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from the Ornstein-Zernike theory in the neighborhood
of the Curie temperature were of limited success. %bile
we did observe anomalies in the data in this temperature
region, we were not able to establish that they were the
expected eGects. This question certainly warrants fur-
ther investigation if apparatus of improved resolution
becomes feasible in the future.
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Magnetoacoustic measurements near 1 Gc/sec have been made in very pure rhenium. The resulting
extremal dimensions are compared with the Fermi surface model deduced from low-field de Haas —van Alphen
data. Reasonable agreement is found for the dumbbells of the model, but there appears to be some diSculty
with respect to the ellipsoids. Possible reasons for this discrepancy are considered. Dimensions corresponding
to large pieces of the Fermi surface are also observed and are tentatively correlated with the results of
pulsed-Geld de Haas-van Alphen data.

I. INTRODUCTION

HERE is a considerable body of theoretical and
experimental work concerning many of the cubic

transition metals. Relatively little information, how-
ever, is available about the transition elements of
hexagonal symmetry. Band calculations exist only for
titanium' and zirconium, ' and experimental data relat-
ing directly to the nature of the Fermi surfaces of
hexagonal transition metals is quite sparse. In this
respect rhenium is somewhat exceptional in that both
high- and low-field de Haas —van Alphen" as well as
magnetoresistance' data are available, and that crystals
of high purity are readily obtainable. In this paper, we
report magnetoacoustic measurements up to 930 Mc/sec
on single-crystal rhenium having a resistance ratio in
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383 (1958).' S.L. Altmann and C. J.Bradley, Phys. Letters 1,336 (1962).

3 A. C. Thorsen and T. G. Berlincourt, Phys. Rev. Letters 7,
244 (1961).' A. S.Joseph and A. C. Thorsen, Phys. Rev. 133, A1547 (1964).

'W. A. Reed, E. Fawcett, and R. R. Soden, Phys. Rev. 139,
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excess of 20 000 to 1. In the absence of any theoretical
band structure, a comparison of the extremal dimensions
is made with the model deduced from de Haas —van
Alphen (dHvA) data.

II. EXPERIMENTAL TECHNIQUE

The rhenium crystal used in this work was grown in
an electron-beam furnace by H. Sell of the%'estinghouse
Lamp Division, Bloomfield, N. J. An accurate 6gure
for the resistance ratio of the resulting monocrystal is
not available, but it is believed to be in excess of 20 000
to 1. Samples suitable for ultrasonic measurements,
oriented with faces perpendicular to L0001], L1010j,
and. L1210j, were spark cut from the crystaL The op-
posite ends of each sample were subsequently lapped for
parallelism to within 0.0001 cm and flatness to within a
fringe over their entire surfaces. The samples were then
indium bonded to s-cut quartz delay lines, approxi-
mately one inch in length.

Magnetoacoustic measurements up to 930 Mc/sec
were made on these composite specimens, using the
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TABLE I. Extremal dimensions of Fermi surface in rhenium
(E—Ellipsoids of Joseph and Thorsen model; D—Dumbbells of
Joseph and Thorsen model. )
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F1G. 1. Tracing of representative data obtained in rhenium
with q~[$00011 for various directions of magnetic held. The fre-
quency is 930 Mc/sec.

III. RESULTS AND DISCUSSION

Representative tracings of the data, for the three
propagation directions, are shown in Figs. 1 through 3.
From the measured periods of oscillation in 1/H, the
corresponding extremal dimensions may be readily
calculated from the usual formula

techniques reported previously. ' The methods of gener-
ation and detection of the hypersound were those em-
ployed by Bommel and Dransfeld. ~ Experiments were
made with longitudinal waves in transmission, using
30-Mc/sec X-cut quartz overtone transducers to gener-
ate and detect the sound. The transmitting crystal was
excited by —,

' psec rf pulses produced by a plate-
modulated MCL triode oscillator tunable from 500 to
1000 Mc/sec. Data were recorded automatically, using
a gated pulse integrator to permit the plotting of the
transmitted signal as a function of the inverse of the
transverse magnetic field K All data were obtained at
4.2'K, since the e6ects of scattering due to thermal
phonons are negligible owing to the high Debye
temperature of rhenium.

Propagation Field k,xt,'(107 cm ')
direction direction Magnetoacoustic de Haas —van Alphen

t 0001j t 1120j 1.20~0.05 0.8, 2.2 (E,D)
$1010j 1.20+0.05 1.2, 0.6 (E,D)

3.5 ~0.5 2.2 (D)

t 1210$ $0001) 1.0 ~0.1 2.2 (D,E)
4 ~1 0.8 (E}

$1010] 1.8 ~0.1 1.9 (D)
0.8 ~0.1 0.4 (E)

t 1010] $00011 3.5 ~0.5 1.2, 0.6 (E,D)

0.6 ~0.1 2.2 (D)

t 1210j 1.9 ~0.1 1.9 (D)
0.35~0.1 0.4 (E)

a Vote that kext is in the direction q )(H.

5—
e=ro Hl peel
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The relevant extremal dimensions, computed using these
data, are given in Table I. The principal dimensions,
plotted as a function of crystallographic direction„using
the fact that k,„&for a sound propagation direction q
and field direction H is measured along qxH, are
shown in Fig. 4. The shaded regions correspond to
dimensions obtained from poorly defined oscillations;
the width of the shading is not to be interpreted as a
measure of the uncertainty in the value of k,. t.

In the absence of any theoretical band-structure
calculations, it will be expedient to compare the ex-
tremal Fermi surface dimensions with the model pro-
posed by Joseph and Thorsen' to explain their low-field
dHvA data. Their model is shown schematically in
Fig. 5. Along the lines of degeneracy Al. , which are
parallel to (1010), there are ellipsoids whose major
axes are coincident with Al.. From an analysis of their

~ext
2hc h(1/H)

The sound wavelength X used in this equation was
obtained from direct measurement of the wave velocities
for 10-Mc/sec longitudinal waves, propagating along
the hexad axis and in the basal plane, respectively.
These measurements give at 4.2'K'

8&0001]=5.9X10' cm sec

&flprp] &f11/0] 5.4X 10' cm sec

g
2

8 =60'

8 9Qo H[J[oool]

urity Rheniln

elO], f *9IBMc/sec

' J. A. Rayne, Phys. Rev. 129, 652 (1963).
r H. E. Bommel and K. Dransfeld, Phys. Rev. 117 1254 (1960).
s A. B. Pippard, Proc. Roy. Soc. (London) A25, 165 (1960).
s ftf ote added s» proof These velocities agree with t.hose deter-

mined independently by M. L. Shepard and J. F. Smith, J. Appl.
Phys. 36, 1447 (1965).

2 3
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F1G. 2. Tracing of representative data obtained in rhenium
with q~~L1010$ for various directions of magnetic held. The
frequency is 918 Mc/sec.
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Fro. 6. Central
cross sections of the
dumbbells in (1210)
and (10io) planes.
The ellipsoidal cross
section lying within
the dumbbells is not
shown.

[oooo]

(b)

la.tory behavior, which can definitely be correlated with
dumbbells, is quite weak for q[[[1210j.In this propa-
gation direction, the extremal orbits for the field in the
basal plane are as shown in Fig. 6(b) and hence the
scattering should again be very large.

For both propagation directions in the basal plane,
extremal dimensions smaller than those expected from
the spherica/ regions of the dumbbells are observed.
For q~[[1010$ these extrema agree quite well with the
semiaxes b, c of the ellipsoids. The interpretation in
the case q[[[1210j is less clear, since one would expect
a dimension equal to the semiaxis c of the ellipsoids
for the field in the basal plane. Reference to Fig. 4(a)
shows that a value of k & roughly twice this figure is
observed. For H[[[1010j,k~s again seems to correspond
roughly with a mean dimension of the ellipsoids.

Both Fig. 4 and Table I show that other rather poorly
defined extrema are observed, which are much larger
than any dimension of the ellipsoids or the dumbbells
in the Joseph and Thorsen modeL Lacking any band-
structure calculation, it seems rather fruitless to specu-
late as to the Fermi-surface topology giving rise to these
extrema. From the high-field dHvA data of Thorsen
and Berlincourt, ' it is clear that the Fermi surface of
rhenium contains other much larger sections than those
given by the model considered here. Their data is
not suKciently detailed, however, to attempt a corre-
lation with the results of our measurements.

From Figs. 1 through 3, it is seen that the Geld de-
pendence of the attenuation for @[[[1210) differs
markedly from that for tl~[[1010j and q[[[0001j. For
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FIG. 7. Expected variation of k, t for ellipsoids of Joseph and
Thorsen model with H in the basal plane. The dashed line shows
the dimension obtained from the present data with S[[L0001j, H
in the basal plane.

the former propagation direction there is a pronounced,
minimum in the attenuation as a function of Geld; the
absolute value of the electronic attenuation in zero
field also appears to be somewhat larger in this case. It
is probable that those features can be associated with the
deformation characteristics of the open sections of the
Fermi surface in rhenium. Further experiments are
being carried out to elucidate these observations.
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IV. CONCLUSIONS

Many of the extremal I[II'mensions obtained from
magnetoacoustic measurements in rhenium agree quite
well with the Fermi surface model deduced from low-
field de Haas —van Alphen data. In this connection,
better agreement obtains for the dumbbells of this
model than for the ellipsoids. Other extremal dimensions
are observed, which presumably correspond to the
larger pieces of Fermi surface observed in pulsed Geld
dHvA measurements. In the absence of any theoretical
model, little information about the topology of these
pieces can be duduced from the present work.




