
VOLUME 6, NUMBER 9 PHYSICAL REVIEW LETTERS

CYCLOTRON RESONANCE OBSERVATIONS IN CADMIUM

MA.v 1, 1961

J. K. Gait, F. R. Merritt, and P. H. Schmidt
Bell Telephone Laboratories, Murray Hill, New Jersey

(Received March 30, 1961)

We have observed cyclotron resonance effects
in single-crystal samples of cadmium at 1.3'K,
or below, and at both 24000 Mc/sec and 72000
Mc/sec. We have done the experiment with the
magnetic field, Bdc, along each of the three
principal axes [(0001), (1120), and (1010)]and
with it both parallel and perpendicular to the
sample surface in each case. The effective mas-
ses observed range from 0.35 to about 1.5, and
are somewhat similar to those observed in zinc,
for which preliminary results have previously
been reported. '&'

The experiments were done using a technique
previously reported, ' and will, therefore, be
described only briefly. The crystallographically
oriented plane surface of a disk sample is made
to form part of the wall of a cylindrical cavity,
and a signal proportional to the variation in the
power absorption coefficient of the sample sur-

face is observed as a function of applied mag-
netic field. The radiation incident on the sample
is substantially circularly polarized; the part of
the radiation with the undesired circular polari-
zation is 15%, or less, in power density of that
with the desired circularity.

Single-crystal boules of cadmium were grown
from zone-refined raw material in vacuum, using
the Bridgman method. Samples cut from these
boules showed residual resistance ratios
[R300 K/R4 2 K]=30000. The boules were ori-
ented by means of x-ray techniques, and disk-
shaped samples were then cut from them with an
acid string saw.

Figure 1(a) shows data taken with Bdc along the
(10TO) twofold axis and parallel to the sample
surface. Two signals are observed. One is a
well-resolved oscillation of the Azbel'-Kaner
type whose resonance field corresponds to an
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FIG. 1. Cyclotron resonance data at 72 000 Mc/sec
and.1.O'K for cadmium. (a) Bdc parallel to plane of
sample and along s (1010) twofold axis; (b) Bdo parallel
to plane of sample snd along a (1120) twofold axis;
(c) Bdc parallel to plane of sample and almost pre-
cisely along the (0001) axis.
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effective mass m*= (0.51+ 0.02)m, . The other
is a much broader signal which suggests to us
the presence of a distribution of effective masses
which begins at about m* =0.35~, and goes up to
m* = 0.6 m0 and perhaps further.

Figure 1(b) shows data taken with Bdc along the
(1120) twofold axis and parallel to the sample
surface. Here three signals of the Azbel'-Kaner
type are discernible, and there is some evidence
for an additional signal from a distribution of
masses which extends up from about O. vm0. The
three oscillatory signals interfere with each
other so that relatively few harmonics are re-
solved, but the fundamental resonance fields
indicated by arrows in Fig. 1(b) give effective
masses m* = (0.40 a 0.02)m„m = (0.51 + 0.02)m„
and m* = (0.76 a 0.04)mc.

The data obtained with Bdc near the (0001) axis
and parallel to the sample surface show great
anisotroPy. When Bdc is sufficiently close to
(0001), one oscillatory signal corresponding to
a mass m*=(1.23+0.05)m, occurs Data. at the
lower magnetic fields corresponding to this con-
dition are shown in Fig. 1(c), although even here
the presence of a second signal can be detected.
As Bdc deviates from (0001), three signals oc-
cur; one shows masses which increase rapidly
to 1 5 m 0 in a degree or so, suggesting that open
orbits occur at larger angles, one continues to
show a mass near 1.25m„and the third shows
masses which drop slowly to around 1.1mo when

Bdc is about 8 degrees from (0001).
Figure 2 shows data obtained with Bdc along the

(1120) axis and normal to the sample surface.
These data are obtained under anomalous skin
effect conditions, and a satisfactory detailed
theory is not available. Nevertheless, a general
increase in absorption occurs at the higher fields,
and we conclude that the relevant charge carriers
are electrons, since this absorption is so much
stronger on the side for which electrons reso-
nate (fields labeled negative). The other out-
standing feature of the data is a sharp change
in absorption which occurs at the field for reso-
nance of carriers of m* = 0.51m0. A smaller but
similar change occurs at half this field. This
signal is not well understood, but is now thought
to be associated with the presence of a group of
minority electrons. It has also been suggested
that it is a conduction electron spin resonance. '
A similar effect is observed when this experi-
ment is done with Bdc parallel to (1010), but not
when Bdc is parallel to (0001). We do not show
other data observed with the field normal to the
sample surface for lack of space.
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FIG. 2. Cyclotron resonance data at 72000 Mc/sec
and 24 000 Mc/sec at 1.3'K for cadmium with magnetic
field normal to sample surface and along a (1120) two-
fold axis. Field scales are adjusted so that cyclotron
resonance fields for both curves are on the same
vertical line. Electrons resonate on the negative-field
side of the figure, holes on the positive-field side.
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Harrison' has proposed an approximate band
structure in cadmium in which the hole band has
a complicated shape which might give rise to the
distribution of masses indicated by some of our
data, and in which the electron band has discrete
sections which might give rise to the discrete
masses observed here when Bdc is along one of
the twofold axes, especially since Fig. 2 indicates
that these masses are electrons. More detailed
comparisons lead to some difficulties, and it
seems likely that two of the signals observed
with Bd near (0001) are associated with holes.
Quantitatively, Harrison predicts an effective
mass m*=0.14m, which we do not observe.
Berlincourt6 Observes such a mass from temper-
ature dependence of the de Haas-van Alphen ef-
fect. We are not able at present to understand
the discrepancy between this result and ours; we
have done experiments near the orientation men-
tioned by Berlincourt and failed to see such a
resonance. We expect to continue this work with
a view toward resolving these problems.

The authors wish to thank J. H. Wernick for
zone refining the cadmium used, and S. Millman
and J. C. Phillips for comments on the manu-
script.
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SUPERCONDUCTING TUNNELING ON BULK NIOBIUM

M. D. Sherrill and H. H. Edwards
General Electric Research Laboratory, Schenectady, New York

(Received April 11, '1961)

Superconducting tunneling experiments on bulk
niobium-niobium oxide- lead film sandwiches in-
dicate that the energy gap in bulk niobium is
about 3.6'~ which is in good agreement with the
Bardeen- Cooper- Schrieffer' theory.

If two metals are separated by a thin dielectric
(50 A), then a potential applied across them re-
sults in a current due to electron tunneling. Re-
cent experiments by Giaever'~' and Nicol, Shapiro,
and Smith4 have shown that if either or both of
the metals are superconducting films, then the
tunneling current depends strongly upon the super-
conducting density-of-states functions. These
experiments have provided direct measurements
of superconducting energy gaps in films. Bar-
deen' has shown that the dependence of tunneling
current on density of states for superconductors
can be deduced if tunneling is treated as a many-
particle problem.

In the present experiment, plates of commer-
cial grade niobium were mechanically polished
and then annealed at 1800'C in vacuum for about
six hours. The residual gas pressure during
annealing was about 10 ' mm Hg for some sam-
ples and about 5x10 7 mm Hg for others. This
annealing procedure was adopted after early ex-
periments on niobium not so treated indicated
that the niobium was not superconducting at the
surface.

These niobium plates were painted with col-
lodion leaving a narrow unpainted strip at the
center. Lead films were evaporated onto these
substrates so that they crossed the unpainted
strip at right angles, providing a region where
the films were separated from the niobium only

by the thin niobium oxide which had grown in air.
The area of these junctions ranged from 2 mm'

to 10 mm'. Using an ammeter and a vacuum tube
voltmeter, the tunneling current for these junc-

tions was measured as a function of voltage.
Figure 1 shows the I vs V trace for a typical

junction at 4.2'K. The niobium used for this
sample was annealed in 5x10-' mm Hg and was
polycrystalline with crystallite sizes ranging
from 0.2 mm to 1.5 mm across as evidenced by
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FIG. 1. The solid curve shows the current-voltage
characteristic for a typical niobium-lead tunneling
junction at 4.2'K. The dashed curve is the first dif-
ference (Al/4V) of the solid curve. The error in
LI/4V increases by a factor of ten over 1 ma.
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