
PHYSICAL REVIEW B VOLUME 49, NUMBER 1 1 JANUARY 1994-I

Magnetic oscillations in the heavy-fermion superconductor UBet3
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We present measurements of the magnetic torque acting upon a single crystal of UBe», measurements

made with a capacitive magnetometer. We observe pronounced magnetic oscillations in the torque re-

sulting from the de Haas —van Alphen effect. A conventional analysis reveals that these oscillations re-

sult from "light fermions" with an effective mass m *=0.017m, (m, is the bare electron mass). The Fer-
mi surface associated with these light quasiparticles is anisotropic. We present arguments that these os-

cillations represent an intrinsic phenomenon and compare our results with those of other groups.

The magnetic oscillations resulting from the de
Haas —van Alphen (dHvA) effect have proven to be an
effective probe of the Fermi surfaces and quasiparticles of
heavy-fermion compounds. ' Studies of the dHvA effect
in Upt3, for example, have revealed quasiparticles with a
large effective mass and coexisting quasiparticles with a
wide range of effective masses have been identified in
several other heavy-fermion compounds. In this paper
we report measurements of dHvA oscillations in the
heavy-fermion superconductor UBe».

Magnetic oscillations have been observed in magneto-
striction, ultrasound, and magnetic torque measure-
ments on single-crystal samples of UBe». These oscilla-
tions have been attributed to the dHvA effect due to an
unusual aspect of the Fermi surface. Despite being ob-
served in three single-crystal samples, there is reason to
believe that these oscillations are not intrinsic to UBe».
Efforts to reproduce the effect in magnetostriction mea-
surements on another sample have been unsuccessful;
and our own technique, applied to a second single crystal,
did not show the oscillations. However, based on infor-
mation currently available, we shall presently argue that
these oscillations are intrinsic to UBe». In the mean-

time, we will proceed under the assumption that these are
dHvA oscillations, reflecting aspects of the Fermi surface
of UBe)3.

The magnetization M can be derived from measure-
ments of the magnetic torque ~ acting upon the sample.
These measurements are made with a capacitive, canti-
lever magnetometer described in detail elsewhere.
Briefly, the sample is suspended by fine copper wires over
a silvered glass plate, forming a capacitor in which the
sample itself is one capacitor plate. This assembly is posi-
tioned at the magnetic center of a normal or supercon-
ducting magnet. Any nonspherical sample will experi-
ence a torque attempting to align the long axis of the
sample with the external magnetic field H. Modeling the
sample as an oblate spheroid, one can show that, to lead-
ing order in the magnetic susceptibility y, these "shape
effects" result in a torque ~ ~y H . If g is not isotropic
(e.g. , if magnetic order exists) then an additional contri-

bution to the torque can arise from a transverse (with
respect to H) component of the magnetization Mt given

by ~=M~H. If the change in capacitance of the magne-
tometer is small [b,C /C ((1, where
b,C:—C(T,H) C(T,O)—] then b, C ~r. Since y is a natu-
rally small parameter, even in heavy-fermion compounds,
the effect of an M~ on AC can be much larger than that
of the shape effects. If the magnetometer is positioned
away from magnetic center, the sample will experience a
force I', proportional to the field gradient, which also
contributes to AC. This magnetometer has been used in
dHvA studies of Pb (Ref. 10) and several organic super-
conductors.

Our sample is a single crystal of UBe» with approxi-
mate dimensions 1 X 1 X 6 mm; the characteristics of this
crystal have been described elsewhere. ' Typical data
showing dHvA oscillations at 4.2 K, for two orientations
of the crystal with respect to H, are shown in Fig. 1. The
oscillations are sinusoidal and periodic in 1 iH, the hys-
teresis is much smaller than the oscillation amplitude.
The oscillations exist predominantly in ~ where they
dominate the overall response of the magnetometer at
this temperature. This dominance of the oscillations in ~
over the background associated with the shape effects dis-
cussed above indicates that the oscillations are due to a
transverse component of the magnetization M~.

We interpret these oscillations within the theory of the
dHvA effect embodied in the Lifshitz-Kosevich (LK) for-
mula. ' In this formalism, an extremal cross-sectional
area of the Fermi surface is deduced from an oscillation
frequency, the effective mass of the quasiparticles associ-
ated with this orbit is deduced from the temperature
dependence of the oscillation amplitude at fixed field, and
the mean-free path of the quasiparticles is deduced from
the field dependence of the oscillation amplitude at fixed
temperature. In this theory, an oscillating M~ arises
from an anisotropic Fermi surface which, therefore, re-
quires the oscillation frequencies v to be anisotropic. '

Fast Fourier transforms (FFT) of the oscillatory com-
ponent of the data shown in Fig. 1 are shown in Fig. 2
(the spectrum for the [100] data has been offset by 20 aF);
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FIG. 1. Typical force (F) and torque (~) response of a single

crystal of UBe» at 4.2 K, for magnetic fields directed along (a)
the [100]axis and (b) [110]axis.

the oscillation frequencies are clearly anisotropic. The
high-frequency component is depressed to 295 T at
H)([110] from 360 T at H~([100]. The dominant low-
frequency component increases to 45 T at H~~ [110] from
32 T at H

~~
[100]. Note that this increase is less than the

overall width of the low-frequency peak(s).
Values of the effective mass m * and mean-free path Io

are deduced from measurements of b, C(H) in fields to 23
T over a temperature range from 0.5 to 30.0 K. Our
analysis focuses on the 360 T oscillation; the amplitude
and frequency of the low-frequency component(s) are
somewhat dependent on the method used to extract the
oscillatory component of this data from the background.
A frequency of 360 T yields an average wave vector
k0=1.05X10 cm ' associated with this particular ex-
tremal Fermi surface cross section [mk0=0. 09(2ir/a),
where a=10.025 A is the lattice constant of UBe, 3 (Ref.
14)].

Plots of the oscillation amplitude [M„,(H)
=r„,(H)/H] as a function of temperature at 20 T (solid
circles) and 15 T (open circles) are shown in Fig. 3. The
solid lines are fits of the data above 4.0 K to the LK for-
mula. Note the peaks in M„,( T) near 3.0 K in both data
sets. Although such a peak is consistent with earlier
magnetostriction oscillations, ' it may be that this peak is
associated with an anomalous behavior of the (dc) torque
in UBe&3 discussed elsewhere. ' ' We, therefore, only fit
the data at temperatures above 4.0 K to the LK formula;
fits to both data sets yield an effective mass
m*=0.017m„where m, is the bare electron mass. The
dHvA oscillations are, therefore, associated with rather
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FIG. 2. Fast Fourier transform (FFT) of the oscillatory corn-

ponent of the torque data of Fig. 1. The FFT spectrum from
the [100]data has been shifted vertically by 20 aF.

FIG. 3. Amplitude of the magnetic oscillations as a function
of temperature at fixed field. The solid and open circles denote
data taken at 20.0 and 15.0 T, respectively. The solid lines are
fits of the data at temperatures above 4.0 K to the LK formula
(see text).
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' light ferrnions" coexisting with the heavy fermions re-
sponsible for the enormous specific heat and magnetic
susceptibility at low temperatures. The existence of light
fermions has been suggested as the origin of the highly
nonlinear Hall effect in UBe&3 at low temperatures. '

"Dingle plots" of the scaled oscillation amplitudes at
0.5 K (solid circles) and 7.5 K (open circles) are shown in
Fig. 4 where X =2~ m ckz T/eAH and the symbols have
their usual meanings. The solid lines represent a fit to the
LK formula (for the data at temperatures above 4.0 K)
which yield a mean-free path la=320 A. Note that the
data of 0.5 K are consistent with this value for the mean-
free path at low fields, but fall below the fit at high fields.
The oscillations in the high-field portion of the 0.5 K data
may be due to the beating of another frequency com-
ponent whose magnitude becomes appreciable at low
temperatures and in high fields; if such an additional
component exists, it might interfere destructively with
the 360 T frequency component to create the peaks in the
data of Fig. 3. The Dingle temperature' associated with
this data is 28 K, reflecting the small values of m * and lo.

Next, we compare our results with those reported by
Wolf, Blick, Bruls, Luthi, Fisk, Smith, and Ott
(WBBLFSO). The reader is cautioned that we are com-
paring data from different regimes of the H-T plane: the
data of %BBLFSO result from measurements taken at
temperatures between 45 mK and 3 K and in fields to 10
T. WBBLFSO find two high-frequency components of
305 and 384 T at 45 rnK, as opposed to our single fre-
quency at 360 T (which we find to be independent of tem-
perature from 30 to 0.5 K). Perhaps this component
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FIG. 4. Dingle plots of the amplitude of the magnetic oscilla-
tions as a function of the inverse magnetic field at fixed tempera-
ture. X is a quantity defined elsewhere (see text). The solid and
open circles denote data at 0.5 and 7.5 K, respectively. The
solid lines are fits of the data at temperatures above 4.0 K to the
LK formula (see text).

splits with further lowering of the temperature.
WBBLFSO find an effective mass m*=0.2m„an order
of magnitude larger than our result. High magnetic fields
are known to depress the effective mass of the heavy fer-
rnions in UBe&3, although not by an order of magni-
tude. '" (On the other hand, such measurements are dom-
inated by the heavy quasiparticles, not those responsible
for these oscillations, and we find no field dependence be-
tween 15 and 20 T.) WBBLFSO find a mean-free path
lo =2070 A, more than six times larger than ours.

0

Mean-free paths larger than 2000 A are characteristic of
the very clean metallic crystals traditionally required to
observe the dHvA effect;' however, UBe&3 is a relatively
dirty metal with a large resistivity above 2 K. '

We now argue that these oscillations represent a
phenomenon intrinsic to UBe&3. Sample-to-sample varia-
tions can be significant in some heavy-fermion systems, as
can aging effects which result from a decay of the U.
Since these oscillations have been reported to exist in

three different crystals, one would like to attribute this
effect to a particular impurity common to all three crys-
tals. Aluminum is the most likely contaminant since the
crystals are grown in an aluminum flux, and the existence
of aluminum inclusions is well known in these samples.
Indeed, the superconducting transition of aluminum is
visible in the low-field superconducting quantum interfer-
ence device (SQUID) data used to characterize our
single-crystal sample and this aluminum signature is ab-
sent in similar data on a second single crystal which does
not show dHvA oscillations. On the other hand,
WBBLFSO report that their sample does not show such a
signature. Also, the value of m* we find is significantly
smaller than any of the reported effective masses for
aluminum that we are aware of ' (although this is not the
case for the results of WBBLFSO at lower fields and/or
temperatures). Further, for these oscillations to result
from impurities, one would expect the impurities to exist
as single crystals (yielding an impurity M~) and/or to be
of sufficient mass for the magnitude of their dHvA oscil-
lations to be comparable to the (relatively) large magneti-
zation of pure UBe&3,' we regard either situation as un-

likely.
The last point in our case against (Al) impurities is that

we have observed small magnetic oscillations in torque
data on a polycrystal sample. This sample was fabricat-
ed by arc-melting appropriate quantities of the constitu-
ent elements on a water-cooled copper hearth in an argon
atmosphere. The torque associated with an M~ need not

average to zero in this polycrystal sample since its shape
is not ellipsoidal and the internal field will vary from
point to point. The dHvA effect might exist in polycrys-
tals as a consequence of the small effective mass:

r, =(m*u/eH), where r, is the cyclotron radius, e the
electronic charge, and v the velocity of the quasiparticles.
As a lower limit on v, we take an estimate for the heavy
fermions in UBe» at the Fermi surface (assumed spheri-

cal) pf v =3.4X10 cm/s, yielding r, (1 A((lo. The
frequency for the oscillations in the polycrystal at 4.2 K
is about 14 T (Ref. 7), within the low-frequency peak of
the single-crystal data shown in Fig. 2. Although we find

these arguments compelling, they do not explain the ap-
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parent absence of these dHvA oscillations in other single
crystals. Analysis of our single-crystal samples (one of
which shows these oscillations, one of which does not) by
x-ray diffraction to ascertain the impurities in each is
planned.

In conclusion, we have observed dHvA oscillations in
the magnetic torque acting upon a single crystal of UBe, 3

and have argued that it is an intrinsic phenomenon. Ap-
plying the conventional theory of the dHvA effect to one
of the two dominant frequencies in our data, we find an
average wave vector ko = 1.05 X 10 cm ' associated with
this particular extremal Fermi surface cross section, an

effective mass m *=0.017m„and a mean-free path
0

10=320 A. The Fermi surface associated with these os-
cillations is anisotropic.
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