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for the case of a disk.
Pellam's experiment provides evidence for

hitherto unobserved phenomena relating to the
fundamental properties of He II. Despite the
fact that the flow pattern about the Rayleigh
disk is not well understood, Pellam's qualita-
tive results are sufficiently clear-cut to de-
mand further study. In interpreting such stud-
ies it is now evident that Helmholz flow plays
an important role and must be taken into ac-
count.

The author wishes to thank Dr. P. Bendt for
re-emphasizing the possible relevance of the
suggestion on Helmholz flow made in refer-
ence 17.
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Alf van-wave propagation has recently been
observed in bismuth' and antimony. ' %e have
observed and studied the phenomenon in pyro-
lytic graphite (PG), which afforded the possi-
bility of investigating the unique behavior of
Alfvdn waves in an almost two-dimensional
plasma. The experiments were carried out
at 4.2'K with a 35-Gc/sec absorption cavity
spectrometer. The results are in good agree-
ment with the anisotropy of the Fermi surface
of graphite. The carrier density, estimated
on the basis of these measurements using Shub-
nikov-de Haas effective masses for the basal
plane, is 3.3 x10'~/m' for each carrier, in
satisfactory agreement with the measurements
by other experimental techniques. The Alfvdn-
wave behavior in PG is similar to that observed
in single-crystal graphite in our more recent

experiments. The latter measurements do in-
dicate, however, certain details of structure
which are not resolved in the PG data. In the
low-field region, cyclotron resonance was ob-
served in both PG and single-crystal graphite.

Alfvdn-wave propagation occurs in compen-
sated conductors in the range cup» &uc»(ru, 7 '),
wh en~, &, w, ad7 'ar hepl sma,
cyclotron, signal, and collision frequencies,
respectively. In this region the effective per-
mittivity is given by'

e = —,Q j n.(k )m. '(0 )dk
1

eff B' . i z i z z
Z

D(n, m +)
(mks units),

where B is the magnetic field, z is the field
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direction, the subscript i refers to the car-
rier type, m;*(k ) is the cyclotron effective
mass, nf(k ) is the density of states along k

and the notation "FS"means that the integra-
tion is carried out over the Fermi surface.
Pince graphite is characterized by a distribu-
tion of masses in k space, ' the carrier mass-
density function D is written in the integral
form in place of the usual n(rnk*+m ').'

For electromagnetic propagation through
flat specimens, the 8 dependence of jeff leads
to an interference pattern periodic in 8
and the period thus provides a measure of
D(n, m~). The experiments were carried out
at 4.2'K in a cylindrical TE», absorption cavi-
ty at 35 Gc/sec using a modified Varian epr
spectrometer. The PG samples were in the
form of thin flakes with parallel c-plane faces,
the face area being less than 1 mm'. Six high-
ly annealed samples were investigated, with
thicknesses ranging from =0.05 to =0.20 mm.
The samples were placed at the center of the
bottom plate of the cavity, at right angle to
the bottom, i.e., with the t". axis perpendicular
to the cavity axis. In this configuration the
electromagnetic field is present at both sam-
ple faces, and the boundary conditions at the
faces reproduce only when the number of wave-
lengths A. inside the sample changes by an in-
teger. The corresponding interference con-
dition is thus NX =d, where N is an integer,
and d is the sample thickness. The applied
dc magnetic field 8 could be rotated in the
plane perpendicular to the cavity axis. The
carrier mass-density function D is given in
terms of the period of the interference pattern
~(1/a) as

D(n, m*) =10 'v[&uda(1/8)] ' kg/m'.

Figure 1 shows the actual recorder traces
for two samples of different thicknesses ob-
tained for 8 parallel to the c axis. Note that
the period varies inversely with the field.
Note further that the interference pattern ter-
minates when A. is about equal to d, as seen
in the bottom curve at about 7 kG. The low-
field structure corresponds closely to the
cyclotron resonance data observed by Gait,
Yager, and Dail in single-crystal graphite.

Figure 2 shows the behavior of microwave
absorption in a single sample as a function of
the angle n between field 8 and the c axis.
The interference pattern manifests a 8 cosa
dependence, in agreement with the quasi-two-
dimensional nature of the material.
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FIG. 2. Anisotropy of the Alfven propagation in
PG. The experimental configuration is indicated
at the top. Note that the pattern is essentially de-
termined by the projection of B on the c axis.
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I IG. 1. Recorder trace of the derivative of absorp-
tion vs magnetic field for two PG samples of differ-
ent thickness. The large oscillations represent the
Alfven-wave interference pattern, and cyclotron res-
onance appears in the low-field region of the curve.
The sharp spike at 12. 5 kG is an epr marker.
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Measurements obtained on six samples of
varying thicknesses were analyzed in terms
of Eq. (2), yielding the carrier mass density
function D=(3.0+ 0.3) x10 ' kg/m' for 8 par-
allel to the c axis. A calculation of D, carried
out via Eq. (1) neglecting trigonal warping, '
gives D=3.25x10 7 kg/m'. Furthermore, if
one uses the values of 0.057 and 0.039 for the
hole and electron masses in the basal plane
obtained from the Shubnikov-de Haas experi-
ment as average masses, the concentration
ne =n& =3.3 x10"/m' is estimated, in satis-
factory agreement with the concentration ob-
tained by other methods. "

Preliminary measurements mere also car-
ried out on purified natural single-crystal
graphite. Typical results are shown in Fig. 3

for various values of n. The Alfvdn-wave
and cyclotron-resonance behavior resembles
that observed in PG. Note, however, the com-
plicated behavior in the a =90' curve (shown
amplified), which was not observed in PG.
No comparable resolution is, of course, ex-
pected in PG in this configuration due to lack
of long-range order in the basal plane. Anoth-
er unique feature of the data in Fig. 3 is the
sharp kinks (seen clearly at 8 = 8.8, 10.5, and
12.9 kG at o. = 0'), which may possibly be asso-
ciated with the Shubnikov-de Haas effect, but
which, again, mere not detected in the PG re-
sults. Further experimental and theoretical
investigation of the features reported here are
in progress.

We wish to thank Dr. R. J. Diefendorf of the
General Electric Research Laboratory for
providing the samples of pyrolytic graphite,
and Dr. D. E. Soule of National Carbon Re-
search Laboratories for the single-crystal
material used in this investigation. We are
also grateful to Dr. M. S. Dresselhaus and
Dr. J. G. Mavroides of Lincoln Laboratory,
and to Dr. S. Foner and Mr. S. Williamson
of the National Magnet Laboratory for stim-
ulating discussions. One of us (M.S.) expresses
his thanks to the Ministry of Higher Education
and A. Mickiewicz University, Poland, for a
Postdoctoral Research Fellowship, and to the
M.I.T. National Magnet Laboratory for their
hospitality during this investigation.

6 8 I 12

MAGNETlc F IELD(k6)

FIG. 3. Preliminary results obtained on single-
crystal graphite. The configuration is as indicated
in Fig. 2. Gross features of the behavior are strik-
ingly similar to that of PG. Note, however, the be-
havior of absorption in the top trace (amplified five
times relative to remaining curves), and the sharp
kinks superimposed on the smooth interference pat-
tern, seen in the lower curves.
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