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Antiferromagnetic ordering in the doped Kondo insulator CeRhSb
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CeRhSb, the so-called ‘‘Kondo insulator,’’ is a mixed-valent compound showing a gap formation in the
electronic density of states. On the other hand, CePdSb is ferromagnetically ordered with a Curie temperature
of ;17 K. We have carried out magnetic susceptibility and electrical resistivity measurements on
CeRh12xPdxSb (0<x<1.0), to study the ground-state properties of this system. For small Pd doping in
CeRhSb, up to 20%, the gap continually diminishes and no magnetic ordering is observed down to 2 K. In the
region 0.3<x<0.4, as soon as the gap is suppressed, an antiferromagnetic ground state is observed. In the
region 0.5<x,0.7, the compounds are not single phase. At the CePdSb end, in the region 0.7<x<1, the
ground state is ferromagnetic. The observation of an antiferromagnetic phase in the phase diagram of
CeRh12xPdxSb, where neither end is antiferromagnetic, is interesting and is discussed in the light of some
recent theoretical models.@S0163-1829~97!00821-7#
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I. INTRODUCTION

The compound CeRhSb shows insulating properties
low temperatures which have been attributed to the open
of a gap in the electronic density of states due to hybridi
tion between the conduction electron states and the Cef
electron states.1 The susceptibility of this compound shows
broad maximum at around 100 K suggestive of mixed
lence of the Ce ions. The electrical resistivity also show
broad maximum at around the same temperature followed
a sharp rise below 10 K. The magnetic (4f ) contribution to
the heat capacity shows a sharp drop below 10 K indica
of a sharp decrease in the electronic density of states.2 The
thermoelectric power also shows a similar drop at the sa
temperature.3 All these results are consistent with the ope
ing of a gap in the electronic density of states in the co
pound CeRhSb. To date, it is one of the few Ce-based c
pounds to show this remarkable gap formation, the oth
being CeNiSn, Ce3Bi4Pt3,

4,5 etc. Direct observation of the
gap in CeNiSn and CeRhSb has recently been made
Ekino et al.6 by means of tunneling experiments.

The unusual gap formation at low temperature in su
systems—the so-called ‘‘Kondo insulators’’—has receiv
much theoretical and experimental interest lately. Intens
theoretical studies on Kondo insulators have been made
Doniach and Fazekas,7 Schlottmann,8 Wang et al.,9 etc.
Doniach and Fazekas7 have considered the effect of dopin
in Kondo insulators and have shown that on doping with
small amount of nonmagnetic metal, for example, La at
Ce site, the dilute gas of heavy holes which forms will ha
a tendency to be antiferromagnetically ordered due to
hole-hole exchange coupling. Wanget al.9 have shown, via a
variational Monte Carlo approach, that, in three dimensio
the phase diagram of a symmetric Kondo lattice, as a fu
tion of varying Kondo coupling,J, would indeed consist o
an antiferromagnetic phase even at finite temperatu
Schlottmann8 also argues that with an increase in hole co
centration, the hybridization gap is smeared and the sus
tibility follows a Curie-Weiss behavior with an antiferroma
netic Curie-Weiss temperature. Our earlier studies on
550163-1829/97/55~21!/14100~3!/$10.00
at
g
-
4

-
a
y

e

e
-
-
-

rs

by

h

e
by

a
e
e
e

s,
c-

s.
-
p-

-

doped CeRhSb~Ref. 10! indeed showed the smearing of th
gap with 10% La substitution at the Ce site.

In this paper, we report results on the measurements m
on compounds with Pd substitutions at the Rh site
CeRhSb, i.e., the system CeRh12xPdxSb (0<x<1). Our re-
sults show that there is a small region betweenx50.3 and
0.4 where the gap is not seen and the system is antiferrom
netically ordered. Since CePdSb is ferromagnetically
dered, one does not expect to see an antiferromagnetic p
in the phase diagram of CeRh12xPdxSb due to simple dilu-
tion effects. In the regime 0<x<0.2, the system is not mag
netically ordered down to 2 K and the ground state is insu
lating with the gap continuously decreasing with increas
Pd substitution. Also, in the region 0.7<x<1 the system is
ferromagnetically ordered with Curie temperature (TC) drop-
ping from;17 K for CePdSb to;8 K for CeRh0.7Pd0.3Sb.

II. EXPERIMENTAL DETAILS

The polycrystalline samples of CeRh12xPdxSb ~x50.02,
0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, 0.8, and 0.9! were prepared
by first melting the master alloys of CeRhSb and CePd
and then mixing them together in the right proportions a
remelting them by the standard arc melting technique i
continuous flow of argon gas. The samples were checked
phase purity by the x-ray-diffraction technique. Magne
susceptibility in the temperature range 2–400 K and mag
tization vs field isotherms up to 50 kOe field at various te
peratures were obtained using a superconducting quan
interference device~SQUID! magnetometer. Electrical resis
tivity measurements in the temperature range 2–300 K w
carried out using the standard four-probe dc technique.

III. RESULTS AND DISCUSSIONS

The two end members, namely, CeRhSb and CePdSb
structurally different. While CeRhSb is orthorhombic~space
group Pnma!, the compound CePdSb is hexagonal~space
group P63 /mmc!.11 An analysis of the observed x-rayd
values showed that the samples with 0<x<0.4 are single
14 100 © 1997 The American Physical Society
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55 14 101BRIEF REPORTS
phase, isostructural to CeRhSb and crystallize in the or
rhombic e-TiNiSi-type structure. In the regime 0.4,x
,0.7, the samples are found to be multiphase. In the reg
0.7<x<1, the samples are again single phase, isostruct
to CePdSb, and crystallize in the hexagonal structure.

The magnetic susceptibility vs temperature and magn
zation vs field plots for some of the representative sample
the CeRh12xPdxSb series, namely, withx50.1, 0.3, and 0.9,
are shown in Figs. 1 and 2, respectively. In this series,
susceptibility x, of the samples with 0<x<0.1 shows a
broad maximum at around 100 K, suggesting mixed-val
behavior of Ce ions in these compounds. The maximum
comes shallower as one goes from thex50 to x50.1 end.
For samples withx>0.2, the maximum in susceptibility i
not seen. Instead, the susceptibility is nearly Curie-We
above 10 K suggesting that the Ce ions are largely in the1
state with no magnetic ordering down to 2 K. For com
pounds with 0<x<0.2, the magnetization varies linear

FIG. 1. Magnetic susceptibilityx vs temperatureT for
CeRh12xPdxSb ~x50.1, 0.3, and 0.9! compounds. Inset shows th
low-temperature behavior.

FIG. 2. MagnetizationM vs field H for CeRh12xPdxSb ~x
50.1, 0.3, and 0.9!. The left-hand side scale is forx50.9 sample,
and the right-hand side scale is forx50.1 and 0.3 samples.
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with applied magnetic field due to the nonmagnetic grou
state of the system. However, quite remarkably, a pea
observed in the susceptibility at around 3 K in samples with
x50.3 and 0.4, attributed to the antiferromagnetic order
of the Ce moments. The magnetic ordering is also borne
by resistivity measurements~see below!.

At the Pd-rich end of the CeRh12xPdxSb series, the mag
netization~or susceptibility! of the compounds with 0.7<x
<1 shows a saturation effect, suggesting ferromagnetic
dering in them. However, the Curie temperature (TC) drops
from 17 K for CePdSb to 8 K for CeRh0.3Pd0.7Sb. For the
compounds with 0.7<x<1, the magnetization vs field iso
therms at 2 K show saturation effects in conformity with th
ferromagnetic ordering in these compounds. A representa
M -H plot for x50.9 is shown in Fig. 2. The magnetizatio
varies linearly with applied field for CeRh0.7Pd0.3Sb ~Fig. 2!
and CeRh0.6Pd0.4Sb ~not shown! which is not inconsistent
with the antiferromagnetic ordering in these compounds.

Figure 3 shows a plot of resistivity vs temperature f
some of the representative samples in the CeRh12xPdxSb
series, namely, withx50.05, 0.3, and 0.9. Forx<0.2, the
resistivity shows a rise below 8 K. From a fit to activatio
type of behavior,r5r0 exp(2D/kT), the gap energyD can
be calculated, which is found to drop from;4 K in CeRhSb
to nearly zero in CeRh0.8Pd0.2Sb. In the case of compound
with x50.3 and 0.4, which show a peak in the susceptibili
the resistivity also shows a drop at about the same temp
ture, confirming the presence of magnetic ordering in th
compounds. Considering the peak inx and the linearM vs
H behavior, the ordering is perceived to be of antiferroma
netic type. For the compounds withx50.7, 0.8, and 0.9, the
resistivity is metallic above 10 K, below which it drops du
to onset of ferromagnetic ordering.

The structural and magnetic phase diagram of
CeRh12xPdxSb system is shown in Fig. 4. In the region
<x<0.2 where the system is insulating, the gap energy
found to decrease with increasing Pd substitution. This
followed by the antiferromagnetic region (0.3<x<0.4) with
TN’s of the order of 3 K. There is a multi phase region f
0.4,x,0.7 beyond which the system is again single pha
and ferromagnetic withTC increasing from 8 K in

FIG. 3. Electrical resistivity r vs temperature T for
CeRh12xPdxSb ~x50.05, 0.3, and 0.9!. Insets show the low-
temperature drop inr for x50.3 and 0.9.
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CeRh0.3Pd0.7Sb to 17 K in CePdSb.
In order to understand the formation of the antiferroma

netic state, we will consider the phase diagram proposed
Wanget al.9 for a symmetric Kondo lattice as a function o
J/D whereD is the conduction electron bandwidth. The
results are reported for a square Kondo lattice in two dim
sions where, at zero temperature, a continuous transition
curs at a critical valueJc /D from the insulating state to th
antiferromagnetic state. At higher temperatures, there
paramagnetic regime sandwiched between the Kondo ins
tor regime and antiferromagnetic regime. These authors
gue that in three dimensions, also, the antiferromagnetic
der can persist to finite temperatures~refer to Fig. 2 in Ref.
9!. Our phase diagram may be compared with their propo
phase diagram. The doping at the Rh site can indirec

FIG. 4. Phase diagram of CeRh12xPdxSb for 0<x<1. In the
figure,D refers to the gap energy,TN to the Néel temperature, and
TC to the Curie temperature. The lines are drawn as a guide to
eye.
S
.

r,

S

T

M

-
by

-
c-

a
la-
r-
r-

d
y,

either by changing the conduction electron bandwidth or o
erwise, lead to a small amount of holes at the Ce site.
substitution of Pd results in an increase in the unit-cell v
ume which rises from 267 Å3 for x50 followed by
269.8 Å3 for x50.3 to 270.5 Å3 for x50.4. This rise in
unit-cell volume would lead to a reduction in the Kond
couplingJ, so that, according to the phase diagram of Wa
et al.,9 below a critical coupling the system should go in
the antiferromagnetic state. Fazekas and Mu¨ller-Hartmann12

have also argued that the ground state, whether magnet
insulating, depends largely on the ratioJ/D, whereJ/D is
above a critical value for the nonmagnetic case. Our exp
mental results are direct evidence in support of this ar
ment.

The appearance of the antiferromagnetic phase dep
critically on J/D as mentioned above. Thus, ifJ/D is in-
creased, the antiferromagnetic state may not be obser
This is indeed seen in the CeRh12xNixSb system.

13 From an
analysis of the x-ray data of the Ni-substituted samples,
seen that the unit-cell volume decreases with increasing
substitution which would imply an increase in the Kond
couplingJ. Hence, according to theoretical predictions,
antiferromagnetic ordering is expected, and the sys
would rather remain in the nonmagnetic state. Prelimin
studies on the Ni-substituted samples showed that the a
ferromagnetic phase is not observed in any of them down
2 K.13

IV. CONCLUSIONS

In conclusion, we have observed an antiferromagne
phase in the ground state of a doped Kondo insula
CeRhSb. Our results on CeRh12xPdxSb show the suppres
sion of gap formation, followed by the development of
antiferromagnetic phase with increasing Pd substitution. T
results are consistent with theoretical predictions. Ferrom
netic ground states with loweredTC’s continue to be ob-
served at the CePdSb end.
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