
VOLUME 4, +UMBER 8 PHYSICAL REVI EW LET TERS APRrL 15, 1960

~S. S. Hanna, J. Heberle, C. Littlejohn, G. J.
Perlow, R. S. Preston, and D. H. Vincent, Phys.
Rev. Letters 4, 28 (1960).

7G. De Pasquali, H. Frauenfelder, S. Margulies,
and R. N. Peacock, Phys. Rev. Letters 4, 71 (1960).

ST. J. Rowland, Acta Met. 3, 74 (1955).
SWe wish to thank Professor Bruce Chalmers for

pointing out the large anisotropy of elastic constants

of zinc, and Mr. Walter Christensen for growing the
crystals for us.

~OR. V. Pound and G. A. Rebka, Jr. , Phys. Rev.
Letters 4, 274 (1960).

B. D. Josephson, Phys. Rev. Letters 4, 341
(1959).

R. V. Pound and G. A. Rebka, Jr. , Phys. Rev.
Letters 4, 337 (1960).

SEARCH FOR THE ANISOTROPY OF INERTIA USING THE MOSSBAUER EFFECT IN Fe
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The width of the central resonance absorption
line in the Mossbauer effect in Fe" has been
found by several observers to be considerably
greater than the natural linewidth. ' 4 In all
these cases the emitting and the absorbing nuclei
were randomly oriented, and the possibility
arises that this widening is due to an external
perturbation which affects the nuclear levels.

An intriguing mechanism for line broadening
has been pointed out by Cocconi and Salpeter. '~'
The locally asymmetric distribution of matter
in the universe, in accordance with Mach's
principle, may cause a local anisotropy AM
= -,'(M' - M") in inertia. Here M' is the inertial
mass for matter accelerated towards the center
of the Galaxy and M" the inertial mass for ac-
celeration perpendicular to this direction. Such
an anisotropy AM would give rise to a shift in
atomic' and nuclear' energy levels. In the case
of Fe", the shift would occur only for the ex-
cited state with spin 3/2. Cocconi and Salpeter
compute the level shift AE to be (bM/M)TP„
where T is the average kinetic energy of the
nucleon responsible for the transition, and I',
has the value 1/5 for the most favorable relative
orientation between the nuclear angular momen-
tum and the line to the galactic center. Assum-
ing T =10 Mev and a line broadening of 10 ' ev,
Cocconi and Salpeter conclude that hM/M has
an upper limit of about 1 part in 10'4.

Since the excess broadening of the center reso-
nance line is large, it is easy to determine
whether it arises from effects due to the Galaxy.
In our first test, we placed both the Fe" source
and the Fe absorber in parallel magnetic fields
of about 1000 gauss. In this condition, the atomic
magnetic fields at the emitting and absorbing
nuclei are parallel and the postulated galactic

shifts should be the same for each of the cor-
responding magnetic sublevels in source and ab-
sorber. Thus any line broadening due to ani-
sotropic inertia should disappear. The experi-
ment showed, however, that over a twenty-four
hour period there was no significant change in
the linewidth between the two conditions: (1) no
magnetic field, random domain alignments, and
(2) source and absorber in parallel magnetic
fields. The accuracy of this test is limited by
the fact that, although the domains are aligned,
the local magnetic fields at the nuclei in the
source and absorber are different, px oducing
an additional broadening effect. The results
showed clearly that the majority of the excess
broadening was not due to the Galaxy.

To perform a more sensitive test for a possi-
ble galactic effect, a magnetic field of about 600
gauss at the moving horizontal absorber' was
aligned in the north-south direction. The source
was placed in a magnetic field of similar mag-
nitude, but lying in a vertical, north-south plane,
and oriented at +45' with respect to the horizon-
tal (see Fig. 1). Each sidereal day, the galactic
center rotates once around a line parallel to the
earth's axis, changing its direction with respect
to the magnetic fields of source and absorber.
Cocconi and Salpeter assume that the level shift
reaches an extreme value when the magnetic
field H is perpendicular to the line toward the
galactic center, and again when it is parallel to
that direction. At an intermediate angle the level
shift vanishes.

In the experimental arrangement, shown sche-
matically in Fig. 1, there is an interval of about
10 hours, centered at 17:30sidereal time, when
the line toward the galactic center makes nearly
equal angles with the two magnetic field direc-
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tions. Under these conditions, no relative shift
is expected in the upper state energy levels be-
tween the source and the absorber. In contrast,
there is about a 3-hour interval, centered at
06:30 sidereal time, when the galactic line is
nearly 90' with respect to the absorber, but

nearly 45 with respect to the source. During
this latter period, the source should be essen-
tially unaffected by the Galaxy, but the energy
levels of the upper state in the absorber should
experience their maximum shift. With the Gal-
axy at the nadir, the shape of the center line
should change, since it splits into two lines near-
ly symmetrically displaced in frequency, but
whose intensities have a ratio of about 2:1.

We have made a number of runs through a
complete sidereal cycle using the arrangement
of Fig. 1 looking for periodic variation in (a) the
amplitude of the center of the line, and (b) the
amplitude of four Doppler-shifted points on the
side of the line. We also examined the shape of
the entire center line at various sidereal times
to see if there were any obvious deviations from
symmetr y.

In addition, we made observations with the
angle Q of Fig. 1 at -45'. For this arrangement,
the line to the Galaxy makes equal angles with

the two magnetic fields twice a day (at about
13:00and 22:00, sidereal time), when no rela-
tive shift between the excited levels of the source
and the absorber is expected, but a near-maxi-
mum relative shift is expected when the Galaxy
is near the nadir (05:00) and also when it is due

south (17:30).
The experiments were performed during the

period March 2 through March 12, 1960, at lat.
40'N, long. 88'W.

Using the arrangement of Fig. 1 for P =45'
and for P = -45 the amplitude of the center point
of the absorption line was constant as a function
of sidereal time to within the expected statistical
fluctuations of +0.3% with the confidence level
of 40% by the y' test. Similarly, the amplitude
at the half-intensity point was constant to within
+0.3% with a confidence level of 25%.

As an additional check, we looked for fluctua-
tions in the amplitude of the center point of the
line for the case where the magnetic fields were
parallel, both horizontal and pointing north,

Q =0. For these conditions no variation is ex-
pected and no significant time variation was
found.

With the experimental linewidth of 1.2 x10
ev, a splitting of the center line of magnitude
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FIG. 1. The geometrical relationships between the
magnetic fields on the source and the absorber with
respect to the direction to the center of the Galaxy.
Tests were also made with P=-45'.

AE =1x10 ' ev would have resulted in a clearly
observable sidereal variation. Thus, since
E =14.4 kev, bE/E is less than 1 x10 ".

In order to calculate bM/Mfrom bE/E certain
assumptions must be made. Following Cocconi
and Salpeter, and taking T = 10 Mev and P, = 1/5,
we get the limit b.M/M(5 x10 's. Both assump-
tions are, however, open to debate, especially
since the magnetic moment of the ground state'
and of the excited state of Fe" are considerably
smaller than one would expect from the shell
model.

~Supported in part by the joint program of the Office
of Naval Research, the U. S. Atomic Energy Commis-
sion, and by the U. S. Air Force through the Air Force
Office of Scientific Research and through the tri-Ser-
vice contract with the Coordinated Sciences Laboratory
administered by the U. S. Army Signal Corps.

~R. V. Pound and G. A. Rebka, Jr. , Phys. Rev.
Letters 3, 554 (1959).

2S. S. Hanna, J. Heberle, C. Littlejohn, G. J. Per-
low, R. S. Preston, and D. H. Vincent, Phys. Rev.
Letters 4, 28 (1960).

3G. DePasquali, H. Frauenfelder, S. Margulies,
and R. N. Peacock, Phys. Rev. Letters 4, 71 (1960).

4T. E. Cranshaw, J. P. Schiffer, and A. B. White-
head, Phys. Rev. Letters 4, 163 (1960).

5G. Cocconi and E. E. Salpeter, Nuovo cimento 10,
646 (1958).

6G. Cocconi and E. E. Salpeter, Phys. Rev. Letters
4, 176 (1960).

7G. W. Ludwig and H. H. Woodbury, Phys. Rev.

400



Ver.UMz 4, NUMszR 8 PHYSICAL REVIEW LETTERS APRIL 15, 1960

117, 1286 (1960).
S. S. Hanna, J. Heberle, C. Littlejohn, G. J. Per-

low, R. S. Preston, and D. H. Vincent, Phys. Rev.
Letters 4, 1VV (1960).

HIGH-FREQUENCY STUDIES ON SUPERCONDUCTING TIN

M. S. Dresselhaust and G. Dresselhaus
Laboratory of Atomic and Solid-State Physics and Department of Physics, Cornell University, Ithaca, New York

(Received March 1V, 1960)

Microwave studies of normal metals both with
and without a static magnetic field have provided
information on the shape of the Fermi surface'
and on the effective masses of the electrons. ' In
this note, the surface impedance measurements
at. l kMc/sec on superconducting tin' both with
and without a magnetic field are analyzed to study
changes in the band structure which accompany
the transition from the normal to superconducting
metal. It is found that for superconductors the
zero-field experiments are relatively insensitive
to the band structure as compared with experi-
ments on the field variation of the surface im-
pedance. Secondly, it is suggested that different
carriers are important in the two problems,
with the "heavy" electrons dominating the zero-
field measurements, and the "light" electrons
more important in the field-dependent studies.

The recent extension~ of the Serber two-fluid
model calculation of the superconducting surface
impedance Z to include the term proportional to
Hc' in Z(H, ) allows an analysis to be made of the
data for H, &0, H, being the static magnetic field
at the surface. The temperature dependence of
the normal and superconducting electron con-
centrations in the superconducting state is taken
to be that predicted by the Gorter-Casimir two-
fluid model, i.e. , N„=N0t and Ns --N0(l -t'),
in which NO, N„, and N~ are the total, normal,
and superconducting electron concentrations,
respectively, and t=T/T is the reduced tem-
perature.

For both H0 = 0 and 0 &H0 & H~, H ~ being the
cr itical field at the temperature T, the Serber
two-fluid treatment predicts the magnitude and
temperature dependence of Z in terms of the
parameters (m*vF) and A.„which characterize
a given specimen. The quantities m and vy
are the effective mass and Fermi velocity of the
normal electrons in the superconducting state
and Ao is the penetration depth A. of the dc mag-
netic field evaluated at T = O'K. These quantities
d termine a dimensionless parameter a, given

by

t3p'(uN„e'i "'
n, =~=X,
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FIG. 1. Plot showing zero-field surface reactance
vs reduced temperature. The solid curves give the
dimensionless quantity Xy = [eX(0)/16wvX] as calculated
from the two-fluid model for three values of 0.0 (see
text). The experimental points are for a single-
crystal tin sample at 1 kMc/sec.

in which 5„ is the superconducting skin depth for
the rf fields in the extreme anomalous limit ap-
propriate to the total electron concentration N, .
The quantities N, and A., are known from other
measurements. The temperature dependence of
n, is attributed to the variation of (m vF) with T.
The value of 0.0=0.16 is appropriate for Sn, if
m*=mo (free electron mass), vF =6.6xl0 cm/
sec (normal state value)' and A., =5.0xl0 ' cm. s

The determination of n, for a single-crystal tin
sample' was made for both H, = 0 and Ho) 0. For
comparison, the field variation of Z was also
measured and analyzed for the same sample in
the normal state. ' Figure 1 shows a reduced
temperature plot of the zero-field surface re-

401


