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Surface olaritons are optically excited an semi-i ' '
yi-infinite cr stals of GaP. Infraredur ace p

to the sample via attenuated total reflection.ra 1a 1d t'on is coupled from silicon prisms an o e sa
~ ~ ~ ~ e olaritons.The results give t e ars experih f' t r mental dispersion relation for surfac p

Surface phonons are a consequence of the finite
extension of a crystal. Optical surface phonons
have frequencies between ~~ and ~~, as has been
shown theoretically and experimentally by several
authors ' ' In an ionic crystal whose size is
small compared to Xr (the wavelength at ~r) only
radiative surface modes exist, which have been
detected directly by infrared absorption of light. ~ '
The resulting broad absorption bands above ~~
depend on the geometry of the crystallites, 4

Semi-infinite crystals and large, thin slabs have
only nonradiative surface phonon modes with fre-
quencies depending on wave vector k. It has been
shown theoretically that interaction between pho-
tons and surface phonons results in surface po-
laritons with remarkable dispersion in the Iong-
wavelength region ("retardation region")." Ex-
citation of nonradiative surface phonons has been
b erved by electron scattering experiments ino ser

ao ~ gthin films' and semi-infinite crystals. Excita-
tion occurred over a wide range of k values ac-
cording to the angular distribution of the imping-
ing electrons. Therefore, no dependence of fre-
quencies on k could be observed directly. How-
ever, information as to the shape of the disper-
sion curve can be inferred from the line shape. '

In this paper we report the first optical excita-
tion of nonradiative surface polaritons. %e use
an arrangement of attenuated total reflection

aa(ATR), according to a suggestion of Ruppm.
Our experimental results give the dispersion of
surface polaritons in the long-wavelength region
for semi-infinite crystals of Gap.

Theoretical dispersion of surface polaritons
for semi-infinite crystals is given by"'

c Ei((d)+ cu

where k is the wave vector parallel to the surface,
~, (&o) the real part of the dielectric function of
the crystal, and c the velocity of light in vacuum.
e„ is the dielectric constant of the surrounding
medium. e,(v) is usually taken in the Lorentzian
form for an ionic crystal 'For k». &u/c the dis-

persion approaches the maximum frequency'"
a/2

(2)
N

with ~o and e „being the low- and high-frequency
dielectric constants of the crystal. The nonradia'-
tive surface polaritons are TP waves with phase
velocities always smaller than c. Therefore,
direct coupling with incident light cannot occur.
Excitation is, however, possible by ATR using
a prism ""The principle is illustrated in the
inset of Fig. 1. ReQectivity in a prism is re-
duced in the range of total reflection by lossy
coupling of energy into a sample through a thin
air gap of thickness d. Surface modes can be ex-
cited in the sample at wave vectors
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FIG. 1. Spectra of attenuated total reflection (paral-
lel polarization) at room temperature. Different values
of k according to Eq. (8). Spacings: d =40, 25, 12,
and 2.5p m, ordered to increasing values of 4. Inset
shows experimental arrangement.

k =kon sinn,

where n is the angle of incidence in the prism,
the prism refractive index, and k, =& c. The

~ ~ ~ asmethod is described in detail elsewhere.
In our experiments we used silicon prisms

shaped as parallelepipeds for use in a transmis-
sion arrangement. ATR spectra were taken by
an infrared spectrometer with beam divergence
reduced to 5 deg. As samples we investigated
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high-resistivity GaP with an area of about 1 cm'. '4

The surface was optically polished. The spacing
d between the prism surface and the sample was
varied between 2. 5 and 40 pm. All spectra were
taken at room temperature.

Figure 1 shows four experimental ATR spectra
at different values of k. We found loss of inter-
nally reflected energy in the frequency range be-
tween ~~ and v~ for 7'H waves, in agreement
with theoretical predictions. " For each curve
k has been evaluated by Eq. (3) from the angle
e of incidence. Additional spectra were taken
at various values of k (not shown in Fig. 1). The
frequency positions of the dips depend on k. The
dips are experimentally broadened by averaging
over a small range of k values because of nonvan-
ishing beam divergence and by resolution of the
spectrometer (~ 2 cm ').

For evaluating the frequencies &o(k) of the sur-
face polaritons from the observed minima, we
calculated the loss of reflected intensity with a
reflectivity formula" for the interfaces silicon/
air/GaP. As input data we used the following:

For GaP, ~r =367.3 cm ', ~~=403, 0 cm ' (at
room temperature), ""e„=9.091,"co=10.944,"
y= 0,0035co~ being the damping parameter for
the TO phonon2' as needed in the Lorentzian for
e((u); for air, e„=1; and for silicon, n =3.418.2'~'

For ~~ and +~ of GaP we have chosen Raman
data considered by us to be the most accurate
ones. The results of the calculations show that
only for vanishing loss of energy (corresponding
to large spacings d) the frequencies of the min-
ima agree with those of theoretical dispersion.
Theory predicts for large spacings d the half-
widths of the curves to be equal to the damping
parameter y of the TO bulk phonon. For decreas-
ing d, loss of energy increases, the dips broaden
and slightly shift towards lower frequencies. We
therefore analyzed our experimental spectra and
evaluated the frequency shifts of the minima for
for each dip. We found corrections to be within
1.0 cm '. Figure 2 shows the corrected minima
frequencies, which give the experimental dis-
persion ur(k). Experimental accuracy is indicated
by the size of the rectangles. The solid line
gives the theoretical dispersion for GaP calcu-
lated from Eq. (1).

The high experimental accuracy causes com-
parison with theoretical dispersion to be very
sensitive to the input data of GaP. The good
agreement, as seen in Fig, 2, confirms the set
of input data. The agreement indicates that with-
in experimental accuracy e,(~) of GaP obeys the
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FIG. 2. Dispersion of surface polaritons in GaP,
Experimental accuracy is given by size of rectangles.
Theoretical curve is calculated from Eq. (1).

*Present address: Max-Planck-Institut fur Festkdr-
perforschung, Stuttgart 1, Germany.

K. L, Kliewer and B. Fuchs, Phys. Rev. 144, 495
(1966).

2K. L. Kliewer and B. Fuchs, Phys. Bev. 150, 578
(1966).

For introduction see R. Ruppin and R. Englman,
Rep. Progr. Phys. 83, 149 (1970).

T. P. Martin, Phys. Rev. 8 1, 3480 (1970).
'T. P. Martin, Solid State Commun. 9, 628 (1971).
B. Buppin, Phys. Rev. 8 3, 4422 (1971).
B. Jalin, H. P. Balthes, and F. K. Kneubuhl, Solid

State Commun. 8, 1495 (1970).
A. A. Lucas, Phys. Rev. 162, 801 (1967).

9H. Boersch, J. Geiger, and W. Stickel, Z. Phys.

Lorentzian form in the range between ~~ and ~~.
The half-width of dips near ~~ with small loss
of energy gave h~ = 1.2+0.4 cm ', which indeed
agrees with previously reported TO bulk-phonon
damping (y=1.3 cm ', ' y=1.1 cm ', '8). Our re-
sults show that ATR presents a good method to
obtain the surface-polariton dispersion. For
optically polished GaP crystals the surface pho-
nons at long wavelengths are controlled by the
bulk phonon parameters. A useful extension of
the reported experiments should be to determine
e, (ur) and e, (ru) between ter and v~ with high ac-
curacy directly from dispersion and linewidth.

Note addedin Proof. Asimil—ar technique for
excitation of surface modes was recently applied
to ionic crystals. "
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Unlike prior attempts to describe the motion of electronic charge carriers in disor-
dered materials, we suggest that the (holelike) charge carriers may actually be self-
trapped, i.e., small polarons. In support of our hypothesis, we discuss our measure-
ments of the electrical conductivity, thermoelectric power, and Hall mobility on some
chalcogenide glas ses.

During the past few years a substantial experi-
mental effort has been expended in characterizing
the electrical transport properties of a wide vari-
ety of glassy chalcogenide systems. In attempting
to understand and systematize the resulting ob-
servations the simple model initially proposed by
Cohen, Fritzsche, and Ovshinsky, the so-called
CFO model, ' has been widely applied to such
glasses. Consistent with the situation in most
crystalline semiconductors, it was tacitly as-
sumed in this model that the presence of charge
carriers did not produce sufficiently large dis-
placements of the atomic constituents so as to
necessitate consideration of the possibility that
the charge carriers could become self-trapped,
i.e., form small polarons. It is the purpose of
this Letter to first suggest reasons why one
might expect the charge carriers in these glassy
substances to be small polarons, and then to
point out that such Bn Ansgtg leads to predictions
which are in agreement with our experimental ob-
servations on some chalcogenide glasses.

Let us begin our discussion by reviewing what
is meant by a small polaron. Consider for the
moment a charge carrier held fixed at a given
position in a solid. The presence of the addition-
al (stationary) charge would generally act as a

substantial perturbation on its immediate envi-
ronment, producing a displacement of atoms in
its immediate vicinity and causing a reduction in
the total energy of the system. The equilibrium
positions which these atoms would assume in re-
sponse to the added charge will be such as to pro-
duce a potential well for the carrier. In fact if
the potential well associated with the local lattice
distortion is sufficiently deep the carrier will
occupy a bound state, being unable to move with-
out an alteration of the positions of the neighbor-
ing atoms. Such a situation has been referred to
as "self-trapping. " The unit comprised of the
localized charge carrier. and its concomitant
atomic deformation is termed a small polaron
when the carrier is essentially confined to a sin-
gle atomic site.

Clearly a small polaron can only be expected
to form if an excess charge carrier will move
sufficiently slowly so as to linger at a particular
atomic position for time ample to permit the sur-
rounding atoms to adjust to its presence. . Since
the time characterizing the establishing of new
atomic equilibrium positions is a vibrational pe-
riod v, one readily determines that the intrin-
sic mobility below which small-polaron forma-
tion would appear likely is (e/kT)va', (-0.1 to 1


