
PHYSICAL REVIEW B VOLUME 49, NUMBER 1

Specific heat of Ce& „M„Cu6(M =La, Th, Y, and Pr)

1 JANUARY 1994-I

J. S. Kim and G. R. Stewart*
Department ofPhysics, University ofFlorida, Gainesville, Florida 32611

(Received 2 August 1993)

Ce& „La„Cu6is known to have a y [=C/T (T~O)] per Ce mole that increases monotonically with

increasing La concentration: y of Ceo &Lao 9Cu6 is -2.3 J/Ce mole K while that for pure CeCu6 is only
1.6 J/Ce mole K . To investigate this behavior, unusual in comparison with, e.g., UBe» or CeCu2Si2, the
properties (including specific heat to 0.4 K, dc susceptibility to 1.8 K, and resistivity) of Ce& M„Cu6,
M =La, Th, Y, and Pr, 0 ~ x ~ 1, have been investigated, with the most extensive work being on La and
Th. y (1.8 K) remains essentially constant to x =0.4 for Th and La doping, and then rises (falls) for fur-

ther La (Th) doping, with values for x =0. 1 of 45.7 memu/Ce mole for La and 19.3 memu/Ce mole for
Th versus 36.7 memu/mole for pure CeCu6. While the specific-heat y values, as previously reported, in-

crease essentially linearly upon increasing La doping, the y values for Th doping remain essentially con-
stant up to x =0.4, and then decrease monotonically upon further Th doping, reaching y=500
mJ/CemoleK for x =0.9. This rather abrupt change in the behavior of y versus Th doping, when

compared to published results for specific heat under pressure for pure CeCu6, argues against a simple
chemical pressure effect (ThCu6 is smaller than CeCu6). Measurements reported here of the specific heat
in field [C(H)] of Ceo 6Th04Cu6 and Ceo sThp tCu6 when compared to published C(H) data for CeCu6,
Cuo 5Lao 5Cu6, and Ceo &Lao 9Cu6, indicate that the large y value of CeCu6, and its large field dependence,
may be due to magnetic correlations and not, in fact, due to a correspondingly enhanced electron
effective mass. This interpretation is consistent with known de Haas-van Alphen results and the known
nearness to magnetism of CeCu6, where doping [CeCu6 „(Ag,Au)„]produces antiferromagnetism.

INTRODUCTION

Since the discovery of heavy-fermion behavior in
CeCu6, a number of interesting properties for this system
have been discovered. CeCu6 is certainly a "true"
heavy-fermion system, in the sense that the increase in
the specific heat divided by temperature, C/T, at low
temperatures corresponds to, as proven by de Haas-van
Alphen (dHvA) measurements, an increase in the elec-
tron effective mass m'. However, CeCu6 has quite a
large response of its low temperature y( =C/T as T~0)
to magnetic field (in single-crystal specimens y is
depressed by 65% in 7.5 T) in comparison to other
heavy-fermion systems, where a large response of C/T
to field is a sign that the rise in C/T at lower tempera-
tures is at least partly due to magnetic correlation effects,
and not entirely due to the formation of a large m*
ground state. This is consistent with the fact that the
dHvA measured m * values in CeCu6 are approximately
a factor of 6 (in Ref. 6, a factor of 3) smaller than expect-
ed from the specific-heat data.

The motivation for the present work was another indi-
cation that the heavy-fermion ground state of CeCu6 has
unusual properties, specifically the measurements of Sa-
toh et a(. that show that y of CeCu6, in a per Ce mole
basis, rises significantly upon doping with La, e.g., y (in
J/Ce mole K) is 2.3 for Ceo &Lao 9Cu6 vs only 1.6 for pure
CeCu6. This slow increase with doping is quite different
than what is observed in UBe, 3 (y falls at least 60% with
90% doping), CeCuzSi2 (y initially falls with doping on
the Ce site and, in the case of La, rises again —perhaps

due to magnetic correlations), or Upt4Au (where' dop-
ing with 40% Y on the U site suppresses y from 700 to
200 mJ/U mole).

EXPERIMENT

We have prepared via arc-melting, Ce, M„Cu6,
0&x & 1, for M=La and Th and Y and Pr for
0&x ~0.5. YCu6 does not form, thus we limited our-
selves to 0.5 Y to ensure single-phase material as deter-
mined by x-ray diffraction. In the case of Pr, results up
to x =0.5 were measured for comparison to Th, which
has almost the same lattice parameter. All samples were
annealed at 780'C for one week, and characterized via x-
ray powder diffraction. No second phase was detected in
the samples reported on here. CeCu6 has a complicated
x-ray pattern (CeCu6 has orthorhombic symmetry) and
the various MCu6 samples have rather close reported lat-
tice parameters (for CeCu6, a =8.112 A, 6 =5.102 A,
c =10.162 A; for LaCu6, a =8.165 A, b =5.148 A,
c =10.23 A; for ThCu6, a =8.115 A, b =5.078 A,
c =10.122 A, for PrCu6, a =8.101 A, b =5.081 A,
c=10.140 A, with the respective unit-cell volumes, in
A, 420.6, 430.0, 417.1, and 417.4). Thus, LaCu6 is
slightly larger than CeCu6, while ThCu6 and PrCu6 are
slightly smaller. Our results for Yo 5Ceo 5Cu6 indicate
that it is slightly smaller than the corresponding Th com-
pound. Since our ability to determine the lattice parame-
ters precisely is limited by the low relative intensity of the
many lines at high-diffraction angle, which are also rela-
tively broad, we are not able to observe Ce, „ThCu6 de-
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creasing in cell volume until x =0.4.
Resistivity, dc susceptibility down to 1.8 K, and

specific heat down to 0.4 K were then measured. Mea-
surements as a function of field (magnetization to 5.5 T
and specific heat to 14 T) were made with the field per-
pendicular to the direction determined by the perpendic-
ular to the arc-melter Cu hearth. This is because, as is al-
ready known, arc-melt-prepared CeCu6 has a preferen-
tial orientation (c axis perpendicular to Cu hearth) and
both susceptibility and specific heat have their largest
response in the field parallel to a-axis direction. For pure
CeCu6, the difference in susceptibility in the chosen direc-
tion and perpendicular directions for our annealed sam-
ples is around 25%, as was also the case for
Ce0 8Th0 2Cu6. This effect is responsible for much of the
scatter observed in our field measurements presented
below.

RESULTS AND DISCUSSION

Our resistivity results for Ce, La Cu6 are consistent
with published results, " i.e., the residual resistivity ini-
tially rises upon La doping (see Table I), followed by a de-
crease with further doping, while the maximum in the
resistivity shifts to lower temperatures monotonically
upon doping, and disappears by 30% La doping. Con-
trary to this latter behavior, and also contrary to our
resistivity data for Ce, Pr„Cu6, our data show that the
maximum in the resistivity in Th-doped CeCu6 persists
up to 40% doping, and is fully suppressed for x =0.5 (see
Fig. 1).

Our susceptibility results are summarized in Table I
and Fig. 2. As may be seen in Table I and Fig. 2, the
low-temperature magnetic susceptibility, within the
scatter in our data, remains essentially constant up to
50% Th doping, and then falls rather steeply, while for
increasing La doping, a gradual, essentially monotonic in-
crease in y (1.8 K) is seen. For heavy-fermion systems,
e.g. , CeCu6, where magnetic correlations do not play a

dominant role, the low-temperature susceptibility usually
behaves with doping as does the low-temperature specific
heat y. Via the ratio (the so-called Wilson ratio) of
g ( T~0) /y, where y is defined as C /T ( T~0), one can
follow the relative strength of magnetic correlations in a
given doped system, since an increase in this ratio indi-
cates strengthening of such correlations. Thus, prior to
our discussion of our specific-heat data, it is worthwhile
to stress that the behavior of y (1.8 K) vs Th doping
(and, to a lesser extent, the continued existence of a peak
in p vs T for Th-doped CeCu6 past where La doping has
already achieved full suppression) seems to point to a
rather sudden change in behavior of either the magnetic
correlations or the electron effective mass m * in

Ce& Th, Cu6 around x =0.5. Such a transition is very
unlike the behavior seen in Ce& La Cu6 or, for that

8 —10matter, in any other doped heavy-fermion system of
which we are aware.

Another indicator of the strength of magnetic correla-
tions (or, formulated in another way, the "nearness" to
magnetism) in a heavy-fermion system is the response of
the magnetization to an applied field. The small satura-
tion in M vs H seen in pure CeCus (M extrapolated to 5.5
T from our lower field data is 5% larger than what is
measured) does not appear to vary with either La, Th, or
(up to x =0.5) Pr, and Y doping. Thus, based on our
resistivity, y ( l. 8 K) and M vs H results for
Ce, M Cu6, M=La and Th, the apparent transition
for Th doping seen in Fig. 2 appears consistent with pri-
marily an effective-mass effect, i.e., something that would
appear in the low-temperature specific heat y.

Our zero-field specific heat results down to 0.4 K for
Ce, „MCu6, M= La, Th, Y, and Pr, and the published
result' for Ce0 iPr09Cu6 are presented in Table I and
Figs. 3 and 4. As was already known, y per Ce mole rises
with increase in La doping. We have also included in
Fig. 3, the data of Satoh et al. for Ce& La, Cu6 for our
lowest temperature of measurement, 0.4 K. Although
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FIG. 1. Resistivity vs temperature for Cel „ThCu6. Note
that there is still a peak in R vs T for x =0.4.

FIG. 2. Low-temperature (T=1.8 K) magnetic susceptibili-

ty, per Ce mole, of Cel M„Cu6, M =Th and La. The line
shows y =38 memu and is a guide to the eye.
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and —51% (8.8 kbar). Thus, the data presented herein
for Th-doped CeCu6 display two differences to the pres-
sure results. First, obviously, little or no change in y is
observed up to Ceo &Tho 5Cu6. If one assumes that Th
doping causes a monotonic decrease in lattice volume (as
mentioned earlier, difficulty in determining lattice param-
eters accurately and the small changes involved make it
difficult to see a fall in unit-cell volume until 40% Th
doping), then an explanation based on coherence effects
must be found to explain that the y for Ceo 6Th04Cu6
(where the lattice parameter, based on a linear extrapola-
tion, is equivalent to 3 kbar) remains unchanged while
the equivlant under pressure measurement would show a
—20% change in y. That the changes in y and y ob-
served here for Ce& Th CU6, x )0.5, are, indeed,
primarily a size effect, and not due to the electronic
nature of Th vs La, can be checked by measure-
ments on Ceo iLa09 „Th,Cu6 where x may be chosen
to give the lattice parameter of pure CeCu6. We have

prepared Ceo i Lao 356Tho &44Cu6 [(0.356 X cell volume

LaCu6+0. 544Xcell volume ThCu6)/0. 9 gives 422 A vs

420.6 for pure CeCu6] and find C/T (0.4 K)=1400
mJ/ce mole K and y (1.8 K) = 43 memu/Ce mole.
This result (compare Table I) supports the supposition
that size is the more determining factor for the larger
dopings.

The second question raised by the Th-doped CeCu6
data is, what changes around 50% Th to cause the sud-
den decrease in y and g (1.8 K) with increasing doping?
Of course, any unifying explanation must also explain
why Th behaves so differently than La, particularly for
explanations involving coherence.

As a further method of investigating these results, it
occurred to us that, since pure CeCu6 and Ce, La, Cu6
(Ref. 7) both show a large dependence of y on applied
field, one should measure as well Ceo6Th04Cu6 and

Ceo 2Tho 8Cu6 in field to determine if this "transition"
versus Th doping also affects the field response. Our
specific-heat results in fields to 14 T are shown in Fig. 5.
Although the published data for C(H) of Ce, „La„Cu6
only extend to 5 T, it is clear that field depresses y for
CeCu6 and Ce&, La„Cu6 essentially equally strongly,
while already for 40%%u& Th doping, the field response is de-
creased by a factor of 2, while for 80% Th doping, the
field response is a factor of 5 reduced.
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FIG. 5. Fractional change of the low-temperature (T=0.6
K) specific heat vs field for CeCu6 (Ref. 7), Cep, Lap &Cup 6 (Ref.
7), Cep, Lap, Cu6 (Ref. 7), Cep6Thp4Cu6, and Cep2Thp8Cu6.
Note that increasing Th doping significantly decreases the
change with magnetic field of the low-temperature specific heat.
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CONCLUSION
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