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Magnetic, thermal, and transport properties of single crystals
of antiferromagnetic Kondo-lattice Ce2PdSi3
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Magnetization, heat capacity, electrical resistivity, thermoelectric power, and Hall effect have been investi-
gated on single-crystalline Ce2PdSi3. This compound is shown to order antiferromagnetically below Ne´el
temperature (TN);3 K. The Sommerfeld coefficient far belowTN is found to be about 110 mJ/K2 mol Ce,
which indicates the heavy-fermion character of this compound. The transport and magnetic properties exhibit
large anisotropy with an interplay between crystalline-electric-field~CEF! and Kondo effects. The sign of
thermoelectric power is opposite for different directions at high temperatures and the ordinary Hall coefficient
is anisotropic with opposite sign for different geometries, indicating the anisotropic Fermi surface. The CEF
analysis from the temperature dependence of magnetic susceptibility suggests that the ground state isu6 1

2 &.
The first and the second excited CEF doublet levels are found to be located at about 30 and 130 K, respec-
tively. The Kondo temperature is estimated to be the same order asTN , indicating the presence of a delicate
competition between the Kondo effect and magnetic order.
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I. INTRODUCTION

There has been considerable interest in understanding
interplay among the crystalline-electric-field~CEF! effect,
the indirect exchange@Ruderman-Kittel-Kasuya-Yosida
~RKKY !# interaction among the 4f magnetic moments an
the Kondo effect in Ce compounds, since these are the d
sive factors of the physical properties in these compound
is therefore worthwhile to carry out careful investigation
different Ce compounds. With this motivation, we repo
here the results of magnetic susceptibility (x), magnetization
(M ), heat-capacity (C), electrical-resistivity (r),
thermoelectric-power (S), and Hall-coefficient (RH) mea-
surements on single-crystalline Ce2PdSi3.

This compound has been reported to form in
AlB2-derived hexagonal crystal structure and to exh
Kondo effect.1 The intensity of investigation in the RE2XSi3
~RE5rare earth,X5transition metal! series, crystallizing in
the above-mentioned structure,2 increased only in the recen
years and these compounds have been reported to ex
many unusual features in the magnetic, thermal, and tr
port properties~see, for instance, Refs. 1–10 and referen
therein!. Gd2PdSi3 exhibits Kondo-lattice-like anomalies
e.g., a resistivity minimum aboveTN accompanied by a larg
negative magnetoresistance.3,4 These features, presumab
due to a different mechanism, are not common to Gd co
pounds. Ce2CoSi3 is a mixed-valent compound, a small L
substitution for Ce induces a non-Fermi-liquid behavior
r.5 Eu2PdSi3 exhibits two distinct magnetic transitions, wit
the possibility of quasi-one-dimensional magnetism for
high-temperature transition6 and unusual magneti
characteristics.7 Particularly considering that the Gd-bas
compound in the Pd series has been found to show m
interesting anisotropic features,3 it is tempting to carry out
PRB 620163-1829/2000/62~1!/425~5!/$15.00
the

ci-
It

t

t

ibit
s-
s

-

e

ny

detailed studies on the single-crystalline Ce2PdSi3 as well.
Previous magnetic, electrical-resistance, and heat-capa
measurements on this compound were performed only in
polycrystalline form1 and no clear magnetic ordering cou
be detected. Thus the present studies extended to much l
temperatures, particularly on single crystals, serve as a t
ough characterization of the bulk properties of this co
pound.

II. EXPERIMENTAL DETAILS

Single crystals of Ce2PdSi3 have been prepared by th
Czochralski pulling method using a tetra-arc furnace in
argon atmosphere. The single-crystalline nature has b
confirmed by back-reflection Laue technique. The magn
measurements were carried out with a Quantum Design
perconducting quantum interference device~SQUID! magne-
tometer. The heat capacity was measured by a quasiadia
heat-pulse method using a dilution refrigerator. T
electrical-resistivity and Hall-effect measurements have b
performed by a conventional dc four-probe method in
temperature interval of 0.5–300 K. The thermoelectr
power data have been taken by the differential method us
a Au-Fe~0.07%!-chromel thermocouple.

III. RESULTS AND DISCUSSIONS

Figure 1~a! shows the temperature dependence of the
verse magnetic susceptibilityx21(T), measured in a mag
netic field H51 kOe for bothH//@101̄0# and H//@0001#.
There is a large difference in the absolute values ofx for two
geometries, apparently due to CEF effect. The effective m
netic moment (me f f) and the paramagnetic Curie temper
ture QP are estimated from the high-temperature linear
425 ©2000 The American Physical Society
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gion to be about 2.60mB /Ce and 3.6 K forH//@101̄0# and
2.65mB /Ce and2107 K for H//@0001#, respectively. These
values of me f f are very close to that expected for a fr
trivalent Ce ion (2.54mB). The large negative value ofQP

for H//@0001# and a small positive value forH//@101̄0# are
presumably due to CEF effect.11 The large anisotropy inQP
may also indicate the existence of anisotropy in the excha
interaction which depends on the CEF level scheme.
expanded view of the temperature dependence ofx is shown
in the inset of Fig. 1~a!. There is no difference between th
field-cooled and the zero-field-cooled measurements ox
down to 1.9 K within the experimental accuracy, indicati
the absence of any spin-glass-like behavior. This fact is
contrast to the formation of spin-glass state in the isostr
tural U2PdSi3.9 There is a peak inx(T) at around 2.8 K for
H//@101̄0# and at 2.5 K forH//@0001#. These peaks can b
ascribed to the antiferromagnetic ordering. The occurrenc
the peak at slightly different temperatures for two directio
might be due to the anisotropic field dependence ofTN for
two directions, since the heat-capacity measurement in
sence of a magnetic field shows a peak at around 3 K
shown below. Recent neutron-diffraction data on polycr
tals also suggest the occurrence of antiferromagnetic~AF!
ordering below 2.5 K in a sinusoidally modulated A
structure.10

We have tried to analyze thex(T) data using a CEF
model, considering hexagonal site symmetry10 of Ce in
Ce2PdSi3. According to the Hutchings’ notation,12 the CEF
Hamiltonian forJ55/2 ion with the hexagonal point sym
metry is given by

FIG. 1. ~a! The inverse magnetic susceptibility versus tempe
ture ~2–300 K! for single crystals of Ce2PdSi3. The values calcu-
lated considering the CEF model~see text! are shown by the solid
curves. The inset shows the expanded view of the magnetic sus
tibility at low temperatures.~b! The isothermal magnetization be

havior at 2 K forH//@101̄0# andH//@0001#.
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where Bn
m and On

m represent the CEF parameters and
Steven’s equivalent operators, respectively. The results
this CEF analysis using Eq.~1!, employing thex(T) data at
the paramagnetic region, leads toB2

0.10.1 K, and B4
0

.0.11 K. This set of parameters corresponds to a crys
field level scheme with the three doubletsu6 1

2 &, u6 3
2 & and

u6 5
2 & at around 0, 28 K (D1), and 130 K (D2), respectively.

Accordingly, the calculated values ofx21 are shown by the
solid lines in Fig. 1~a!, which indicates that the anisotropy i
x(T) is mainly induced by the CEF effect. However, there
a deviation of the calculatedx21 from the experimental val-
ues, particularly at low temperatures. The following explan
tions can be offered to this deviation: According to Szytu
et al.,10 Pd and Si atoms are random in this crystal struct
~space groupP6/mmm). Therefore this randomness or di
order between Pd and Si sites may produce local modifi
tion of the CEF effects due to the distribution of the CE
parameters. Alternatively, if Pd and Si are well order
~space groupP63 /mmc, see Ref. 10!, there are two different
crystallographic environments for Ce ions,8,13 in which case
the CEF effect may be different for these two sites. All the
factors are neglected in the present CEF calculations.

The isothermal magnetization at 2 K is shown in F
1~b!. M varies distinctly in different ways with the applie
magnetic field forH//@101̄0# and H//@0001#. This anisot-
ropy in M is presumably due to the CEF effect. The magne
moments atH550 kOe for two directions are;1.18 and
;0.25mB /Ce for H//@101̄0# and H//@0001#, respectively.
The larger magnetic moment forH//@101̄0# indicates the
a-b plane as the easy plane of magnetization, and
u6 1

2 & doublet as the ground state, in agreement with the C
analysis fromx(T) described above. These two facts are a
consistent with the proposed magnetic structure of Ce2PdSi3
based on neutron-diffraction experiment, i.e., the Ce m
netic moments lie in thea-b plane.10

Figure 2 shows the temperature dependence of heat
pacity, C(T), for Ce2PdSi3. A peak inC(T) at around 3 K
indicates the existence of the antiferromagnetic ordering
low TN.3 K, supporting the conclusion from thex(T) be-
havior. The transition is, however, not very sharp, whi
might be due to the presence of site disorders. The in
shows theC/T vs T2 plot at temperatures far belowTN
where phonon contribution is negligible. The linear coef
cient of specific heat (g), named as the Sommerfeld coeffi
cient, estimated from this plot at such low temperatures
108 mJ/K2 mol Ce. At this temperature range the speci
heat can be expressed asC5gT1bT3 with b
.862 mJ/K4 mol Ce and the parameterb mainly comes
from the contribution of an antiferromagnetic-magnon pa
For Y2PdSi3, the nonmagnetic compound serving as a ref
ence for phonon contribution, theg value is
4.5 mJ/K2 mol Y.1 The moderately large value ofg for
Ce2PdSi3 suggests that even in the magnetically orde
state Ce2PdSi3 may be classified as a heavy fermion. T
solid line in Fig. 2 shows the magnetic entropy (S4 f) esti-
mated from the 4f contribution (Cm) to C. Cm is obtained by
employing theC values of Y2PdSi3 ~Ref. 1! as a reference
for the lattice contribution taking into account the differen
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of Debye temperatures of the two compounds by us
the procedure suggested in Ref. 14. AtTN , S4 f
.2.3 J/K mol Ce is;40% of R ln 2 expected for a com
plete removal of the twofold degeneracy of a CEF grou
state doublet. This reduced entropy value might be due to
substantial Kondo-derived reduction of the Ce mome
and/or a presence of short-range correlations aboveTN .15

Tentatively assuming a Kondo-derived reduction, the m
netic entropyS4 f (.0.4 R ln 2) atTN yields the Kondo tem-
peratureTK.8 K, according to the Bethe-ansatz for a sp
1
2 Kondo model~see Refs. 16 and 17!. The theoretical cal-
culations ofC(T) using TK.8 K, however, cannot repro
duce the experimental curve aboveTN . This deviation indi-
cates the presence of short-range-AF correlations aboveTN ;
the presence of these correlations is, in fact, detected
recent neutron-scattering experiment,18 and a possible contri
bution from an excited CEF level~28 K! even at the mea
sured temperature range.

The temperature dependence of resistivityr(T) for
Ce2PdSi3 with the currentJ//@101̄0# andJ//@0001# as well
as in polycrystalline Y2PdSi3 is shown in Fig. 3.r for both
current directions gradually decreases with decreasing t
perature down to about 20 K showing a broad hump aro
100 K; below 20 K, there is a weak upturn giving rise to
minimum at around 20 K, followed by a drop below 8 K
The r(T) in Y2PdSi3 shows usual metallic behavior, how
ever there is a drop inr below 6 K, presumably attributabl
to the presence of traces of the superconducting ph
YPdSi.1 As known for many other Ce alloys, the broad hum
in Ce2PdSi3 can be ascribed to the combined effect of C
and Kondo effect. The magnetic contribution to the resis

FIG. 2. The temperature dependence of heat capacityC(T) for
Ce2PdSi3. The magnetic~4f contribution! entropy is presented by
the solid line. The inset shows theC/T vs T2 plot at temperatures
well below TN where phonon contribution can be neglected.
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ity rm5r(Ce2PdSi3)2r(Y2PdSi3), obtained by usingr(T)
data forJ//@0001# in Ce2PdSi3, is shown in the inset; the
ratio of the slopes of therm vs lnT plot at high to low
temperature turns out close to 35/3 confirming that
ground state is a doublet~see Ref. 19!. It clearly reveals the
presence of a peak at around 50 K which might be rela
with TK enhanced by CEF effect as proposed by Hanzawet
al.20 Correspondingly, there is also a broad hump inS(T)
~see Fig. 4!. The minimum inr(T) around 20 K is either due

FIG. 3. The electrical resistivity (r) of single-crystalline

Ce2PdSi3 as a function of temperature~0.5–300 K! for J//@101̄0#
and J//@0001# and polycrystalline Y2PdSi3. The inset shows the
magnetic contribution to the resistivity as a function of lnT.

FIG. 4. The thermoelectric power as a function of temperat
for two different directions of thermal gradient in Ce2PdSi3 single
crystals, along with the data for polycrystalline Y2PdSi3.
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to the Kondo effect or a consequence of magnetic-precu
effect as noted for some Gd alloys.4 It may be noted that the
drop in r sets in at 8 K, much above theTN , similar to
CePt2Ge2,21 and such a feature in magnetically order
Kondo lattices arises from a combination of indirect e
change interaction and the Kondo effect.22 There is a small
difference in absolute values for two geometries, wh
might be due to the combined effect of anisotropy in t
Fermi surface and preferably oriented microcracks. It m
also be remarked that the residual resistivity is large even
the single crystal, which might be due to a presence of c
tallographic~Pd-Si! disorder or a combined effect of disord
and a dominance of Kondo contribution even in the magn
cally ordered state.

Figure 4 shows the temperature dependence of ther
electric power~S! in Ce2PdSi3 as well as in Y2PdSi3 ~poly-
crystal!. In Ce2PdSi3, for the temperature gradien

DT//@101̄0#, S is positive at room temperature, then
gradually increases with decreasing temperature and sho
broad hump around 100 K. There is a change of sign aro
50 K with a minimum around 17 K. On the other hand, f
DT//@0001#, S has a large negative value at room tempe
ture and decreases with decreasing temperature showi
broad hump around 100 K.S(T) for this direction also
shows a minimum, however, at a temperature slightly hig

than that forDT//@101̄0#. ThusS(T) in Ce2PdSi3 is highly
anisotropic with the directions of the thermal gradient. T
anisotropy in the Fermi surface might be one reason beh
this anisotropy, sinceS(T) in the isostructural Gd2PdSi3 is
also anisotropic.3 For nonmagnetic Y2PdSi3 , S(T) has a
large negative value at room temperature and decre
gradually with temperature. In Ce2PdSi3, the broad hump
can be attributed to the interplay between CEF and Ko
effect.23 The origin of the minimum atTmin.17 K is not
clear yet, however, the possible explanation may be
Kondo scattering in the CEF ground state or the growth
AF correlations as in the case of CeAuAl3.24 Tentatively
assuming the Kondo-derived origin,TK.8 K would be ob-
tained using the relationTK. 1

2 Tmin that holds for CeAl2 and
CeCu2 ~see Ref. 15!. However, the temperature dependen
of C aboveTN suggests that this estimation ofTK is a rough
one, indicating that both Kondo effect and AF correlatio
may play a role for this minimum. ForDT//@101̄0#, S(T) is
similar to the behavior in the typical magnetically order
heavy-Kondo compounds, e.g., CeCu2 and CeAl2,15 though
the overall temperature dependence ofS in Ce2PdSi3 is
rather weaker. If the crystallographic disorder is the dom
nant origin of the large residual resistivity, the Kondo co
tribution to S(T) could be suppressed. Since, according
the Gorter-Nordheim rule, the thermoelectric power for mo
than one scattering mechanisms can be expressed asSalloy
5@r1S11r2S2#/r, where the subscripts 1 and 2 correspo
to different scattering mechanism:25 In the present case,
represents the Kondo scattering and 2 represents the
scatterings. Therefore a larger2 can suppress the Kond
contributionS1. The large negative thermoelectric power
Y2PdSi3 might arise from the 4d band of Pd, as in the cas
of the 3d band of Co in YCo2.26 The S(T) curve for
DT//@0001# at high temperatures is almost parallel to that
or
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Y2PdSi3, therefore, a significant effect of the Pd-4d band on
S(T) even in Ce2PdSi3 cannot be ruled out.

The temperature dependence of Hall coefficient (RH) for
H5 15 kOe, shown in Fig. 5~a!, also reflects the anisotropi
nature of this material. For both geometries~as labeled in the
figure! RH is positive at room temperature and increas
gradually with decreasing temperature. At low temperatu
RH becomes highly anisotropic and shows a positive p
for both geometries, in the vicinity ofTN ~see the inset!. The
large anisotropy observed inRH is also reflected in thex(T)
data taken atH5 15 kOe ~not shown!, indicating that the
anisotropy inRH is of magnetic origin. The positive value o
RH at all temperatures and a positive peak at the vicinity
TN are similar to those in the antiferromagnetic Kond
lattice compound CeAl2.27 In contrast, RH (.0.9
310210 m3/C at 300 K! in Y2PdSi3 is almost temperature
independent. Clearly, there is a dominant 4f contribution in
Ce2PdSi3. The Hall coefficient in magnetic materials lik
those in Ce compounds is generally a sum of two terms
ordinary Hall coefficient (R0) due to Lorentz force and an
anomalous part arising from magnetic scattering~skew
scattering!;27 in the paramagnetic stateRH5R01Arx,
whereA is a constant. Using this relation,R0 is estimated by
plotting RH versusrx @Fig. 5~b!#. From Fig. 5~b!, it is obvi-
ous that the plot is linear for bothH//@101̄0# andH//@0001#
in the paramagnetic state with a value ofR0.23.2
310210 m3/C and 1.031029 m3/C, and A.7.4
310216 mol/C and 4.8310216 mol/C, respectively. This
linear behavior indicates the presence of dominant skew s

FIG. 5. ~a! The Hall coefficientRH ~employing a magnetic field
of 15 kOe! as a function of temperature for Ce2PdSi3 single crystals
with two different orientations and for polycrystalline Y2PdSi3. The
inset shows the expanded view of low-temperatureRH(T). ~b! RH

as a function of the electrical resistivity times magnetic suscepti
ity ~with temperature as an intrinsic parameter!.
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tering in Ce2PdSi3. In the vicinity of TN , however, the data
deviate from the high-temperature linear variation.R0 of dif-
ferent sign with the anisotropic values for two geometr
indicates the presence of anisotropy in the Fermi surface
agreement with theS(T) data.

IV. SUMMARY

Summarizing, we have investigated the magnetic beh
ior of recently synthesized Ce2PdSi3 in the single-crystalline
form and the results show strong anisotropic behavior of
measured properties. The paramagnetic Curie tempera
for H//@101̄0# is positive, however, the value is negative f
H//@0001#. The sign of the thermoelectric power is differe
for the two measured crystallographic orientations at h
temperatures. Distinct features due to an interplay betw
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CEF and Kondo effect have also been observed in the t
moelectric power and resistivity data. The ordinary Ha
coefficient is anisotropic with opposite sign for the two me
sured geometries. The results establish that this compoun
an antiferromagnetic Kondo lattice withTN53 K. The mag-
nitude ofTK is also estimated to be of same order asTN and
this fact suggests a delicate competition between the Ko
effect and indirect exchange interaction. Therefore it wo
be of interest to investigate this compound under high pr
sure.
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