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Specific heat of CePh in magnetic fields
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The specific heat of polycrystalline CefPlvas 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 coeffidiecrieases for small
fields, has a maximum value at 6 T, and decreases for larger fields. This field dependermerelates with
previously studied quadratic temperature coefficient of the resistivity as a function of a magnetia/filis
field dependent below 6 T, but constant 10> Q cm K? mol? J2) for fields larger tha 6 T within the
experimental uncertainty.

Alloying experiments performed on CePtRef. 1) have perature near this critical field value. An increaseAo$ug-
provided the strongest evidence yet for Kondo-impurity be-gests an increase of the electronic density of states and of
havior of Ce-based heavy fermions. Both the specific Beat An experimental verification of this increase, a search for a
and magnetic susceptibility of CelLa,; _,Pb; scale with the  scaling relation betweeA and y as a function of field, and
concentration of Ce at temperatures larger than 1.5 K. Morethe nature of heavy fermion state of CgRh moderately
over, the temperature dependence of the specific heat abotgh and high magnetic fields were among the objectives of
1.5 K can be described, with high accuracy, by the KonddPur study.

model with T,=3.3 K2 This latter value is also consistent  All reported measurements were performed on a poly-

with the magnetic susceptibility values at low temperaturesC'yStalline sample obtained by arc melting the highest com-

For the same reason, CeRtan also be considered highly mercially available elements. Special care was taken to com-
anomalous. It orders antiferromagnetically at about 1.1 ernsate for Pb losses during the melting. The sample was

and can be classified as a magnetic Kondo lattice. The rati%nnealed In excess of Pb and according to the prescription

of the low temperature to y (related to the Wilson ratio published in Ref. 1. No additional phases were detected by

) . - - x-ray diffraction analysis. The results of magnetic suscepti-
where y is the linear coefficient of the specific heat, for y y d P

i X . .~ bility and zero-field specific heat measurements were in
magnetic Kondo lattices, is much larger than that de”Vedagreement with other published results.

from the single impurity model. Magnetic interactions be- “The results of specific heat measurements for several
tween Ce moments renormalizeand y in a very different  fie|ds between zero and 14 T are shown in Fig. 1 in the form
manner. In factx/y is used as an important criterion to of C/T versusT. No phonon subtraction was performed
distinguish between magnetic and nonmagnetic heavgince the phonon contribution is negligible below 2 K. The
fermions® Accordingly, CePb should be a nonmagnetic peak that is observed just above 1.1 K in zero field is reduced
heavy fermion system. in magnitude by magnetic fields and shifted to lower tem-

An unusual coexistence between magnetic and heavyperatures. Using the temperature position of the maximum in
fermion—Fermi-liquid degrees of freedom beldwy is an-  C/T(T,,), we have constructed &#-T phase diagram shown
other outstanding feature of CePI\ pronounced antiferro-

magnetic anomaly in the specific heaee Fig. 1 leads to 3500 ]

only a partial reduction of the electronic density of states. ] e m  H=0T
There is a huge residual of about 1000 mJ/Kmol. The 3000 CePb3 .. e H=4T
electrical resistivity at temperatures well beld@y has a fa- 1 A H=5T
miliar Fermi-liquid temperature dependefige=po+AT?, ] e " = v H=6T
with A=45 pQ cmK 2. This latter value is among the = %07 ¢ ¢ H=7T
largest ever observed in heavy fermions and comparable t € ] o2ea . ¢ . o H=8T
the ones corresponding to CeCand CeA},® canonical L2007 AYvwey® L . © H=10T
heavy fermion compounds generally regarded as nonmagg ~ 14% Vo, e ® 4 H=14T
netic. The raticA/ y? for CePh is about 4 10™°, thus larger & 1500 ;«5‘“”5’000,,: 4p T

than the average value for nonmagnetic heavy fermions (1°  jgu*®® 22 oo ‘;—:" @ %".q%'

x107%), but in line with an experimentally observed en- o] °° ©°0° °°° °°° I agy
hancement of this ratio for magnetic Kondo lattices. Accord- T0ma, aaasanst Y .
ing to the results obtained by McDonough and Jufiahe 5003

quadratic temperature coefficient of the resistiviy in- 04 06 08 10 12 14 18 18 20
creases in moderately high magnetic fields, reaches a maxi T(K)

mum somewhere near 5 T, and decreases at larger fields. In

addition, the resistivity acquires a large term linear in tem- FIG. 1. C/T versusT for H=0, 4, 5, 8, 10, and 14 T.
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FIG. 2. H-T phase diagram for CeRbThe solid and dashed G. 3. y versust for CePly

lines represent magnetoresistance data from Ref. 4. . . .
cannot be related to the upper field transition reported in Ref.

in Fig. 2. A similar phase diagram could be also constructedt Since it moves to higher temperatures with an increase of
from the position of a maximum i€ versusT. However, H. A similar and even more pronounced shoulder can be also

these latter maxima are much less pronounced, particularffund in the 16.1 T data reported by Fortueteal”
for fields of order 5 T. For nonzero fields, there is also a Our observation thz6 T is one of thecharacteristic fields
difference in the temperature position whe@T and C of this system is also consistent with the field dependence of
peak. A maximum inC corresponds to a somewhat larger the electronic specific heat coefficient.versusH is shown
value thanT,, and this difference grows withi. Figure 2  in Fig. 3. For fields up to 6 T values have been deter-
shows also two lines of transitions inferred from transportmined from the fits ofC/T versusT? to straight lines at
measurement$ performed on single crystals of Ceplior ~ temperatures well below,,. For fields larger than 6 T, i.e.,
magnetic fields applied along tii10) crystallographic axis. for fields for whoseC/T does not vary appreciably below 0.8
The broken lower line at lower field is believed to be due toK, y values have been taken &T at 0.4 K. There is a
transitions between a long range aniferromagnetic ghasémall tail in the 14 T data below 0.5 K, whose magnitude is
(AF), incommensurate with the lattice, and a spin-fig% consistent with the nuclear contribution of Pb. This contribu-
phase, and the upper line due to transitions between a SF afi@n at 0.4 K is much smaller than the uncertainty of our data
a paramagnetic phase. However, the spin-flop assignment & about 10%. This way determinegdinitially increases with
the intermediate field phase has to be treated tentatively, reaches a maximum value of 1770 md/kol for H
since the nature of this phase has not yet been determined y6 T, and decreases for fields larger than 6yTis only
neutron diffraction studies. Our points obtained from the speabout 600 mJ/Kmol at 14 T. We have disregarded a small
cific heat on the polycrystalline sample fall in between thedecrease ofy between 0 and 1 T, since this decrease is
two lines. We have not observed double transitions for anyvithin the uncertainty of our results.
value of the applied field. This can be due to the fact that The plot of y versusH (Fig. 3) is reminiscent of the plot
according to the magnetorestance measurements at 20 miof A versusH for the field parallel to the110) direction?’
the lower field transition is well defined only when the mag-with the following exception. The coefficienA peaks
netic field is applied along th€l10) direction or when it sharply at 5 T as opposed tg which reaches a maximum
makes a small angle this direction. When the field is rotatedhear 6 T. This discrepancy is possibly related to the fact that
away from the(100 direction, the AF-SF transition smears our results fory represent some averages over all crystallo-
out and is observed at a higher field. Only one broad transigraphic directions. On the other hand, the results for magne-
tion was observed in the resistivity at 20 mK when the fieldtoresistance seem to suggest that while rotating the field
was applied along th&L00) direction. away from thg(110) direction decreases the magnitude of the
No distinct anomalies if€/T that could be related to the maximum ofA versusH, it also does change appreciably its
antiferromagnetic transition were detected in fields highefield position.
than 6 T, i.e., forH=7 and 8 T. Note thal,,, for the 6 T The correlation betweeA and vy is explored in Fig. 4,
data is still above 0.7 K and the rate of the suppressioh,pf which displays the rati@\/y? as function of magnetic field.
by magnetic field is relatively small between 4 and 6 T. ThusA has been taken for the field along t{iel0) direction from
the absence of the anomaly in the data for @ 81l cannot  Ref. 4. This ratio for fields smaller theb T isclearly larger
be explained by a shift 6T, below the lowest temperature than the averagd/y? value found in heavy fermion metals.
of our measurements but rather by the fact that the magnifhis average ratio,~1x10 °> Q cm K?moPJ 2 (postu-
tude is strongly attenuated by the fields and the maximuntated also to be a universal value for nonmagnetic heavy
disappears near 6 T, i.e., befofg, reaches 0.4 K. On the fermion compoundsis represented by a broken line in Fig.
other hand, there is a broad shouldeCifil versus T for the 4. On the other hand, we have observed a ratheAflat in
highest fields applied, 10 and 14 (Fig. 1). This shoulder the range 1-X10"° Q cm K2molPJ 2 for H=6 T. This
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8O T T T T T T T T ) CeAuAl;, 't CePglIn,*? and YbPdBI (all with Ty of order 1

] ] K) is 5, 10, 3, and 3810 % Q cm K?molJ ?, respec-
5.0¢10° . tively. We are not aware of any theoretical investigations of
] E : this enhancement. According to the study by Takimoto and

E E CePb, : Moriya'* in the framework of spin fluctuationgy/ y? is es-
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] sentially independent on the strength of spin fluctuations,
o] ] except in the very vicinity of their critical valueT(=0)
where this ratio is enhanced. On the other hand, if Hor
=0 one uses a value for calculated fromT=3.3 K (de-
termined from the fit of the specific heat aboVg; 7y
=1700 mJ/K mol) then the calculated\/y? is about 1.6
A TS . X10°° QcmK?molPJ 2, i.e., of the same magnitude as
] 1 that forH=6 T. Thus the value of coefficient, measured

00—, . . . . , . — well below Ty, seems to be more consistent with, char-

0 2 4 6 8 10 12 14 16 acterizing the paramagnetic state, than the measured low

H(T) temperaturey.

Finally, we have not observed non-Fermi-liquid proper-
ies for any value of applied magnetic field. Such non-Fermi-
iquid properties have been reported for antiferromagnets for

whose a magnetic order has been suppr%ssed by pressure or
, i magnetic field; e.g., for CeGuyAg, » at 3 T:” Lack of non-
latter observation seems to suggest that there is a good SC@larmi.jiquid characteristics might be explained by the fact

ing betweer andy independent of the field in the nonmag- {4t thermodynamic signatures of a magnetic order in GePb
netic regime. A similar conclusion has been previously mad%isappear in a magnetic field long befofg reaches zero.

9 . T T .
for CeCu oAug ;. This alloy exhibits non-Fermi-liquid be- 5yantum phase transition models relate such non-Fermi-

. . _ - . - . - 2 .
havior inH=0, but in finite fields itsA/y" is constant and  };,ig hehavior to critical fluctuations corresponding Tq
almost equal to the postulated universal value. Enhanced val: ;5 16

ues ofA/y? below 6 T for CePl are consistent with usually

larger values of this ratio reported for systems in whose This work has been supported by the U.S. Department of
heavy electrons coexist with a magnetic order. For examplegnergy, Grant No. DE-FG02-99ER45748 and the National
the above ratio for heavy fermion antiferromagnets G¢Al  High Magnetic Field Laboratory.
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FIG. 4. Al y? versusH for CePh. Values forA are from Ref. 4.
The dotted line corresponds to the universal ratio postulated in Re%
5.
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