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Anisotropic electrical and magnetic properties of CeTSb2 „TÄCu, Au, and Ni… single crystals
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In order to understand the anisotropic magnetic and electrical properties of ternary compounds CeTSb2

(T5Cu, Au, Ni! with the tetragonal structure, we have grown single crystals of this series by the self-flux
method and measured the electrical resistivity, magnetic susceptibility, magnetization, and specific heat.
CeCuSb2 and CeAuSb2 are found to order antiferromagnetically with Ne´el temperatures of 6.9 K and 5.0 K,
respectively, while CeNiSb2 is a ferromagnet with a Curie temperature of 6.0 K with an easy axis of magne-
tization oriented along the@100# direction. The magnetic property of CeCuSb2 shows a very small anisotropy,
whereas the electrical resistivity is highly anisotropic betweenJi @100# and @001#. In contrast, CeAuSb2 and
CeNiSb2 show a strong anisotropy both in the magnetic and electrical measurements, although the magnetic
easy axis is interchanged with respect to each other. The anisotropy in the magnetic properties has been
explained on the basis of a crystalline electric-field model.

DOI: 10.1103/PhysRevB.68.054427 PACS number~s!: 71.20.Eh, 71.27.1a, 71.70.Ch, 75.50.Gg
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I. INTRODUCTION

Recently rare-earth and uranium compounds with a qu
two-dimensional electronic state have been attracting w
attention in relation to superconductivity.1–3 CeCoIn5 and
CeIrIn5 are heavy-fermion superconductors with transiti
temperatures of 2.3 K and 0.4 K, respectively. It is noted t
CeCoIn5 is the first f-electron superconductor of which th
position of nodes in the superconducting energy gap
determined, indicating adx22y2 type.4 There are other com
pounds with quasi-two-dimensionality:RX2 (R—rare earth,
X—pnictogen!, UX2 , UTGa5 (T—transition metal!, and
CePtX.5–7 The quasi-two-dimensional electronic state
UX2 , CeTIn5, and UTGa5 is closely related to the magnet
unit cell and/or the unique crystal structure elongated al
the tetragonal@001# direction, which bring about flat Bril-
louin zones and produce cylindrical but highly corrugat
Fermi surfaces along@001#.

CeTSb2 or more generallyRTX2 and UTX2, as discussed
by Kaczorowski et al.,8 crystallize in the tetragona
ZrCuSi2-type structure~space groupP4/nmm), which can
be described as a filled UX2 in UTX2: planes of transition-
metal atoms intercalate into the unit cell of the respect
binary uranium dipnictide. The crystal structure of CeTSb2
can also be understood from the stacking arrangemen
CeSb-T-CeSb-Sb layers,9 as shown in Fig. 1. Although ther
are some reports on the CeTSb2 compounds, most of them
are on polycrystalline samples,10–12 except for CeAgSb2,13

and their magnetic properties are not clearly elucidated.
Recently, we have carried out the de Haas–van Alp

~dHvA! experiment, together with the electrical resistivi
magnetic susceptibility, magnetization, and specific-heat
periments on a high-quality single-crystal CeAgSb2 which
has a small net ferromagnetic moment of 0.4mB /Ce.14 The
bulk magnetic properties are well explained by the crys
0163-1829/2003/68~5!/054427~8!/$20.00 68 0544
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line electric-field~CEF! scheme.15 On the other hand, large
dHvA frequencies of 108 Oe, which correspond to cylindri
cal Fermi surfaces, were detected by the dHvA measurem
for the magnetic field along the tetragonal@001# direction,
indicating the quasi-two-dimensional electronic structu
The dHvA branches in CeAgSb2 are highly different from
those with small dHvA frequencies of 107 Oe in the refer-
ence compounds LaAgSb2 and YAgSb2 which exhibit a
semimetallic character. The dHvA results have been co
pared with the results of the energy-band calculations. It w
concluded that the 4f electron is mainly localized, and th
Fermi surface of CeAgSb2 is similar to that of LaAgSb2,
except for a slight enlargement which enabled it to form
large orbits along a hollow cylindrical Fermi surface.14

In order to understand the physical properties of the ot
CeTSb2 (T5Cu, Au, and Ni! unambiguously, we have

FIG. 1. Crystal structure of CeTSb2 (T5Cu, Au and Ni!.
©2003 The American Physical Society27-1
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grown single crystals and investigated the magnetic and e
trical properties by studying the heat capacity, anisotro
resistivity, and magnetization along the two crystallograp
directions. We have also performed the CEF analysis of
magnetic susceptibility and magnetization data on th
single crystals to understand the variation in the magn
properties due to the transition metals.

II. EXPERIMENT

Single crystals were grown by the self-flux method,
described in Ref. 13. The starting materials with 3N~99.9%
pure!-Ce, 5N-Cu and Au, 4N-Ni and 5N-Sb were taken
the appropriate ratio with excess Sb as a flux. The star
materials were then placed in an alumina crucible and se
inside an evacuated quartz ampoule with a partial pressu
Ar. The temperature of the furnace was raised to 1000
and after homogenizing the mixture for two days, the furna
was cooled down to the eutectic temperature over a perio
three weeks and then rapidly to room temperature. The c
tals were separated from the flux by means of a centrifu
The typical size of the crystal was 83533 mm3, being flat
in the ~001! plane. The single-crystalline nature was co
firmed by x-ray Laue back reflection technique and the cr
tals were cut along the desired orientation by means o
spark erosion cutter. As mentioned in the Introduction, th
compounds crystallize in the tetragonal structure with latt
constants, a54.337 Å and c510.233 Å for T5Cu, a
54.408 Å andc510.339 Å forT5Au, anda54.393 Å and
c59.750 Å forT5Ni.10

The electrical resistivity was measured by the four-pro
dc method, magnetic susceptibility and magnetization w
measured by the commercial superconducting quantum in
ference device magnetometer and the specific heat was
sured by the quasiadiabatic heat-pulse method.

III. EXPERIMENTAL RESULTS

A. CeCuSb2

Figure 2 shows the temperature dependence of the e
trical resistivity r from about 1 K to 300 K. Theelectrical
resistivity is highly anisotropic betweenJi @100# and @001#,
reflecting the quasi-two-dimensional electronic state. The

FIG. 2. Temperature dependence of the electrical resistivity
CeCuSb2.
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sistivity also shows a2 ln T dependence with decreasin
temperature, indicating that this compound forms a de
Kondo lattice. The resistivity has a maximum around 23
for Ji @100# and around 9 K for Ji @001#, and decreases
further with decreasing the temperature. The maximum
the resistivity and the subsequent fall may arise due to
onset of coherence among the Ce ions. This is typica
heavy fermion compounds as in the case of CeCu6.16 The
magnetic susceptibility and the heat-capacity studies~de-
scribed later in this section! show antiferromagnetic orderin
below 6.9 K. However, the evidence for the transition is n
discernible from the resistivity data.

The temperature dependence of the magnetic suscep
ity in a field of 1 T from 2 K to 300 K isshown in the inset
of Fig. 3. The susceptibility shows a very small anisotro
along the two crystallographic directions, which is contra
to the resistivity data. However, the antiferromagnetic ord
ing can be identified by the peak atTN56.9 K. The high-
temperature data exhibit the Curie-Weiss behavior in
paramagnetic region above 100 K, as shown in Fig. 3. T
effective magnetic momentmeff and the paramagnetic Curi
temperatureup are estimated to be 2.32mB /Ce and212 K,
respectively, forHi @100# and 2.33mB /Ce and217 K, re-
spectively, forHi @001#. The effective magnetic moment i
slightly smaller than the free ion moment of Ce31

(2.54mB /Ce). The negative sign of the paramagnetic Cu
temperatures indicates an antiferromagnetic correlation
this compound. We have also estimated the average of m

TABLE I. Magnetic ordering temperatureTord, the average of
the effective magnetic momentmeff , the paramagnetic Curie tem
peratureup , and specific-heat coefficientg of CeTSb2 (T5Cu, Ag,
Au, and Ni!. The data of CeAgSb2 are cited from Ref. 14.~Where
AF means antiferromagnetic and F means ferromagnetic.!

Tord meff up g
~K! (mB /Ce) ~K! (mJ/K2 mol)

CeCuSb2 AF 6.9 2.33 29 100
CeAgSb2 F 9.7 2.47 4.3 46
CeAuSb2 AF 5.0 2.45 222 90
CeNiSb2 F 6.0 2.33 222 55

f
FIG. 3. ~a! Temperature dependence of the inverse magn

susceptibility of CeCuSb2. The inset shows the magnetic suscep
bility.
7-2
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ANISOTROPIC ELECTRICAL AND MAGNETIC . . . PHYSICAL REVIEW B 68, 054427 ~2003!
netic susceptibility using the relationxave5(2x [100]
1x [001])/3, and the corresponding effective magnetic m
ment and the paramagnetic Curie temperature are tabu
in Table I. Below 100 K, thex21 data of CeCuSb2 is curvil-
linear, which could be due to the combined influence of C
and Kondo effect.

Figure 4 shows the magnetization curves at 2 K along
principal directions. A magnetic moment at a field of 70 kO
only amounts to 0.4mB /Ce–0.5mB /Ce, significantly reduced
because the magnetic moment of 1.0mB /Ce is commonly
observed in ternary intermetallics. There is slightly a me
magnetic transition forHi @001# at HM550 kOe, shown by
an arrow, while the magnetization forHi @100# tends to satu-
rate at high fields. From these data we deduce@001# as the
antiferromagnetic easy axis. However, data at much hig
fields are necessary to clarify it.

The temperature dependence of the heat capacity in
form of C/T versusT is shown in Fig. 5. The bulk magneti
ordering atTN56.9 K is unambiguously established fro
the specific-heat data. TheC/T data below about 5 K de-
crease almost linearly with decreasing temperature. A lin
extrapolation toT50 gives a relatively large electroni
specific-heat coefficientg;100 mJ/K2 mol, as shown in Fig.
5 by a broken line. The enhancedg value is due to the
Kondo effect. Also shown in Fig. 5 is the total entrop
change of CeCuSb2. The entropy change at low temper
tures, which is shown by a solid line, is estimated by assu
ing the linear temperature dependence ofC/T, as shown by

FIG. 4. Field dependence of the magnetization in CeCuSb2.

FIG. 5. Temperature dependence of the specific heat in the f
of C/T and the total entropy of CeCuSb2. The broken line shows a
linear extrapolation ofC/T vs T data below 5 K, and the solid line
displays the corresponding entropy change below 2 K.
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the broken line in Fig. 5. Since we do not have the speci
heat data of the corresponding lattice contribution and du
the lack of any reliable data in the literature for the estim
tion of lattice contribution, we have calculated the total e
tropy change. Furthermore, we found from our earlier stu
on CeAgSb2

14 that there is not much difference between t
magnetic entropy (Smag50.88R ln 2) and the total entropy
(Stotal50.91R ln 2) at the ordering temperature of 9.7 K, an
anticipating a similar trend for CeTSb2 (T5Cu, Au, and Ni!,
we have calculated the total entropy change. The total
tropy change for CeCuSb2 at TN amounts to only abou
0.6R ln 2. The reduced value of the entropy may be due
the existence of magnetic fluctuations aboveTN and due to
the presence of the Kondo effect.

B. CeAuSb2

Figure 6 shows the temperature dependence of elect
resistivity for the current directions parallel to@100# and
@001# from 1.3 K to 300 K. The magnetic ordering temper
ture TN55.0 K can be seen by a change of slope in t
resistivity. This compound also exhibits a large anisotro
and 2 ln T dependence with decreasing temperature ab
100 K for Ji @001#, similar to CeCuSb2.

The temperature dependence of the magnetic suscep
ity and the inverse susceptibility are shown in Fig. 7. T
susceptibility clearly indicates the antiferromagnetic order
below TN55.0 K, showing a steep decrease forHi @001#.
The antiferromagnetic easy axis is thus determined as@001#.

m

FIG. 6. Temperature dependence of the electrical resistivity
CeAuSb2.

FIG. 7. Inverse magnetic susceptibility of CeAuSb2. The inset
shows the magnetic susceptibility.
7-3
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ARUMUGAM THAMIZHAVEL et al. PHYSICAL REVIEW B 68, 054427 ~2003!
In this compound, the susceptibility is also highly anis
tropic. The susceptibility value for the field along@001# is
much larger than that for@100#, and for temperatures abov
100 K, the susceptibility follows the Curie-Weiss law. Th
effective magnetic moment and the paramagnetic Curie t
perature aremeff52.50mB /Ce andup5269 K, respectively,
for Hi @100#, and meff52.49mB /Ce andup521 K, respec-
tively, for Hi @001#.

The antiferromagnetic ordering is further confirmed
the magnetization. The field dependence of magnetizatio
2 K for two principal directions is shown in Fig. 8. Fo
Hi @100#, the magnetization increases linearly up to 70 kO
whereas the magnetization forHi @001# is linear up to 25
kOe but shows a metamagnetic transition at 25 kOe.
value of magnetization at 60 kOe is 1.5mB /Ce, while the
value for Hi @100# is 0.08mB /Ce, indicating highly aniso-
tropic magnetizations. The metamagnetic transition dis
pears in the paramagnetic phase. The magnetic phase
gram is shown in the inset of Fig. 8.

The temperature dependence of the heat capacity in
form of C/T is shown in Fig. 9. A peak clearly indicates th
bulk antiferromagnetic ordering in this compound. The te
perature dependence ofC/T below 3 K is almost linear, and
the g value is estimated by the linear extrapolation below
K to be about 90 mJ/K2 mol, as shown by a broken line i
Fig. 9. As can be seen from Fig. 9, the total entropy at
magnetic ordering temperature is about 0.5R ln 2, similar to

FIG. 8. Field dependence of the magnetization in CeAuSb2. The
magnetic phase diagram forHi @001# is shown in the inset.

FIG. 9. Temperature dependence of the specific heat and
total entropy of CeAuSb2. The broken line is a linear extrapolatio
of C/T data below 3 K, and the solid line shows the correspond
entropy change.
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the case of CeCuSb2. The magnetic and thermal propertie
of CeAuSb2 are summarized in Table I.

We have also studied the pressure dependence of th
sistivity. Figure 10 shows the low-temperature part of t
electrical resistivity for different applied pressures. The
sistivity shifts in the vertical scale with increasing applie
pressure. As can be seen from the figure, the Ne´el tempera-
tureTN decreases with increasing pressure and becomes
at about 2.0 GPa.

C. CeNiSb2

The temperature dependence of the electrical resistivit
CeNiSb2 is shown in Fig. 11. The resistivity behavior is qui
different from that of CeCuSb2 and CeAuSb2. For CeNiSb2
a broad hump is observed around 100 K. This could
caused by the interplay between the CEF and the Ko
effect.17 For temperatures below 50 K, the resistivity show
local minimum around 25 K and upon further cooling, th
resistivity passes through a maximum at 7 K and then drops
steeply due to the magnetic ordering belowTC56.0 K. Pre-
vious report on the polycrystalline sample of CeNiSb2 by
Muro et al.12 indicated no magnetic ordering. However, a
other study on the polycrystalline sample by Vijaya Laksh
et al.18 have indicated the magnetic ordering in this co
pound around 6 K, although their absolute value of resis
ity is very high compared to our data. This could be due
the single-crystalline nature of our sample.

he

g

FIG. 10. Low-temperature resistivity of CeAuSb2 for Ji ~001!
under pressure. The arrow indicates the antiferromagnetic orde

FIG. 11. Temperature dependence of the electrical resistivit
CeNiSb2.
7-4
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ANISOTROPIC ELECTRICAL AND MAGNETIC . . . PHYSICAL REVIEW B 68, 054427 ~2003!
The temperature dependence of magnetization in a fiel
5 kOe is shown in Fig. 12. The ferromagnetic ordering in t
compound is observed by the inflection point at 6.0 K in t
magnetization versus temperature curve. The inverse sus
tibility plot of CeNiSb2 is shown in the inset of Fig. 12. Th
high-temperature data follow the Curie-Weiss law with t
effective magnetic moment of 2.30mB /Ce and 2.38mB /Ce,
respectively, forHi @100# and Hi @001# and the estimated
paramagnetic Curie temperature amounts to 0.3 K
272 K, respectively, forHi @100# andHi @001#.

The magnetization curve at 2 K in Fig. 13 shows a co
siderable deviation from linear behavior, and a hysteresi
the magnetization curve is observed alongHi @100# and
Hi @110#, consistent with the notion of the ferromagne
ordering in this compound. The magnetization increases v
rapidly for small applied fields along@100# and saturates
around 25 kOe with a saturation moment of 0.6mB /Ce, in-
dicating @100# as the easy axis of magnetization.

The temperature dependence of specific heat in the f
of C/T and the total entropy is shown in Fig. 14. The da
show a clear jump atTC56.0 K, displaying the bulk ferro-
magnetic transition, which is in accordance with the resis
ity and the susceptibility measurements. TheC/T data below
2 K can be described by an equation ofC/T5g1bT2

1AT1/2, with parameters g555 mJ/K2 mol, b
556 mJ/K4 mol, and A56 mJ/K5/2mol, assuming spin-
wave excitations in the ferromagnets, as shown by a bro
line in Fig. 14. The total entropy atTC is found to be
0.5R ln 2. The magnetic and thermal properties of CeNiS2
are summarized in Table I.

FIG. 12. Temperature dependence of magnetization. The i
shows the inverse magnetic susceptibility of CeNiSb2.

FIG. 13. Field dependence of magnetization in CeNiSb2.
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IV. DISCUSSION

As shown in the preceding section, the magnetic prop
ties of CeTSb2 are largely dependent on the kind of trans
tion metalT. CeCuSb2 and CeAuSb2 show antiferromagnetic
order at low temperatures, while CeNiSb2 has a ferromag-
netic ground state below 6.0 K. The variations of the ma
netic anisotropy are more intriguing. In CeCuSb2, the mag-
netic anisotropy is very small as shown in Fig. 3, althou
the resistivity shows an anisotropic feature, as shown in F
2, suggesting a quasi-two-dimensional electronic state.
the other hand, CeAuSb2 and CeNiSb2 show a large mag-
netic anisotropy, although the magnetic easy axis is in
changed with respect to each other, namely,@001# for the
antiferromagnet CeAuSb2 and @100# for the ferromagnet
CeNiSb2. These facts imply that the CEF as well as t
Ruderman-Kittel-Kasuya-Yosida interaction in CeTSb2 are
significantly influenced by the transition metal. The total e
tropy change for these compounds studied here amoun
about 0.5R ln 2 at the ordering temperature. This sugge
that the magnetism in all the three compounds is due
itinerant 4f electrons. However, the relatively large induc
magnetic moments of 1.5mB /Ce and 0.8mB /Ce at 60 kOe for
CeAuSb2 and CeNiSb2, respectively, indicate that the mo
ment reduction due to the Kondo effect is small for at le
these two compounds. Therefore, we concluded that thef
electrons are nearly localized in these compounds, and
lyzed the magnetic susceptibility and magnetization data
the basis of a simple CEF model to see the CEF effect on
anisotropy change. The CEF Hamiltonian for tetragonal sy
metry is given by

HCEF5B2
0O2

01B4
0O4

01B4
4O4

4 , ~1!

whereB,
m and O,

m are the CEF parameters and the Steve
operators, respectively.19,20The CEF susceptibility is defined
as

xCEFi5N~gJmB!2
1

Z S (
mÞn

u^muJi un&u2
12e2bDm,n

Dm,n
e2bEn

1(
n

u^nuJi un&u2be2bEnD , ~2!

et
FIG. 14. Temperature dependence of the specific heat and

total entropy of CeNiSb2. Broken and solid lines are the fitting
curve and the corresponding entropy change, respectively.
7-5
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wheregJ is the Lande´ g factor (56/7 for Ce31), En andun&
are thenth eigenvalue and eigenfunction, respectively.Ji ( i
5x,y, andz) is the component of the angular momentu
Dm,n5En2Em , Z5(ne2bEn, andb51/kBT. The magnetic
susceptibility including the molecular-field contributionl i is
given by

x i
215xCEFi

21 2l i . ~3!

We have also calculated the magnetization by using the
lowing formula:

FIG. 15. ~a! Magnetic susceptibility and~b! magnetization
curves of CeAuSb2. The solid lines are the calculated curves
described in the text and the inset in~a! shows the low-temperatur
part of the susceptibility forHi @100#.
05442
,

l-

Mi5gJmB(
n

u^nuJi un&u
e2bEn

Z
, ~4!

where the eigenvalueEn and the eigenfunctionun& are deter-
mined by diagonalizing the total Hamiltonian

H5HCEF2gJmBJi~H1l iM i !, ~5!

whereHCEF is given by Eq.~1!, the second term is the Zee
man term, and the third one is the molecular field.

The CEF parameters were estimated from the fits to
magnetic susceptibility and magnetization data. Solid line
Figs. 15 and 16 show the calculated curves by using the C

FIG. 16. ~a! Magnetic susceptibility and~b! magnetization
curves of CeNiSb2. The solid lines are the calculated curves
explained in the text.
uSb
TABLE II. CEF parameters, energy-level schemes, and the corresponding wave functions for CeA2.

CEF parameters

B2
0 (K) B4

0 (K) B4
4 (K) l i (emu/mol)21

28 0 0.3 l [100]5240
l [001]525

Energy levels and wave functions
E(K) u15/2& u13/2& u11/2& u21/2& u23/2& u25/2&
145 0 0 1 0 0 0
145 0 0 0 1 0 0
97 0 20.997 0 0 0 20.083
97 0.083 0 0 0 0.997 0
0 0 20.083 0 0 0 20.997
0 20.997 0 0 0 0.083 0
7-6
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TABLE III. CEF parameters, energy-level schemes, and the corresponding wave functions for Ce2.

CEF parameters

B2
0 (K) B4

0 (K) B4
4 (K) l i (emu/mol)21

7 0.3 6 l [100]519
l [001]519

Energy levels and wave functions
E(K) u15/2& u13/2& u11/2& u21/2& u23/2& u25/2&
358 0 20.531 1 0 0 20.847
358 0.847 0 0 0 0.531 0
149 0 0 1 0 0 0
149 0 0 0 1 0 0
0 0 0.847 0 0 0 20.531
0 0.531 0 0 0 20.847 0
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parameters listed in Tables II and III for CeAuSb2 and
CeNiSb2, respectively.

As shown in Figs. 15~a! and 15~b!, we get good fits with
the proposed CEF model for susceptibility and magnetiza
of CeAuSb2. On the other hand, there is a difference b
tween the experimental and calculated magnetization cu
for Hi@100# in CeNiSb2, as shown in Fig. 16~b!. With re-
gards to CeCuSb2, the small magnetic anisotropy leads to
very small energy splitting with less than 10 K of the CE
scheme. Small induced magnetizations at 70 kOe~about
0.45mB /Ce) and the relatively large g value
(100 mJ/K2 mol) may imply a substantial Kondo effec
which should be considered in the analysis of the magn
properties of CeCuSb2.

Very recently, we have reported that the magnetic prop
ties in CeAgSb2 can be well understood by the CEF model15

In this CEF scheme, the wave functions of the ground s
areu61/2& and the observed ferromagnetic moment of ab
0.4mB /Ce along@001# is explained by the saturation mome
of the ground state,gJmBJz50.43mB /Ce. Considering this
fact, we suggest the hybridization strength decreases f
CeCuSb2 to CeAuSb2. It is noted that a similar tendency wa
reported for CeT2Si2 (T5 transition metal! system, where
well-defined CEF excitations were observed in CeAg2Si2
and CeAu2Si2, while only a broadened excitation, which
due to the strong interactions betweenf electrons and con
duction bands, was detected for CeCu2Si2.21

The present anisotropy change between CeAuSb2 and
CeNiSb2 is reflected to the sign of theB2

0 parameter as
shown in Tables II and III:B2

0528 K in CeAuSb2 andB2
0

57 K in CeNiSb2. Even in CeAgSb2 whose transition-meta
element is located just one above Au in the periodic tab
the sign of the B2

0 (57.8 K) is opposite to that in
CeAuSb2.15 When Coulomb interactions with neighborin
ions have a dominant effect to the CEF potential, it see
that the sign ofB2

0 should be the same even if we change
transition-metal element. The dramatic change of the sig
the B2

0 parameter suggests that the CEF potential in CeTSb2

is largely dependent on the hybridization between locali
f-electron states and the conduction-electron bands.22 In ad-
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dition to thec-f mixing effect, which is responsible for th
development of the heavy-fermion state, a mixing effect
tweenf electrons in Ce andp electrons in Sb may be anothe
possibility for the presence of such hybridization effects, b
cause CeTSb2 consists of a sequential stacking
CeSb-T-CeSb-Sb layers along the@001# direction. In fact, a
quasi-two-dimensional electronic state was observed
CeAgSb2 by the dHvA experiment.14 A detailed systematic
neutron-scattering and high-temperature specific-heat m
surements are necessary to substantiate our calcula
about the level splitting and to clarify the influence of th
hybridization effect on the CEF state in CeTSb2.

V. SUMMARY

We have investigated the electrical and magnetic prop
ties of CeCuSb2 , CeAuSb2, and CeNiSb2. The electrical re-
sistivity is highly anisotropic betweenJi @100# and @001#,
indicating a quasi-two-dimensional electronic sta
CeCuSb2 and CeAuSb2 are antiferromagnets withTN

56.9 K and 5.0 K, respectively. The antiferromagnetic ea
axis in CeAuSb2 is along @001#. The Néel temperature de-
creases with increasing pressure for CeAuSb2 . CeNiSb2 is a
ferromagnet withTC56.0 K. The easy axis in CeNiSb2 is
along @100#. The relatively largeg values in these com
pounds, in the magnetically ordered state, suggest the st
electron correlations.

ACKNOWLEDGMENTS

We would like to thank Professor S. Ramakrishnan fo
critical reading of this manuscript. The present work w
financially supported by a Grant-in-Aid for Scientific Re
search COE~Grant No. 10CE2004! from the Ministry of
Education, Culture, Sports, Science and Technology. O
of the authors~A.T.! is very much grateful to the Japane
Society for Promotion of Science~JSPS! for financial assis-
tance.
7-7



ro
e

, J

.L
o

a-
o,
.

n

ys

a,
.

.

a

.

er

n.

.

ai,
N.
E.

a-
E.

.

ch

r-

ARUMUGAM THAMIZHAVEL et al. PHYSICAL REVIEW B 68, 054427 ~2003!
1J.D. Thompson, R. Movshovich, Z. Fisk, F. Bouquet, N.J. Cur
R.A. Fisher, P.C. Hammel, H. Hegger, M.F. Hundley, M. Jaim
P.G. Pagliuso, C. Petrovic, N.E. Phillips, and J.L. Sarrao
Magn. Magn. Mater.226-230, 5 ~2001!.

2C. Petrovic, P.G. Pagliuso, M.F. Hundley, R. Movshovich, J
Sarrao, J.D. Thompson, Z. Fisk, and P. Monthoux, J. Phys.: C
dens. Matter13, L337 ~2001!.

3H. Shishido, R. Settai, D. Aoki, S. Ikeda, H. Nakawaki, N. Nak
mura, T. Iizuka, Y. Inada, K. Sugiyama, T. Takeuchi, K. Kind
T.C. Kobayashi, Y. Haga, H. Harima, Y. Aoki, T. Namiki, H
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