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Suppression of heavy fermions by high fields in CeCu6
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Measurement of the specific heat of CeCu6 in fields to 24 T between 1.8 and 8 K and of the mag-
netization in fields to 20 T at 1.3 and 4.2 K is reported. The value of y (=C/Q in 24 T is 350
mJ/mol K . The slope of the C/T-vs-T data, proportional to the Debye temperature, in 24 T is the
same as that for LaCu6 in zero field, with no low-temperature upturn in the C/T data in 24 T ob-
served. These data indicate that we achieve complete suppression of the heavy-fermion ground
state in CeCu6 with this high applied magnetic field. These results are in sharp contrast with results
on uranium systems, indicating a fundamental difference in the heavy-fermion ground state.

I. INTRODUCTION

One of the more intriguing questions' of recent interest
is what causes the formation of the heavy-fermion ground
state in certain 4f and 5f electron intermetallic com-
pounds. Since a number of the known heavy-fermion sys-
tems (HFS's) are (antiferro-) magnetic (e.g., UCd»,
UzZn, 7, and NpBe»), and because all HFS's exhibit very
large magnetic susceptibilities and, in some instances,
instability toward formation of a magnetic ground state,
numerous measurements of the magnetic field depen-
dence of the physical properties of HFS's have been car-
ried out to try to answer this question.

Here we report measurements of the specific heat of
polycrystalline CeCu& in several fields up to 24 T (a new
record high field for specific-heat measurements) between
1.8 and 8 K, as well as magnetizations measurements at
1.3 and 4.2 K in fields up to 20 T. These results signif-
icantly expand on the previous field range for such mea-
surements (11 T for specific heat and 15 T for magnetiza-
tion) and show a striking total suppression of the
(temperature-dependent) mass enhancement upturn in
the specific heat divided by temperature (C/T) at low
temperatures such that C/T as T~O falls froin 1500
mJ/mol K in zero field to 350 mJ/mol K in 24 T. Ac-
companying this suppression of the zero-field upturn in
C /T is a 40% decrease in the magnetization at 1.3 K in a
20 T field versus the linear extrapolation of the low-field
magnetization (M) data.

These results will be compared to existing lower-field
data for magnetoresistance, specific heat, ' and de
Haas-van Alphen" (dHvA) measurements on CeCu6, as
well as the few other existing high-field measurements on
other HFS's (M versus H for' CeAl&, C/T for' UPt3,
for' UBe, 3, and for' ' UBe, z 9~Cuo o6). Of particular in-
terest is the great disparity in the size of the change in
C/T with field between Ce and U HFS's, plus the fact
that our 11 and 14.5 T data for C/T in CeCu6 strongly
call into question the tentative dHvA result that the

effective mass in CeCu6 is field insensitive to 13 T at low
temperatures.

II. EXPERIMENT

The samples of CeCu6 were prepared by arc-melting
together in a zirconium-gettered argon atmosphere
99.9999% pure Cu and the highest available purity Ames
Laboratory Ce in the correct proportions, allowing for
slight weight losses. The resulting buttons were stored in
vacuum dessicators until use.

Magnetic susceptibility from 1.7 to 400 K was mea-
sured in 5000 6 in an automated superconducting quan-
tum interference device (SQUID) susceptometer from
Quantum Design. As has been noted before's in studies
of single crystal CeCu6, the susceptibility, I, is extremely
anisotropic, with X for field in the c direction a factor of
10 higher than 7 with field in the b direction. In our
polycrystalline samples, there was some preferential
orientation, such that the sample would readily be orient-
ed to give X(1.7 K)=38)&10 emu/mol, implying' a
significant partial c-axis orientation. This orientation was
used for the field measurements of the specific heat. For
the magnetization measurements, the (fixed) alignment
was similar, such that X(1.3 K) =33X 10 emu/mol.

Specific heat results in zero field agreed with previous
data to within 10% at 1.8 K, consistent with some slight
sample variation. The high-field calorimeter was similar
to a previous design, ' with the improvement that sap-
phire was used as the reference heat sink and thermome-
ter reference block. This change avoided the noise heat-
ing from the ripple on the Bitter magnet current in the
old copper block design. Thus, measurements of specific
heat can be made at Francis Bitter National Magnet Lab-
oratory in a 24 T, 1-in. bore magnet. The high-field mag-
netization data were taken with a vibrating sample mag-
netorneter modified for high-field use and described else-
where. "
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III. RESULTS AND DISCUSSIGN

The magnetization of CeCu6 as a function of field at
1.3 and 4.2 K is shown in Fig. 1. This type of data shows
qualitatively quite clearly that the mechanism responsible
for the very large magnetic susceptibility' %=M/H) at
low temperatures in CeCu6 begins to be suppressed al-
ready by 5 T. As the slope of the M versus H data con-
tinues to decrease as the field 0 increases, we eventually
find a 40% decrease in X at 1.3 K and 20 T compared
with zero field. This indeed is a large change —Pd, one
of the most strongly enhanced paramagnetic elements,
has' a linear M versus 0 curve to 30 T. Also, CeA13-
the HFS most like CeCu6 (y and X are the same within
10-20% at low temperatures) —has a 33% decrease in X
from 0 to 20 T. Recent neutron studies have indicated
the presence of antiferromagnetic fluctuations in CeCu6.
It is worthwhile to note here as well that the fluctuation
systems UA12 and UPt3 have ' much more linear M
versus H behavior to high fields.

As a prelude to discussing the specific heat results, let
us first discuss magnetoresistance results for CeCu6. In
zero field at T~0.3 K, the resistivity p=pD+AT,
where the coefficient of the T term A =120 pQ cm/K .
There exists a simple model that A ccrc(EF), the elec-
tronic density of states at the Fermi energy, and that
C/T ~ N(EF ), implying that one can use A versus field
as a (more easily measured) substitute for C/T versus
field. However, it has already been observed that A (H)

decreases by about a factor of 6 at low temperature at 5

T, whereas less than a 40% decrease in C/T is observed'
at 5 T at 0.3 K. (A question also raised by this discus-
sion, which we will address below, is that of the tempera-
ture dependence of hC(H)/T o—ne must be careful to
compare results at the same temperature. ) A more recent
model for A (H) discusses a correlation of A (H) with
(C/T) squared, which still leaves a wide disparity be-
tween the model and experiment.

The specific heat of CeCu6 in 0 and 11 T (from Ref. 9)
is shown in Fig. 2; the specific heat of CeCu6 in 0, 14.5,
and 24 T is shown in Fig. 3. For comparison, results in 0
and 10 T for CeCuzSiz and 0 and Z2. 5 for'
UBe ~2 9gCuo 06 are Shown 1n Figs. 4 and 5. FurtheI' re-
sults for bC(H)/T for these systems, as well as for
CeA13, are tabulated in Table I.

As seen clearly from Figs. 2—5, all the field data are
lower than the zero-field data below some temperature of
order several kelvins, although the change in C/T with
Seld is quite small in the uranium case. If data are mea-
sured to higher temperature, then the field data uniform-

ly show an increase versus the zero field C/T data.
(Data'i for UPt& are the exception to this; see Table I.)

From Figs. 2 and 3 one can estimate C/T as T~O in

13 T, the highest field used in the recent de Haas-van Al-

phen (dHvA) study, " as being of order 600 mJ/molKi
(see also Table I). Since the field specific-heat data shown
here do not extend below 1.8 K, the possibility of a
change in slope of the data below this temperature caus-
ing a diiTerent zero-temperature value must be con-
sidered. The lowest-temperature, highest field-specific
heat data available, Ref. 10„ imply that, if anything, our
estimate is too high since in 5.5 T Fujita et al. measure
C/T =700 mJ/mol K, i.e., they observe a bending over
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FIG. 1. Magnetization vs field for CeCu6 at 1.3 and 4.2 K.

The absolute accuracy of the data is better than k5%, based on
measurement of a Ni standard in the same run. The slope of
these data give g, the magnetic susceptibility, vs 6eld. The
difFerence in slope at low field at the two temperatures is just the
observed 209o difference in g. At the highest 5eld, this
difrerence in g at 1.3 and 4.2 K is absent, consistent with the ab-
sence of any observed temperature dependence in C/T at the
highest field. The single crystal M vs H data to 1S T of Ref. 16
showed about a S% decrease or less in g (15 T) vs g(0) in the a-
and b-axis directions, with a 47% decrease in the c-axis direc-
tion.
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FIG. 2. Specific heat divided by temperature vs temperature

squared in 0 (circles) and 11 T (triangles) for Cecu~, from Ref.
8. Note the crossing of the two sets of data at T =9 K', and
the significantly lower rate of rise of the 11-T data as T~O.
These data were taken in a superconducting magnet and have
an accuracy of +3%, %'1th a +1% precision.
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FIG, 3. Specific heat in 0 {circles), 14.5 {triangles), and 24 T

(squares) fields divided by temperature vs temperature squared
for CeCu6. There may be a peak tn C/T at around T'= l2 K2

in the 14.5 T data, followed by a decrease at lower temperature.
The 24 T data has a slope vs T2 very similar to that of LaCu6.
The absolute accuracy of the field data is +5%, with a precision
below 4 K of ~4%, improving to 22% at 8 K.
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of C/T in field at low temperature. Therefore, our esti-
mate of C/T in 13 T may be used as a conservative esti-
mate of the decrease. Thus, the measurement described
in Ref. 11 of the field dependence of one dHvA frequency
(~ m ', the efFective mass), with m ' =6m„may be an in-

dication that the lower effective mass portions of the Fer-
mi surface are not field sensitive. However, the 11 and
14.5 T C/T of the present work at least strongly indicate
the need for further dHvA work.

A second conclusion derived from the data in Figs.
2-5 and Table I is that there is a sharp dichotomy be-

FIG. 5. Specific heat divided by temperature vs temperature
squared in 0 {circles) and 22.5 T {triangles) for UBefg 94Cup p6

from Ref. 14. Note that even at this high value of applied field

that the specific heat is little altered by field at low tempera-
tures.

tween changes in C/T with field in Ce versus U HFS's.
This greater "stiffness" of the electron-electron correla-
tions in U systems is also consistent with another ob-
served major difference between Ce and U HFS's, that of
the observed behavior upon doping. For Ce HFS's
single-ion behavior is observed [i.e., C/T and 1 for
(Ce, „M,)B» scale quite well ' with amount of Ce, im-

plying essentially noninteracting Ce], whereas dop-
ing ' of U HFS's, even at small dopant concentra-
tions, leads to rapid changes in C/T and X. Therefore,
any sort of rigid band model to explain the behavior of
the specific heat of Ce and U HFS's in field, based on the
results presented in Figs. 2-5 and Table I, must be
viewed as too simplistic. Clearly, U ions interact much
more strongly in U HFS's with the same C /T (T~0)
and therefore the same effective bandwidth, $V, as a cor-
responding Ce system (e.g., UBe, 3 compared with
CeCu2Siz).

Finally, what is of special note in the results presented
in Fig. 3 is that, in CeCu6 (and, as a prediction, presum-
ably also in CeCu2Siz and CeA1~, see Table I) at high
enough field the upturn in C/T below 8 K is totally
suppressed. This observation is based not just on the lack
of any upturn in C/T in the 24 T data in Fig. 3, but also
based on the value of the slope of the C /T versus T data
1n 24T

SO

T (K)

This slope, p in Eq. (1), is related to the lattice specific
heat and the Debye temperature thereof via

' 1/3
1944' 7

FIG. 4. Specific heat divided by temperature vs temperature
squared in 0 (circles} and 10T {triangles) for CeCu2Si2 from Ref.
24. Note the crossing of the two sets of data at T =9 K . with p in units of mj/[(mol CeCu6) K ], and the number 7
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TABLE I. Speci6c heat vs 6eld for selected HFS's.

System

CeCut;

CeA13

CeCu2Si
(non superconducting)

U~e l2.94Cuo. o6

(nonsuperconducting)

UBei3

UPt3

25
9

This work
This work

10

10

26
26
27
27
24

14
14
14

C/T (T~O)
(mJ/mol K )

1500
700
510
350

1450 (at peak in C/T
at 0.3 K)

780 (at peak of C/T)

1650 (at peak in C/T
at 0.5 K)

1320 (at 0.5 K)
1210 (at 0.5 K)
2050 {at 0.5 K)
1725 (at 0.5 K)

1050

700
1430 (at 0.2 K)

1070 (at 0.2 K)
at Tp0. 7 K, change

with 8 T field is
insigni6cant
540 (2 K)
495 (2 K)

in 18T, T&2K,
changes in C/T are

small, consistent
with data for
UBe)2 ~Cuo o6

450
485 (note increase

with 6eld)
560

—520

0
11

14.5
24
0

10
0

0

19"
22.5'

Crossover
temperature (K)

3.07
3.5
5.8

-2.3 (6eld data
stop at 2 K)

2.95

2.3

'Data not taken to high enough temperature.
Perpendicular to e axis.

is from the seven atoms per formula unit of CeCu6. Lat-
tice specific heats are chiefly determined by the atomic
structure and the masses of the atoms in the unit cell.
Thus, the Sn for' LaCuz (230 K) should be comparable
to that for CeCu6. Therefore, upon complete suppression
of the temperature-dependent upturn in C/T caused by
the formation of the heavy-ferrnion ground state in
CeCu6, the slope P of the C/T versus T data should give
s value for 8D comparable to that for LaCu6. The value
obtained from the 24-T CeCu6 data in Fig. 3 for 8D is
240 K, fairly conclusive evidence that this field complete-
ly suppresses the upturn in C/T. (Incomplete 19-T data
not shown in Fig. 3 indicates still some remnant upturn
in this lower field. ) What is of note from a theoretical
perspective is that, although a noninteracting "Kondo-
lattice" approach or, equivalently, a "Kondo-resonance"
model ' gives a good fit to C (H =0) for Ce systems,
and in particular CeCu6, this scheme of scaling nonin-

teracting, single-ion results to a concentrated, Kondo-
lattice system such as CeCu6 does not fit our high-field
data, Fig. 3. Thus, interaction efFects in nonzero magnet-
ic 6eld must be added to the existing theories.

Finally, it ~ould be of interest to follow further the be-
havior of C/T for CeCu6 with field, since presumably the
observed C/T (T~O) value in 24 T, 350 mJ/molK,
would further decrease, albeit more slowly, according to
a rigid band model. However„ this rigid band, or "back-
ground" value for y (=C/T) is small enough that rather
large additional fields might be required to observe
significant further decrease.

The Geld for total suppression of heavy fermions in
CeCu6, -24 T, tells us the characteristic energy of the
formation of the heavy-fermion ground state (-p,&H).
If we take' pdr from the high- (low-) temperature low-
field I data, in units of kelvin (k~ T=p, irH) this charac-
teristic formation energy is 43 (35) K.
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IV. CONCLUSIONS

Measurement of the high-6eld specifjlc heat of CeCu6
has been performed up to 24 T, as well as magnetization
measurements up to 20 T. The slope of the C/T versus
T data expected for a non-heavy-fermion CeCu6 (i.e., the
same slope as LaCu6), with the heavy-fermion-associated
upturn in C/T suppressed, is observed by 24 T. By com-
parison to high-field speci6c-heat data for other U and Ce
systems, an essential difference between U and Ce HFS's
clearly exists which must be addressed with new theoreti-
cal initiative. Finally, the results presented here suggest
that a more thorough dHvA investigation of the field
dependence of the effective mass, m ', in CeCu6 up to 13

T will find strong, greater than 50% decreases in m ' for
the heavier mass orbits.
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