where n&, (0) is the contribution of TOl to the static
dielectric constant e(0) and ro, = 150 cm ' indicates
the upper boundary of the TO1 frequency region.
Since the modes of SrTiO, are clearly separated
and the oscillator strength of TOl is dominating,

The denominator can be estimated from the rela-
tive effective charges obtained by the classical
dispersion analysis. a(~) =5.07 follows from the
refractive index at the minimum of dispersion
around 5000 cm '." The Lyddane-Sachs- Teller
(LST) relation'~ allows us to calculate &(0) from
the exact mode frequencies measured by HB scat-
tering. " As shown in Table II the LST value is in
satisfactory agreement @faith the results of other
experimental techniques. From (12) we finally
get Le,(0) =303.

(b) ac, (G) can also be estimated from the TO-LO
splitting s according to'

2 I' 2 2 ( 8 g2
I nx I ~LO1 Tnl I I. ns ~TOl I LA4 TA1

I 3 2 ~

+Tol k T02 +Tol +T04 Tol

„600-
The result is he, (0) =307.

(13)
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I
/

/
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TABLE II. Static dielectric constant e(0) of SrTi03
at room temperature as obtained by various experi-
mental techniques.

0
0 50 )00

FREQUENCY (em ')
150

FIG. 2. The imaginary part of the dielectric function
of SrTi03 at room temperature in the soft-mode-fre-
quency region (crosses: this work, full line: Ref. 2,
long dashes: Ref. 7, short dashes: Ref. 8, full circles:
Ref. 9, full line with empty circles: Ref. 10).

Method e (0) References

Capacitance measurements at 1 kHz 307
315
320
322
200
313

"Magic T" at 0.3 cm ~

Reflectivity at 2.5 cm ~

Reflectivity at 5 cm ~

LST relation

20, 21
22
23

2
8

15



3090 H. VOLT AND G. ROSSBROICH

Although the problem of mode coupling casts
some basic doubts on the classical dispersion
formula, the LST relation, and Eq. (13) (see, for
instance, Ref. 24), the average value from (a)
and (b), be, (0) =305+10, seems to be a reasonable
approximation and is used in calibrating e "(0)
by means of Eq. (11). Thus absolute values of
& "(0) are deduced from the HR spectrum which
are independent of infrared data.

In Fig. 2 we have also plotted the results of five
available infrared works. ' ' In the three older
ones, ~ ' a grating spectrometer was employed,
whereas in the two most recent ones Fourier
spectroscopy in its symmetric' and asymmetric'
version was used. Considerable discrepancies
exist in the spectral region under study. Accord-
ing to our e "(0) the soft-phonon resonance seems
to be much sharper than expected before.

In Fig. 3 the upper broken curve shows the mini-
mum ref lectivity compatible with our e "(0). There
are only two measurements of the infrared reflec-
tivity If (full triangles: Rei'. 10, and crosses:
Ref. 7) which are not clearly contradicted by the
HR result. The lower broken curve presents the
maximum phase shift between incident and re-
flected light as allowed by our & "(0). The experi-
mental values of the phase shift P determined by
asymmetric Fourier spectroscopy' are indicated
by dots. They partly exceed the allowed maximum
and hence are not confirmed by the HR spectrum.
The full curves in Fig. 3 show R and Q as cal-
culated from a classical dispersion formula with
the parameters of Table I and be, (0) =305.

In order to get e'(0) =Ree(0) for the soft-phonon
region we may combine our e "(0) with the consis-
tent ref lectivity values of Hefs. 7 and 10. The re-
sult is shown by the crosses and triangles in Fig.
4. It seems to be more accurate to deduce e'(0)
from c "(0) by a Kramers-Kronig transformation
after complementing our e "(0) with the values of
Ref. 7 obtained for 0 &150 cm '. We choose Ref.
7 because, according to Table I and Figs. 2 and 3,
its results show the smallest deviations from
ours. In Fig. 4 the solid curve represents c'(0)
derived in this way. It partly coincides with the
broken line showing the behavior of a'(~) predicted
by a classical dispersion formula.

IV. DISCUSSION

In Fig. 5 we have plotted the real and imaginary
part of the soft-mode self-energy calculated from
e'(0) (full curve in Fig. 4) and e "(0) (crosses in

Fig. 2). We have followed the notation of Cow-
ley & ~ wrjting the soft-mode contrjbutjon to
e(0) as

~ (o,y) 2s,(0)'
&u"(0,f)'+ 2'"(0,f)D(0,f, 0) —0'

The index f is used instead of 1 for denoting the
fe'rroelectric mode. (u"(O,f) is the harmonic fre-
quency at q=0. S&(0)' and D(0,f, Q) present the
oscillator strength and complex self-energy, re-
spectively.

In order to explain the instability of the soft
mode the harmonic frequency &u"(0,f) has been
proposed to be imaginary. " The square of its
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FIG. 3. Far-infrared power reflectivity R and phase
shift ft) of SrTios at room temperature (broken lines:
minimum ref lectivity and maximum phase shift com-
patible with the hyper-Raman data, solid lines: R and p
according to a classical dispersion formula, empty
circles: Ref. 2, crosses: Ref. 7, empty triangles:
Ref. 8, full circles: Ref. S, full triangles: Ref. 10).
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FIG. 4. The real part of the dielectric function of
SrTioe at room temperature in the soft-mode-frequency
region orbroken line: classical dispersion formula, solid
line: Kramers- Kronig transformation from e& (Q),
points were calculated from R (crosses: Ref. 7, full
triangles: Ref. 10) and e&(Q) (crosses in Fig. 2)].
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absolute value deduced by Lowndes and Hastogi"
is indicated at the left ordinate axis. &ug0, f) (0
is highly overcompensated by the real part of
2 uP(0, f)D(0,f, 0). Thus the anharmonicity of the
lattice potential energy provides the main contri-
bution to the real quasiharmonic frequency.

Figure 5 confirms the picture already suggested
by the lower half of Fig. 1: From the phenomeno-
logical point of view the ferroelectric soft mode
of SrTiO, behaves like a classical oscillator with a
single damping constant, although anharmonic
interactions play a dominant role. The quasihar-
monic-oscillator description, however, fails above
100 cm '.

FIG. 5. Real and imaginary part of the soft-mode self-
energy 2"(O, f)D(0,f, 0) of SrTi03 at room temperature.
The value of the imaginary harmonic frequency was
taken from Ref. 22 (broken lines: classical dispersion
formula).
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