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change in this temperature range. ~ Divalent met-
als, such as cadmium, may be expected to show

a lorn density of states at the Fermi surface and
effects due to the Brillouin zone boundaries, such
as small pockets of lom-effective-mass electrons
and holes. The explanation of the temperature
dependency will undoubtedly be found in the behav-
ior of these electrons. At present one must con-
sider both the possibility of an explicit tempera-
ture dependence of magnetic susceptibility and an
indirect temperature dependence through changes
in the crystal parameters.

The anisotropy of the temperature coefficient of
expansion in cadmium is quite large, so that one
might suspect a relation between the c/a ratio and
the K values. That is, the effective mass dis-
cussed above might change with the c/a ratio due

to changes wrought in the Fermi surface at its
intersection with the Brillouin zone boundary. An
investigation has thus begun of the effects of de-
creasing the c/a ratio by adding magnesium.
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The purpose of this Letter is to report mea-
surements of transverse acoustic (TA) disper-
sion curves for lattice vibrations propagating in
the (100) and (111)directions in diamond. The
measurements were made by the method of in-
elastic scattering of slow neutrons. The ob-
served dispersion curves are in good agreement
with those inferred from specific-heat and infra-
red absorption measurements but disagree with
those deduced by assuming that diamond is homol-
ogous to silicon and germanium.

The experiment was carried out on a three-axis
neutron diffraction spectrometer at the Los Ala-
mos Omega West reactor. A version of the "con-
stant Q" method was used in which the neutron's
initial energy was fixed and its energy loss var-
ied. ' All measurements mere carried out at room
temperature. The sample was a 242. 80-carat
brown industrial diamond. ' A neutron diffraction
study showed it to consist of a large single crys-
tal, with a mosaic spread of ~1' full width at
half-maximum, plus tmo small regions mis-
oriented by 3-5'. The intensity of Bragg reflec-
tions from the two misoriented regions was less
than 2% of that of corresponding reflections from
the main body of the crystal. Infrared and ultra-
violet absorption measurements indicated that it
was a type-IIa diamond. The experimental data
are given in Table I. Uncertainty in the observed
frequencies, as estimated from the point-to-point
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fluctuations and reproducibility of the data, is
=+0. 2x10" rad/sec. We believe that possible
systematic errors should at worst double this
figure.

Except at a very high temperature, the specific
heat of diamond is completely dominated by the
critical point of the lowest dispersion curve,
which is the zone boundary point of TA(111).
Using this idea, Phillips has fit the specific heat
of diamond with a model which gives a value v

Table I. Frequencies (in units of 10 rad/sec) vs
reduced wave number Z = q/qm~ for transverse
acoustic lattice vibrations in diamond. q = 27r/X. In
the (100) direction qmax=1. 7614 x 10 cm; in the
(111)direction qm~ =1.5254 x 108 cm . The lattice
constant of diamond was taken to be 3.5672 A. a
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= 9. 5x 10'~ rad/sec for the zone-boundary fre-
quency of the TA(111) curve. ' This is in reason-
able agreement with our measured value of 10.4
x10" rad/sec.

Hardy and Smith have measured the infrared
absorption spectrum of diamond and from their
results have constructed a set of dispersion
curves for diamond which are in qualitative
agreement with our results. Bilz, Geick, and

Renk have reviewed all the available data on lat-
tice vibrations and infrared absorption in ger-
manium, silicon, and diamond and have pre-
dicted that the zone-boundary frequency for the
TA(100) curve should be 15. I x IO'~ rad/sec. '
This is in exact agreement with our results.

Diamond, silicon, germanium, and gray tin
are all homopolar crystals having the same
structure. In each, the binding is attributed to
the same tetrahedral arrangement of covalent
bonds. It would seem reasonable to make the
hypothesis that the interatomic restoring forces
should also be the same. It would then follow
that the difference in the observed dispersion
curves should depend only on the difference in
atomic mass and lattice spacing. On the basis
of this homology argument and the observed dis-
persion curves for silicon' and germanium, '
Kucher has postulated that all diamond-type
crystals have the same dispersion curves when
the frequencies are expressed in dimensionless
units. '

Following Kucher, we have converted the ob-
served frequencies for diamond, silicon, and
germanium to dimensionless units Q = (Mas/
2e')"'ru, where M is the mass of an atom, d = 2a
is the lattice space, e is the electronic charge,
and v is the observed frequency. For silicon,
we have used the recent measurements reported
by Boiling. ' In Fig. 1 we have plotted 0 against
the reduced wave number Z =q/pm~. It may be
easily seen that while the data for silicon and
germanium are indeed very similar in this rep-
resentation, those for diamond differ widely
from the other two. Other scale factors have
been used in comparing dispersion curves for
these elements: Brockhouse' multiplies ob-
served frequencies by (Ma')'~2; Bilz, Geick, and
Renk divide by the Raman frequency", and Phil-
lips divides by the low-temperature limit of the
Debye temperature. ' None of these will bring
the three curves into agreement.

The failure of the homology rule for diamond
indicates that the interatomic forces must be
different from those in silicon and germanium.
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FIG. 1. Dispersion curves for diamond, silicon,
and germanium in dimensionless units. If the three
elements were homologous, the curves should coin-
cide. The solid lines were calculated from the elas-
tic constants of diamond given by McSkimin and Bond.

*Work performed under the auspices of the U. S.
Atomic Energy Commission.

~B. N. Brockhouse, Inelastic Scattering of Neutrons
in Solids and Liquids {International Atomic Energy
Agency, Vienna, 1961), p. 113.

2The diamond was loaned to the U. S. Atomic Energy
Commission by Industrial Distributers, Ltd. , a Divi-
sion of DeBeers Consolidated Mines, Ltd.

It may be noted that in order to explain the very
flat TA dispersion curves observed in silicon
and germanium, it was necessary to take ac-
count of the deformation of the electron shells
of the atoms during their vibration. ' This sug-
gests that this deformation is less important in
the case of diamond.

Two rather different sets of elastic constants
have been reported for diamond. "" Our data
are probably not accurate enough at small values
of Z (where systematic errors are likely to be
largest) to decide between them. However, our
present data seem to favor the results of Mc-
Skimin and Bond. %e hope to be able to shed
more light on this point and also to obtain some
data on the higher branches of the diamond dis-
persion curves.
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FIG. 1. Typical experimental I-V curves obtained
for three different values of the magnetic field.

In carrying out current-voltage (I V) meas-ure-
ments on a large number of Pb-(Pb oxide)-Pb
superconducting tunnel junctions' exhibiting dc
Josephson currents, ' we have observed a tem-
perature-independent resonance-shaped peak
at applied voltages V, less than the energy gap,
2~. This structure is only readily apparent at
low temperatures (1.2'K to 1.6'K) and when the
sample is in a magnetic field large enough to

quench the dc Josephson current. ' In Fig. 1 we
show a typical series of I-V curves taken at 1.2 K
for several different values of magnetic field, '
the field being oriented in the plane of the junc-
tion. For our sample geometry, such charac-
teristic curves are generally independent of the
particular orientation of the field in the junction
plane. However, when the field is perpendicular
to the junction, the peak completely disappears.

From a detailed analysis of I-V curves such as
given in Fig. 1, we have been able to obtain the
following information:

(a) The voltage Vp at which the peak occurs is
approximately a linear function of the applied
magnetic field H„ the ratio Vp/H0 being 0. 19
+0.02 when Vp is expressed in millivolts and 00
is expressed in gauss.

(b) The height of the peak is a strong function
of magnetic field and consequently of voltage.
For small voltages it varies as Vp '.

(c) The peak height for a given sample depends
upon the magnitude of the zero-field dc Josephson
current; the larger the Josephson current, the
larger the peak. Indeed, for high-resistance sam-
ples which exhibit a dc Josephson current of only
10 ' to 10 ' of the maximum theoretical value,
no peak is observed (at least down to 1.2'K).

The behavior described in (a) and (b) above is
graphically presented in Fig. 2 where we plot,
for the same sample shown in Fig. 1, the posi-
tion of the peak as a function of magnetic field
and the height of the peak as a function of voltage.
Data are given only out to fields of order 10 gauss,
corresponding to voltages of about 64/5, because
the peak becomes very small and badly smeared
at larger fields (see Fig. 1).
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