VOLUME 27, NUMBER 5

PHYSICAL REVIEW LETTERS

2 Aucusrt 1971

Differential Second-Order Raman Spectroscopy

Y. Yacoby, I. Wagner, J. Bodenheimer, and W. Low

Microwave Division, Racah Institute of Physics, Hebvew University, Jerusalem, Isvael
(Received 14 May 1971)

It is shown that measurement of the derivative of the second~order Raman spectrum
with respect to wavelength of the scattered light gives information on the Van Hove
critical points of the combined two-phonon energy function. The results of such a mea-
surement on SrTiO; at 10°K are presented and discussed.

Raman spectroscopy has proved to be a very
valuable tool for the investigation of elementary
excitations in solids such as lattice vibrations
and magnons.! First-order Raman spectroscopy
furnishes information on the energies of these
excitations at the center of the Brillouin zone.
This information can be directly compared with
theory or used as a basis for theoretical cal-
culations. On the other hand the intensity of the
continuous second-order Raman-scattered light
is at any frequency an integral property over a
surface in the crystal momentum space. There-
fore, this spectrum cannot be compared directly
with theoretical calculations of the dispersion
relations, and in most cases only the sharp peaks
that have been observed in this spectrum have
been interpreted in terms of maxima in the com-
bined density of states.?

The information that second-order Raman
spectroscopy gives on the dispersion relations
of phonons resembles, in some respects, the
information that optical spectroscopy yields on
the electronic band structure. The use of dif-
ferential methods?® (i.e., measurement of the
changes in absorption or reflection coefficients
caused by various external parameters) has
proved to be very effective in the investigation
of such band structure.

In this Letter, we describe the measurement
of the differential second-order Raman spectrum
and its potential use as a tool for obtaining in-
formation on excitations at critical points in the
Brillouin zone. As the parameter for differentia-
tion we have chosen the wavelength A of the
scattered light. The reasons for this choice are
as follows.

(a) It is very easy to anticipate the general
form of the spectrum of the derivative with re-
spect to X of the intensity of the Raman-scattered
light, dI/dX, as a function of the difference be-
tween the photon energy of the incident and the
scattered light, €. Peaks in this spectrum ap-
pear at values of € for which the combined en-
ergy function of pairs of phonons, €,,(K), has
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an ordinary critical point. [€,;(K) =+ ¢;(xK)

+ €,(¥K), where ¢;(K) and Gi(ﬁ_). are the energies
of phonons with wave number K belonging to the
tth and jth branches. The upper signs refer to
emitted phonons, the lower signs to absorbed
phonons.] Van Hove? and Phillips5 have evaluated
the density-of-states function in the neighborhood
of ordinary critical points. The shapes of the
derivatives of the density-of-states function G
with respect to the frequency v are shown in

Fig. 1 for the different types of critical points.

If the function €,,(K) is degenerate at the critical
point, dG/dv may be a superposition of these
shapes. It is expected that in the neighborhood
of a critical point the shape of dIz/dv=—- (A\%/
c)dI z/dX) as a function of € will be similar to

that of dG/dv.

(b) The photon energy of second-order Raman-
scattered light ranges at the most over 1000 cm !
on each side of the photon energy of the incident
light. Similar structure in the absorption spec-
trum of light caused by electronic transitions

mz ms

FIG. 1. Schematic shape of the derivatives of the den-
sity-of-states function with respect to frequency in the
vicinity of a minimum (m ), a saddle point with one
maximum (m,), a saddle point with two maxima (m,),
and a maximum (m,).
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will range over more than 10* cm ™!, Thus the
structure in the Raman spectrum is very dense.
Hence, small variations in X will result in con-
siderable depth of modulation of the second-or-
der Raman-scattered light.

The variations in A have been achieved by vi-
brating a slab of glass in front of the exit slit
around an axis parallel to the exit slit. The
shift in wavelength as a function of the angle of
incidence of the light 6 is given by

AXx=dr [tan"'0 - (n?/sin?6 - 1) V2], (1)

Here d is the thickness of the slab and 7 is the
resolution of the monochrometer.

The light reflected from the slab presents
some experimental difficulty. The intensity of
the transmitted light is expressed by the equa-
tion

I.=1,(0\[1-R(8)], (2)

and thus the intensity varies not only because of
the variation in A but also because of the varia-
tion of the reflectivity R with 6. However, R is
an even function of 6. Thus, if the vibration of
the slab at frequency w is tuned to be symmetric
around 6=0, R(6) will vary with a frequency of
2w which can be easily separated by phase-sensi-
tive detection from the variation of 7,(x), which
varies with a frequency of w. In our measure-
ment the component of R with frequency w has
been reduced to less than 10°* of the total inten-
sity of the scattered light, which is negligible
compared to that of the detected signals. The
detection system itself will be described else-
where.

The measurement of dIz/dX has been carried
out on a single crystal of SrTiO,. The crystal
was polished into the shape of a platelet of thick-
ness 100 um. The incident light from an argon
laser entered the crystal through its thin edge
and the scattered light emanating from one of
its faces was focused on the entrance slit of a
double monochromator. The measurement was
carried out with nonpolarized light in order to
obtain a better signal-to-noise ratio. The re-
sults obtained at 10°K are shown in Fig. 2.

The interpretation of these results is based
mainly on the comparison between energies of
structures in the spectra obtained in our mea-
surement (see Fig. 2) and energies of phonons
in the center of the zone and at the point X in
the zone, obtained from Raman,® infrared,” and
neutron-diffraction® measurements.
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FIG. 2. The spectrum of dly/dv of SrTiO; at 10°K.

The first two structures appearing at 144 and
170 cm "' refer to first-order Raman peaks.
The structure at 231 cm ™! corresponds to the
following combinations: (1) first-order Raman
line involving phonons from the corner of the
Brillouin zone of the perovskite structure (be-
cause of the distortion of the crystal from per-
ovskite structure, the corner of the Brillouin
zone is folded into the center of the zone®) and
(2) second-order Raman scattering involving
phonons at the edge of the zone at point X. The
possible combinations are 2TA and 2TO,. The
structure at 263 cm "! agrees in shape and in
energy with the silent mode. The positive peak
at 272 cm "! can possibly be associated with
emission of the pairs TO, + TO4 and TO, +LO, at
the point I'. At this point the combined energy
of each pair of branches has a minimum. This
agrees with the positive peak observed. The
energy of the pairs TA +LA and TO, +LA at point
X is equivalent to 271 cm "! and can therefore
also contribute to the peak observed at 272 cm 1.
Group theory shows, however, that only one of
the pairs will contribute to Raman scattering.
If model I of Cowley is correct, TO,+LA may
contribute. If model III is correct only TA +LA
may contribute. Notice that if any one of these
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pairs does contribute significantly, it should
have a saddle point with one maximum and two
minima. The peak at 311 cm ™! can be interpreted
to arise from the emission of 2L A phonons at
point X. In that case the branch should have a
saddle point with one maximum and two minima.

The rest of the structure observed cannot be
interpreted in terms of phonon energies mea-
sured by other methods. Further measurements
must be carried out using polarized incident and
scattered light properly oriented with respect
to crystallographic orientations in order to ob-
tain a more complete identification of this addi-
tional structure.

In conclusion, the usefulness of differential
measurements of second-order Raman spectra
has been demonstrated. It is shown that consid-
erable new information may be obtained using
such a method.
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The spectral response of photoconductivity of clean, cleaved silicon surfaces shows
at 80°K a broad shoulder for photon energies lower than the band gap. This shoulder
exhibits a sequence of minima, equally spaced with 59 meV. From the spectral depen-
dence of photoresponse and the energetic position of the minima, it is concluded that
the photoconductance of the clean, cleaved surface is caused by indirect transitions
from the valence band to surface states 0.5 eV above the valence-band edge.

The existence of surface states on clean semi-
conductor surfaces has been shown by various
experimental methods.! At clean, cleaved sili-
con and germanium surfaces, for example, the
density of surface states amounts to about 10**
cm™? eV™! near the Fermi level. Therefore only
small changes of the surface potential can be ef-
fected, for example, by the field effect? or the
channel technique.®* However, one of the authors
has shown* that by the controlled adsorption of
cesium up to a monolayer at clean, cleaved sili-
con surfaces nearly half of the energy gap can
be shifted through the Fermi level. These sur-
face-conductivity versus cesium-coverage mea-
surements could be described best by a set of
two surface-state bands, 0.48 and 0.25 eV above
the valence-band edge at the clean, cleaved sur-
face. By this “chemical-field effect” the surface-
state distribution changes, too.
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A more direct method for the determination of
the surface-state distribution is the excitation of
electrons or holes from or into surface states by
light, i.e., measurements of the spectral depen-
dence of internal reflection, photoemission, or
photoconductivity. Photoemission from surface
states has been reported by several authors.5"”
Photoconductance measurements at clean, cleaved
silicon surfaces are reported here for the first
time.

The samples were cut from 2000-Q-cm p-type
single crystals. Their preparation has been re-
ported elsewhere.* The samples were cleaved
in a {111} plane along a (Z11) direction in a ultra-
high vacuum of about 107!! Torr. The light was
provided by a tungsten-iodine lamp followed by a
double-prism monochromator. The light was
chopped at 13 cps and the photoconductive signal
was measured by a lock-in amplifier (PAR HR-8).



