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(6) The fact that the extrapolated main reso-
nance and the mode numbering scheme can be de-
termined unambiguously in a series of films of
different thicknesses deposited simultaneously
has been reported previously, ' and the physical
basis of the variation of position of the main res-
onance has been discussed at length. ' Further-
more, film properties (including the position of
the high-field mode) do not necessarily change
with time. '

(7) As far as the Kittel model9 is concerned,
very few films ever strictly obey the idealized
spin-pinning model for a homogeneous magnetic
film in a homogeneous rf magnetic field. Never-
theless, many films follow the quadratic behav-
ior according to the spin-wave dispersion rela-
tion even though the mode intensities can be high-
ly variable, depending, among other things, on
the method of excitation and on the film surface
state and film homogeneity. Thus SWR can be
successfully employed as a spectroscopic tool to
investigate the more fundamental Bloch-Dyson
spin-wave dispersion relation (on which the Kit-
tel model is of course based), even though devia-
tions from the idealized model can occur and
may be of interest in studying the nature of thin
films per se.

In summary, no one questions that composi-

tionally invariant films are invaluable and that
many of the anomalies previously observed can
be attributed to films not representative of uni-
form bulk material; however, no evidence has
been presented which shows that the flash-evap-
oration method eliminates these potential diffi-
culties any better than other evaporation meth-
ods, nor is there any reason to believe that
flash-evaporated films will even approach the
physical results that have already been obtained
by SWR.
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In this communication, we report the observa-
tion of a series of oseillations in the infrared
magnetoreflectivity of arsenic. '&' From a study
of these oscillations, we have been able to ob-
tain much useful information about the electron-
ic band structure of this material. In particular,
we have been able to associate these oseillations
with an interband transition across a small, di-
rect energy band gap of 0.346 eV between bands
having either the T, and T, or the T, and T,
symmetries, using the symmetry notation of I.in
and Falicov. ' Our results are therefore in di-
rect disagreement with the pseudopotential calcu-
lations of Lin and Falieov, ~~4 which do not dis-

play any small direct gaps between bands of the
symmetries required by our experiment.

In our experiment, we have used a somewhat
improved version of the equipment previously
used to study the magnetoreflectivity of bismuth, '
antimony, ' and graphite. ' The experiment is
done in the Faraday geometry, with both the
magnetic field and the propagation vector of the
light perpendicular to an optical face of the liq-
uid-helium-cooled, single-crystal sample. The
arsenic boule from which these samples were
cut was grown using a modified Bridgman tech-
nique and had a resistivity ratio, R29p~/R4 2~,
greater than 300. The trigonal faces of the sam-
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FIG. 1. Reflectivity from a binary face of arsenic as
a function of magnetic field at a constant photon energy
of 0.410 eU. The amplitude is given as a percentage of
the zero-field reflectivity, and the resonant fields for
three interband transitions are indicated by arrows.
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FIG. 2. Summary of experimentally observed reso-
nant fields for interband Landau-level transitions from
the binary and bisectrix faces of arsenic. The solid
curves are constructed to fit the binary data.

ples were cleaved, and the binary and bisectrix
axes were spark cut and chemically polished.
%hen not in use, the samples were kept coated
with Krylon to prevent oxidation.

A typical experimental trace showing the vari-
ation of the optical ref lectivity with magnetic
field at a fixed photon energy, 8~=0.410 eV, is
given in Fig. 1 for a binary face and unpolarized
incident radiation. The resonant field for an in-
terband transition between two Landau levels of
quantum number n is determined from the peak
in the ref lectivity as is shown in Fig. 1.'~" In
analyzing our results, we have assumed the se-
lection rule An=0. The reason that the peak in
the ref lectivity is the feature of the oscillation
line shape which corresponds to the resonant
field is that the photon energy at which the data
were taken is well above the plasma frequencies
of the material. These plasma frequencies
were found to be 0.26 and 0.30 eV for the optical
electric field E perpendicular and parallel to the
trigonal axis, respectively.

In Fig. 2, we plot the resonant fields as a func-
tion of photon energy for data taken on a binary
face (open circles). The solid lines are smooth
curves drawn through the data for the binary
face. For photon energies near the energy gap
of 0.346 eV, the spacing of the lines is what one
would expect for nondegenerate parabolic bands
with no spin splitting ~' and a reduced effective
cyclotron mass of 0.023. At higher energies,
the lines become decidedly curved indicating
that the energy bands are no longer described by
simple parabolic dispersion relations.

It was found that the magnetoref lection oscilla-
tions were extinguished when the light was po-
larized perpendicular to the trigonal axis, which
implies that the component of the interband ve-
locity matrix element perpendicular to the tri-
gonal axis is zero, and that the component paral-
lel to the trigonal axis is nonzero. To use this
information, one now looks at the high symmetry
points in the Brillouin zone and tries to find a
pair of bands which have the proper symmetry
such that these selection rules are satisfied.
The only points in the Brillouin zone which have
bands with these properties are found to lie
along the trigonal (A) axis. ' To restrict further
the possible critical-point locations, we note
that the simplicity of the observed magnetore-
flectivity spectrum implies that the two band ex-
trema are located at the same point in the Brill-
ouin zone, since if they were displaced from
each other, the simple interband Landau-level
selection rules would break down, ' and one
would expect to see a more complicated oscilla-
tion pattern. The simplicity of the magnetore-
flection spectrum therefore implies that the
band extrema are both at either T or F, where
energy bands are required to exhibit extrema by
symmetry. 3 Vpe conclude that the band extrema
are probably at T because all band calculations
show that there are no small band gaps at I.'~'~"
Therefore, using the symmetry notation of Lin
and Falicov, we find that the transitions we have
observed must be between bands of symmetries
Ty and T, ~ or T, i and T, . This result disagrees
with the results of the pseudopotential calcula-
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tion of Lin and Falicov, '~ which predicts that
the smallest energy gap between bands of these
symmetries is about 1 eV, which is considera-
bly greater than the measured band gap of 0.346
eV. Since the experimental situation seems to
be quite unambiguous, it would be interesting to
vary the pseudopotential parameters in order to
bring the calculated band structure into agree-
ment with our data.

Experiments were also performed with the
magnetic field parallel to the bisectrix and tri-
gonal axes. For the bisectrix sample orienta-
tion, we find that the resonant fields are almost
exactly the same as they were for the binary ori-
entation, and that the data can be fitted by a spin-
less parabolic two-band model, with a reduced
effective cyclotron mass of 0.026 and an energy
gap of 0.346 eV. To illustrate this similarity,
data taken on a bisectrix face are included as
closed circles in Fig. 2. These bisectrix data
are moderately well fitted by the solid curves
which were constructed for the binary (open-cir-
cle) data. This similarity of the binary and bi-
sectrix data is also consistent with the identifi-
cation of the interband Landau-level transitions
with the T point in the Brillouin zone. Due to
the threefold rotation symmetry about T, the re-
duced cyclotron effective masses for the binary
and bisectrix sample orientations are required
to be equal. s We therefore conclude that the re-
duced cyclotron effective mass for magnetic
fields perpendicular to the trigonal axis is 0.0245
+0.0015 for this series of interband transitions.
For the trigonal sample orientation, no oscilla-
tions associated with this series are observed,
in agreement with the observed polarization ef-
fect.

There is also some evidence that there might
be a very small pocket of carriers associated
with one of the bands under consideration. The
evidence for this is presented in Fig. 3, where
we show the relationship between the photon en-
ergy and the amplitude of the n = 0 oscillation,
as observed for the bisectrix face. The ampli-
tude goes to zero for a photon energy of 0.360
eV, which is 0.014 eV above the energy gap. A
similar cutoff was also observed in the binary
data.

Generally, such a cutoff implies that the Fer-
mi level lies within one of the bands associated
with the interband transition, ' and not in the en-
ergy gap between them, and that there is there-
fore a small pocket of carriers associated with
one of the bands. We do not have enough infor-
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FIG. 3. The amplitude of the ~ =0 interband oscilla-
tion observed for the arsenic bisectrix face, displayed
as a function of the photon energy.
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mation about this carrier pocket to estimate the
carrier density involved, but from the very
small Fermi level, it seems reasonable to as-
sume that it is no more than a percent of the to-
tal carrier density of the material. " It is not
surprising, therefore, that this carrier pocket
has not been previously observed experimental-
ly &s

Finally, we would like to express our grati-
tude to S. Fischler, Mrs. K. Nearen, and W. Las-
well for growing, cutting, and polishing the sam-
ples used. We are indebted to D. F. Kolesar for
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%e would also like to acknowledge stimulating
discussions with Dr. G. Dresselhaus, Professor
B. Lax, Dr. J. G. Mavroides, Professor G. W.
Pratt, Jr. , and Dr. Y. Shapira.
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By making very small mean-free-path films we have been able to measure the intrin-
sic nature of resistive transitions as a function of mean free path. Analysis based on
the concepts of Anderson and Josephson leads to an estimate of the smearing of the tran-
sition near zero resistance.

Very recently, experimental studies of the na-
ture of the superconducting transition tempera-
ture' have shown "Curie-Weiss" behavior above
T and the possibility of a critical region about
3 mdeg away from T~. The usual estimates for
the natural widths of the superconducting transi-
tion have ranged from' 10 ' to 10 ' K in pure
superconductors, and in view of these estimates
little hope was given to observing the nature of
the transition in ideal superconductors. Howev-

er, Glover, ' following a suggestion of Anderson, '
was able to achieve a measurable transition re-
gion by studying amorphous Bi, a system with a
very small mean free path (l). In these films l

was about two atomic spacings, which is about
as small an l as can be achieved in pure metal-
lic systems. Hence the study of the transition
region as a function of l is difficult in these
films, since larger l's would make the width pro-
hibitively small.

In this note we wish to report measurements
on thin Al films &' prepared in vacua of -10
Torr at room temperature and then exposed to
air. In this type of system the film is probably
composed of grains of metal surrounded by ox-
ide, or possibly weakly linked to each other
through Josephson barriers or fine metallic
links. The crucial points we wish to make are

the following:
(a) The effective mean free path (leff) can be

made much smaller in a "granular" system than
in pure metal systems, thereby leading to a larg-
er intrinsic transition region. This is because
of the high resistance of the tunneling barriers
between particles, or the fine metallic links.

(b) The dependence of the transition width on

lef f can therefore be studied.
(c) Towards the end of this paper a model is

given which discusses the smearing of the tran-
sition near R/R~ - 0.

In Figs. 1 and 2 the data are shown for two dif-
ferent films with mean free paths of about 0.2
and 5 A, respectively. ' The heavy line in both
cases is a fit at high temperatures, near O'K,

to the function R/R~=(l+v0/7') '. T is defined
as (T Tc)/Tc and ~, i—s the value of & at R/R~
=0.5. The fact that this "Curie-Weiss" depen-
dence might describe the nature of the resistive
transition above T& has been suggested by
Schmidt' and discussed by Glover. ' Although the
data are fitted extremely well by this depen-
dence, it is not clear why this analogy to the
magnetic case holds. (See Note added in proof. )

From our measurements it is clear that T„
which differs by about a factor of 10 in the two

films, goes inversely as leff.
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