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Specific heat and heavy-fermionic behavior in Ce8Pd24M „M 5Ga, In, Sn, Sb, Pb, and Bi…
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Specific-heat measurements have been carried out to further elucidate the electronic and magnetic properties
of Ce8Pd24M ~M5Ga, In, Sn, Sb, Pb, and Bi!. The measurements show that a slight change in the chemical
and electronic structure of CePd3, by forming the ordered ternary Ce8Pd24M -type compounds, induces an
enhanced low-temperature electronic specific heatg. This indicates the emergence of heavy-fermionic behavior
with the loss of the intermediate valence nature of CePd3. All of the Ce8Pd24M -type compounds studied here
exhibit a sharp peak in the specific heat at low temperature due to antiferromagnetic~AF! transitions. Below
the transition temperature, the specific heat shows the heavy-fermionic behavior, i.e.,g~ T→0! equal to a finite
value, rather thang~ T→0!50 in the paramagnetic AF ground state.@S0163-1829~98!03815-6#
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I. INTRODUCTION

A variety of physical ground states are found in some
containing intermetallic compounds due to the strong hyb
ization of the 4f electrons with the conduction electrons.1,2

Of particular importance are the intermediate-valence
heavy-fermion states with paramagnetic, magnetically
dered, and superconducting ground states. Current theo
cal models of these materials suggest that thef electron hy-
bridizes with the conduction electrons. The particular st
that results is determined by the strength of the hybridiza
and by the energy difference between thef level and the
Fermi level. The ground-state properties are believed to b
delicate function of the chemical and electronic surroundi
around the 4f element. Thus it is believed that the physic
properties of a compound can be changed dramatically
only a slight modification of the atomic arrangement, chem
cal identity, or electronic structure around the Ce atom.

One of the most interesting Ce intermetallics is CePd3, a
known intermediate valence material.3 Recently, a series o
related ordered ternary compounds, Ce8Pd24M type, were
discovered and the temperature-dependent magnetic su
tibility x(T) and electrical resistivityr(T) were studied.4,5

The structure of Ce8Pd24M is easily derived from that o
CePd3. CePd3is cubic with Ce at cube corners and Pd on t
cube faces~Cu3Au structure!. In Ce8Pd24M , eight unit cells
of CePd3 form a cube with ana axis double that of CePd3.
One of the eight Pd6 octahedra is centered byM in an or-
dered fashion to keep the overall cubic symmetry. Such c
tering enlarges that Pd6 octahedra and compresses the six P6

octahedra that join the centered Pd6 unit. The remaining Pd6
unit is virtually undistorted. Magnetically, thex(T) data in-
dicate that doping thep-block elements into CePd3 causes
the loss of the intermediate-valence state and the forma
of trivalent Ce atoms that undergo antiferromagentic~AF!
ordering at low temperatures. Electronically, ther(T)data
show typical metallic behavior forM5Sn, Sb, Pb, and Bi
whereas forM5Ga and In the data reveal an anomaly attr
570163-1829/98/57~24!/15191~6!/$15.00
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uted to Kondo lattice behavior. In this paper we report t
specific-heat data for Ce8Pd24M ~M5Ga, In, Sn, Sb, Pb, and
Bi!.

II. EXPERIMENT

The samples were prepared by arc melting the elem
~.99.9% purity! in the desired ratios using small exce
~,2%! of the more volatile elements Pb, Sb, and Bi as d
scribed in detail elsewhere.4,5 Each sample was turned ove
several times and remelted to help ensure homogeneou
gots. The mass loss after arc melting was always less
1% of the desired stoichiometric value. The samples w
then placed in sections of tantalum tubing, sealed in eva
ated quartz tubes, and annealed at 900 °C for two weeks.
single-phase nature of each sample was confirmed u
powder diffraction on a SCINTAGu-2u diffractometer with
Cu Ka1 radiation. The specific-heat measurements down
1.2 K were made on small-mass~'5 mg! pieces of each
sample using a time constant method~relaxation method!
technically described in detail elsewhere.6

III. RESULTS AND ANALYSIS

A. Ce8Pd24In

The specific heat (Cp) for Ce8Pd24In is plotted versus
temperature (T)in Fig. 1 together with the data for th
isostructural, nonmagnetic compound La8Pd24In. By fitting
the data of La8Pd24In to the equation

Cp~T!5gT1bT3, ~1!

where the linear and the cubic terms correspond to the e
tronic and lattice contributions to the specific heat, resp
tively, it is found thatg52.21~14! mJ/mol K2 andb55.60~4!
mJ/mol K4, yielding the Debye temperatureuD'225 K from
the relation ofuD}(n/b)1/3, wheren is the number of atoms
in a formula unit. In usual metal, the equation~1! for the
specific heat is valid for temperatures belowuD/50 ~and de-
15 191 © 1998 The American Physical Society
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pending on the material even up touD/10!. In order to check
the validity of Eq. ~1! up to T520 K, higher-order terms
including T5 and T7 terms are used for evaluating ofuD
again. The fitting results are shown in the inset of Fig. 1 fo
comparison. This results in the value ofuD'232 K, which
means that Eq.~1! can be used up toT'uD/10 within an
error of a few percent~'2%! in La8Pd24In. Clear evidence of
a phase transition in Ce8Pd24In is given by the sharp peak at
T52.6, but a broad maximum atT'4 K is also observed.
Magnetic susceptibility measurements show a gradual dev
tion from Curie-Weiss behavior nearT54 K and a sharp
decrease nearT52.5 K indicating an AF transition.7 Thus,
the peak in the specific heat atT52.6 K is attributed to an
AF transition and the broad shoulder above this peak cor
sponds to the other change inx(T).

In order to study the electronic specific heat (Cel) of
Ce8Pd24In, the lattice contribution from La8Pd24In was sub-
tracted using

Cel /T5@Ctot~Ce!2Clatt~La!#/T. ~2!

Figure 2 shows a plot ofCel(T)/T versusT2 for Ce8Pd24In.
Above the transition,Cel clearly varies linearly with tem-
perature and thegp parameter, denoting the electronic
specific-heat parameter in the paramagnetic region, is lar
gp51720 mJ/mol K2 or 215 mJ/mol Ce K2. This is much
larger than the values for both La8Pd24In and CePd3,
g~CePd3)'35 mJ/mol K2.8 Below the phase transition, the
go(T→0) value looks to be belowg(T51.2 K!51000 mJ/
mol K2 and is evidently smaller than thegp derived as
above. The inset of Fig. 2 shows the specific heat below t
phase transition. In the mean-field approximation, aT3 be-
havior of the heat capacity is expected in an AF state. A
though a short region at low temperature of theC/T vs T2

plot has a slope'1.5 J/mol K4, the extrapolation toT50
does not intersect the origin, resulting in the negativego ,

FIG. 1. Specific heat (Cp) versus temperature (T). Closed
circles, Ce8Pd24In; open circles, La8Pd24In. Inset: Cp /T of
La8Pd24In versusT2. The data were fitted to the equations ofCp

5gT1bT3 ~solid line! andCp5gT1bT31hT7 ~broken line!.
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which makes no physical sense. This means that the t
perature is not low enough to show theT3 behavior at the
low-temperature limit in the AF ground state in the mea
field approximation.

B. Ce8Pd24Sb

Figure 3~a! shows the as-measured specific heat
Ce8Pd24Sb versusT. The sharp peak atT55.1 K indicates a
phase transition and the shoulder above the peak is simila
the one seen in Fig. 1. Two distinct changes in thex(T) of
Ce8Pd24Sb atT55.1 and 6.4 K are reported elsewhere.5 At
T55.1 K there is a sudden drop ofx(T) with decreasing
temperature that resembles an AF transition and betw
T56.4 and 5.1 K thex(T) shows temperature-independe
behavior. In addition, a sharp slope change inr(T) was
found nearT56.4 K.5 Thus the peak in Fig. 3~a! at T55.1 K
is again a transition of AF nature and the shoulder seem
correspond to the transition of unknown origin seen
T56.4 K in bothx(T)andr(T).

Subtracting the lattice specific-heat contribution
La8Pd24In as described above gives the electronic spec
heat of Ce8Pd24Sb, plotted asCel(T)/T versusT in Fig. 3~b!.
The gp above the transition is slightly temperature depe
dent, increasing with decreasing temperature, and is
large:gp(T510 K!'1200 mJ/mol K2. This value is similar
to the Ce8Pd24In case. Thego at T51.2 K below the transi-
tion is close to'400 mJ/mol K2, which is much smaller
than the extrapolatedgp(T→0!'1600 mJ/mol K2. As
shown in the inset of Fig. 3~b! the specific-heat data below
the transition approaches zero as temperature goes to
The temperature dependence of specific heat below the
sition is quite different from in Ce8Pd24In above, showing the
T3 behavior near below transition temperature, which m
not be caused by the pure AF spin wave because the
perature is close to the transition temperature.

FIG. 2. Electronic specific heat divided by temperature (Cel /T)
versusT2. Inset: expanded plot at low temperature. The line in
cates thegp extrapolated from high temperature.
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C. Ce8Pd24M „M 5Ga, Sn, Pb, and Bi…

The electronic specific heat for theM5Ga, Sn, Pb, and B
compounds are shown in Figs. 4~a!, 4~b!, 4~c!, and 4~d!,
respectively. Again, the lattice contribution of La8Pd24In was
subtracted as described above. ForM5Ga, the peak nea
T53.1 K is smaller and broader compared to other co
pounds. However, considering thex(T) behavior in Ref. 7, it
is still considered to result from an AF phase transition. T
gp is increasing with decreasing temperature withgp(T510
K!'2720 mJ/mol K2 and the extrapolatedgp(T→0!'3300
mJ/mol K2. The magnitude and temperature dependenc
gp for M5Ga is largest among the series of compoun
studied here. Theg0(T→0! seems to be smaller than th
extrapolatedgp at T50 K, as shown in the inset of Fig. 4~a!.

For M5Sn, the peak atT55.7 K is again of AF origin
based upon thex(T) andr(T).5 A temperature-independen
gp'1030 mJ/mol K2 is found. One peculiar fact fo
Ce8Pd24Sn is that thego~T51.2 K!'1900 mJ/mol K2 is
much larger than thegp . The go(T→0! is not likely to be
much lower than thego(T51.2 K! because for temperature
below T52.5 K the Cel(T)/T data start to level off rathe
than continually decreasing as shown in the inset of F
4~b!. Thus, forM5Sn the low-temperature region is diffe
ent from all the other compounds investigated. This is a
unusual among the known heavy-fermion compounds s
as NpSn3 and U2Zn17.

9,10 However, since another transition

FIG. 3. ~a! Specific heat (Cp) of Ce8Pd24Sb versusT. ~b! Elec-
tronic specific heat of Ce8Pd24Sb divided by temperature
(Cel /T)versusT2. Inset: expanded plot at low temperature. The li
indicates thegp extrapolated from high temperature.
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at low temperatures, could be developing, it is necessar
study the properties at the zero-temperature limit.

For M5Pb and Bi, the peaks at 5.8 and 4.6 K, resp
tively, are again assigned to be AF in nature, consistent w
the x (T) and r(T).5 In both cases thegp is temperature
independent and is'1100 mJ/mol K2 for Pb and'1300
mJ/mol K2 for Bi. The go(T→0! is a little smaller than the
gp for Pb and is close to thegp for Bi. The low-temperature
region is similar to the one forM5Sn.

IV. DISCUSSION

Most of the physical properties discussed above are s
marized in Table I, including the magnetic transition tem
peratures (TM) determined from thex(T) andr(T) in Refs.
5 and 7. The plot ofC/T versusT2 of raw measured data o
Ce8Pd24Ga shows a slightly negative slope, resulting in
most zerob, which is manifested itself in Fig. 4~a! with the
slope being temperature dependent. These indicate tha
simple application of Eq.~1! to the as-measured data of the
heavy-fermion compounds is not appropriate. For thegp that
are temperature dependent, the values atT510 K are listed
as indicated parentheses in Table I. Shoulders appear in
specific heat ofM5In and Sb and are marked with ans in
Table I.

Even though the physical origins of these shoulders
not yet clear, there is good evidence that they are an intrin
property of the samples. First, the values of the specific h
at these shoulders are significantly large and comparabl
the AF transition peaks. The shoulders also occur at differ
temperatures for the two samples and match features fo
in their respectivex(T). This makes it unlikely that the
shoulders are due to a common impurity phase that sho
show a feature at a single temperature. In addition, cl
examination of the specific heat of each compounds revea
slight additional temperature dependence of the AF transi
peak on the high-temperature side. This may indicate that
shoulder, seen clearly in the In and Sb compounds, is sim
screened by the AF transition in the other compounds.

There is a significant increase ingp for the
Ce8Pd24M -type compounds compared to that of CePd3. This
indicates that the slight change of structure and electro
state around the Ce 4f site from thep-block elements in-
duces heavy-fermionic behavior at the cost of t
intermediate-valence properties. Thegp for M5In, Sn, Pb,
and Bi is almost temperature independent above the AF t
sition ~for 10 K,T,20 K!. Similar fermionic behavior was
found in the NpSn3 and U2Zn17 compounds in terms of an
AF transition, a temperature-independent and highgp above
the AF transition, and a reduced but still largego .9,10 In
those compounds, the AF transition is due to the itiner
heavy-fermionic electrons in analogy to a BCS-type tran
tion. The net entropy change below the AF transition can
close to zero, even negative, and the decrease ofgo is con-
sidered a result of the opening of a gap in the electronic s
at the Fermi level.

For some known heavy-fermion compounds such
Ce Ga2 and U2Zn17, it has been noticed that the crystallin
electric field~CEF! contribution to the heat capacity cann
be ignored and that the high value ofg may not be an indi-
cation of heavy-fermion behavior.11 Even though the CEF
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FIG. 4. Electronic specific heat divided by temperature (Cel /T) versusT2: ~a! Ce8Pd24Ga, ~b! Ce8Pd24Sn, ~c! Ce8Pd24Pb, and~d!
Ce8Pd24Bi. Inset: expanded plot at low temperature. The lines indicate thegp extrapolated from high temperature.
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excitation levels of Ce8Pd24M are unknown, we can expec
that the CEF excitations would be similar to those of CeP3
because the local environment around the Ce sites are al
identical for both compounds. The specific-heat data
CePd3 follow the behavior predicted in Eq.~1! and give
g'35 mJ/mol K2 in the temperature range where thegp val-
ues are extrapolated.8 Thus it is likely that the CEF levels
will not influence significantly the extrapolatedgp .

Although the evaluation of the entropy associated with
transition is obscured due to the broadened transition p
and especially due to the shoulders in Ce8Pd24In and
Ce8Pd24Sb, it be useful to estimate the net entropy chan
associated with the transition. This is defined as
ost
f

e
ak

e

DS5E Cel /T dT2E Cel
extrap/T dT, ~3!

whereCel
extrap is the extrapolation of the higher-temperatu

data above the transition toT→0. When the data above
T510 K are extrapolated, theDSvalues calculated from Eq
~3! range between about 16 and 34 J/mol K, which are lis
in Table I. These significantly large positive values ofD S, in
contrast toDS<0 for NpSn3 and U2Zn17,

9,10 indicate that the
transition is of localized electronic behavior. However, all
theDS values are clearly smaller than 8R ln2, whereR is gas
constant. The reduced entropy can be accounted for by
fact that either the itinerant electrons with heavy effect
and 7.

TABLE I. Physical parameters of CePd3, Ce8Pd24M ~M5Ga, In, Sn, Sb, Pb, and Bi!, and La8Pd24In. TM

is the transition temperature from the magnetic susceptibility and electric resistivity data from Refs. 5
The data for CdPd3 are taken from Refs. 8.s denotes shoulder.

Compound
Cmax

~K!
TM

x,r

~K! gp ~mJ/mol K2!
go (T51.2 K!
~mJ/mol K2!

uD

~K!
DS

~J/mol K!

CePd3 35 35 299
Ce8Pd24Ga 3.1 3.1 2720~T510 K! 3300 16.4
Ce8Pd24In 2.6,s 2.6,4.0 1720 1000 28.2
Ce8Pd24Sn 5.7 7.5 1030 1900 34.0
Ce8Pd24Sb 5.1,s 5.1,6.4 1200~T510 K! 400 27.6
Ce8Pd24Pb 5.8 6.0 1160 790 33.4
Ce8Pd24Bi 4.7 5.0 1360 1400 28.8
La8Pd24In 2.21
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mass are partly involved in the transition or the magne
ordering is due to an induced moment, as in Pr3Tl.12 The
reducedgo after the AF transition, seen for all samples b
Ce8Pd24Sn, is consistent with the former interpretation.

The high-temperature tail of the phase transition is
lieved to be due to both a sign of precursor, or short-ra
order, and sample inhomogeneity. However, there is an i
cation that the tail in Ce8Pd24Ga is induced partly by the
typical heavy-fermionic nature, which manifests itself as
rapid increase ofgp as in the typical heavy-fermion materia
such as CeCu2Si2, UBe13, Cd Al3, and CeCu6.

1 This is rep-
resented in the data of Ce8Pd24Ga, as shown in Fig. 5. The
Cp(T)curve has a broad peak of AF origin near 3.1 K, and
nearly constant betweenT53.7 and 6 K at avalue '26
J/mol K. Within the given temperature range, thegp can be
approximated to be temperature independent because
slope ofgp in Fig. 4~a! is very small compared to the ex
trapolatedgp . If the constantCp(T) betweenT53.7 and 6 K
is attributed to the presence of AF transition, then the
contribution toCp would have to decrease linearly withT
from 3.7 to 6 K sothat the sum of the AF contribution an
heavy-fermionic electron contributiongpT is constant in this
temperature range. Hence it is likely that the increase ofgp ,
shown in Fig. 4~a!, is in part an indication of heavy
fermionic electron behavior. The sharp transition atT53.7 K
supports the hypothesis of the heavy-fermionic behav
The small, broad peak associated with the AF transition
Ce8Pd24Ga may be a representation of the interplay betw
the localized magnetic electrons and itinerant electrons w
high effective mass.

FIG. 5. Specific heat (Cp) versusT for Ce8Pd24Ga.
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In this sense, the shoulders in Ce8Pd24In and Ce8Pd24Sb
remind us of the large Kondo-like anomalies seen in b
CeCu2Si2 ~Ref. 13! and UBe13.

14 These compounds hav
broad maxima in the specific heat nearT53.5 and 2.5 K,
respectively, above their superconducting transitions. T
the anomaly in Ce8Pd24In and Ce8Pd24Sb may be attributed
to Kondo lattice behavior, resulting in the rapid increase
gp at low temperatures. Remember that indications
Kondo-like behavior were found in ther(T)for Ce8Pd24In
and Ce8Pd24Ga.5 On the other hand, Kim and Stewart foun
that the anomaly in UBe13 fits very well with a Schottky
temperature dependence if only a small fraction of the U io
are involved in the low-lying levels, regardless of what i
duces the low-lying levels.15 The low-lying levels involved
can be the ground-state doublet of Ce, which is split by
hybridization of the magneticf electrons and the conductio
electrons so that the anomaly is Schottky-like behavior
this splitting at high temperature, which changes to AF
dering asT is lowered so that cooperative interactions c
dominate. It is also possible that another of the Ce doub
lies sufficiently near the ground-state doublet that populat
changes in the two could produce a Schottky specific h
that accounts for the shoulder but gets distorted as AF or
ing takes place out of the ground-state doublet. In eit
scenario, the anomaly in the specific heat is not yet w
understood.

V. CONCLUSION

The Ce8Pd24M ~M5Ga, In, Sn, Pb, Sb, and Bi! com-
pounds with a modified structure of Cd Pd3, show enhanced
electronic specific heat (gp) above an AF transition, indicat
ing heavy-fermionic behavior rather than the intermedi
valence of CePd3. This system allows for the study of bot
the evolution of the heavy-fermionic state from th
intermediate-valence state and the effects of subtle cha
in the electronic and structural environment around Ce on
properties of strongly correlated electrons with high effect
mass. The specific-heat data below the AF transition te
perature for most compounds studied here show fin
go(T→0! behavior, which often appears in the AF state
heavy-fermion compounds, such as NpSn3 ~Ref. 9! and
U2Zn17,

10 rather thanT3 behavior of the paramagnetic A
ground state in the mean-field approximation. Measureme
at lower temperature to see whether there are other tra
tions will help in the understanding of the magnetic tran
tions and the electronic properties of the heavy-fermio
state. Since the Ce8Pd24Ga has the largest and mo
temperature-dependentgp among the compounds studie
here, the doping of smallerp-block elements~i.e., M5Ge,
Si, and Al! will be very interesting.
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