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Antiferromagnetism in the Kondo lattice compound CePd;Sis
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The antiferromagnetic ordering state of the Kondo lattice compoupB&8is is ascertained by measuring
the magnetic susceptibility, electrical resistivityp, thermoelectric powe$, and specific heaE. The system
undergoes an antiferromagnetic transition through two steff§gt8.0 K andTy,=7.4 K. The ordering
occurred afTy; might be incommensurate with the lattice, and followed by a change of magnetic structure
from incommensurate to commensurate with the latticgt The magnetic entropy reachesRI& 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 ta\pe90+10 K and A,=470
+50 K above the ground state, respectively.
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[. INTRODUCTION measured using the conventional dc four-probe method.
Thermoelectric powes was measured from 2 to 300 K with

The competition between Ruderman-Kittel-Kasuya-a slowly varying gradient technique by using the thermal
Yosida and Kondo interactions in TgX, (T presents tran- couples of Chromel/Att0.07 at. % Fe. The measurement of
sition metals, anK= Si, Go has been extensively studied Sfrom 2 to 0.2 K was carried out with a steady-state heat-
because these systems show many interesting physicBidw technique by employing dHe—“He dilute refrigerator.
properties: For example, CeG®i, is a nonmagnetic heavy- The specific healC was measured with a quasiadiabatic
fermion system showing superconductivity at low tempera-method in temperature range from 0.4 to 100 K.
tures under ambient pressure. CgBig, CeCuyGe,, and
many other systems order antiferromagnetically at low tem-
peratures. CeNBi, shows a valence fluctuation behavior.
Recently, the variety of magnetic properties in the structur- |t was confirmed by x-ray diffraction that both gRo,Sis
ally related phase G&3Xs has attracted much attention. For and LaPd;Sis are single-phase samples, crystallizing in an
example, antiferromagnetic transitions in ;TgGe; (T orthorhombic YCo,Sis-type structure. The experimental
=Rh, Ir and Nj were reported:® Ce,Ni;Sis is known as a  and calculated x-ray-diffraction patterns for £e;Sis are
valence fluctuation compourfdin this family, CgP&Sis  shown in Fig. 1. The lattice parameters are 9.949 A, b
crystallizes in an orthorhombic J€o;Sis type structure =11.816 A, and c=5.970 A for CePdSis, and a
(space grougbam), which adopts an orthorhombic super- =9.990 A, b=11.901 A andc=6.006 A for LgPd;Sis.
structure of ThCsSi, type® There are two short contradic- They are in agreement with the earlier reported vafues.
tory reports on its magnetic properties in the literature. Kita- The temperature dependence of inverse magnetic suscep-
gawaet al® observed an antiferromagnetic transition at 8.4tibility 1/ y of Ce,Pd;Sis is shown in Fig. 2. Above 70 K, the
K. However, Godaret al.” did not find a magnetic transition magnetic susceptibility can be described fairly well by a
down to 4.2 K. Furthermore, pressure-induced supercondu@urie-Weiss lawy = Napu2/3ks(T— © ), giving an effective
tivity was observed in the structurally related compound
CePdSi,.2° For our interest in searching for a heavy fer- .
mion superconductor, it is worthwhile to investigate the mag-
netic properties on G€d;Sis in detail and to study the pres-
sure effect on it. In this paper, we report the measuremen
results of electrical, magnetic, and thermal properties on%
CePd;Sis over a wide temperature range to investigate theg
magnetic nature of # electrons in this Kondo lattice com-
pound.

Ill. RESULTS AND DISCUSSION

Intensity

IIl. EXPERIMENT

Polycrystalline samples of GBd&;Sis and LaPd;Sis
were synthesized by arc melting the stoichiometric constitu- T T T T T
tion elements in an argon atmosphere. The as-cast ingot 20 (deg)
were annealed for one week at 900 °C. Magnetic measure-
ments were carried out by use of a commercial supercon- FIG. 1. The x-ray-diffraction patterns of gRd;Sis. Top: calcu-
ducting quantum interference device magnetoméf®ran- lated pattern. Middle: experimental pattern. Bottom: the difference
tum Design Co., Ltd. The electrical resistivityp was  between them.
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FIG. 2. Inverse magnetic susceptibilityylbf Ce,Pd;Sis. The
solid line shows a Curie-Weiss law fitting result. The inset shows
the magnetic susceptibility at low temperatures.

magnetic momenju.4=2.44ug and a paramagnetic Curie ]
temperaturd® ;= —49 K. The effective magnetic moment is 0 L .
close to the value of a free €&ion (2.54uz). The deviation ! 0 71K 100
from the Curie-Weiss law below 70 K could be due to the i o ] _
crystal electric-field CEF) effect. They(T) data at low tem- FIG. 3. (a) Electrical resistivityp of C&,Pd;Sis and LaPd;Sis.
peratures are shown in the inset of Fig. 2. A shoulder at 8 Kb) .Tgnjperature dependence of the magnetic contribution to the
and a peak at 6.5 K suggest that the antiferromagnetic trafi€S'StVIY Pmag=Pcepa;si ™ PLa,pa;sic:
sition occur in two steps. The former is close to the reported
Neéel temperature 8.4 R The latter, not observed in Ref. 6, 0.105 and 0.3, (Op is the Debye temperaturé' On the
was confirmed in our specific-heat measureniémtbe dis- other handS of Ce,Pd;Sis shows a broad positive peak at
cussed beloy 150 K and a deep negative peak centering at 12 K. Our result
The temperature dependence of electrical resistivity ofbove 80 K is in agreement with an early reported tne.
La,Pd;Sis and CePd;Sis is shown in Fig. 8). p of  However, the negative peak was not observed due to the
La,Pd;Sis shows the behavior of a normal metal. On thelimited temperature range of their measurement. The positive
other handp of Ce,Pd;Sis decreases with decreasing tem- peak is generally attributed to the interplay of the CEF effect
perature, showing a minimum around 15 K. In the temperaand the Kondo effec corresponding to the maximum of
ture range from 8 to 15 Kp increases due to the Kondo p n,g mentioned above. The origin of the negative peak is
effect. The onset of the antiferromagnetic order gives rise t@xplained as an indication of the existence of magnetic
an abrupt drop op below 8 K. The temperature dependencecorrelations-**> Many experiments support this viewpoint.
of the resistivity is very similar to that of Ref. 6.
The magnetic contribution to the resistivifyyag, 0b-

10

tained by subtracting the lattice contribution, taken as that of
La,Pd;Sis, is plotted in Fig. 8) as a function of IT. There

[ Ce Pd Si
F T2 3T s

- . ] un:‘hH E

are two distinct—InT dependent portions separated by a Lazpfﬁis__,__
maximum around 70 K, which are often observed in antifer- R 1
romagnetic Kondo systems with the presence of a CEF ef- I ]
fect. A theoretical model was introduced by Cornut and ""W%%) 1
Cogpblin to explain this behavidf. According to this model, —~ o ]
the ratio of the slopes of the In T dependent ranges at low = = §.4’ o]
and high temperatures should be 3/35 for a doublet ground - Fol Cepdsi o
state. As expected in the case for an orthorhombic structure, e sl -
the ratio deduced from Fig.(B) is 3/33, being very close to e 10 . T .
3/35. The temperature of the maximum @f,4 is related to v 0.1 1 g 10
the CEF splitting'° -10 Py DY

The thermoelectric power of LRdASis and CgPd;Sis is o S0 100 ?l,O(K)OO 50300

shown in Fig. 4 as a function of temperature. Like normal
metals, S of La,Pd;Sis is small and approximately linear

FIG. 4. Thermoelectric powes of Ce,Pd;Sis and LaPd;Sis.

with temperature. The upturn at 20 K is likely due to the The inset shows of Ce,Pd;Sis at low temperatures on a logarith-
so-called phonon drag, which usually appears betweemic scale.
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® FIG. 6. Magnetic contribution to the specific he@t,,q of
FIG. 5. Specific heat of G®d;Sis and LgPd;Sis. The magnetic  Ce,Pd;Sis. The solid line shows the calculated Schottky contribu-
entropy S, is also shown(right axig. Inset: C/T vs T plot for tion to the specific heat. INSeC .4/ T VS T2 plot.
CePg;Sis (3 K=ST=<9 K).
of magnetic structure from incommensurate to commensu-
For example, the negative peak could be weakened gradualfgte with the lattice at lower temperature. Neutron-scattering
and suppressed finally by pressure as in GBRdRef. 1§  experiments on G&d;Sis are needed to understand the na-
and CeCwuSi,,'” or by chemical substitution as in ture of the double transitions. The discrepancyTig ob-
Ce(Pd_,Ni,),Si, (Ref. 18, and CeP¢_,Ni,Al.*° served inC(T) and x(T) is due to the external magnetic
The low-temperature thermoelectric power of,R&Sis  field applied in the measurement fe(T). The tendency of
is shown in the inset of Fig. 4 on a logarithmic scale. It is Tn's to decrease with the magnetic field was proven by mea-
noticeable thatS changes sign again at 3.7 K, and showssuring the low temperaturg(T) in several magnetic fields.
another positive peak centering at 1.3 K. The positive peaRhe anomaly forTy, could not observed in a field stronger
of Sbelow T is also observed in other antiferromagneticthan 3 T.Ty; decreased to abod K under a magnetic field
Kondo systems; CePd$Ref. 20 and CePdGé! It could be ~ of 7 T. An exactB-T phase diagram could not be drawn
explained as experimental evidence of the existence of theecause of the broadness of th€T) peak. The measure-
Kondo effect in magnetically ordered states. The moderatelynent of the specific heat in a magnetic field could be useful
enhanced electronic specific-heat coefficiept=87 mJ/  for drawing a phase diagram.
mol Ce K2 (see Fig. 6 supports this idea. The magnetic entropys,,, calculated from the experi-
As discussed above, the antiferromagnetic nature fof 4 mental data, is also given in Fig. 5. The entropy gain reaches
electrons in CgPd,Sis is confirmed from our measurements 0.81n2 atTy;. The 20% loss of entropy could be due to the
of x, p, and S However, the low-temperature data gf Kondo effect and/or to the short-range magnetic order.
suggest that the system undergo the antiferromagnetic tran- The magnetic contribution to the specific heat was ob-
sition in two steps. In order to gain insights into this issuetained by definingCrad T) = C(T)cepa,si,~ C(T) La,pd;si-
further, specific-heat measurements were carried from 10Bigure 6 shows the temperature dependenc€ gf; below
down to 0.4 K. The low-temperature result©fis shown in 100 K on a logarithmic scale. In addition to the peak due to
Fig. 5 with that of the nonmagnetic isostructural compoundthe magnetic transition, a Schottky anomaly was observed.
La,Pd;Sis. The inset gives &£/T vs T plot for 3<T<9 K. By fitting the data as the Schottky contribution to the CEF
The specific heat of L#dSis belov 6 K can be de- excitation, the two CEF splitting energies above the ground
scribed by C=yT+ T3, with y=7.8 mJ/molK¥ and 8  state were estimatedi,;=90+10 K andA,=470+50 K,
=0.38 mJ/mol K. The Debye temperatur®, was esti- respectively. The solid line shows the calculated result. The
mated to be 172 K. inset of Fig. 6 shows th€,,,,/T vs T2 for T<2.5 K. By
As expected, the sharp peak &f,=7.4 K and the extrapolating the data from 2.3 to 0.4 K, th€0) value of
shoulder affy;=8.0 K correspond to the two anomalies in Ce,Pd;Sis is estimated to be 87 mJ/mol CéKwhich is
x(T). We observed a shoulder at 8.0 K, which correspondgomparable to the reported valfidhe enhancedy value
to the onset of an antiferromagnetic transition, because thsuggests the coexistence of the Kondo effect and magnetic
two anomalies are very close to each other. The measurememidering. This is consistent with the result of thermoelectric
below 15 K was carried out independently three times inpower at low temperatures.
order to confirm the fine structure. Double magnetic transi- As shown above, crystal electric fields influence the mag-
tions were observed in oth&,T;Xs systems;?>?and very  netic susceptibility, electrical resistivity, thermoelectric
recently in TBRh;Sis.?* The antiferromagnetic ordering that power, and specific heat. In order to see the consistence be-
occurred at higher temperature could be incommensurateveen the estimated CEF scheme from the measurement of
with the lattice, then the transition was followed by a changeC(T) and other measurements, the susceptibility is calcu-
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500 T T T T T systems located around the quantum critical point, such as
i CePgSi,.2° According to the theoretical model of Bhatta-
O 400 charjee and Coqblif? a broad peak o6 due to the interplay
S of CEF and Kondo effects should occur at a temperature
E 300 corresponding ta\/6—A/3 (A is the overall CEF splitting
S : ;

g Clearly, this works for the present system. The influence of
8 200 the CEF effect on physical properties is likely consistent in
§ 100 our measurements.
| Another interesting feature of our results is a hump in
o PG T C(T) around 6.3 K, which is more visible in the/T vs T
0 50 100 150 200 250 300 plot in the inset of Fig. 5. Although a hump of specific heat
T (K) belowTy, is often observed in Gd-based compoufdSit is

unusual in Ce-based compounds. Blaetal.?® showed that
Cag Of an amplitude-modulated moment Gd-based system
below Ty shows a hump with a decrease in the peak height at
Ty - According to them, the magnitudes of the jumpdp,,g
at Ty for a Ce-based compound should be 13.11 and 19.66
J/mol K for the amplitude-modulated moment system and for
the equal-moment system, respectively. The peak height of
Cmagfor Ce,Pd;Sis is 18.3 J/mol K, which is close to that of

1 1 the equal-moment system. Therefore, although they ex-

—=—+\, (3.9 plained the specific-heat results of some Gd compounds suc-

X XCEF cessfully, this mechanism is not likely applicable to the
where ycer is the susceptibility without exchange interac- present system. Another theoretical model was proposed by
tion, \ is the molecular field parameter, agds the suscep- Fishman and Li¢’ to explain the origin of the hump i€
tibility with exchange interaction. By using the set of below Ty. According to this model, the hump could origi-
parameterS B9=—880 K, B5=100 K, B}=286 K, B  nate from quantum fluctuations. The hump takes place at a
=40 K, 332490 K, and =55 mol/emu, which repro- temperatureT* =3Ty/(J+1) (where J is the total spin
duces the splitting energies; =90 K andA,=470 K, we duantum number In the case of C#dSis (J=5/2), T*
obtain the curve shown in Fig. 7 and a reduced magnetic=6/7T =6 K (the higher transition temperature is used
moment of the ground stage,= 0.2ug . Although the calcu- This is in good agreement with the temperature of the ob-
lated curve is not quantitatively in agreement with the ex-served hump 6.3 K. This mechanism could also be applicable
periment, a deviation from Curie-Weiss law below 50 K is to GbRSis.* It is noted that GgRhsSis (J=7/2), with
clearly seen. In the inset of Fig. 7, the field dependence of n=8.4 K, shows a hump arount* =5 K. More experi-
the magnetization is shown. The reduced magnetic momermenta| results are needed to check this theoretical model.
due to the CEF effect and the Kondo effect is@s3at 7 T. In summary, the antiferromagnetically ordered ground
It is less larger than the calculated one. An anomaly aroungtate of CePd;Sis was ascertained by measuring the mag-
1.5 T on the curve fo5 K suggests a change in the magneticnetic - susceptibility, electrical resistivity, thermoelectric
structure. There are mainly two possible reasons for the dig?ower, and specific heat over a wide temperature range. Two
agreement between the experiments and the calculatioffansitions, at 8.0 and 7.4 K, were observed. The former
First, the calculation is for an ideal polycrystalline sampleindicates the onset of antiferromagnetic order, and the latter
with isotropic molecular field parameters. In the case of lowcould be due to the change of magnetic structure from in-
symmetry, usua”y there is a strong anisotropic efff8ec- commensurate to commensurate with the lattice. The influ-
ond, the fitting of the susceptibility and specific heat givesence of crystal electric fields on physical properties was ob-
only approximate values of the splitting energies. For a quanserved in all of our magnetic, thermal, and transport
titative analysis, one needs inelastic neutron-scattering datg)easurements. Neutron-scattering experiments are desired to
and the magnetic measurements for Sing|e-crysta| Samp|e_ c_ietermine the magnetic structure and to check the CEF Sp”t-

If we take the temperature of the maximumggf,qat 70 ting scheme.

K as T, the Kondo temperature for the ground stajeis
estimated to & 8 K by using the relation T',}
=(A4A, T'K)l’3 (Ref. 27. The Kondo temperature is likely We would like to thank Y. Muro for useful discussions.
close to its Nel temperature. Then GRd;Sis could be an-  One of us(D.H.) acknowledges financial support from the
other good candidate to investigate pressure effects on thiapan Society for the Promotion of ScierldSPS.

FIG. 7. Inverse magnetic susceptibilityylbf Ce,Pd;Sis. The
solid line shows a calculated curysee the text The inset shows
the magnetization vs field at 5 and 10 K.

lated by using a CEF model with exchange interaction be
tween Ce ions,
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