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In ionic crystals transverse optical (TO) pho-
nons and photons with nearly the same wave
vector and energy are strongly coupled. The
propagating state for these energies and wave
vectors can no longer be described as a pho-
non or a photon, but is a mixture of these two
elementary excitations known as a polariton.!»?
We report in this Letter a Raman-scattering
experiment in which polaritons covering a con-
siderable range of energy are produced as well
as optical phonons.

The dispersion curves for optical phonons
and photons of long wavelength in GaP are shown
in Fig. 1. In the absence of coupling, the dis-
persion curves are straight lines which cross

at ¢ =q’. The phonon-photon interaction removes

2_w? €(0) —€()
4 ?[E(m ' ‘-wz/w%]

heqlev)

FIG. 1. The dispersion curves of the uncoupled pho-
nons and photons are shown by the short-dashed lines,
and those of the LO phonons and the polaritons by solid
lines. The equation of the polariton lines is indicated.
The long-dashed curves indicate the values of energy
and wave vector which kinematically are possible at
each angle 6. 6 is defined by the vector triangle. EL
and Es are the wave vectors of the laser light and the
Stokes shifted light, respectively. ¢ is the wave vec-
tor of the scattered polariton.
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this crossing, resulting in the well-known dis-
persion curves® given by the solid lines in Fig. 1.
It is in the neighborhood of ¢’, where the disper-
sion curves bend sharply, that the photon and
phonon are strongly mixed and must be described
as a polariton. In this experiment, the lower
dispersion curve was traced out experimental-

ly in the neighborhood of ¢’ by varying the angle
between the detected Stokes radiation and the
incident laser beam.

On the lower dispersion curve, as ¢ changes
from a value large compared to ¢’ to a value
small compared to ¢’, the character of the po-
lariton changes from that of a TO phonon to
that of a photon. Similarly, the Raman-scat-
tering event changes from a two-photon—one-
phonon scattering process to a three-photon
scattering process as g changes from large
to small values. Classically, for all values
of g, the polariton is an electromagnetic wave
propagating in the crystal with a certain com-
plex refractive index. At the surface of the
crystal, it will be partially transmitted and
partially reflected, as determined by Fresnel’s
laws.

GaP was chosen for this experiment because
it is a cubic material with sharp first-order
Raman lines* whose refractive indices in the
visible®s® and infrared have been carefully mea-
sured.” The lack of inversion symmetry of GaP
allows it to be both infrared active and Raman
active. The vector diagram in Fig. 1 shows
the scattering geometry; EL: ES: and a are
the wave vectors of the incident laser photon,
scattered Stokes photon, and polariton inside
the GaP crystal. In the conventional Raman-
scattering experiment, 6=90°, ¢~v2ky, and
the polariton is very phononlike. In our exper-
iment, the Stokes radiation was measured at
very small angles with respect to the incident
beam. For 6 less than three degrees (inside
the crystal), the energy of the Stokes radiation
becomes shifted to energies significantly be-
low the TO energy.® 6 was measured down to
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zero degrees where the Stokes energy has been
shifted by nearly twice the LO-TO energy dif-
ference. These results are compared with the-
ory in Fig. 2 and found to be in good agreement.
The theoretical dispersion curve was constructed
from the infrared data of Kleinman and Spitzer.”

The polariton energy hwq is determined exper-
imentally from conservation of energy. The
polariton energy is

ﬁwq—ﬁwL—h'wS, (1)
where Zwy, and Zwg are the measured energies
of the laser and Stokes radiation. Similarly,

the polariton wave vector is determined exper-
imentally from conservation of wave vector.
From the vector triangle in Fig. 1,

q=(kL2+ksz—2k k_cos@)V?
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FIG. 2. A plot of the observed energies and wave
vectors of the polaritons and of the LO phonons; the
theoretical dispersion curves are shown by the solid
lines. The dispersion curves for the uncoupled pho-
tons and phonons are shown by short-dashed lines.
The values of energies and wave vectors which are
kinematically possible at angle 6 are shown by long-
dashed lines. Some of the experimental angles 6 are
indicated next to the data points.

6 is the measured angle between %1, and kg.
n(w), the refractive index of GaP, and its vari-
ation in the vicinity of the 6328A laser light has
been measured by Bond® and Nelson.®
The dashed lines of Figs. 1 and 2 indicate val-
ues of (w,q) which could occur for 6328A laser
light for several different values of 6 as deter-
mined from Eq. (2). Polaritons can be produced
at the crossings of these lines with the polari-
ton dispersion curves. For example, the po-
lariton produced by Raman scattering at 6=0°
lies at the intersection of the polariton disper-
sion curve and the dashed curve labelled 6=0°
in Fig. 1. The latter curve is a straight line
with the same slope as the dispersion curve
for the laser photon. Polaritons lying to the
right of this intersection may also be produced
using values of 6 greater than zero. It should
be noted that the intersection of these two curves
depends upon the increase in the refractive in-
dex of GaP for visible radiation, causing the
dispersion curve to have a smaller slope at
w=w], than at w=0. If the laser wavelength
used in this experiment had been greater than
1.5 p, these curves would intersect only at
g =0; in this case, all polaritons on the lower
dispersion curve would be allowed.®
The light source used was a 35-mW HeNe
laser operating at 6328A. The Stokes shifted
light was detected photographically using a two-
meter focal-length Bausch & Lomb spectrograph.
The angular apertures of the incident light and
the scattered light were each 0.6° inside the
sample. Exposure times ranged from 30 min-
utes to seven hours. In order to observe the
Stokes radiation at small angles, including
0°, where the Stokes radiation is collinear
with the laser beam, a special filter was con-
structed to attenuate the laser light before it
entered the spectrograph. The filter consist-
ed of a crystalline-quartz retardation plate
placed between crossed polarizers. The thick-
ness of the plate and its orientation were cho-
sen so that the laser light would be retarded
by an even number of waves and hence not pass
through the second polarizer; the Stokes radi-
ation was retarded by one-half wave less and
passed through the second polarizer. When
the filter was oriented with the initial polarizer
crossed to the laser polarization, the ratio of
the laser energy to the Raman energy entering
the spectrograph was reduced by over four
orders of magnitude.
Using single crystals of GaP, we observed
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Raman scattering with the laser beam in the
100 direction and in the 111 direction. Raman
scattering was also observed using a polycrys-
talline sample.

Rough intensity measurements were made
for Raman scattering on single crystals for
the Stokes radiation polarized perpendicular
to the polarization of the laser light. For the
laser beam in the 100 direction, only the com-
ponent of lattice polarization parallel to this
100 direction can be driven in first-order Ra-
man scattering. The LO intensity will vanish
for angles large compared to one degree, where
qLky, kg, and for small angles, where ¢qllky,,
kg, the TO intensity will vanish. After coat-
ing the crystal surfaces to eliminate reflected
laser beam (which produced substantial Raman
back scattering at the LO energy), we were
able to observe this selection rule experimen-
tally. For the laser beam in the 111 direction,
the predictions of group theory enter different-
ly. For general wave-vector directions and
polarizations, both the LO intensity and the
TO intensity should be observable. It was in-
deed found that in the 111 direction the TO in-
tensity was readily observable even at zero
degrees.

In this experiment, the Stokes energy and
the polariton energy were varied by selecting
different values of the polariton momentum.

In principle, because of the mixed phonon-pho-
ton character of the polariton, infrared quanta
at the polariton energy could have been detect-
ed outside the crystal. Spontaneous Raman
scattering of polaritons thus provides a tunable
source of visible and infrared radiation, but
radiation of extremely low intensity. Stimula-
ted Raman scattering of polaritons would pro-
vide an intense, coherent, and tunable source
of infrared and visible quanta.®

966

The authors would like to thank D. G. Thomas
for numerous discussions, C. G. B. Garrett
and S. P. S. Porto concerning infrared genera-
tion, and R. Loudon and J. A. Giordmaine for
their helpful comments. We are indebted to
C. J. Frosch for providing the crystals used
in this experiment and to J. A. May for his tech-
nical assistance.

*Work supported in part by the U. S. Air Force Of-
fice of Research, Air Research and Development Com-
mand.

U, Fano, Phys. Rev. 103, 1202 (1956).

%J. J. Hopfield, Phys. Rev. 112, 1555 (1958).

3M. Born and K. Huang, Dynamical Theory of
Crystal Lattices, Claredon Press, Oxford, Eng-
land, 1954.

4M. V. Hobden and J. P. Russell, Phys. Letters
13, 39 (1964).

W. Bond, J. Appl. Phys. 36, 1674 (1965).

D, F. Nelson, private communication.

™D. A. Kleinman and W. G. Spitzer, Phys. Rev.
118, 110 (1960).

8The change in the Stokes energy with angle ob-
served in this experiment results from changing
IC‘l' |, the magnitude of the polariton wave vector.
This should not be confused with experiments on
noncubic crystals in which the Stokes energy changes
as the direction of the phonon wave vector in the
crystal is varied. For a general discussion of dis-
persion curves of infrared active phonons in cubic
and noncubic crystals, see R. Loudon, Advan. in
Phys. 13, 423 (1964).

SR. Loudon, Proc. Phys. Soc. (London) 82, 393
(1963) discusses the kinematics of Raman scattering
in the forward direction. He points out that in uni-
axial crystals, Raman scattering of TO phonons is
possible on both the upper and lower dispersion
curves, and that infrared light would be emitted at
the polariton frequency. In his discussion of cubic
crystals, however, he indicated that TO forward
scattering does not occur, in contrast with our re-
sults. The variation of n(w) in the visible spectrum
makes possible this forward scattering.




