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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
CeRh_,PdSb (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 0.5sx<0.7, the compounds are not single phase. At the CePdSb end, in the reg®ox<017 the
ground state is ferromagnetic. The observation of an antiferromagnetic phase in the phase diagram of
CeRh_,PdSb, where neither end is antiferromagnetic, is interesting and is discussed in the light of some
recent theoretical modelpS0163-18207)00821-7

I. INTRODUCTION doped CeRhSKRef. 10 indeed showed the smearing of the

. . . ap with 10% La substitution at the Ce site.
The compound CeRhSb shows insulating properties a? In this paper, we report results on the measurements made

low temperatures which have been attributed to the openingn compounds with Pd substitutions at the Rh site of

qf a gap in the electronic plensity of states due to hybridizaCeRth, i.e., the system CeRhPd.Sb (0<x=<1). Our re-

tion between the conductpn_ glectroq states and the Ce-4g ts show that there is a small region between0.3 and

electron stqte%.‘l’he susceptibility of this compound shows a g 4 where the gap is not seen and the system is antiferromag-

broad maximum at around 100 K suggestive of mixed vanetically ordered. Since CePdSb is ferromagnetically or-

lence of the Ce ions. The electrical resistivity also shows @ered, one does not expect to see an antiferromagnetic phase

broad maximum at around the same temperature followed by, the phase diagram of CeRh,Pd.Sb due to simple dilu-

a sharp rise below 10 K. The magneticf{4contribution to  tion effects. In the regime€x<0.2, the system is not mag-

the heat capacity shows a sharp drop below 10 K indicativeetically ordered downot2 K and the ground state is insu-

of a sharp decrease in the electronic density of staléd®e  lating with the gap continuously decreasing with increasing

thermoelectric power also shows a similar drop at the sam®d substitution. Also, in the region Gsk<1 the system is

temperaturé. All these results are consistent with the open-ferromagnetically ordered with Curie temperatufe ) drop-

ing of a gap in the electronic density of states in the comping from ~17 K for CePdSb to~8 K for CeRh Pd, sSb.

pound CeRhSb. To date, it is one of the few Ce-based com-

pounds to show this remarkable gap formation, the others Il. EXPERIMENTAL DETAILS

being CeNiSn, CgBi,Pt,*° etc. Direct observation of the

gap in CeNiSn and CeRhSb has recently been made by The polycrystalline samples of CeRhPd,Sb (x=0.02,

Ekino et al® by means of tunneling experiments. 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, 0.8, and)G@re prepared
The unusual gap formation at low temperature in suctby first melting the master alloys of CeRhSbh and CePdSh

systems—the so-called “Kondo insulators’—has receivedand then mixing them together in the right proportions and

much theoretical and experimental interest lately. Intensivéemelting them by the standard arc melting technique in a

theoretical studies on Kondo insulators have been made bgontinuous flow of argon gas. The samples were checked for

Doniach and Fazekds,Schlottmanf Wang et al.® etc.  phase purity by the x-ray-diffraction technique. Magnetic

Doniach and Fazek&$ave considered the effect of doping susceptibility in the temperature range 2—-400 K and magne-

in Kondo insulators and have shown that on doping with &ization vs field isotherms up to 50 kOe field at various tem-

small amount of nonmagnetic metal, for example, La at theperatures were obtained using a superconducting quantum

Ce site, the dilute gas of heavy holes which forms will haveinterference devicéSQUID) magnetometer. Electrical resis-

a tendency to be antiferromagnetically ordered due to th&vity measurements in the temperature range 2-300 K were

hole-hole exchange coupling. Waagal® have shown, viaa carried out using the standard four-probe dc technique.

variational Monte Carlo approach, that, in three dimensions,

t_he phase Qiagram of a symmetric Kondo lattice, as a func- IIl. RESULTS AND DISCUSSIONS

tion of varying Kondo coupling.7, would indeed consist of

an antiferromagnetic phase even at finite temperatures. The two end members, namely, CeRhSb and CePdSb, are

Schlottmanf also argues that with an increase in hole con-structurally different. While CeRhSb is orthorhomi¢gpace

centration, the hybridization gap is smeared and the suscegroup Pnma), the compound CePdSb is hexagofspace

tibility follows a Curie-Weiss behavior with an antiferromag- group P63/mma.** An analysis of the observed x-ray

netic Curie-Weiss temperature. Our earlier studies on Lavalues showed that the samples witke¥<0.4 are single
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T (K) FIG. 3. Electrical resistivity p vs temperature T for
CeRh _,PdSb (x=0.05, 0.3, and 0) Insets show the low-

FIG. 1. Magnetic susceptibilityy vs temperatureT for temperature drop ip for x=0.3 and 0.9.

CeRh_,PdSb(x=0.1, 0.3, and 0.9compounds. Inset shows the

low-temperature behavior. with applied magnetic field due to the nonmagnetic ground

state of the system. However, quite remarkably, a peak is
phase, isostructural to CeRhSb and crystallize in the orthoghserved in the susceptibility at arauB K in samples with
rhombic eTiNiSi-type structure. In the regime G&X  x=0.3 and 0.4, attributed to the antiferromagnetic ordering
<0.7, the samples are found to be multiphase. In the regimgf the Ce moments. The magnetic ordering is also borne out
0.7<=x=1, the samples are again single phase, isostructurgy resistivity measurementsee below.
to CePdSb, and crystallize in the hexagonal structure. At the Pd-rich end of the CeRh,Pd,Sb series, the mag-
The magnetic susceptibility vs temperature and magnetinetization(or susceptibility of the compounds with 0Zx
zation vs field plots for some of the representative samples ak 1 shows a saturation effect, suggesting ferromagnetic or-
the CeRh_,Pd,Sb series, namely, witk=0.1, 0.3, and 0.9, dering in them. However, the Curie temperatufe) drops
are shown in Figs. 1 and 2, respectively. In this series, throm 17 K for CePdSba 8 K for CeRR JPd,-Sb. For the
susceptibility x, of the samples with €x=<0.1 shows a compounds with 0.Zx=<1, the magnetization vs field iso-
broad maximum at around 100 K, suggesting mixed-valentherms 42 K show saturation effects in conformity with the
behavior of Ce ions in these compounds. The maximum beferromagnetic ordering in these compounds. A representative
comes shallower as one goes from #e0 tox=0.1 end.  M-H plot for x=0.9 is shown in Fig. 2. The magnetization
For Samples withk=0.2, the maximum in SUSCthlblllty is varies |inear|y with app“ed field for CeBHDd)ssb (F|g 2)
not seen. Instead, .the susceptibiliyy is nearly Curie—Weisgnd CeRpP ,Sb (not shown which is not inconsistent
above 10 K suggesting that the Ce ions are largely in the 3 ith the antiferromagnetic ordering in these compounds.
state with no magnetic ordering down to 2 K. For com-  Figure 3 shows a plot of resistivity vs temperature for
poundS with @EXSO.Z, the magnetization varies Iinearly some of the representative Samp'es in the QEWSb
series, namely, witk=0.05, 0.3, and 0.9. Fox=<0.2, the
0.8 — ‘ . . _ resistivity shows a rise below 8 K. From a fit to activation
) . 8 s 10.20 type of behaviorp=py exp(—A/KT), the gap energy can
b gec® &% 07 7 k=09 . be calculated, which is found to drop from4 K in CeRhSb
0.6 1 ° . to nearly zero in CeRjxPd, ,Sb. In the case of compounds
’ «CeRh., PdSbp °*° — 10.15 with x=0.3 and 0.4, which show a peak in the susceptibility,
1=x" " . the resistivity also shows a drop at about the same tempera-
T=2K * x=0.3 ture, confirming the presence of magnetic ordering in these
. 10.10 compounds. Considering the peakyrand the lineaM vs
o . - H behavior, the ordering is perceived to be of antiferromag-
. IR netic type. For the compounds wik+ 0.7, 0.8, and 0.9, the
0.2 . T k=01 40.05 resistivity is metallic above 10 K, below which it drops due
.« v | to onset of ferromagnetic ordering.
o.:;vlv v The structural and magnetic phase diagram of the
0.0 —»——1u ' . : —1 0.00 CeRh _,Pd,Sb system is shown in Fig. 4. In the region O
0 10 20 30 40 50 <x=<0.2 where the system is insulating, the gap energy is
H (kOe) found to decrease with increasing Pd substitution. This is
followed by the antiferromagnetic region (6:¥<0.4) with
FIG. 2. MagnetizationM vs field H for CeRh_,Pd.Sb (x Ty's of the order of 3 K. There is a multi phase region for
=0.1, 0.3, and 0)9 The left-hand side scale is far=0.9 sample, 0.4<x<0.7 beyond which the system is again single phase
and the right-hand side scale is for=0.1 and 0.3 samples. and ferromagnetic withTs increasing fron 8 K in
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# either by changing the conduction electron bandwidth or oth-
erwise, lead to a small amount of holes at the Ce site. The
16 substitution of Pd results in an increase in the unit-cell vol-
ume which rises from 267 A for x=0 followed by
12 269.8 A for x=0.3 to 270.5 & for x=0.4. This rise in
unit-cell volume would lead to a reduction in the Kondo
N coupling 7, so that, according to the phase diagram of Wang
: 8 = et al.,® below a critical coupling the system should go into
2 1 the antiferromagnetic state. Fazekas andl&tHartmann?
1 4 have also argued that the ground state, whether magnetic or
‘ insulating, depends largely on the ratidD, where J/D is
S above a critical value for the nonmagnetic case. Our experi-
P6,/mme mental results are direct evidence in support of this argu-
‘ 1 , ] ment.
00 02 04 06 038 1.0 The appearance of the antiferromagnetic phase depends
critically on /D as mentioned above. Thus, jfD is in-
creased, the antiferromagnetic state may not be observed.

FIG. 4. Phase diagram of CeRhPdSb for 0<x=<1. In the This iS.indeed seen in the CeBh(N!XSb systerﬁ.g From an. .
figure, A refers to the gap energfy, to the Nel temperature, and analysis of the x-ray data of the Ni-substituted samples, it is

T to the Curie temperature. The lines are drawn as a guide to the€€n that the unit-cell volume decreases with increasing Ni
eve. substitution which would imply an increase in the Kondo

coupling J. Hence, according to theoretical predictions, no

CeRh, P -Sb to 17 K in CePdSb. antiferromagnetic ordering is expected, and the system
S ar ‘would rather remain in the nonmagnetic state. Preliminary
udies on the Ni-substituted samples showed that the anti-
errolryagnetic phase is not observed in any of them down to

CeRh _ Pd_Sb
—X X

O gap energy
46 v Ty

multi-

Pnma phase
|

X

In order to understand the formation of the antiferromag
netic state, we will consider the phase diagram proposed b,
Wanget al® for a symmetric Kondo lattice as a function of
JID whereD is the conduction electron bandwidth. Their '

rgsults are reported for a square Kondo Igttlce in two _d_lmen— IV. CONCLUSIONS
sions where, at zero temperature, a continuous transition oc-
curs at a critical valug7. /D from the insulating state to the In conclusion, we have observed an antiferromagnetic

antiferromagnetic state. At higher temperatures, there is phase in the ground state of a doped Kondo insulator
paramagnetic regime sandwiched between the Kondo insul&eRhSb. Our results on CeRhPd,Sb show the suppres-
tor regime and antiferromagnetic regime. These authors awsion of gap formation, followed by the development of an
gue that in three dimensions, also, the antiferromagnetic orantiferromagnetic phase with increasing Pd substitution. The
der can persist to finite temperatur@sfer to Fig. 2 in Ref.  results are consistent with theoretical predictions. Ferromag-
9). Our phase diagram may be compared with their proposerdetic ground states with lowereti:’s continue to be ob-
phase diagram. The doping at the Rh site can indirectlyserved at the CePdSb end.
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