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Gap suppression and development of antiferromagnetic order in CeRh12xPdxSb:
Heat-capacity studies
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S. K. Malik
Tata Institute of Fundamental Research, Homi Bhabha Road, Colaba, Mumbai 400 005, India

~Received 27 February 1998!

CeRhSb is a mixed-valent compound in which a gap opens up in the electronic density of states below a
temperature of about 10 K. Earlier studies on Pd substitution at the Rh site in this compound showed that the
gap is suppressed for around 10% Pd and an antiferromagnetic ground state emerges with higher Pd substitu-
tion. Here, we report heat-capacity results on some of these samples, namely, CeRh0.8Pd0.2Sb and
CeRh0.7Pd0.3Sb. We observe a sharp rise inC4 f /T of CeRh0.7Pd0.3Sb starting at around 5 K with a peak at
about 2.5 K, which confirms the antiferromagnetic ordering in this compound. An entropy change of 2.5 J/mol
K is obtained for the ordering. Above the Ne´el temperature, the value of the electronic specific heat coefficient
g is found to be about 40 mJ/mol K2. In CeRh0.8Pd0.2Sb, C4 f /T is found to rise below 10 K down to the lowest
temperature of measurement, namely, 1.5 K with ag value of about 40 mJ/mol K2. The rise may be due to
non-Fermi-liquid behavior or could be due to impending magnetic order in the compound below 1.5 K.
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Intermetallic compounds containing Ce are known
show interesting physical properties, such as mixed-vale
Kondo lattice, heavy fermion behavior, etc.1,2 A variety of
ground states are exhibited by them, namely, magnetic, n
magnetic, superconducting, etc. These phenomena are
lieved to arise due to hybridization between the Ce-4f elec-
trons and the conduction electrons. One such interes
compound is CeRhSb~Ref. 3! in which Ce ions are in a
mixed-valence state as evidenced by a broad maximum
the susceptibility at around 100 K.3 Its resistivity is found to
show a sharp rise at low temperatures. This is attributed
opening of a gap in the electronic density of states
CeRhSb, leading to the resistivity rise and an insulatingl
ground state. A similar behavior is observed in CeNiSn~Ref.
4! and Ce3Bi4Pt3,

5 etc.6

We have been carrying out systematic investigations
the gap formation in CeRhSb, by means of substitutio
studies at the Ce and Rh sites, as revealed in electro
transport, and magnetic measurements.7–9 We have observed
that substitution at the Ce site by La leads to gap suppres
with about 10% La.7 Similarly, substitution at the Rh site b
Ni also leads to gap suppression with around 1
substitution.8 Pd substitution at the Rh site leads to very
teresting results, namely, the development of antiferrom
netic ordering following gap-suppression9 as inferred from
magnetic susceptibility and electrical resistivity measu
ments. These results are consistent with some of the the
ical models10–12 for doping effects in such gap-forming sy
tems. In this paper, we report the heat-capacity results on
representative samples of the CeRh12xPdxSb series, namely
CeRh0.8Pd0.2Sb and CeRh0.7Pd0.3Sb. In the case of
CeRh0.7Pd0.3Sb, a peak inC4 f /T is also seen at 2.5 K, thu
PRB 580163-1829/98/58~1!/85~4!/$15.00
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confirming the antiferromagnetic ordering noted from res
tivity and magnetic studies. No such peak is seen for n
magnetic CeRh0.8Pd0.2Sb, whereC4 f /T continues to rise
down to 1.5 K. This may be due to non-Fermi-liquid beha
ior or due to impending magnetic order below 1.5 K.

The samples of CeRh12xPdxSb were prepared by th
usual arc-melting technique, as discussed in Ref. 9 and
the same on which magnetic and resistivity measurem
were reported earlier. At the Rh-rich end (0,x<0.4), the
samples are orthorhombic, isostructural to CeRhSb, crys
lizing in the «-TiNiSi-type crystal structure~space group
Pnma! while at the Pd rich end (0.7<x,1) the samples are
hexagonal, isostructural to CePdSb~space group
P63 /mmc!. In the region 0.4,x,0.7, the samples are
found to be multiphase. For the hexagonal phase samp
ferromagnetic ordering is observed with Curie temperat
TC ranging from 8 K in CeRh0.3Pd0.7Sb to 17 K in CePdSb.13

For the orthorhombic phase samples (0,x<0.4), with in-
creasing Pd substitution, there is a small increase in unit-
volume which may lead to corresponding decrease in hyb
ization strength between the conduction electrons and thef
electrons.

For the orthorhombic phase in the CeRh12xPdxSb series,
for x50.05 and 0.1, a rise in resistivity is observed similar
that seen in the CeRhSb, though the rise is slower comp
to that in CeRhSb. Forx.0.2, no rise in resistivity is ob-
served. In fact, for samples withx50.3 and 0.4, a drop in
resistivity is seen at around 5 K. Moreover, the susceptibi
of these two samples, shows a peak at around 3 K, attrib
to antiferromagnetic ordering of the Ce moment. In light
this behavior seen for the orthorhombic samples, he
85 © 1998 The American Physical Society
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86 PRB 58BRIEF REPORTS
capacity measurements for some representative sampl
the orthorhombic phase are carried out. Two samples h
been chosen, one with the antiferromagnetic ground s
that is, the sample withx50.3, and the other nonmagnet
~down to 1.5 K! sample withx50.2, where the gap is jus
suppressed. The heat-capacity measurements have bee
ried out in the temperature range 1.5–40 K, using the sem
diabatic heat pulse technique.

Before discussing the heat-capacity behavior of the
substituted CeRhSb, we will first recapitulate the he
capacity behavior of CeRhSb as discussed in Ref. 14.
heat capacity of CeRhSb gradually decreases with decr
in temperature down to 1.8 K.C4 f /T ~where C4 f is the

FIG. 1. C4 f /T ~whereC4 f is the 4f -related electron contribution
to the heat capacity! T for CeRhSb~taken from Ref. 14!.

FIG. 2. Heat capacityC vs temperatureT for the samples of
CeRh0.7Pd0.3Sb, CeRh0.8Pd0.2Sb, and LaRhSb.
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4 f -related contribution to the heat capacity! rises with de-
crease in temperature down to 10 K, below which there i
drop down to 2 K~see Fig. 1!. The increase down to 10 K
suggests a tendency towards heavy-fermion-like behav
but due to the development of the gap and a correspon
decrease in the density of states,C4 f /T drops below 10 K.

Figure 2 shows a plot of heat capacity vs temperature
the two Pd-doped samples withx50.2 andx50.3. The heat
capacity of LaRhSb~of the typeC5gT1bT3 with a g value
of about 7 mJ/mol K2! is also shown for comparison. W
first discuss the heat-capacity results on CeRh0.7Pd0.3Sb. Its
heat capacity drops gradually on lowering the temperat
and shows a peak at about 2.5 K. The temperature of
heat-capacity peak is the same as the temperature of the
ceptibility peak and the drop in the resistivity.9 The bulk
antiferromagnetic ordering reported earlier is confirmed
the present measurements taking into account the ent
associated with the peak~see below!. This ordering is indeed
intrinsic, as microprobe studies15 do not indicate the pres
ence of any noticeable second phase. The plot ofC4 f /T
~whereC4 f is the 4f -related contribution to the heat capa

FIG. 3. C4 f /T vs T plot for the compound CeRh0.7Pd0.3Sb. The
inset shows the plot ofC4 f /T vs T2 for the same.

FIG. 4. C4 f /T vs T plot for the compound CeRh0.8Pd0.2Sb. The
solid line shows the lnT fit at low temperatures. The inset show
the plot ofC4 f /T vs T2 for the same.
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ity! for CeRh0.7Pd0.3Sb is shown in Fig. 3. A sharp peak
observed at around 3 K. The area under the peak, in
temperature range 0–6 K, gives the entropy change for
transition to be about 2.5 J/mol K. Assuming that the Ce io
in CeRh0.7Pd0.3Sb are in a doublet ground state, possibly d
to crystal field effects, one expects a value ofR ln 2, that is
about 5.75 J/mol K for the entropy change due to the m
netic ordering. The obtained value of 2.5 J/mol K for t
entropy change suggests that the full moment of the crys
field-split ground state doublet of Ce does not take part in
ordering. This is most probably due to the partial quench
of moments on the Ce ions due to hybridization effects m
tioned above. In order to get an estimate of electronic s
cific heat coefficientg we may plotC4 f /T vs T2 ~see inset of
Fig. 3!. Above 10 K,C4 f /T is almost constant, which whe
extrapolated to T→0, gives a value of g of about
40 mJ/mol K2, which is the same as that obtained f
CeRhSb.14

The heat capacity of CeRh0.8Pd0.2Sb, drops gradually with
decrease in temperature~Fig. 2!. At a temperature of 6 K, a
small hump is seen which is most probably due to the p
ence of some magnetic impurity phases. In fact, for t
sample, microprobe studies indicate the presence of a
2% of extra phase.15 The extra phase may be CeSb whi
orders magnetically at around 6 K. Figure 4 shows a plo
C4 f /T vs T for this sample. A rise inC4 f /T is observed
below 10 K. The rise is similar to that seen fo
CeRh0.7Pd0.3Sb. However, unlike CeRh0.7Pd0.3Sb, there is no
signature of magnetic ordering down to 1.5 K, from resist
ity and magnetization studies on this sample consistent w
the present measurements. One possible reason for the
may be the non-Fermi-liquid behavior at low temperatur

FIG. 5. C4 f /T vs T plot for the compound CeRh0.8Pd0.2Sb ex-
trapolated below 1.5 K.
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as has been observed earlier in systems such
CeCu5.9Au0.1.

16 The non-Fermi-liquid behavior generall
manifests in a lnT behavior of C4 f /T in contrast to the
C4 f;gT kind of behavior expected for Fermi-liquid sys
tems. In a system such as CeCu62xAux , going from the
long-range ordered state forx.0.1 as one reduces the A
concentration, the Ne´el temperature scales to zero signallin
a zero temperature quantum phase transition. It is belie
that at this point deviations from Fermi-liquid behavior a
expected. In the present CeRh12xPdxSb system, since anti
ferromagnetic ordering is observed forx>0.3, with decreas-
ing Pd concentration, one expects the Ne´el temperature to
scale to zero, with non-Fermi-liquid behavior for a critic
range of Pd concentration. For CeRh0.8Pd0.2Sb, one may try
and fit C4 f /T, at low temperatures, to a lnT kind of behav-
ior. In Fig. 3, the lnT fit is shown by the solid line. A rea-
sonably good fit is obtained below 5 K. However, it is ve
possible that there may be a magnetic transition below 1.
of which the rise below 5 K may be the high-temperatur
part. In order to check for a possible transition below 1.5
one may try and extrapolate the data for CeRh0.8Pd0.2Sb,
below 1.5 K by normalizingC4 f /T data for x50.3 with
respect tox50.2. Figure 5 shows a plot ofC4 f /T vs T for
x50.2 extrapolated belowT51.5 K. A peak inC4 f /T is
seen at about 0.75 K, which may suggest a possible ant
romagnetic ordering in this compound. Hence, it is expec
that with a slightly lower concentration of Pd (.20%), the
ordering temperature should be reduced below 0.75 K
for a critical concentration of Pd, non-Fermi-liquid behavi
is expected. Considering that the drop in the Ne´el tempera-
ture as one goes fromx50.3 tox50.2 is rapid, from 2.5 to
0.75 K, it may seem that the critical concentration of Pd
almost close tox50.2. The inset of Fig. 5 shows a plot o
C4 f /T vs T2 for CeRh0.8Pd0.2Sb. Above 10 K,C4 f /T is
almost constant and gives a value ofg about 40 mJ/mol K2,
which is the same as that obtained for CeRhSb a
CeRh0.7Pd0.3Sb. Thus, above 10 K, the heat-capacity beh
ior seems to be almost unaffected by Pd substitution.

As seen above, the system CeRh12xPdxSb presents inter-
esting results. While in CeRhSb there is a drop inC4 f /T at
around 10 K believed to be due to the gap formation in
electronic density of states, there is no such drop at aro
10 K for CeRh0.7Pd0.3Sb and CeRh0.8Pd0.2Sb. Instead, there
is a rise below 10 K in both these samples. In the case
CeRh0.7Pd0.3Sb, the rise is followed by a peak at around 2
K, consistent with the antiferromagnetic ordering. In the ca
of CeRh0.8Pd0.2Sb there does not seem to be any order
down to 1.5 K. The rise inC4 f /T is most probably due to
impending magnetic order at around 0.75 K. A non-Ferm
liquid behavior is expected for Pd substitution smaller th
but close to 20%.
. B

M.

a,
a,
1N. Grewe and F. Steglich,Handbook on the Physics and Chem
istry of Rare Earths, ~Elsevier Science, Amsterdam, 1991!, Vol.
14, p. 343.

2E. Bauer, Adv. Phys.40, 417 ~1991!.
3S. K. Malik and D. T. Adroja, Phys. Rev. B43, 6277~1991!.
4T. Takabatake, F. Teshima, H. Fujii, S. Nishigori, T. Suzuki,
 .

Fujita, Y. Yamaguchi, J. Sakurai, and D. Jaccard, Phys. Rev
41, 9607~1990!.

5M. F. Hundley, P. C. Canfield, J. D. Thompson, Z. Fisk, and J.
Lawrence, Phys. Rev. B42, 6842~1990!.

6T. Takabatake, G. Nakamoto, T. Yoshino, H. Fujii, K. Izaw
S. Nishigori, H. Goshima, T. Suzuki, T. Fujita, K. Maezaw



-

n

B

.

88 PRB 58BRIEF REPORTS
T. Hiraoka, Y. Okayama, I. Oguro, A. A. Menovsky, K. Neu
maier, A. Brückl, and K. Andres, Physica B223&224, 413
~1996!.

7S. K. Malik, Latika Menon, Kartik Ghosh, and S. Ramakrishna
Phys. Rev. B51, 399 ~1995!.

8Latika Menon and S. K. Malik, Physica B230–232, 695
~1997!.

9Latika Menon and S. K. Malik, Phys. Rev. B55, 14 100~1997!.
10S. Doniach and P. Fazekas, Philos. Mag. B65, 1171~1992!.
,

11P. Schlottmann, Phys. Rev. B46, 998 ~1992!.
12Ziqiang Wang, Xiao-Ping Li, and Dung-Hai Lee, Physica

199&200, 463 ~1997!.
13S. K. Malik and D. T. Adroja, Phys. Rev. B43, 6295~1991!.
14S. K. Malik, Latika Menon, V. Pecharsky, and K. A

Gschneidner, Jr., Phys. Rev. B55, 11 471~1997!.
15G. J. Nieuwenhuyset al. ~private communication!.
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