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Antiferromagnetism in the Kondo lattice compound Ce2Pd3Si5
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~Received 12 October 2001; revised manuscript received 16 January 2002; published 4 April 2002!

The antiferromagnetic ordering state of the Kondo lattice compound Ce2Pd3Si5 is ascertained by measuring
the magnetic susceptibilityx, electrical resistivityr, thermoelectric powerS, and specific heatC. The system
undergoes an antiferromagnetic transition through two steps atTN158.0 K andTN257.4 K. The ordering
occurred atTN1 might be incommensurate with the lattice, and followed by a change of magnetic structure
from incommensurate to commensurate with the lattice atTN2. The magnetic entropy reaches 0.8R ln 2 at 8.0
K. Thermoelectric power shows two positive peaks, one around 150 K and the other at 1.3 K, and a negative
peak at 12 K. The crystal electric-field splitting levels are estimated to beD1590610 K and D25470
650 K above the ground state, respectively.
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I. INTRODUCTION

The competition between Ruderman-Kittel-Kasuy
Yosida and Kondo interactions in CeT2X2 (T presents tran-
sition metals, andX5 Si, Ge! has been extensively studie
because these systems show many interesting phy
properties.1 For example, CeCu2Si2 is a nonmagnetic heavy
fermion system showing superconductivity at low tempe
tures under ambient pressure. CePd2Si2 , CeCu2Ge2, and
many other systems order antiferromagnetically at low te
peratures. CeNi2Si2 shows a valence fluctuation behavio
Recently, the variety of magnetic properties in the struc
ally related phase Ce2T3X5 has attracted much attention. F
example, antiferromagnetic transitions in Ce2T3Ge5 (T
5Rh, Ir and Ni! were reported.2,3 Ce2Ni3Si5 is known as a
valence fluctuation compound.4 In this family, Ce2Pd3Si5
crystallizes in an orthorhombic U2Co3Si5 type structure
~space groupIbam), which adopts an orthorhombic supe
structure of ThCr2Si2 type.5 There are two short contradic
tory reports on its magnetic properties in the literature. Ki
gawaet al.6 observed an antiferromagnetic transition at 8
K. However, Godartet al.7 did not find a magnetic transition
down to 4.2 K. Furthermore, pressure-induced supercond
tivity was observed in the structurally related compou
CePd2Si2.8,9 For our interest in searching for a heavy fe
mion superconductor, it is worthwhile to investigate the ma
netic properties on Ce2Pd3Si5 in detail and to study the pres
sure effect on it. In this paper, we report the measurem
results of electrical, magnetic, and thermal properties
Ce2Pd3Si5 over a wide temperature range to investigate
magnetic nature of 4f electrons in this Kondo lattice com
pound.

II. EXPERIMENT

Polycrystalline samples of Ce2Pd3Si5 and La2Pd3Si5
were synthesized by arc melting the stoichiometric const
tion elements in an argon atmosphere. The as-cast in
were annealed for one week at 900 °C. Magnetic meas
ments were carried out by use of a commercial superc
ducting quantum interference device magnetometer~Quan-
tum Design Co., Ltd.!. The electrical resistivityr was
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measured using the conventional dc four-probe meth
Thermoelectric powerSwas measured from 2 to 300 K wit
a slowly varying gradient technique by using the therm
couples of Chromel/Au10.07 at. % Fe. The measurement
S from 2 to 0.2 K was carried out with a steady-state he
flow technique by employing a3He24He dilute refrigerator.
The specific heatC was measured with a quasiadiaba
method in temperature range from 0.4 to 100 K.

III. RESULTS AND DISCUSSION

It was confirmed by x-ray diffraction that both Ce2Pd3Si5
and La2Pd3Si5 are single-phase samples, crystallizing in
orthorhombic U2Co3Si5-type structure. The experimenta
and calculated x-ray-diffraction patterns for Ce2Pd3Si5 are
shown in Fig. 1. The lattice parameters area59.949 Å, b
511.816 Å, and c55.970 Å for Ce2Pd3Si5, and a
59.990 Å, b511.901 Å andc56.006 Å for La2Pd3Si5.
They are in agreement with the earlier reported values.6

The temperature dependence of inverse magnetic sus
tibility 1/x of Ce2Pd3Si5 is shown in Fig. 2. Above 70 K, the
magnetic susceptibility can be described fairly well by
Curie-Weiss lawx5NAmeff

2 /3kB(T2Qp), giving an effective

FIG. 1. The x-ray-diffraction patterns of Ce2Pd3Si5. Top: calcu-
lated pattern. Middle: experimental pattern. Bottom: the differen
between them.
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magnetic momentmeff52.44mB and a paramagnetic Curi
temperatureQp5249 K. The effective magnetic moment
close to the value of a free Ce31 ion (2.54mB). The deviation
from the Curie-Weiss law below 70 K could be due to t
crystal electric-field~CEF! effect. Thex(T) data at low tem-
peratures are shown in the inset of Fig. 2. A shoulder at
and a peak at 6.5 K suggest that the antiferromagnetic t
sition occur in two steps. The former is close to the repor
Néel temperature 8.4 K.6 The latter, not observed in Ref. 6
was confirmed in our specific-heat measurement~to be dis-
cussed below!.

The temperature dependence of electrical resistivity
La2Pd3Si5 and Ce2Pd3Si5 is shown in Fig. 3~a!. r of
La2Pd3Si5 shows the behavior of a normal metal. On t
other hand,r of Ce2Pd3Si5 decreases with decreasing tem
perature, showing a minimum around 15 K. In the tempe
ture range from 8 to 15 K,r increases due to the Kond
effect. The onset of the antiferromagnetic order gives rise
an abrupt drop ofr below 8 K. The temperature dependen
of the resistivity is very similar to that of Ref. 6.

The magnetic contribution to the resistivityrmag, ob-
tained by subtracting the lattice contribution, taken as tha
La2Pd3Si5, is plotted in Fig. 3~b! as a function of lnT. There
are two distinct2 ln T dependent portions separated by
maximum around 70 K, which are often observed in antif
romagnetic Kondo systems with the presence of a CEF
fect. A theoretical model was introduced by Cornut a
Coqblin to explain this behavior.10 According to this model,
the ratio of the slopes of the2 ln T dependent ranges at low
and high temperatures should be 3/35 for a doublet gro
state. As expected in the case for an orthorhombic struct
the ratio deduced from Fig. 3~b! is 3/33, being very close to
3/35. The temperature of the maximum ofrmag is related to
the CEF splitting.10

The thermoelectric power of La2Pd3Si5 and Ce2Pd3Si5 is
shown in Fig. 4 as a function of temperature. Like norm
metals,S of La2Pd3Si5 is small and approximately linea
with temperature. The upturn at 20 K is likely due to t
so-called phonon drag, which usually appears betw

FIG. 2. Inverse magnetic susceptibility 1/x of Ce2Pd3Si5. The
solid line shows a Curie-Weiss law fitting result. The inset sho
the magnetic susceptibility at low temperatures.
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0.1QD and 0.3QD (QD is the Debye temperature!.11 On the
other hand,S of Ce2Pd3Si5 shows a broad positive peak a
150 K and a deep negative peak centering at 12 K. Our re
above 80 K is in agreement with an early reported one12

However, the negative peak was not observed due to
limited temperature range of their measurement. The posi
peak is generally attributed to the interplay of the CEF eff
and the Kondo effect,13 corresponding to the maximum o
r mag mentioned above. The origin of the negative peak
explained as an indication of the existence of magne
correlations.14,15 Many experiments support this viewpoin

s

FIG. 3. ~a! Electrical resistivityr of Ce2Pd3Si5 and La2Pd3Si5.
~b! Temperature dependence of the magnetic contribution to
resistivity rmag5rCe2Pd3Si5

2rLa2Pd3Si5
.

FIG. 4. Thermoelectric powerS of Ce2Pd3Si5 and La2Pd3Si5.
The inset showsS of Ce2Pd3Si5 at low temperatures on a logarith
mic scale.
0-2
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For example, the negative peak could be weakened gradu
and suppressed finally by pressure as in CePd2Si2 ~Ref. 16!
and CeCu2Si2,17 or by chemical substitution as i
Ce(Pd12xNix)2Si2 ~Ref. 18!, and CePd12xNixAl.19

The low-temperature thermoelectric power of Ce2Pd3Si5
is shown in the inset of Fig. 4 on a logarithmic scale. It
noticeable thatS changes sign again at 3.7 K, and sho
another positive peak centering at 1.3 K. The positive p
of S below T N is also observed in other antiferromagne
Kondo systems; CePdSn~Ref. 20! and CePdGe.21 It could be
explained as experimental evidence of the existence of
Kondo effect in magnetically ordered states. The modera
enhanced electronic specific-heat coefficientg587 mJ/
mol Ce K2 ~see Fig. 6! supports this idea.

As discussed above, the antiferromagnetic nature off
electrons in Ce2Pd3Si5 is confirmed from our measuremen
of x, r, and S. However, the low-temperature data ofx
suggest that the system undergo the antiferromagnetic
sition in two steps. In order to gain insights into this iss
further, specific-heat measurements were carried from
down to 0.4 K. The low-temperature result ofC is shown in
Fig. 5 with that of the nonmagnetic isostructural compou
La2Pd3Si5. The inset gives aC/T vs T plot for 3<T<9 K.

The specific heat of La2Pd3Si5 below 6 K can be de-
scribed by C5gT1bT3, with g57.8 mJ/mol K2 and b
50.38 mJ/mol K4. The Debye temperatureQD was esti-
mated to be 172 K.

As expected, the sharp peak atTN257.4 K and the
shoulder atTN158.0 K correspond to the two anomalies
x(T). We observed a shoulder at 8.0 K, which correspo
to the onset of an antiferromagnetic transition, because
two anomalies are very close to each other. The measure
below 15 K was carried out independently three times
order to confirm the fine structure. Double magnetic tran
tions were observed in otherR2T3X5 systems,3,22,23and very
recently in Tb2Rh3Si5.24 The antiferromagnetic ordering tha
occurred at higher temperature could be incommensu
with the lattice, then the transition was followed by a chan

FIG. 5. Specific heat of Ce2Pd3Si5 and La2Pd3Si5. The magnetic
entropy Sm is also shown~right axis!. Inset: C/T vs T plot for
Ce2Pd3Si5 (3 K<T<9 K ).
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of magnetic structure from incommensurate to commen
rate with the lattice at lower temperature. Neutron-scatter
experiments on Ce2Pd3Si5 are needed to understand the n
ture of the double transitions. The discrepancy inTN2 ob-
served inC(T) and x(T) is due to the external magneti
field applied in the measurement forx(T). The tendency of
TN’s to decrease with the magnetic field was proven by m
suring the low temperaturex(T) in several magnetic fields
The anomaly forTN2 could not observed in a field stronge
than 3 T.TN1 decreased to about 7 K under a magnetic field
of 7 T. An exactB-T phase diagram could not be draw
because of the broadness of thex(T) peak. The measure
ment of the specific heat in a magnetic field could be use
for drawing a phase diagram.

The magnetic entropySm, calculated from the experi
mental data, is also given in Fig. 5. The entropy gain reac
0.8 ln 2 atTN1. The 20% loss of entropy could be due to th
Kondo effect and/or to the short-range magnetic order.

The magnetic contribution to the specific heat was o
tained by definingCmag(T)5C(T)Ce2Pd3Si5

2C(T)La2Pd3Si5
.

Figure 6 shows the temperature dependence ofCmag below
100 K on a logarithmic scale. In addition to the peak due
the magnetic transition, a Schottky anomaly was observ
By fitting the data as the Schottky contribution to the CE
excitation, the two CEF splitting energies above the grou
state were estimated:D1590610 K andD25470650 K,
respectively. The solid line shows the calculated result. T
inset of Fig. 6 shows theCmag/T vs T2 for T,2.5 K. By
extrapolating the data from 2.3 to 0.4 K, theg(0) value of
Ce2Pd3Si5 is estimated to be 87 mJ/mol Ce K2, which is
comparable to the reported value.6 The enhancedg value
suggests the coexistence of the Kondo effect and magn
ordering. This is consistent with the result of thermoelect
power at low temperatures.

As shown above, crystal electric fields influence the m
netic susceptibility, electrical resistivity, thermoelectr
power, and specific heat. In order to see the consistence
tween the estimated CEF scheme from the measureme
C(T) and other measurements, the susceptibility is cal

FIG. 6. Magnetic contribution to the specific heatCmag of
Ce2Pd3Si5. The solid line shows the calculated Schottky contrib
tion to the specific heat. Inset:Cmag/T vs T2 plot.
0-3



be

c-

of

et

x
is

e

un
tic
di
tio
le

ow

e
a
a

le

t

as
-

ure

of
in

in

at

tem
t at

.66
for
t of
f
ex-
suc-
he

by

i-
at a

ob-
ble

l.
nd
g-
ic
Two

er
tter
in-
flu-
ob-
ort
ed to
plit-

s.
e

HUO, SAKURAI, KUWAI, MIZUSHIMA, AND ISIKAWA PHYSICAL REVIEW B 65 144450
lated by using a CEF model with exchange interaction
tween Ce ions,

1

x
5

1

xCEF
1l, ~3.1!

where xCEF is the susceptibility without exchange intera
tion, l is the molecular field parameter, andx is the suscep-
tibility with exchange interaction. By using the set
parameters25 B2

052880 K, B2
25100 K, B4

05286 K, B4
2

540 K, B4
45490 K, and l555 mol/emu, which repro-

duces the splitting energiesD1590 K andD25470 K, we
obtain the curve shown in Fig. 7 and a reduced magn
moment of the ground statemz50.2mB . Although the calcu-
lated curve is not quantitatively in agreement with the e
periment, a deviation from Curie-Weiss law below 50 K
clearly seen. In the inset of Fig. 7, the field dependence
the magnetization is shown. The reduced magnetic mom
due to the CEF effect and the Kondo effect is 0.3mB at 7 T.
It is less larger than the calculated one. An anomaly aro
1.5 T on the curve for 5 K suggests a change in the magne
structure. There are mainly two possible reasons for the
agreement between the experiments and the calcula
First, the calculation is for an ideal polycrystalline samp
with isotropic molecular field parameters. In the case of l
symmetry, usually there is a strong anisotropic effect.26 Sec-
ond, the fitting of the susceptibility and specific heat giv
only approximate values of the splitting energies. For a qu
titative analysis, one needs inelastic neutron-scattering d
and the magnetic measurements for single-crystal samp

If we take the temperature of the maximum ofrmag at 70
K as TK

h , the Kondo temperature for the ground stateTK
l is

estimated to be 8 K by using the relation TK
h

5(D1D2 TK
l )1/3 ~Ref. 27!. The Kondo temperature is likely

close to its Ne´el temperature. Then Ce2Pd3Si5 could be an-
other good candidate to investigate pressure effects on

FIG. 7. Inverse magnetic susceptibility 1/x of Ce2Pd3Si5. The
solid line shows a calculated curve~see the text!. The inset shows
the magnetization vs field at 5 and 10 K.
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systems located around the quantum critical point, such
CePd2Si2.8,9 According to the theoretical model of Bhatta
charjee and Coqblin,13 a broad peak ofSdue to the interplay
of CEF and Kondo effects should occur at a temperat
corresponding toD/6–D/3 (D is the overall CEF splitting!.
Clearly, this works for the present system. The influence
the CEF effect on physical properties is likely consistent
our measurements.

Another interesting feature of our results is a hump
C(T) around 6.3 K, which is more visible in theC/T vs T
plot in the inset of Fig. 5. Although a hump of specific he
belowTN is often observed in Gd-based compounds,22,23 it is
unusual in Ce-based compounds. Blancoet al.28 showed that
Cmag of an amplitude-modulated moment Gd-based sys
belowTN shows a hump with a decrease in the peak heigh
TN . According to them, the magnitudes of the jump inCmag
at TN for a Ce-based compound should be 13.11 and 19
J/mol K for the amplitude-modulated moment system and
the equal-moment system, respectively. The peak heigh
Cmag for Ce2Pd3Si5 is 18.3 J/mol K, which is close to that o
the equal-moment system. Therefore, although they
plained the specific-heat results of some Gd compounds
cessfully, this mechanism is not likely applicable to t
present system. Another theoretical model was proposed
Fishman and Liu29 to explain the origin of the hump inC
below TN . According to this model, the hump could orig
nate from quantum fluctuations. The hump takes place
temperatureT* 53TN /(J11) ~where J is the total spin
quantum number!. In the case of Ce2Pd3Si5 (J55/2), T*
56/7T N56 K ~the higher transition temperature is used!.
This is in good agreement with the temperature of the
served hump 6.3 K. This mechanism could also be applica
to Gd2Rh3Si5.24 It is noted that Gd2Rh3Si5 (J57/2), with
TN58.4 K, shows a hump aroundT* 55 K. More experi-
mental results are needed to check this theoretical mode

In summary, the antiferromagnetically ordered grou
state of Ce2Pd3Si5 was ascertained by measuring the ma
netic susceptibility, electrical resistivity, thermoelectr
power, and specific heat over a wide temperature range.
transitions, at 8.0 and 7.4 K, were observed. The form
indicates the onset of antiferromagnetic order, and the la
could be due to the change of magnetic structure from
commensurate to commensurate with the lattice. The in
ence of crystal electric fields on physical properties was
served in all of our magnetic, thermal, and transp
measurements. Neutron-scattering experiments are desir
determine the magnetic structure and to check the CEF s
ting scheme.
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