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The specific heat (C) of CeAl3 has been measured between 0.35 and 20 K at pressures to 8.2
kbar. A very strong and nonlinear dependence on pressure is observed. In particular, the max-
imum in C/T, a prominent feature at zero pressure which is apparently closely related to the other
unusual properties characteristic of the low-temperature behavior, disappears at even very low pres-
sures. There is no transition to a superconducting or magnetically ordered state under pressure.
Measurements at zero pressure to 50 mK sho~ a quadratic term in C in addition to the linear term.

PACS numbers: 71.20.+c, 65.40.—f

CeA13 is the prototypical example of a heavy-
fermion compound that does not undergo a transition
to either of the commonly observed ordered ground
states —neither superconductivity nor magnetic order
occur. ' At temperatures of a few degrees Kelvin and
above, its properties, including particularly the specific
heat (C), are suggestive of Kondo behavior. 2 Howev-
er, near 0.5 K, C/T passes through a maximum that is
inconsistent with the single-impurity Kondo effect,
and which has been associated with the development
of coherence in an ordered Kondo lattice. '2 Recent
specific-heat measurements on CeCu2Si2, which is
similar to CeA13 in many respects, support this associa-
tion: The maximum was suppressed by alloying with
LaCu2Si2 or YCu2$i2. The electrical resistivity" (p),
magnetic susceptibility' (X), and thermal expansion'
(a) also show qualitative changes in behavior near 0.5
K which are apparently related to the maximum in
C/T. Considered together, these properties point to a
fundamental change in the nature of the dominant in-
teractions that occur near 0.5 K, and below that tem-
perature the properties are often discussed in terms of
Fermi-liquid behavior. In this Letter we report mea-
surements of C as a function of pressure (P). At
P =0, the measurements extend from 0.06 to 20 K;
and at four pressures between 0.4 and 8.2 kbar, from
0.3S to 20 K. The pressure dependence of C is highly
nonlinear, and, at low pressures, enormously strong.
The maximum in C/'r, and presumably the transition
to a region of qualitatively different behavior below
0.5 K more generally, is suppresed by even rather low
pressures.

CeA13 melts incongruently, and samples are general-
ly contaminated by CeA12 andlor Ce3A1» inclusions. '
The sample for which data are reported here is the
purest (62) of four samples for which it was shown

that, below 1 K, C could be consistently corrected to
that for pure CeA13. The experimental methods were
similar to those used earlier, except that the sample
was surrounded by a thin layer of AgC1 to reduce pres-
sure gradients, and Pb manometers were placed at
each end of the sample. 'o

The zero-pressure data below 0.8 K are compared
with smoothed representations of other data' 3 in Fig.
1. The discrepancies probably arise in part from differ-
ences in measuring techniques (e.g. , in temperature
measurements), but, given the extreme pressure sen-
sitivity of C at low pressure (see below), they could
also reflect sample-to-sample differences related to
differences in the state of aggregation of the impurity
phases or even to sample mounting techniques. As
sho~n in Fig. 1, the present data are well represented
by C =1.20T+1.96T2 J/mole K at T ( 0.25 K. This
result is qualitatively consistent with two of the in-
dependent measurements, and we suggest that this is
the correct form for C in the low-temperature, zero-
pressure limit, and that it reflects the nature of the
low-energy excitation spectrum for this particular
heavy-fermion compound. The T2 term deserves
theoretical investigation —calculations based on a
density-of-states model can give only a T' term.

The data for P&0 are included in Fig. 2. The mea-
surements at P&0 were made in order of decreasing
pressure, but measurements at P =0 were made on
parts of the same sample both before and after the
pressure cycle to establish the reversibility of the ef-
fect. Unlike results reported for measurements of p,
no significant' pressure hysteresis was observed.
Qualitatively, the effect of pressure is in agreement
with that found in earlier measurements at 0 and 7
kbar and T & 1.5 K. ' Ho~ever, the extension of the
data to lower temperatures and to intermediate pres-
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FIG. 1. Specific heat of CeA13 for T ~ 0.8 K and I' =0.
Curves representing data from three other laboratories are
also shown: AGO (Ref. 1), FLPR (Ref. 2), and BHSLM
[Ref. 3; but as shown here, the data have been corrected to
a revised temperature scale (Ref. 11)].

sures (and to some degree the better purity of the
sample) give interesting new information: In the vi-

cinity of the maximum in C/T, i.e., near 0.4 K, C is
reduced by a factor of 3.2 at a pressure of 8.2 kbar, and
more than half of the reduction occurs at 0.4 kbar; no
indication of a maximum in C/T remains at even the
lowest nonzero pressure, 0.4 kbar; and although C
(and presumably other properties) is changed dramati-
cally at 8.2 kbar, there is still no indication of super-
conductivity or magnetic ordering.

The nonlinearity of the pressure dependence of C is

further illustrated in the inset to Fig. 2, where an em-
pirical P' dependence of [C/T]04 „is demonstrated.
With the assumption of a pressure-independent
compressibility, ' ~ = 2.16x 10 kbar ', one can use
the relation given there to derive a Gruneisen parame-
ter,

I.«, 4 „,———B ln[C/T]0«/B ln 1,

as a function of pressure. For the nonzero pressures at
which C was actually measured, I c(o 4 xl varies from
—132 at 0.4 kbar to —19.4 at 8.2 kbar (see Table I).
Use of the P'~6 relation to interpolate between 0 and
0.4 kbar gives 1 c(04 K) = —368 and —220 at 0.1 and
0.2 kbar, respectively. The latter values must be taken
with caution (the same interpolation gives 1 &l04 Kl
= ~ at P = 0), but it is clear that there is an enor-
mously strong pressure dependence near P = 0.

The thermal expansion has been measured from 0.3
to 10 K by Andres, Graebner, and Ott' (AGO) and
from 20 mK to 1 K by Ribault et a/. AGO find a
maximum positive value of o. near 2 K, a nearly linear
decrease at higher temperature, and negative values
below 0.65 K. Below 0.2 K, Ribault et a/. find the
thermodynamically required approach to a = 0 at
T=O, and negative values of o. at all temperatures
below 1 K with the minimum occurring near 0.4 or 0.5
K, depending on the sample. The thermodynamic re-
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lation Bu/BT = —V ' B(C/T)/BP permits an approxi-
mate calculation of values of Bn/B T from C (P
= 0.4 kbar) —C (P = 0), and, thus, a comparison of
the u( T) and C (P ) data. Near and above 1 K the
agreement is reasonable. The calculated value of
Bn/BT changes sign near 2.5 K; the measured value
(AGO) changes sign near 2 K. Between 2.5 and 10 K
the calculated value is temperature dependent, but its
average value is roughly —0.5x10 K ', in this in-
terval the measured value is roughly constant at
—0.3&10 K '. Near 1 K the calculated value is
13 x 10 ' K ', the measured values are 3 x 10 ' K
(AGO) and 5X10 s K ' (Ribault et ai.) At lower
temperatures, however, the disagreement becomes
conspicuous. The measured va)ues become negative
again below about 0.5 K, but there is no indication of the
corresponding change to positive values of B(C/T)/BP.
Irreversible pressure-induced changes in the sample

TABLE 1. Parameters derived from C(P) (see text for
definitions).

P
(k bar)

y
(mJ/mole. K') m /m

300

0.4 1024

4.8

8.2

—41.3

—25.8

—19.4

209

164

—43.2

FIG. 2. Pressure dependence of the specific heat of
CeA13. For clarity, only data for 0, 0.4, and 8.2 kbar are
shown for T & 4 K.
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are ruled out as the cause of the apparent discrepancy
between o.( T ) and C (P ) by the sequence of the
C (P ) measurements. It is also worth noting that
similar measurements of C(P) on UPt3 are in good
agreement with n(T). ' The uncertainty in the tem-
perature at which Bn/BT changes sign' leaves open
the possibility that at temperatures slightly below the
lowest reached in these measurements, and for
Pe0, C/T rises sharply to cross the P=O data and
satisfy the thermodynamic relation. It seems more
probable, however, that the required change in the
behavior of C occurs within the temperature range of
the measurements but at 0 ( P ( 0.4 kbar. In either
case, the results show that the negative values of
Got/BT, and probably the other Fermi-liquid properties
that occur for T ( 0.5 K and P = 0, are characteristic
of a state that is extremely sensitive to pressure and is
completely suppressed at even relatively low pressures
for T ) 0.35 K.

The maximum in CjT at P = 0 has been taken as
defining the temperature, T', at which the interactions
between the high-mass excitations in a coherent Kon-
do lattice become important. Since the measurements
of C at P e0 do not extend below T'(P = 0), they do
not give a direct indication of the pressure dependence
of T'. However, the rapid decrease of C/T with in-
creasing T at T ) 0.35 K and P = 0 contrasts sharply
with the P WO data and suggests a huge decrease with
increasing pressure of the interaction between parti-
cles. Extrapolation of C/T to T =0 gives y, the coef-
ficient of the linear term in C, and m'jm, the corre-
sponding effective mass ratio of the f electrons. These
quantities and average values of a Gruneisen parame-
ter, I' .= —t) Inm'/tI ln V, evaluated for successive

pairs of the pressures at which m' was determined, are
given in Table I.

The C(P) data can also be compared with p(P)
data by use of the empirical rule that y is approxi-
mately inversely proportional to the temperature T~ at
which p reaches a maximum. ' For 0 and 16 kbar, Tbt

is 34 and 70 K, respectively. This leads to a predicted
decrease by a factor of 2 in y at 16 kbar, i.e., to
y(16 kbar) = 600 mJ/mole K2. For P ~ 0.4 kbar,

y = [C/T]04', and extrapolation of the P' relation
illustrated in Fig. 1 gives y(16 kbar) = 440 mJ/
mole K, in quite reasonable agreement with the
value predicted from the correlation with TM, consid-
ering the crudeness of the approximations.

For "intermediate valence compounds" (IVC),
such as CeSn3, CeBe&3, and CePd3, I .is typically' of
order of magnitude —10, and the rapid decrease in

magnitude of I for CeA13 with increasing pressure

may indicate an approach to IVC behavior. %ith that
assumption, the 21+1 channels of the 4f' configura-
tion must be recovered under pressure, favoring the

mixing with the 4f configurations, and decreasing

strongly the intersite coupling. ' %ith the further
somewhat arbitrary assumption that extrapolation of
the P' pressure dependence to 20 kbar gives values
of properties that are at least rough approximations to
the IVC limit (and vanishing interactions between par-

ticles), one obtains I .(20 kbar) = —13.8, y(20
kbar) =390 mJ/mole K and m "(20 kbar)/m
= mb(20 kbar)/m = 98, for the contributions of the
renormalized band mass (mb) alone. Extrapolation of
these quantities back to P = 0 (using the constant valueI,= —13.8 to represent the volume dependence ex-

m

elusive of that of the intersite coupling) gives
mb(P = 0)/m = 177, and a mass enhancement due to
interactions of m'/mb= „', =1.7 at P=0. Another
estimate of the same quantity is provided by a compar-
ison with CeA12, for which the paramagnetic phase has
a Kondo temperature similar to that of CeA13 (as
shown by the similarity of the logT terms in p and of
the quasielastic neutron scattering'9). The entropy
drop below the Neel temperature in CeA12 corresponds
mainly to the quenching of the interactions between
the heavy fermions. Thus the quasiconstant values'o
of y = 150 mJ/mole K2 below the Neel temperature
and at higher temperatures can be regarded as mainly
due to normalized band effects and give mb/m —40.
If it is assumed that these effects are, very roughly,
the same as for CeA13, one obtains m'/mb =",,' = 7.
These two rough estimates suggest that in cerium
heavy-fermion compounds the interactions between
the renormalized particles give a ratio m'/mb of the or-
der of 1.7 to 7. [It is interesting to note that in UPt3
an almost pressure-independent value m "/mb —1.6
has been found'5 by comparison of C(P) data with
spin-fluctuation theory. Thus, in this material as well,
the high value of m' is the result of a large renormali-
zation effect and a relatively small effect of interac-
tions. ] The huge values of m' and I .are due to a low

value of T' (T'~ 1/m'). The ratio I,/m', however,

which represents the variation of T' with volume, has
a value comparable to that of a normal metal. The
coupling constant derived from ultrasonic-attenuation
data, which is also of the same order of magnitude as
found for normal metals, has led to a similar con-
clusion. ' The physical origin of m& must be attri-
buted to a weak delocalization of the f electrons aris-
ing from a small deviation from the integer trivalent
state in quasitrivalent compounds: The low number of
moving particles leads to the apparent high mass.

In conclusion, the C (P) measurements show a
dramatic pressure dependence at temperatures in the
vicinity of the P=0 maximum in C/T. Although a
complete characterization of the effect requires an ex-
tension of the measurements to lo~er pressures and
temperatures, it can be expected to be reflected in oth-
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er properties, notably transport properties, and mea-
surement of such properties in the same region of
pressure and temperature would be of considerable in-
terest. Estimates of the contribution to m "/ms of in-

teractions between the heavy particles give values
comparable to those found for He, emphasizing the
similarity with that quantum fluid.
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