
PHYSICAL REVIEW B VOLUME 46, NUMBER 4 15 JULY 1992-II

Resonant phenomena of hyper-Raman-scattering of optic phonons in a Ti02 crystal
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We report two-photon-resonant phenomena of hyper-Raman-scattering by optic phonons in Ti02. It
is found that the scattering e%ciency of the allowed mode in the 90-scattering geometry increases re-
markably as twice the incident photon energy, 2%co;, approaches the direct forbidden energy gap from
below. In addition, the configuration-forbidden LO mode in the backward-scattering geometry is found
to show a sharp two-photon-resonant behavior at the band edge. The prominent polarization depen-
dence of the phenomena is observed, rejecting the anisotropic nature of Ti02. Further, the absolute
value of the scattering ef5ciency is estimated as a function of 2'~;. It is shown that these results can be
interpreted quantitatively with a model on the basis of the electronic band structure. In the course of
the analysis, we have estimated the second-lowest-direct-gap energy as 3.10 eV. Finally, we emphasize
that the resonant hyper-Raman spectroscopy would be useful as a method for studying the band struc-
ture in solids.

I. INTRODUCTION

Hyper-Raman-scattering spectroscopy in crystals is an
important method for gaining information about
Raman-inactive phonon modes. Many works have been
reported in this respect. For example, it is established to
be one of the most useful methods for studying the
structural phase transition of solids in the case where the
relevant soft optic phonon is Raman forbidden. How-
ever, little attention has been paid, so far, to resonant
effects of hyper-Raman-scattering.

Hyper-Raman-scattering is an incoherent nonlinear
scattering such that two incident photons A'cu;+A'm; in
energy are annihilated with one new photon (scattered)
Ace, and one phonon %co, both created behind. Conse-
quently, the hyper-Raman-scattering strength, which is
dependent on the intensity of incident light, may be
characterized by a ratio SHR/IL [cm(MWsr) '] of the

scattering efficiency SHR (differential scattering cross sec-
tion per unit volume) against the intensity or power flux
IL, which is the normalized hyper-Raman e5ciency pro-
posed by Vogt and Rossbroich. In the one-phonon pro-
cess, it is given (cgs units) by
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Here, N is the number of unit cells in the unit volume, M
the reduced mass of the atoms contributing to the optic
mode, N(co ) the Bose-Einstein factor of the phonon, c
the speed of light and co the phonon frequency, g and co

are the refractive index and the frequency of light, the in-
dices i and s refer, throughout the present paper, to in-
cident and scattered lights, respectively, and dHR is the
hyper-Raman tensor for the relevant phonon q. In the
framework of time-dependent perturbation formalism,
d HR can be written to the dipole approximation as,
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where m and e are the electron mass and charge, V the
volume of crystal, and a the lattice constant. The indices
I, m, and n refer to the intermediate states of electronic
excitation with their respective energies E (et=i, m, n),
and I'l and Dl are the respective matrix elements of
the momentum operator and the electron-phonon in-
teraction. In the TO phonon scattering, Dl represents
the deformation potential as defined by Bir and Pikus,
while in the LO phonon scattering, the Frohlich interac-
tion is added to Dl . The major dependence of the
hyper-Raman tensor on the incident photon energy arises

from the resonant denominators in Eq. (2). A resonant
enhancement should occur when either one of the
relevant photon energies, fin,-, Ace„and 2%co;, or two of
them simultaneously, become close to the energies of
some specific intermediate states I, m, and n, such as
those of the fundamental and higher-energy gaps of the
crystal. In the two-photon resonance case that we are
concerned with, a term I(E„fico,)(E —2ftco, )I

' —in

Eq. (2) should contribute primarily to the resonant
enhancement. Recently, we reported such resonant phe-
nomena of hyper-Raman-scattering in SrTi03 and
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Ti02. " The scattering eSciency of the allowed modes
was found to increase remarkably, as 2%co; approached
the direct energy gap Eg from below. Further, the LO
mode forbidden in the backward-scattering geometry in
the usual selection rules was also found to show a two-
photon-resonant behavior at the band edge. As for TiOz,
we made a tentative interpretation of the results.

The purpose of the present paper concerning Ti02 is to
report a full interpretation as well as detailed features of
the resonant effects. We also report additional informa-
tion about the electronic structure of TiOz crystal in the
vicinity of the band edge, which we have clarified in the
course of analyses of the resonant effect. We have also
made a two-photon absorption measurement.

First, for later use, we describe briefly information
about the electronic structure reported thus far, which is
still controversial to some extent, although a number of
studies' ' have been done. As far as the lowest gap is
concerned, it has been characterized from both the exper-
imental and theoretical points of view. Pascual,
Camassel, and Mathieu' have carefully investigated the
absorption edge of Ti02 by one-photon absorption mea-
surements. Their results are as follows. The lowest
direct transition is strictly forbidden in polarization
parallel to the z axis (c axis) but weakly allowed through
higher-order approximation, in polarization perpendicu-
lar to the z axis. They have also found that the direct gap
is located at 3.034 eV in energy at 30 K and is composed
of a series of excitons, with a binding energy of 1s exciton
of 4 meV. Direct creation of 1s and p„„-type excitons is
allowed in the one-photon absorption only through the
second-order approximation. The creation of p, -type ex-
citon is totally forbidden. By investigating the effect of
uniaxial compression up to 24 kbar on the direct and in-
direct absorption edges, they have confirmed the above
assignment concerning the direct forbidden edge. '

Theoretically, Jourdan, Gout, and Albert' have calculat-
ed the band structure of Ti02, which is a more sophisti-
cated version of the one given by Daude, Gout, and Joua-
nin. ' The results agree qualitatively well with the exper-
imental ones described above. The energy band scheme
they have derived is shown in Fig. 1 for later use, where
the one-photon transition from the maximum of valence
band I 7+ to the lowest conduction band of I 6+ is forbid-

II. EXPERIMENTAL

Figure 2 shows the experimental setup. All measure-
ments were performed by an ordinary one-beam exciting
technique using a home-made dye laser pumped by a Cu-
vapor laser (Metalaser model HR1032). A wavelength-
tunable range of a dye of styryl-9 was from 843 to 780 nm
(1 47 to 1.59 eV) in the present system, 2A'co; covering the
lowest-band-gap energy, i.e., E =3.034 eV (408.5 nm in
wavelength). The dye laser had the output characteristics
of typically 3 kW in peak power with 15-nsec pulse width
and 6-kHz pulse repetition rate. The beam from the dye
laser was focused onto a sample by an objective with

f =3 cm. We checked the relation that the signal was
proportional to the square of the laser power.

The samples cut from a colorless single boule of Ti02
single crystal were prepared in the parallelepiped form of
4X4X6 mm in dimension. All surfaces were carefully
polished to be optically flat. The sample was set in a
helium-gas-flow-type cryostat and was cooled to 30 K.
The scattered radiation from the sample was collected by
a lens, dispersed with a monochromator (Ritsu MC-
25NP), and detected with an optical multichannel detec-
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den to the electric-dipole approximation for both polar-
izations e;~~z and e;Lz. Here the superscripts c and v

denote conduction and valence bands, respectively. This
transition is allowed through two-photon absorption with
one of the two-photon polarizations e;,e. perpendicular
to the z axis, i.e., xx, yy, xy, xz, and yz. As for e;~~z, the
one-photon absorption edge is governed by the indirect
transition. ' ' The second-lowest direct gap, which is
"lowest" for e;~~z is left unclear, although it is likely' to
be the one corresponding to a transition from spin-orbit
split degenerate valence bands I 6+ or I 7+ to the I 6+
conduction band. According to the calculation, ' this
one is also one-photon absorption forbidden, but two-
photon allowed for both polarizations; the transition
from I 6+ to I 6+ is allowed only for the polarizations of
zz, and the transition from I 7+ to I 6+ is allowed for xx,
yy, xy, xz, and yz.
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FIG. 1. A schematic band structure of Ti02 together with
the optical selection rules, where c and u denote the conduction
and valence bands, respectively.
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FIG. 2. Experimental arrangement for resonant hyper-
Raman-scattering measurement, where (a) and (b) are schemat-
ics of 90 - and backward-scattering configurations, respectively.
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tor (Tracor Northern TN-6133). Cooling the detector
below —40'C enabled one to accumulate the signal for
more than 30 min since thermal noises were drastically
reduced, thereby resulting in great improvement of sensi-
tivity with a simultaneous use of gate operation syn-
chronized with the laser pulses. The dye laser power was
monitored by a thermopile detector.

To extend the frequency region, and to compare the
relative magnitude of signals between in-resonance and in
far off-resonance, we also employed a Q-switched Nd-
doped yttrium aluminum garnet (YAG) laser (A'co, =1.16
eV) as another excitation source. A normalization pro-
cedure is obviously needed to directly compare the
scattering efficiency between two kinds of excitation,
since the characteristics of both lasers are quite different,
i.e., concerning the laser mode, power, and repetition
rate. For this purpose, we utilized a KI crystal as a refer-
ence, since frequency dispersion of the efficiency for KI
crystal whose band-gap energy is about 6 eV, might be
neglected. In addition, the absolute scale of the efficiency
was also obtained by comparing the present measurement
in the configuration of x(zz, z)x with the data of TO
scattering in KI in the literature, '

SHR /IL = 10
cm (MW sr) ' for Nd- YAG laser excitation.

(e} e;lc
n~ I(ev)
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2fico; was estimated over a region including the lowest
band edge. In estimating the efficiency, we made some
corrections to the magnitude of the raw signal; those in-
clude the ones due to the wavelength dependences of op-
tical tool's transmission and detector's sensitivity, dye-
laser power, and reabsorption of scattered light. Figure 4
shows the result thus obtained for the E„-A2„oblique
LO mode at 810 cm ' in both polarization cases. Owing

III. RESULTS
EU( TO+ LO)

f r

Eu A2„TO)'

2.936
E„-~LO)

A. Allowed scattering

Taking the anisotropic nature of Ti02 into considera-
tion, the measurements were made in two configurations
such as x'(zz, o)z (e; ~~z) and x'(y'y', o)z (e;lz), where the
first two notations and the last one in the parentheses
refer to the polarization directions of incident and scat-
tered lights, and x', y', and o denote (1,1,0), ( 1, 1,0),
and unpolarized directions, respectively. In these
configurations the TO and LO phonons of E„symmetry
and E„A2„mixed s-ymmetry (oblique modes) are al-

1owed. The examples of the hyper-Raman spectrum ob-

served for dye-laser excitation with 2%co; =2.94-3.12 eV

are shown in Fig. 3. The abscissa in Fig. 3 is plotted as a
frequency shift from the value 2%co; in cm ' with the
Stokes shift being positive. Mode assignment of the ob-
served spectral lines were made on the basis of a detailed
polarization measurement' at room temperature. Two
E„(TO)+E„(LO)modes, not fully resolved in the present
resolution power, and one oblique E„-A2„mode (TO,LO)
were observed as labeled in Fig. 3. The frequencies of the
observed lines shift a few crn ' from those values at room
temperature. It is found that as the value of 2%co, ap-
proaches from below to the fundamental absorption edge,
the hyper-Raman signal becomes appreciably intense.
Further increase of the excitation energy such that 2A~;
is in the absorption range results in diminishing the mag-
nitude of the raw signal. Examples of those spectra are
also shown in Fig. 3 for the values of 2A'co beyond 3.03
eV. In addition to these signals, weak emissions labeled
with dashed bars in Fig. 3 were also observed when 2A~;
exceeded the respective threshold energies, 3.10 and 3.03
eV for e, ~~c and e,.lc. The detail will be described later.
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FIG. 3. Examples of the hyper-Raman spectrum in the 90'-

scattering geometry excited by a dye laser in Ti02 at 30 K for
the polarizations, (a) e, lc and (b) e;~~c. Twice the excitation

photon energy is in the range of 2»93 —3. 12 eV. The dotted bars
denote the two-photon-excited emissions. The respective spec-
tral widths of the emissions and the scattered components are
typically 100 cm ' and 50 cm ', which are well larger than the
resolution power of our system (30 cm ').
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FIG. 4. A plot of the scattering efficiency as a function of
2%co; for the allowed LO-oblique phonon with the energy of 810
cm for respective polarizations. The bar indicates the posi-
tion of the lowest direct-forbidden band gap. The lines are a
guide to the eye.

to the highest frequency shift, the measurement on this
mode could be carried out in the widest frequency region
with respect to 2fico;, i.e., a region beyond the band gap
where the signal gradually suffered indirect absorption.
Correction due to the absorption is needed only for a few
data points above 3.1 eV in Fig. 4. This is because the
correction factor arising from this absorption may be ex-
pressed as 1/exp( —ad ), in which a and d represent the
absorption coefficient at scattered photon frequency and
the path length, respectively. It is noted that the signal
in the higher-energy region beyond 3.13 eV in Fig. 4
could not be observed in the present detection system, be-
cause of the strong indirect absorption.

It is clearly seen in Fig. 4 that a remarkable enhance-
ment of the efficiency occurs for both polarization cases
(e; ~~c, e;ic ), as the value 2fico; approaches the direct gap

Eg and that the efficiency stil l increases beyond it aside
from a small peak at 3.03 eV for the case e;Lc. The peak,
though being small, may correspond to the S = 1 exciton
excitation as described later. It is noted that its existence
was experimentally reproducible enough. It is also noted
that the trend of the variation, SHR!IL vs 2fico; for the
other modes is basically similar to the result shown in
Fig. 4, aside from the absolute efficiency.

B. Forbidden scattering

Next, we describe the result obtained in the backward-
scattering geometry of y(xx, x +z)y, where all phonons
other than three E„(TO) and one A 2„(TO) modes are for-
bidden in the usual selection rules. However, the forbid-
den mode could be actually observed like the forbidden
resonant Raman-scattering case. Examples of the spec-

trum are shown in Fig. 5. The spectrum of the forbidden
E„(LO) mode at 816 cm ' is seen to be as intense as the
TO mode, which is inherently allowed in the present
geometry. As the value of 2%co; is closer to E =3.034
eV, the forbidden signal becomes appreciably intense.
Notice that weak emissions were also observed in this
configuration for 2%co; exceeding E . The normalized
efficiency SH„/Ir of the forbidden mode was estimated
as a function of 2%co;. The result presented in Fig. 6 indi-
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FIG. 6. The dependence of the normalized scattering
efficiency on incident photon energy for the forbidden mode in
Ti02. The line is a guide to the eye.
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FIG. 5. Examples of the hyper-Raman spectrum in the
backward-scattering geometry excited by a dye laser in Ti02,
where the forbidden E„(LO) mode (labeled) is observed at 816
cm ', other than the allowed scattering signal, i.e., A2„(TO)
and three E„(TO) modes. Weak emission lines indicated by the
dotted lines are also observed. The spectral width of the LO
scattering component is not recognized to be clearly narrower
than that of the emission ( —100 cm ').
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cates that a sharp resonance manifests itself around 3.03
eV corresponding to the excitation energy of the S =1
exciton.

C. Two-photon excited emission

As already mentioned, weak emission lines were ob-
served in addition to the hyper-Raman signals when 2%co,
exceeded the respective threshold energies for e;~~c and
e;ic (Fig. 3). The absolute energies labeled with bars in
Fig. 3 are 3.034, 2.987, 2.975, and 2.933 eV from the left,
respectively. Their absolute energies did not shift when
the excitation photon energy was varied. Therefore, they
should be not scattered signals but emissions. It is
reasonable that these emission lines are assigned as those
due to phonon-assisted dipole transitions from the lowest
conduction to the highest valence band. The energy of
the line at 3.034 eV corresponds just to the energy of the
one-photon-forbidden lowest direct gap. Therefore, we
have assigned it as an emission due to a higher-order pro-
cess. The other three lines are found to shift by 380, 475,
and 816 cm ' to the lower-energy side from the gap ener-
gy, respectively. Those values correspond to E„(LO)
phonon energies at the Brillouin-zone center. Thus, we
can assign them as E„(LO)-phonon-assisted emissions
from the lowest conduction band to the topmost valence
band. The intensity variation of the emission line with
the shift of 816 cm with 2fico; is shown in Fig. 7, where
the respective thresholds are denoted by bars. It is
reasonable that the threshold energy of 3.03 eV for e;lc
just corresponds to the lowest-band-gap energy. The
threshold energy of 3.10 eV for e~~~c, on the other hand,
should correspond to the second-lowest-direct-gap ener-

gy, as will be argued later.

IV. ANALYSIS OF EXPERIMENTAL RESULTS

We show below that the experimental results on the al-
lowed and forbidden scatterings may be interpreted as
caused by different mechanisms, but in a consistent way
from the band-structural point of view. Accordingly, we
treat them separately.

A. Allowed scattering

The major resonant behavior of the allowed mode
might be well interpreted in terms of a three-band model
as follows. The electron-radiation (HER) and electron-
lattice (HEL) interactions involved in the allowed hyper-
Raman-scattering process should be of interband nature
in the case of a centrosymmetric solid such as Ti02. This
is because the states should have their definite parities at
the high-symmetry points of the Brillouin zone, indicat-
ing that the matrix elements concerning the intraband
transition should vanish. In Fig. 8 we illustrate a
schematic diagram of a series of virtual electronic transi-
tions which should play a dominant role in the present
process. There, the numbers 1, 2, 3, and 4 designate a
successive order of virtual electronic transitions through
either the HER (not described in Fig. 8) or HEL. As al-
ready described in Sec. I, a dominant term of the hyper-
Raman tensor

~
d HR ~

may come from the first term of Eq.
(2) containing a resonant denominator with respect to
2%co; or A'co, . The electronic system initially in the
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FIG. 7. Two-photon excitation spectra of LO-phonon-
assisted emission in the 90-scattering geometry for the respec-
tive polarizations in Ti02 where the bars indicate the direct
band edges. The lines are a guide to the eye. The intensity of
the emission for the polarization e;lc decreases monotonously
with the decrease of 2A'co; until 3.034 eV, around where the
emission cannot be resolved.

(b) e; llc

FIG. 8. Schematic diagram showing the mechanism of reso-
nance for the allowed scattering in the framework of time-
dependent perturbation formalism. The numbers 1, 2, 3, and 4
indicate a time order of successive electronic transitions.
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IdHRI'= (e;lc) (3)

ground state ~g ) is excited through dipole interband exci-
tation (transition 1) to an intermediate continuum state

~
1 ) composed of electron-hole pair, followed by a transi-

tion 2 to another pair state ~m ). Then, through third in-
termediate state ~n ) reached by the electron-lattice in-
teraction, the system comes back to the ground state
through a dipole transition 4. Therefore, in the case of
e;lc, the two-photon-allowed intermediate state ~m ) may
be either the one corresponding to the lowest direct gap
at 3.034 eV (I 7+-I 6+ ) or the other corresponding to the
second-lowest direct gap at 3.10 eV (I 7+-I 6+). We as-
sume the states ~l ) and ~n ) as the same for simplicity.
Considering the band structure together with one-photon
absorption data, ' the most likely intermediate states for
~l ) and ~n ) may be those of degenerated I 6 and I 7

valence bands, which lie about I.o eV below the highest
I z+ band. The intermediate state ~m ) in the case of
e; ~~c, on the other hand, may be the one corresponding to
the second-lowest forbidden gap (I 6+-I 6+), assuming

~
l ) and

~
n ) to be the same, as before.

An attempt of theoretical fitting was made with the
above models in the following way. We first estimated
the absolute squared hyper-Raman tensor ~dHR~ from
the experimental values of the e%ciency in Fig. 4 in terms
of Eq. (1). The result is shown with open circles in Fig. 9.
Then, assuming a set of parabolic valence and conduction
bands, we calculated the respective fitting curves:
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FIG. 9. Frequency dispersion of the squared hyper-Raman
tensor of the allowed scattering and theoretical fitting curves

(solid lines).

V d K
4ir (E"+fiiK /2p fico, )(Egs+fi—K /2', 2fico; )(Eg"+fi K—/2p fico;)—

V d EC

4ir (E"+fi K /2lJ, fico, )(Egg+—fi K /2p, 2fico; )(Eg"+f'i—K /2lJ, ficoc)—

Here K is a wave vector of electron (or hole) state, p the
reduced efFective mass, a the average lattice constant, Eg
and E" the lowest direct-forbidden and the lowest one-

2gphoton-allowed gaps, respectively, Eg the second-lowest
direct forbidden gap. The superscripts u and g denote
their parities, "ungerade" (odd) and "gerade" (even), re-
spectively. C and C' denote nonresonant terms which are
assumed to be constant almost independent of frequency.
The constants B and B' are given by

B=Pg„D„gP „P„
and

B'=P „D„2 P2 „P„
Here we assumed that the matrix elements concerning P
and D are independent of K. Using Eqs. (3) and (4), a

Parameter

EQ

Eg
E2g

p
a
M
P „
D(r, „-r, )

D'(r, -r, )

C (e;ic)
C' (e;ffc)

Value

4.0 eV
3.034 eV
3.10 eV
8.4mo
4.0 A
20MB
2.6X 10 esu
4.4 eV
2.2 eV
63 esu
53 esu

Ref.

14
12,13

12

a
b
Fit
Fit
Fit
Fit

'The average value was used. Here, M~ is a proton mass.
This value was calculated from the expression P -fiia.

TABLE I. Numerical values of the parameters used for the
theoretical fit in Fig. 9.
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computer fit was made. In doing so, B, B', and C for
e,.lc, 8 and C for e; IIc were regarded as adjustable param-
eters. The solid lines in Fig. 9 show the best-fit results
with values of adjustable parameters listed in Table I.

8 exciton

Exciton
i( energy

B. Forbidden scattering
A exciton

2P

I
d HR I

=
I e; d gR"" el ekk,'q (9)

where k, is the Cartesian component of the wave vector

%e are especially concerned with the mechanism of a
sharp resonance at 3.03 eV, aside from the whole curve of
SHR!IL vs 2A~; in Fig. 6. We therefore argue the origin
first.

It may be suggestive to understand the mechanism of
the forbidden resonant Raman scattering, which has been
extensively studied. It is clarified that the q-dependent
Frohlich mechanism gives rise to the forbidden scattering
in polar semiconductors. According to the recent calcu-
lations by Trallero-Giner, Cantarero, and Cardona, ' ' a
discrete-discrete exciton transition through the q-
dependent Frohlich interaction plays a key role in the
forbidden process. Having the above in mind, the present
resonant behavior at 3.03 eV can be interpreted in terms
of a simple mechanism where 1s and 2p excitons are
predominantly involved as the second and third inter-
mediate states, and the q-dependent intraband Frohlich
interaction is responsible for the transition 3 between
them. Note that a second kind of exciton is known to ex-
ist in Ti02 as already described. The whole process is il-

lustrated in Fig. 10. There, a higher-order transition is
assumed to cause the transition 4 from the 2p exciton to
the ground state. In this case, the hyper-Raman tensor
may be written in the form,

I g) Exciton
wave vector

FIG. 10. Schematic diagram showing the mechanism of reso-
nance for the forbidden scattering in the time-dependent pertur-
bation formalism. A excitons and B excitons are constituted
from a hole and an electron belonging to I 7+ I 6+ (Eg 3 034
eV), I 6, -I 6+ (Eg -4.0 eV), respectively.

of the scattered photon. Using a relationship between the
hyper-Raman tensor and the crystal-space-group
Clebsch-Gordan coefficients, ' non-vanishing elements
of the tensor can be deduced. The result is shown in
Table II. In the configuration of y (xx, x +z)y, the tensor
has actually nonzero components such as d,„, . More
concretely, it can be shown that d HR is expressed as

2MXcoq

Pl

1/2
CF ~aP2pPi. P

2E co;co q

V, q „(0)(S, , (
—q„)—S„(q, ) ) e„(0)

(Ez fico, +i I z )(—E„2fico;+iI i, —
)

(10)

where E&, and E2 denote 1s and 2p exciton excitation
energies, I &, and I 2~ the lifetime broadenings of the
respective states, 'Pz „„(r) the wave function of the
internal exciton; the term, VkP2 indicates that the tran-

E„(LO);

e I 0

fi e 0

0 0 a

TABLE II. Hyper-Raman tensors and nonvanishing ele-

ments for the forbidden E„(LO) mode in the backward-
scattering configuration, i.e., y{xx,x +z)y, in TiO2. The hyper-
Raman tensors are calculated on the basis of the higher-order
scattering process (see Fig. 10).

TiOi y(xx, x +z)y k ~[(010) q)1(010)

Phonon mode Hyper-Raman tensor Nonvanishing element

sition 4 in Fig. 10 represents higher-order dipole transi-
tion, and P &, , the matrix element of the respective dipole
moment. CF and I, , (q ) (a=e, h: electron and hole) are

equal, respectively, to

1
CF l 27TAcoq 8

Cp

1/2

I, „(q )=fd re,*(r)e +„(r), (12)

cp and c being the static and optical dielectric constants,
az the exciton Bohr radius, m, and m& the effective mass
of the electron and hole. It is noted that Eq. (10) pro-
vides a Lorentzian shape for the result in the region of
the band edge.

The theoretical curve based on Eq. (10) is shown in

Fig. 11 with solid lines. Numerical values of the parame-

ters obtained by a theoretical fitting in Fig. 11 are listed

in Table III. A set of parameters used are referred to
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TABLE III. Numerical values of the parameters used for the
theoretical fit in Fig. 11.

Parameter

Eg

Ep

V'p„

q
me

mg
r

Value

4 meU
3.034 eV
7
200
1.0X 10-"
4.8X10 crn

18mp
14m()
4 meU

Ref.

12
12
1

1

a
b
Fit
Fit
Fit

'The calculated value in terms of P„a.
A value under the requirement of the momentum conservation

law.

V. DISCUSSION

First of all, it should be noted that all the scattered TO
and LO components are not Raman signals excited by
defect-induced second-harmonic light (SHG), but unques-
tionably hyper-Rarnan signals. This is because the ob-
served SHG intensity was very weak, as should be, in any
scattering geometry, including even the forward-
scattering geometry, i.e., as weak as those of the scattered
signals, and consequently, it is impossible for such a weak

I I I I
f

I I

15—

Che tp
Cl
1

0

p I I I l I I I I I I I I

2.95 3.00 3.05
(~V)

T WO —PHOTON E NE RGY

FIG. 11. Frequency dispersion of the squared hyper-Raman
tensor of the forbidden mode. A theoretical one (solid line) is
compared to the data points concerning the sharp resonant
profile around the band edge.

mainly from Ref. 12. The effective masses m„mz, and I
were determined as adjustable parameters. The effective
masses m, and m& correspond to those at the critical
points I 6+, and I 7+, respectively.

SHG to excite Raman signals of the same order of magni-
tude. Notice that the mutual exclusion selection rules
hold between the Rarnan and hyper-Raman-scatterings in
the centrosymmetric crystals like Ti02, indicating that
the polar modes in question are normally forbidden in
Raman scattering.

It is also noted that when twice the incident photon en-
ergy lies just on the lowest-band-gap energy 3.034 eV, the
LO-phonon-assisted emission and the scattered LO com-
ponent are generally indistinguishable since they appear
at the same absolute energy. Even in that case, however,
the intensity of the emission component may be
suSciently weaker than that of the scattered component.
This postulation may be justified for the following two
reasons: (1) In the 90'-scattering geometry, the respective
spectral widths of the emission and the scattered signal
are 100 cm ' and 50 cm ' in the vicinity of the band
gap, as can be seen in Fig. 3(a). The fact that the spectral
width of the signal in question stays almost 50 cm ' even
in resonance gives evidence in the 90'-scattering case. In
the 180'-scattering geometry, on the other hand, the spec-
tral width of the hyper-Raman signal is not recognized to
be clearly narrower than that of the emission. However,
a plot of the relative emission intensity vs 2fico; in the
90'-scattering geometry shows a monotonously decreas-
ing behavior with the decrease of 2%co; until 3.034 eV
around where the emission can not be resolved (Fig. 7).
Accordingly, a reasonable assumption that variation of
the relative emission intensity with 2%co; in the 180'
scattering should be identical to that in the 90' scattering
should support the above postulation, i.e., the scattered
component causes a prominent anomaly in just reso-
nance. (2) The frequency dependence of LO vs TO
scattering intensity ratio for the allowed configuration is
found to be constant around 3.034 eV. If the intense LO
emission component is superposed on the scattered com-
ponent, the anomaly at 3.034 eV could be seen for the
LO- to TO-intensity ratio of the allowed configuration.
This may also support the above statement.

The fitting result of the allowed scattering shown in
Fig. 9 is rather satisfactory for the respective polariza-
tions; the major resonant enhancement of the hyper-
Raman tensor over a range 2fico, =2.33—3. 12 eV, aside
from a small peak at 3.03 eV (e;Lc), could be reproduced
well. In addition, an order of magnitude of the adjustable
parameters (Table I) obtained may be reasonable. The
absolute magnitudes of the electron-lattice interactions
were estimated as D =1 eV and D'=2 eV, respectively,
from the values of parameters B and B' using Eqs. (7) and
(8), where the matrix element P was approximated in
terms of the relation P-fila as -2.6X10 esu. It is
noted that in our model D and D' correspond to the mag-
nitudes of interband electron-lattice interaction for I 6
I 6+ and I 7 -I 6+, respectively. No works have been re-
ported yet concerning the magnitude in Ti02. As for the
deformation potential for the 1owest-direct transition
I 7+ I 6+ only an order of magnitude was estimated as
0.8—2 eV by Mathieu, Pascual, and Camassel. ' The or-
der agrees fairly well with the present values.

As for a small peak at 3.03 eV, obviously the present
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model could not reproduce it, since exciton effects were
neglected. It is well known ' ' that in the resonant Ra-
man process, exciton states, in particular, discrete ones,
must be taken into account as intermediate states, since
the process including the exciton states should play a de-
cisive role in the vicinity of the band edge. Therefore,
similar exciton effects should be taken into account in the
present allowed scattering. In the process taking into
consideration only the discrete excitons as intermediate
states, the frequency dispersion of the hyper-Raman ten-
sor may be approximated by a Lorentzian function such
as (Eg —2A'co;+i I ), indicating that the exciton effects
affect substantially the result only in the vicinity of the
band edge. Consequently, it may be valid to neglect the
exciton effect in the present behavior except the band-
edge region. Thus, we are led to the conclusion that the
trend of the dispersion behavior, aside from the small
peak at 3.03 eV for e;lc, can be well explained quantita-
tively in terms of a three-band model.

Next, we proceed to discuss the interpretation of the
forbidden scattering. The result of the fitting in Fig. 11
with a simple model is again satisfying in the vicinity of
the band edge we are concerned with. We can estimate
the magnitude of the effective mass as m„=8mo using
the relation m„=m, m&/(m, +mh). This value is in

good agreement with the one (m„=8.4mo) in Ref. 12.
On the other hand, the present magnitude of 4 meV for I
is somewhat larger than the value reported in Ref. 9
(I =2 meV). This slight discrepancy might be attributed
to a crude approximation of our present model. To ob-
tain a more accurate estimation of the absolute cross sec-
tion, a summation over all intermediate states at finite
wave vector q, including continuum states of the exciton,
may be required, which presumably leads to a more
reasonable value of I .

As for the lower-energy tail below the sharp resonant
profile, the origin is at present not clear to us, but by in-
voking disorders which violate considerably the wave-
vector conservation rule, the above anomalous behavior
may be explained, as is the case for the forbidden Raman
scattering. ' For example, involvement of the quasi-
elastic-scattering of electrons by impurities in the process
should violate the selection rule. ' If this is the case,
the frequency dispersion of the hyper-Raman efficiency
far from the band edge should be similar to that of the al-
lowed mode, apart from the absolute magnitude. That a
similar frequency dispersion was observed between the al-
lowed and forbidden scatterings in the transparent region
seems to support the present argument.

Finally, we discuss the significance of the present

phenomenon. First, it will serve as a spectroscopic
method for studying band structure. It is noted that the
location of the lowest direct band gap in TiO2 has been
confirmed by resonant hyper-Raman-scattering. In addi-
tion, the second-lowest direct gap has been unraveled to
be of the two-photon-transition-allowed nature with the
energy of 3.10 eV. With the help of the result of band

calculation in Ref. 17, the gap should correspond to the
energy between the degenerated I 6+ and I 7+ valence
band, and I 6+ conduction band. Second, the present
work concerning signal enhancement in the vicinity of
the band gap will open the door to more sensitive hyper-
Raman measurements in the future. Notice that the
hyper-Raman signal is generally very weak so long as the
conventional method is employed. For example, the
scattering efficiency for the allowed mode in Ti02 with
the use of a dye laser becomes about 10—40 times larger
as compared to the case of Nd-YAG laser excitation,
which has been employed conventionally in almost all ex-
periments to date. Further, resonant hyper-Raman spec-
troscopy may be useful for gaining information about the
electron-phonon interaction. It is noted that the infor-
mation may be different generally from the one obtained
from resonant Raman experiment, since they obey
different selection rules. In this sense, the present spec-
troscopy will be promising as a spectroscopic tool com-
plementary to resonant Raman spectroscopy. Particular-
ly in the ultraviolet region, it will become a very powerful
tool as much as the resonant Raman spectroscopy has
been. It is emphasized that the incident photon energy of
half the optical transition energy is sufficient, indicating
that intense wavelength-tunable near-ultraviolet lasers,
which are not readily available at present, are not needed,
and that sample damage or heating caused by one-photon
absorption can be more or less avoided since the sample
is transparent to the incident light.

VI. CONCLUSIONS

Two-photon-resonance phenomena of the hyper-
Raman-scattering from optic phonons in TiOz have been
investigated near the direct forbidden energy gap
E =3

~ 034 eV. As a result, it was found that the scatter-
ing efficiency of the allowed mode increases remarkably
as 2%co; approaches E from below, and the
configuration-forbidden LO mode in the back-scattering
geometry shows a sharp two-photon-resonant behavior at
the band edge. It is shown that these results, including
the polarization dependence and the absolute value of the
scattering efficiency, can be interpreted with a model
based on the electronic band structure. Further, the
lowest direct gap at 3.034 eV that has been under some
controversy has been confirmed, and the location of the
second-lowest gap has been estimated as E =3. 10 eV.
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