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de Haas-van Alphen Effect in the Heavy-Electron Compound CeCu6
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%e report measurements of the de Haas-van Alphen effect in the heavy-electron metal CeCu6 in
the coherent state. Cyclotron masses of up to 40mo are observed and ~e deduce a many-body
enhancement 20 times larger than in LaCu6. %e conclude from the absence of any light electrons
that the many-body renormalization leading to the coherent state influences all electrons, and not
just those with primari1y fcharacter.

PACS nubmers: 71.25.Hc, 75.20.Hc, 75.20.Hr

At low temperature CeCu6 has one of the largest
known electronic specific heat coefficients' 3 but un-
like many other heavy-electron compounds it has nei-
ther a magnetic nor a superconducting transition down
to 20 mK. '~ It therefore provides a very suitable ma-
terial for the study of the low-temperature coherent
state. At higher temperatures it behaves as if it was a
system of isolated "Kondo" impurities but below
about 10 K the resistance drops from a peak value of
about SO p, Q cm to very low (sample dependent)
values, ' the magnetoresistivity becomes small and
positive rather than large and negative, 5 6 and the Hall
effect changes sign. 7 These are all indications of the
formation of a "Kondo lattice" in which the scattering
from the Ce ions becomes coherent in a manner which
is not yet understood. The electronic specific heat
coefficient and the susceptibility, are both very large
but have a Wilson ratio of order 1.8 Many of these
low-temperature properties can be understood in terms
of many-body Abrikosov-Suhl or "Kondo" resonance
at the Fermi level although there is some evidence
that an additional double-peaked structure appears as
coherence develops. 9

We report here the first measuremtns of the de
Haas-van Alphen (dHvA) effect in a true heavy-
electron metal. The measurements were made down
to 20 mK where the electrons are certainly in the
coherent state as indeed the observation of dHvA os-
cillations shows. In addition to determining Fermi
surface parameters the measurements also yield
scattering data and cyclotron effective masses.

The cyclotron masses obtained from the tempera-
ture dependence of dHvA oscillations are known to be
renormalized by the electron-phonon interaction, '0"
and electron-electron effects are expected to appear
similary. ' ' The cyclotron masses m" are the orbital
integral of I/ vF', where vF' is the renormalized velocity,

so that, with a suitable parametrization scheme, cyclo-
tron masses can be deconvoluted to obtain velocities.
Suitably integrated over the whole Fermi surface,
these should give y as determined from the electronic
specific heat which is enhanced by many-body effects
in the same way. Indeed, this process has been carried
through in detail for a number of cases. '4 '6 The very
large values of y in heavy-electron metals therefore
imply correspondingly large cyclotron masses and weak
dHvA signals which will only be detectable at very low
temperatures. If, however, as has sometimes been
suggested, both light and heavy electrons coexist in
certain heavy-electron metals, '~ the light electrons
would signal their presence unambiguously by a rela-
tively much stronger dHvA effect.

Field-dependent studies of dHvA-effect amplitudes
give information on the electron scattering rate. They
yield the ratio of cyclotron mass to electron lifetime,
nt'jv", in which both parameters are renormalized by
the many-body interactions.

CeCu6 is orthorhombic at room temperature but un-
dergoes a phase transition to a monoclinic structure
around 200 K.' As a precaution, the sample was
cooled slowly through this point to minimize sample
deterioration. The crystal distortion, however, is small

(y = 90' becomes P =91.36') so that we can usefully
retain the orthorhombic notation for the low-
temperature phase. The present measurements were
made on a c-axis crystal whose resistivity at 20 mK was
close to 1 p, Q cm. The c axis was selected as it
seemed likely to yield the most abundant dHvA sig-
nals, based on the work of Qnuki et al. '9 on the refer-
ence materials LaCu6 and PrCu6. Additionally we ex-
pect the modifications to the Fermi surface induced by
the phase transition to give rise to beats which will
have least significance in the c direction.

Experiments were performed in a dilution refrigera-

1986 The American Physical Society 1631



VOLUME 57, NUMBER 13 PHYSICAL REVIEW LETTERS 29 SEn EMBER 1986

tor in fields up to 14.5 T with use of the field modula-
tion technique at 6 Hz to avoid sample heating. Tem-
peratures were in the range 20-250 mK as determined
by a Ge thermometer in a zero-field region in the mix-
ing chamber. 2o

The measured dHvA frequencies and cyclotron ef-
fective masses are given in Table I. A feature was ob-
served in fields ~ 2.5 T which might be explained as
an extremely low dHvA frequency of —8 T with a cy-
clotron mass of 2.5, but this assignment is not certain.
The large orthorhombic unit cell which contains four
formula units of CeCu6 leads to a correspondingly
small Brillouin zone. The highest frequency observed
(1300 T) is 13% of the cross section of the Brillouin
zone in this direction and corresponds therefore to a
Fermi surface feature of significant size. The mea-
sured dHvA frequencies were independent of tem-
perature to 1%, the frequency F -122 T being studied
over the widest temperature range of 20-250 mK. Cy-
clotron effective masses were determined from the
temperature dependence of dHvA amplitudes at con-
stant field, as shown in Fig. 1.

In the absence of a band-structure calculation for
CeCu6 the measured cyclotron masses can best be dis-
cussed by comparison with those found'9 in LaCu6 and
PrCus. As there are no felectrons in LaC~ and those
in PrCu6 are localized, they form convenient reference
compounds, with cyclotron masses typical of a @band
transition metal. Plotted versus dHvA frequency on
log-log scales the data for these compounds and for
CeCu6 fall on two curves with similar slopes but with
the masses in CeCu6 larger by a factor of 30. This ra-
tio may be compared with the corresponding ratio of
the electronic specific-heat coefficients. For LaCu6, zt

y=8 mJ/mole K2, so that using a value for CeCu6
(extrapolated to T=O) of 1.5 J/mole K2 gives the

significantly larger ratio value of 190.
The discrepancy between these two ratios may have

its origin in the effect of a magnetic field. The elec-
tronic specific heat of CeCu6 is strongly field depen-
dent. 22 With the field parallel to the c axis, as used in
these experiments, the maximum value of C/7 is re-
duced by a factor of about 2 in a field of 5.5 T, and at
7.5 T23 is about 0.5 J/mole K2, that is, only a factor
of 60 larger than in LaCu6. At the lowest temperature
at which the specific heat was studied, 0.15 K, C/T
had not saturated, and a direct comparison with the cy-
clotron masses which are measured at lower tempera-
ture is therefore not possible. The cyclotron mass ra-
tio of 30, measured in fields greater than 10 T, corre-
sponds to C/ Tfor CeCu6 of about 0.25 J/mole K2 and
is broadly consistent with the field dependences quot-
ed above. It implies, however, that measured cyclo-
tron masses should be field dependent. While they
may be tending to saturate for fields greater than 10 T,
effects mirroring the changes in electronic specific
heat should be observed at lower fields. This point
was examined for the one dHvA frequency, F= 122 T,
that could be observed at lower fields. Measurements
were made at several magnetic fields in the range 6-13
T but, to within the experimental uncertainty, the cy-
clotron mass was found to be constant at m"
= (6.0+0.2) m, .

Two factors contribute to the cyclotron masses in
CeCu6 being —30 times greater than in LaCu6 and
PrCu6. Firstly, hybridization of the narrow f band

200 J 100
1300 J20
1034 JS
740 J10
638 J10
210 J10
122 J2
40 J4

80 +10
24 +2
40+2
23 +1
14 +1

6.0 ~0.2
11 +3

9.6
5.1

7.5
11.5

11.6
3.7

TABLE I. Measured dHvA frequencies F, cyclotron
masses m"/mo, and Fermi velocities vk, lti a c.axis crystal of
CeCu6. Cyclotron masses are determined from the tempera-
ture dependence of dHvA amplitudes as illustrated in Fig. 1.
The v& are derived as explained in the text. The highest fre-
quency observed with m'/mo-80 is thought to be a har-
monic of the fundamental F-1034 T. Harmonics of other
frequencies are also observed, notably of F=40 T and
F= 122 T, but are not listed.
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FIG. 1. Temperature dependence of dHvA amplitudes in
a c axis crystal of CeCu6 for t~o dHvA frequencies: curve
a, F 1034 T at 8 11.51 T; and curve b, F=122 T at
8 = 7.25 T. The variation of ln( V/ T) vs T is shown, where
Vis proportional to the dHvA amplitude. The solid lines are
fits to the data with the theoretical expression y
-ln(P/sinhQT) by the method of least squares. P and Q
are constants and the cyclotron mass is obtained from

Q = 14.69m'/m08. The data for curve a yield m'
(40 k2) mo and for curve b m'= (6+0.2)mo. The results

for all orbits are summarized in Table I.
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with other bands increases the overall "band struc-
ture" mass. Additionally we expect a large many-body
enhancement which is presumably related to the
"Kondo" resonance at the Fermi level. A useful
comparison may be made with CeSn3 which, although
not a heavy-electron compound, also has anomalously
large masses and in which a direct comparison is possi-
ble with both band-structure calculations~4 and with
the reference compound LaSn3. The dHvA cyclotron
masses in CeSn3 are about 5 times larger than those in
LaSn32s and the y values for the two compounds are
in the same ratio. Comparison with band-structure cal-
culations suggests that f hybridization accounts for
an increase in the masses in CeSn3 by a factor of—1.6, the difference being attributable to the differ-
ence in the enhancement term (1+)~,~+)i, ) in the
two cases. Using, as a guide, the same factor of 1.6 for
CeCu6, we deduce that the many-body enhancement
in CeCu6 in fields over 10 T is greater than in LaCu6
by a factor of —20.

From our measured cyclotron masses in Table I we
may estimate the renormalized quasiparticle velocities
uk characteristic of particular orbits on the Fermi sur-
face. If we assume that they are circular with radius
k„ the velocity, assumed isotropic, is given by

vk =fk,/m',

where

m k2 = 27r eF/h'.
The values deduced in this way are given in Table I.
fhey vary by a factor of about 3 from sheet to sheet
which is typical of what is expected from band-
structure effects. An estimate for the average velocity
and the total Fermi surface area SF can be deduced
from the value of y (which is given by SF (I/~i', ) ) and
the ratio of Dingle (scattering) temperature to the im-

purity resistivity which is proportional to SF(uk).
With use of the measured values of 0.05 K for the
Dingle temperature and 1 p. O cm for the impurity
resistivity the corresponding values of (u„") are 3600
m/s if y is taken as 1.5 J/mole K2, or 8800 m/s if y is
0.25 J/mole K2. While it is not clear exactly what
value of y the cyclotron masses should be compared
with, it is nevertheless apparent that the velocities de-
duced from the dHvA cyclotron masses (Table I) are
consistent with the values deduced from the large elec-
tronic specific-heat coefficient. We note also that
whereas y is dominated by regions of lowest v»
(highest m'), the dHvA effect is most sensitive to re-
gions of highest uk (lowest m') which, expressed in
terms of a single sheet of Fermi surface would have a
Fermi radius of about 10'o m ', a dHvA frequency of
about 4X10 T, and an effective mass of 380mo and
would contain 10 electrons/unit cell, i.e., 2.5 electrons
per formula unit. However, CeCu6 is a compensated

metal and the Fermi surface must consist of a number
of smaller sheets, with both hole and electron charac-
ter, having the same total surface area. The scattering
time deduced from the Dingle temperature is —10
s which is several hundred times larger than the corre-
sponding quantity for simple metals with a resistitivy
of 1 p, 0 cm, but the free path, ukr', is about 10 7 m
which is quite typical for resistivities of this magni-
tude. The parameters are therefore consistent with a
many-body enhancement which reduces all the veloci-
ties over the Fermi surface and increases the scattering
times by the same amount so as to leave the mean free
path constant, and which accounts qualitatively for the
large electronic specific heat.

In summary, these first dHvA measurements in a
heavy-electron metal have yielded results which influ-
ence our perception of the heavy-electron state. The
observation of quantum oscillations implies a sharply
defined Fermi surface even in the strongly interacting
Fermi liquid that comprises the coherent state. At 10
T the orbits extend —1 p. m and so retain coherence
over at least —1000 lattice constants, and the dimen-
sions of at least one small sheet of the Fermi surface
change by less than 1'%%d between 20 and 250 mK. We
conclude from the measured cyclotron masses that no
"light" electrons exist in CeCu6 in the coherent state
but that all are renormalized by an amount which, at
the high magnetic fields used in these experiments is—20 times greater than in LaCu6. Finally, on one
small sheet of the Fermi surface (F=122 T), we find
no evidence of any field dependence of the cyclotron
mass to reflect the reported field dependence of the
electronic specific heat.
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