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The reQectivity of n-type InSb has been measured in the far infrared. The dopirg of
the samples was such that the free-carrier plasma frequency was near the Lo mode fre-
quency. The results suggest that samples with a sufficiently thick damage layer show ef-
fects due to surface plasmons. Use of a simple model indicates that the surface-plasma
excitations are coupled to the phonons.

Surface-plasma excitations were observed by
%ood' but were not understood until much latex.
The phenomenon of "Wood's anomalies" was then
used by Ritchie to study surface plasmons in Al
and Au. ' Energy loss to surface plasmons by
high-energy electrons has been observed for a
number of thin metal films. More recently, en-
hanced photoemission from metals due to surface
plasmons has been observed by Spicer and co-
workers. ' Tsui' has also observed the interac-
tion of tonneling electrons with surface plasmons
in degenerate n-type GaAs. Ngai, Economou,
and Cohen' have provided a theoretical interpre-
tation of Tsui's measurements.

For metals, the surface-plasmon frequency is
in the visible, while for degenerate semiconduc-
tors this frequency is in the infrared. For ex-
ample, the surface-plasma frequency for the
GaAs samples of Tsui was about 800 cm ' (100
meV), considerably above the phonon frequencies
in that material. We report ref lectivity measure-
ments for Te-doped InSb samples with surface-
plasmon frequencies in the 200-cm ' range.
Thus, the surface-plasmon frequencies lie near
the longitudinal optical-phonon frequencies. This
considerably complicates the problem since cou-
pling between the surface plasmons and the opti-
cal phonons is now possible. Our data, in fact,
show that such coupling is important. %e shall

use a very simple model in which retardation ef-
fects are neglected to explain qualitatively our
observations. Qf course, retardation effects will
be important for the relatively small wave vec-
tors used in our experiments, and a more com-
plete interpretation awaits a theox'y including the
surface-plasmon-optical-phonon coupling and re-
tRrdRtlon.

The In8b samples were Te doped. Reflectivity
measurements were made with three different
impurity concentrations such that the free-carri-
er plasma frequency was in the range 160 to 269
cm '. The plasma frequency ~~ is related to the
free-carrier concentration by

~~' = 4mNe'/m *s„. (1)

The k = 0 longltudlnal opt3. cal phonon of Insb ls Rp-
proximately 190 cm '. A commercial far-in-
frared Michelson interferometer was used with
which the angle of incidence and the polarization
of the incident beam could be varied.

Clean, optically polished samples gave results
ln substantial agreement with published reflectxv-
ities. ' In an attempt to adapt the method used by
Ritchie' for metals, a grating of 80 lines per cm
was cut on all the grating samples. The grating
profile was semicircular with 63.5- p. m-diam
grooves separated by 63.5- p, m uncut strips
(see inset on Fig. 1). A spark cutter was used
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FIG. 1. Percent reflectance of Insb before and after a
grating was cut on the surface. The dashed line is for
the plane sample and the solid line is for the same
sample with a grating cut in it. The sample contained
3.96x10 Te impurities per cm3. The appearance of
the additional minimum near the LO phonon frequency
is not well understood. The angle of incidence was 30'.
Insert: spark-cut-grating profile.

to cut the gratings. For incident radiation polar-
ized with E perpendicular to the grating lines,
the photon-surface-plasmon interaction should
be enhanced because the grating can provide mo-
mentum in multiples of 2wk/d, where d is the grat-
ing spacing. We observed the changes in reflec-
tivity shown in Fig. 1 when a grating was cut on

the sample, but this change was independent of
the polarization of the E of the incident beam.
This indicates that we were not successful in re-
producing Ritchie's method.

To determine further the effect of the grating,
the samples were etched with CP-4 and acetic
acid. Successive etching of the spark-cut sam-
ples showed a gradual shift of the minima in the
ref lectivity back to the values of the clean, pol-
ished materials as shown in Fig. 2. The reflec-
tance of the samples with gratings returned to
that of the uncut samples after about 0.1 mm of
material had been etched away. Further etching
then produced no change. The removal of 0.1 mm
of material produced very little change in the
depth of the grating rulings. Thus, the grating
itself does not play an important role in our ob-
servations. Rather, we have concluded that the
spark-cutting operation produced a damage layer
upon the sample surface. (The spark-cutting
operation involves bombarding the sample with
-300-eV electrons. The local heating vaporized

Wave number (cm ')

FIG. 2. Percent reflectance of Insb sample with a
spark-cut grating surface after successive etches. The
sample contained 3.96F10 Te impurities per cms.
Dash-dotted line, 57 sec etch time; dotted line, 12 sec
etch time; dashed line, 6 sec etch time; solid line, no
etching. The angle of incidence was 30'.

+ 4&@ Lo'&u~'(1 —e „/&,)] '". (2)

The minima in ref lectivity (where e =1) lie very
near ~, and ~ . The frequency of the k=0 LQ
phonon is ~LD, and ~~ is the bulk-plasma fre-
quency given by Eq. (1). It has been shown that
for a semi-infinite semiconductor bounded by a
dielectric, the surface-plasmon frequency is'

(dsp ——(dp /(1 + f ~/6 ).

The bounding dielectric medium has dielectric
constant e„and e„is the high-frequency dielec-
tric constant of the lattice. For InSb (e =15.68)
bounded by a vacuum (c, =1), we find

&esp'= &u~'/(1+1/15. 68) = ~~'. (4)

the InSb. )
In this section, we shall use an extremely sim-

ple model of a coupled surface-plasmon-optical-
phonon system to explain qualitatively the impor-
tant features of our data. The coupled system
of bulk plasmons and longitudinal optical phonons
has been theoretically examined by Varga' and

by Singwi and Tosi. ' We shall summarize their
results with the equation for the frequencies at
which the dielectric constant e vanishes. These
are given by
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If we assume that instead of being bounded by a
vacuum, the plasma is bounded by a thick dam-

aged layer of InSb (so c, = e „), then

(5)

+ —'[((u ' —(u ')' + 4k '/m m ] ' ' (6)

where v, '=(k, +k,)/m, and with a similar expres-
sion for u&, . Comparing Eg. (6) with Eq. (2), we
see that for the coupled bulk-plasmon-Lo-pho-
non system, we must make the identifications

+~ =+co~

(d& =(d»

k, ' = k L p k~(l —s /e, ) . (9)

&dsp = (dp /2.
A similar assumption of a depletion layer was
used by Ngai, Economou, and Cohen' in explain-
ing the tunneling data of Tsui. In our case, the
electron mobility in the damage layer is much
less than in the bulk.

With the above results in mind, we return to
our measurements. From ref lectivity measure-
ments on undoped InSb samples it is known that
the high-frequency minimum in the ref lectivity
is associated with the Lo phonon. Because this
minimum shifts with the free-electron concentra-
tion, the LQ phonons must be coupled to the free
carriers. This is well understood in the bulk
case, and the dependence of the minimum upon
the free-carrier concentration is given by Eq. (2).

We now look at a very simple model of two
coupled harmonic oscillators. The two oscilla-
tors of mass m, and I, have spring constants
0, and k„respectively, and are coupled by a
third spring with constant k, . The frequencies of
the normal modes for this system are known to
be"

2.5

.5

I

2.50 .5 I IS 2(,/, )'
FIG. 3. Frequency of ref lectivity minima as a func-

tion of free-carrier concentration¹ Solid lines cal-
culated from Eq. (6) for bulk InSb (~ =~&) and dashed
lines for grating sample (~ =&u&/v 2 ) . The crosses in-
dicate experimental values of reQectivity minima for
polished (bulk) sample; solid points, same for grating
sample. See also Table I.

An effective spring constant for the longitudinal
optical phonon is expressible as k&o, and k~ is
equal to m*~~'. If we now assume that in the
process of cutting the grating with a spark cut-
ter a damage layer was created, Eg. (5) shows
that the surface-plasmon frequency shifts to
&esp =&a~/W2. Using our simple model, we have
assumed a coupled surface-plasmon-phonon sys-
tem and used Eqs. (7), (8), and (9) with td~ re-
placed by co». Rather reasonable agreement is
obtained with the measurements of co, and ~
and those values predicted by Eq. (6) as shown
in Table I and Fig. 3.

The calculated values of ~+ and ~ from Eq.
(6) in Table I were obtained using the value of N

TABLE I. Experimental and calculated values for ~+ and ~ as defined in the
text. Calculated values are from Eqs. (6)-(9) using the free-carrier concentra-
tion obtained from Hall measurements. The polished samples are labeled "plane"
and the same samples with grooves are designated "grating. "

Density of Te
impurities
(10 /cm )

(cm ~)

Experiment Theory

GO+

{cm ~)

Experiment Theory

2.6

Plane
Grating
Plane
Gl ating
Plane
Grating

162
125
160
150
165
150

142
105
170
137
180
159

237
215
264
212
314
222

216
207
244
214
284
227
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from Hall measurements. The calculated fre-
quencies are those for which ~ =0, while the ex-
perimental frequencies are those of the reflectiv-
ity minima (e =1). Hence, the experimentally de-
termined frequencies are not exactly the calculat-
ed frequencies. Table I has also been plotted as
Fig. 3, showing ~, and ~ as functions of the
free- carrier concentration.

To give a shift of the surface-plasmon frequen-
cy from v~ to ~~/v 2, the depletion layer must be
approximately a wavelength thick or thicker. If
it is much less than a wavelength thick, the sur-
face-plasmon frequency lies between &u~ and v~/
v 2. This shift of the plasmon frequency with
thickness of the dielectric overcoat has been
used by Stanford" to study the thickness of AgS
films on Ag. Note that our etching data indicate
that the depletion layer is of order 0.1 mm thick,
or approximately one wavelength thick.

The cutting of the grating also increases the
surface roughness and this presumably plays an
important role. This is because the incident pho-
ton carries less momentum than a surface plas-
mon of the same energy. However, we are ap-
parently not observing just a change in surface
roughness but also a damage layer, because the
reflectance minima shift continuously as etching
proceeds.

In conclusion we have a very simple model of
two coupled harmonic oscillators to explain qual-
itatively the far-infrared ref lectivity of n-type
InSb. No attempt was made to include retarda-
tion effects or to treat rigorously the plasmon-
phonon coupling. Clearly, both must be done for
a complete treatment. Ngai, Economou, and
Cohen' have done a calculation (including retarda-

tion) for a semiconductor bounded by a dielectric
for the case where the surface-plasma frequency
was high enough (-800 cm ') so that coupling to
the phonons could be neglected. It would be in-
teresting to extend this treatment to include cou-

pling to the phonons. Recently Marschall, Fish-
er, and Queisser" have observed surface plas-
mons in InSb using the grating technique. The
free carrier concentration was an order of mag-
nitude larger than ours, so that the plasma fre-
quency was well removed from the LO phonon

frequency and no coupling effects were observed.
In addition, their gratings were ruled with a dia-
mond which did not create a damage layer.
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Evidence for One-Dimensional Metallic Behavior in K2Pt(CN4Bro 3 (H20)n
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Single crystals of K2Pt(CN)4Bro 3. (H20)„show a Drude type o-ptical reflectivity for light
polarized parallel to the crystal axis. The energy of the plasma edge indicates a metal-
lic density of free carriers. The relatively small conductivity at dc and low frequencies
and the photoconductivity at 4,2 K can be understood in terms of a simple model assum-
ing metallic strands interrupted by lattice defects.

We report measurements that give for the first
time conclusive evidence for the metallic behav-
ior of a square planar organometallic-complex
compound.

Planar complexes containing four ligands ar-
ranged on the corners of a square around the met-
al atom have been known for a long time. ' They
form crystals in which the squares are stacked
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