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Two-photon resonant effect of hyper-Raman scattering in the vicinity of the
direct forbidden gap in a rutile crystal
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A two-photon resonance eA'ect of the hyper-Raman scattering from optic phonons was investi-

gated in a rutile crystal at 30 K near the direct forbidden energy gap E~. The scattering

eSciency of the allo~ed modes in the 90' scattering geometry was found to increase remarkably,

as twice the incident photon energy, 2he;, approaches Eg from below. The result can be reason-

ably interpreted in terms of a two-photon ingoing resonance with Eg. Further, the forbidden LO
mode in the backward-scattering geometry was also found to show a sharp two-photon resonant

behavior at the band edge. The origin may be attributed to resonance with the excitons due to
the q-dependent Frohlich interaction.

Because its selection rules differ from those of Raman
scattering, hyper-Raman scattering has been used as a
new spectroscopic method for obtaining direct informa-
tion about the Raman-forbidden optic-phonon mode. '

For example, it is established as an important method for
studying Raman-forbidden soft modes 5 in structural
phase transitions. Experimentally, hyper-Raman scatter-
ing is in principle very simple as is Raman scattering. To
date, almost all experiments have been performed using a
Q-switched Nd-yttrium aluminum garnet (YAG) laser of
1.06 Itm wavelength and for a material that is transparent
for incident and scattered photons with energy hco; and
@co„respectively. Hyper-Raman signals are generally
very weak in those experiments, and consequently, mea-
surements have been restricted to those materials for
which the signal is relatively intense. Therefore, it is un-
doubtedly important to improve the sensitivity so as to
make this spectroscopy more useful. One possibility
might be to utilize a resonant enhancement of the signal.

The purpose of this paper is to confirm that this
enhancement occurs when twice the incident photon ener-

gy 2Am; falls close to the band-gap energy Eg of the solid.
We are also concerned with resonant effects in both the al-
lowed and forbidden hyper-Raman scattering by phonons
in solids in a similar sense to those in the Raman scatter-
ing; in the hyper-Raman scattering we should expect to
observe the resonant effects when the value 2hco; (or
hca, ) almost coincides with the energy of the specific opti-
cal transition, instead of Aco; in the Raman scattering.
We recently reported a resonant enhancement of hyper-
Raman efficiency in SrTi03. However, the interpreta-
tion of the result was not necessarily clear because of the
indirect nature of the band gap together with the ambigu-
ous location of the lowest direct gap.

In this paper we report a two-photon resonant phe-
nomenon in a rutile crystal (Ti02), which is suited to the
present purpose; the lowest direct band gap of Ti02 (D4t, )
having an inversion symmetry is known to be
one-photon-absorption forbidden ' " but two-photon-
absorption allowed, and thereby the sample is almost
transparent for scattered light in the vicinity of the gap.
Thus, we should expect the two-photon resonance eA'ect to
occur around Eg.

Two rectangular parallelepiped samples were cut from
colorless single crystals with two planes parallel to the c
axis. The surfaces were polished to be optically flat. The
measurement was performed by the ordinary one-beam
excitation technique using a homemade repetitively pulsed
dye laser pumped by a Cu-vapor laser. The dye laser had
characteristics of 3-kW peak power, 20-ns pulse duration,
and 6-kHz repetition rate. A dye, styryl-9 was used to
cover a near-infrared region from 843 to 780 nm (1.47 to
1.59 eV) which lies in the vicinity of half the band-gap en-
ergy (Es 3.034 eV at 30 K) of rutile. '

First, we describe the result of the 90' scattering exper-
iment, where the transverse (TO) and longitudinal (LO)
optic phonons of E„symmetry, and the TO phonon of A2g
symmetry are allowed. A laser beam polarized parallel
(e;llc) or perpendicular (e; J c) to the c axis was used to
irradiate a sample using a lens with a focal length off=3
cm. The scattered radiation was collected and focused
with a lens on the slit of a single-grating monochromator
(F=4.4), and was detected with a gated optical-
multichannel detector cooled down to —35'C to reduce
thermal noise. ' The accumulation time for observing one
spectrum was 30 min. The sample inounted on the holder
of a He-gas flow-type cryostat was cooled to 30 K. In Fig.
1(a) an example of the Stokes hyper-Raman spectra for
827 nm (1.50 eV) excitation is shown. The observed lines
were assigned labels on the basis of detailed measure-
ments including polarization and temperature depen-
dence. '

Variation of the normalized scattering efficiency' 5/lL
(where IL refers to the incident laser power flux) with in-
cident photon energy was measured in detail for the
respective phonon modes in both x'(zz, o)z and x'(y'y',
o)z geometries, where x' and y', and o denote (110) and
(110),and unpolarized directions, respectively. The result
for the E„-A2„oblique LO mode at 810 cm ' is shown in
Fig. 2 for the two polarization cases. Because this mode
has the highest frequency shift, the measurement could be
carried out in the widest frequency region with respect to
2hco;, i.e., beyond the band gap, where the signal gradual-
ly suff'ered the phonon-assisted absorption caused by the
indirect band gap. It is noted that although the behavior
of this mode is most typical, the trend of the variation,
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FIG. 1. Examples of the Stokes hyper-Raman spectrum at 30
K in the (a) 90' and (b) backward-scattering geometries for
dye-laser excitation with 827 and 816 nm wavelengths, respec-
tively, where the abscissa is plotted as a frequency shift from the
value of 2hro;. In (a) where incident polarization e; is perpen-
dicular to the c axis, two E, (TO-LO) modes (unresolved) and
two oblique TO-LO modes (E„—A2„) are observed as labeled.
The respective linewidths are instrumentally limited (30 cm ).
In (b), i.e., in y(xx, x+z)y, the forbidden E, (LO) phonon can
be clearly seen at 816 cm ' other than the allowed phonons, i.e.,
Aq, (TO) and three E, (TO) modes. A weak emission line is also
observed at 887 cm ' on the shoulder of the forbidden mode.

S/IL vs 2hra;, for other modes is basically similar to the
result shown in Fig. 2, aside from the absolute efficiency.
In plotting the data points, various corrections such as
those due to the wavelength dependences of the optical
tools were obviously made. The point at 2.32 eV alone
was measured using a Q-switched Nd-YAG laser. The
relative magnitudes of the signals of the dye laser and
Nd-YAG-laser excitations were determined from a nor-
malization procedure using a reference crystal of KI
where the frequency dispersion of the efficiency should be
reasonably neglected; the intensity of the TO mode in KI
was measured relative to that of the mode in Ti02 for ex-
citations at both 1.16 and 1.48 eV with the same experi-
mental arrangement. In Fig. 2, the absolute scale is ob-
tained by comparing the present data for KI with earlier
data '

The result shows that the efficiency increases strikingly
in both polarizations as 2hco; approaches the direct gap
Ee, and still increases beyond it, aside from a small peak
at 3.030 eV for the case e;&e. The peak, though small,
corresponds to the 1Sexciton excitation.

The present behavior in the e;J c case may be explained
as arising from a two-photon incoming resonance with the
lowest direct gap Eg. The dominant resonant term in the
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FIG. 2. A plot of the scattering efficiency as a function of
2hco; for the allowed LO-oblique phonon with the energy of 810
cm for both e;J c and e;Ilc. The bar indicates the position of
the lowest direct-forbidden band gap. The lines are guides to
the eye.

hyper-Raman tensor dHR should be described as

A[(ha), —E )(2hca; —E))(hra; —E„)]
where A includes a product of matrix elements, i.e.,

(g I
H' '

I m&(m I
H' '"

I 1&&1 I
H' '

I n&&n I
H' 'I g&

with H'' and H' " being electron-radiation and elec-
tron-phonon interactions, respectively; I g) and I i),
(i i,m, n, ) denote the ground and intermediate states.
The lowest direct-forbidden band transition at 3.034 eV
already described corresponds to the excitation from I 7+

valence to I 6+ conduction band' ' and should be reached
by a two-photon transition with incident polarizations per-
pendicular to the c axis. Accordingly, in the case of e; J c,
the square of the hyper-Raman tensor I dHa I as a func-
tion of 2hra; may be calculated in terms of a three-band
model where the band transition specifying the intermedi-
ate states I 1& is either I 7+ I 6+ as above or I 7+ I 6+

starting from 3.10 eV as described below, with the bands
for the states I n) and I m) being the same. Considering
the band structure' ' together with the one-photon ab-
sorption data, "' the most likely intermediate states for

I n) and I m& may be those of the degenerate I 6 and I z

valence band (hole excitation), which lies 1.0 eV below
the highest I 7+ band. In Fig. 3, the calculated curve thus
obtained is compared to the data points. There, a non-
resonant constant term is added to the above two resonant
terms before squaring the tensor, and is adjusted in such a
manner that the theoretical curve is fitted to the overall
data points which are obtained from the observed S/IL. '

The result of fitting is rather satisfactory aside from the
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slight discrepancy around 3.03 eV. The discrepancy, how-

ever, may be improved by taking into account the exciton
effect, which will be described elsewhere. Similarly, we
could analyze the result for e;lie if we have knowledge of
the location of the lowest band Eg which can be reached
by two-photon absorption by incident polarization parallel
to the c axis. Since there is no information' about it, we
have recently carried out a two-photon absorption mea-
surement. The result indicates that Eg is located around
3.10 eV. A most likely assignment for this transition may
be an excitation from a spin-orbit-splitting valence band
I 6+ to the I &+ conduction band. Thus, it may be valid to
follow a similar procedure as in the case of e;ic by adopt-
ing the above band starting at 3.10 eV as Es. The fitting
is again satisfactory as is seen in Fig. 3.

Next, we briefly describe the result of the backward-
scattering geometry, i.e., y(xx, x+z)y, where all phonons
other than three E„(TO) and one A2„(TO) modes are
forbidden to the first-order approximation. The measure-
ment was performed with an experimental procedure simi-
lar to the 90' scattering. An example of the spectrum is
shown in Fig. 1(b) for 816 nm excitation (1.52 eV). The
forbidden E„-LO phonon line at 816 cm ' was found to
be observed with the intensity almost as strong as the oth-
er allowed modes. The normalized efficiency S/IL of the
forbidden mode was also measured as a function of 2ittrn;.
The result of

~ dHR ~
shown in Fig. 4 indicates that a

sharp resonance manifests itself around 3.030 eV corre-
sponding to the edge of the direct gap.

In what follows, we are concerned with the mechanism
of the sharp resonance aside from the whole curve of

~ dHit ~
vs 2ii'ten;. As already described, a second kind of

exciton is known to exist with the binding energy of 4 meV
for the 1S exciton from a detailed one-photon absorption
measurement, ' "where the excitations of the 1S and 2P
excitons are weakly optically allowed due to quadrupolar
and higher-order dipole transitions, respectively. Having

the above in mind, the present resonant behavior at 3.030
eV can be interpreted in terms of a simple mechanism
where 1S and 2P excitons are predominantly involved as
the second and third intermediate states, and the q-
dependent intraband Frohlich interaction' ' is respon-
sible for the transition between them. This whole process
can be shown to satisfy the group-theoretical requirement.
The present model may be a two-photon version of the
forbidden resonant Raman effect ' in a sense that two
discrete exciton states predominantly contribute as the in-
termediate states. The theoretical curve based on this
model, the details of which will be presented in a forth-
coming paper, is also shown in Fig. 4 for comparison. The
agreement is fairly good with reasonable values of param-
eters. It should be noted that the present process is caused
by a quasidouble resonance term such as

f(2h co; —6 a)p
—Es")(2h ni; —

Eg ")]

giving rise to a strong two-photon resonance. As for the
lower-energy tail below the sharp resonant profile, the
mechanism is at present not clear to us, but the one relat-
ed to the disorder which violates the wave-vector conser-
vation rule to some extent is likely to be involved as is the
case' for the forbidden Raman scattering.

In conclusion, we have presented a clear-cut investiga-
tion of the two-photon resonance effect for both allowed
and forbidden phonons in hyper-Raman scattering. Par-
ticularly, we have found a striking enhancement of the
scattering efficiency of the allowed modes in the vicinity of
the band gap. This fact will enable one to perform more
sensitive hyper-Raman experiments in the future. We
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FIG. 3. Comparison of the theoretical curve with the experi-
mental data concerning the magnitude of the squared hyper-
Raman tensor for the allowed modes shown in Fig. 2.
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FIG. 4. Variation of the squared hyper-Raman tensor for the
forbidden LO modes as a function of 2hco;. The theoretical
curve (solid line) is compared to the experimental data concern-
ing the sharp resonant profile around the band edge. For details,
see the text.
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also remark that resonant hyper-Raman spectroscopy is a
promising technique to unravel specific critical points of
band structure, particularly in the ultraviolet region.
Note that a photon energy of half the optical transition
energy is sufficient.
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