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Specific heat of CePb3 in magnetic fields
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Department of Physics, University of Florida, P.O. Box 118440, Gainesville, Florida 32611-8440

~Received 29 March 2000!

The specific heat of polycrystalline CePb3 was measured in magnetic fields to 14 T and temperatures down
to 0.4 K. An anomaly related to an aniferromagnetic phase transition is effectively attenuated by magnetic
fields and disappears for fields larger than 6 T. The electronic specific heat coefficientg increases for small
fields, has a maximum value at 6 T, and decreases for larger fields. This field dependence ofg correlates with
previously studied quadratic temperature coefficient of the resistivity as a function of a magnetic field.A/g2 is
field dependent below 6 T, but constant (;1025 V cm K2 mol2 J22) for fields larger than 6 T within the
experimental uncertainty.
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Alloying experiments performed on CePb3 ~Ref. 1! have
provided the strongest evidence yet for Kondo-impurity b
havior of Ce-based heavy fermions. Both the specific heaC
and magnetic susceptibilityx of CexLa12xPb3 scale with the
concentration of Ce at temperatures larger than 1.5 K. Mo
over, the temperature dependence of the specific heat a
1.5 K can be described, with high accuracy, by the Kon
model withTK53.3 K.2 This latter value is also consisten
with the magnetic susceptibility values at low temperatur

For the same reason, CePb3 can also be considered high
anomalous. It orders antiferromagnetically at about 1.1
and can be classified as a magnetic Kondo lattice. The r
of the low temperaturex to g ~related to the Wilson ratio!,
where g is the linear coefficient of the specific heat, f
magnetic Kondo lattices, is much larger than that deriv
from the single impurity model. Magnetic interactions b
tween Ce moments renormalizex andg in a very different
manner. In fact,x/g is used as an important criterion t
distinguish between magnetic and nonmagnetic he
fermions.3 Accordingly, CePb3 should be a nonmagneti
heavy fermion system.

An unusual coexistence between magnetic and hea
fermion–Fermi-liquid degrees of freedom belowTN is an-
other outstanding feature of CePb3. A pronounced antiferro-
magnetic anomaly in the specific heat~see Fig. 1! leads to
only a partial reduction of the electronic density of stat
There is a huge residualg of about 1000 mJ/K2 mol. The
electrical resistivity at temperatures well belowTN has a fa-
miliar Fermi-liquid temperature dependence4 r5r01AT2,
with A545 mV cm K22. This latter value is among th
largest ever observed in heavy fermions and comparabl
the ones corresponding to CeCu6 and CeAl3,5 canonical
heavy fermion compounds generally regarded as nonm
netic. The ratioA/g2 for CePb3 is about 431025, thus larger
than the average value for nonmagnetic heavy fermions
31025), but in line with an experimentally observed e
hancement of this ratio for magnetic Kondo lattices. Acco
ing to the results obtained by McDonough and Julian,4 the
quadratic temperature coefficient of the resistivityA in-
creases in moderately high magnetic fields, reaches a m
mum somewhere near 5 T, and decreases at larger field
addition, the resistivity acquires a large term linear in te
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perature near this critical field value. An increase ofA sug-
gests an increase of the electronic density of states and og.
An experimental verification of this increase, a search fo
scaling relation betweenA andg as a function of field, and
the nature of heavy fermion state of CePb3 in moderately
high and high magnetic fields were among the objectives
our study.

All reported measurements were performed on a po
crystalline sample obtained by arc melting the highest co
mercially available elements. Special care was taken to c
pensate for Pb losses during the melting. The sample
annealed in excess of Pb and according to the prescrip
published in Ref. 1. No additional phases were detected
x-ray diffraction analysis. The results of magnetic susce
bility and zero-field specific heat measurements were
agreement with other published results.

The results of specific heat measurements for sev
fields between zero and 14 T are shown in Fig. 1 in the fo
of C/T versusT. No phonon subtraction was performe
since the phonon contribution is negligible below 2 K. T
peak that is observed just above 1.1 K in zero field is redu
in magnitude by magnetic fields and shifted to lower te
peratures. Using the temperature position of the maximum
C/T(Tm), we have constructed anH-T phase diagram shown

FIG. 1. C/T versusT for H50, 4, 5, 8, 10, and 14 T.
8619 ©2000 The American Physical Society
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in Fig. 2. A similar phase diagram could be also construc
from the position of a maximum inC versusT. However,
these latter maxima are much less pronounced, particu
for fields of order 5 T. For nonzero fields, there is also
difference in the temperature position whereC/T and C
peak. A maximum inC corresponds to a somewhat larg
value thanTm and this difference grows withH. Figure 2
shows also two lines of transitions inferred from transp
measurements4,6 performed on single crystals of CePb3, for
magnetic fields applied along the~110! crystallographic axis.
The broken lower line at lower field is believed to be due
transitions between a long range aniferromagnetic ph7

~AF!, incommensurate with the lattice, and a spin-flop~SF!
phase, and the upper line due to transitions between a SF
a paramagnetic phase. However, the spin-flop assignme
the intermediate field phase has to be treated tentativ
since the nature of this phase has not yet been determine
neutron diffraction studies. Our points obtained from the s
cific heat on the polycrystalline sample fall in between t
two lines. We have not observed double transitions for a
value of the applied field. This can be due to the fact t
according to the magnetorestance measurements at 204

the lower field transition is well defined only when the ma
netic field is applied along the~110! direction or when it
makes a small angle this direction. When the field is rota
away from the~100! direction, the AF-SF transition smea
out and is observed at a higher field. Only one broad tra
tion was observed in the resistivity at 20 mK when the fie
was applied along the~100! direction.

No distinct anomalies inC/T that could be related to th
antiferromagnetic transition were detected in fields hig
than 6 T, i.e., forH57 and 8 T. Note thatTm for the 6 T
data is still above 0.7 K and the rate of the suppression ofTm
by magnetic field is relatively small between 4 and 6 T. Th
the absence of the anomaly in the data for 7 and 8 T cannot
be explained by a shift ofTm below the lowest temperatur
of our measurements but rather by the fact that the ma
tude is strongly attenuated by the fields and the maxim
disappears near 6 T, i.e., beforeTm reaches 0.4 K. On the
other hand, there is a broad shoulder inC/T versus T for the
highest fields applied, 10 and 14 T~Fig. 1!. This shoulder

FIG. 2. H-T phase diagram for CePb3. The solid and dashed
lines represent magnetoresistance data from Ref. 4.
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cannot be related to the upper field transition reported in R
4 since it moves to higher temperatures with an increase
H. A similar and even more pronounced shoulder can be a
found in the 16.1 T data reported by Fortuneet al.8

Our observation that 6 T is one of thecharacteristic fields
of this system is also consistent with the field dependenc
the electronic specific heat coefficient.g versusH is shown
in Fig. 3. For fields up to 6 T,g values have been dete
mined from the fits ofC/T versusT2 to straight lines at
temperatures well belowTm . For fields larger than 6 T, i.e.
for fields for whoseC/T does not vary appreciably below 0.
K, g values have been taken asC/T at 0.4 K. There is a
small tail in the 14 T data below 0.5 K, whose magnitude
consistent with the nuclear contribution of Pb. This contrib
tion at 0.4 K is much smaller than the uncertainty of our d
of about 10%. This way determinedg initially increases with
H, reaches a maximum value of 1770 mJ/K2 mol for H
56 T, and decreases for fields larger than 6 T.g is only
about 600 mJ/K2 mol at 14 T. We have disregarded a sm
decrease ofg between 0 and 1 T, since this decrease
within the uncertainty of our results.

The plot ofg versusH ~Fig. 3! is reminiscent of the plot
of A versusH for the field parallel to the~110! direction,4

with the following exception. The coefficientA peaks
sharply at 5 T as opposed tog, which reaches a maximum
near 6 T. This discrepancy is possibly related to the fact t
our results forg represent some averages over all crysta
graphic directions. On the other hand, the results for mag
toresistance seem to suggest that while rotating the fi
away from the~110! direction decreases the magnitude of t
maximum ofA versusH, it also does change appreciably i
field position.

The correlation betweenA and g is explored in Fig. 4,
which displays the ratioA/g2 as function of magnetic field
A has been taken for the field along the~110! direction from
Ref. 4. This ratio for fields smaller than 6 T is clearly larger
than the averageA/g2 value found in heavy fermion metals5

This average ratio,;131025 V cm K2 mol2 J22 ~postu-
lated also to be a universal value for nonmagnetic he
fermion compounds! is represented by a broken line in Fig
4. On the other hand, we have observed a rather flatA/g2 in
the range 1 –231025 V cm K2 mol2 J22 for H>6 T. This

FIG. 3. g versusH for CePb3.
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latter observation seems to suggest that there is a good
ing betweenA andg independent of the field in the nonma
netic regime. A similar conclusion has been previously ma
for CeCu5.9Au0.1.9 This alloy exhibits non-Fermi-liquid be
havior in H50, but in finite fields itsA/g2 is constant and
almost equal to the postulated universal value. Enhanced
ues ofA/g2 below 6 T for CePb3 are consistent with usually
larger values of this ratio reported for systems in who
heavy electrons coexist with a magnetic order. For exam
the above ratio for heavy fermion antiferromagnets CeAl2,10

FIG. 4. A/g2 versusH for CePb3. Values forA are from Ref. 4.
The dotted line corresponds to the universal ratio postulated in
5.
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CeAuAl3,11 CePd2In,12 and YbPdBi13 ~all with TN of order 1
K! is 5, 10, 3, and 3031025 V cm K2 mol2 J22, respec-
tively. We are not aware of any theoretical investigations
this enhancement. According to the study by Takimoto a
Moriya14 in the framework of spin fluctuations,A/g2 is es-
sentially independent on the strength of spin fluctuatio
except in the very vicinity of their critical value (TN50)
where this ratio is enhanced. On the other hand, if forH
50 one uses a value forg calculated fromTK53.3 K ~de-
termined from the fit of the specific heat aboveTN ; g
51700 mJ/K2 mol! then the calculatedA/g2 is about 1.6
31025 V cm K2 mol2 J22, i.e., of the same magnitude a
that for H56 T. Thus the value ofA coefficient, measured
well below TN , seems to be more consistent withTK , char-
acterizing the paramagnetic state, than the measured
temperatureg.

Finally, we have not observed non-Fermi-liquid prope
ties for any value of applied magnetic field. Such non-Ferm
liquid properties have been reported for antiferromagnets
whose a magnetic order has been suppressed by pressu
magnetic field; e.g., for CeCu4.8Ag1.2 at 3 T.15 Lack of non-
Fermi-liquid characteristics might be explained by the fa
that thermodynamic signatures of a magnetic order in Ce3
disappear in a magnetic field long beforeTN reaches zero.
Quantum phase transition models relate such non-Fe
liquid behavior to critical fluctuations corresponding toTN
50.16

This work has been supported by the U.S. Departmen
Energy, Grant No. DE-FG02-99ER45748 and the Natio
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