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Origin of multiple magnetic transitions in CeSix systems
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In this study, CeSix alloys with Si compositionsx between 1.70 and 1.84 are shown to exhibit multiple
steplike features or peaks in the ac susceptibility data in the 10–15 K temperature range which may be
associated with different magnetic ordering temperatures. Depending upon annealing conditions, it is possible
to obtain a single peak or two peaks for all compositions studied in the magnetic regime of the CeSix system
(x,1.85). The existence of multiple peaks is an intrinsic feature that is related to the Si vacancy distribution
and is not necessarily a result of phase segregation. Our data also shed light on the inconsistency of various
studies regarding the presence and absence of a spontaneous jump in magnetization versus magnetic field
measurements atT,Tc . @S0163-1829~99!07833-9#
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INTRODUCTION

The CeSix system (1.55,x,2.0) has been the object o
numerous studies in the context of intermediate-valen
Kondo-lattice, and heavy-fermion phenomena in rec
years.1–16 Careful experiments13 have shown that sample
are always Si deficient and a stoichometeric CeSi2 may not
exist. Therefore, we will refer nominally to CeSi2 as
‘‘CeSi2.’’ The early investigations focused on the nonma
netic ground state of ‘‘CeSi2.’’ However, it is the broad ho-
mogeneity range of CeSix (1.55,x,2.0) which attracted
the greater attention, as it allows the variation of the m
netic strength of the Ce ions by varying the Si composit
and provides an ideal environment for testing the so-ca
Kondo-lattice models.17,18 Large values of the linear specifi
heat coefficient have been reported in this system,6,13 which
add another dimension of interest for the study of this sys
in the context of heavy-fermion phenomena.

The existence of CeSi2 was reported as early as 186519
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y,
t

-

-
n
d

m

and the Si-deficient phase was reported in 1968.20 However,
ground-state properties of this alloy system were first
plored in the last decade.2,3 The ‘‘CeSi2’’ has a ThSi2-type
tetragonal structure,21 and its ground state is nonmagnetic.
structural transformation occurs with increasing Si de
ciency to the GdSi2-type orthorhombic structure. This struc
tural transformation occurs in CeSix for Si compositionsx
,1.84, and a magnetic ground state emerges for comp
tions x<1.85.3,9,10 Among the interesting features is the d
verging nature of the specific heat coefficientg in the same
composition range where the magnetic-nonmagnetic bou
ary lies.6,13 Extensive investigations of this system have l
to a considerable understanding of the physical propert
and a Kondo-lattice-like state has been established thro
electrical resistivity and magnetic susceptibility measu
ments in this system.3,5,9,12 The Kondo-lattice-like behavior
in this system has been further tested through the meas
ment of magnetic properties under high-press
conditions.10 The experimental results provide excelle
c-
ast
FIG. 1. The ac susceptibility data as a fun
tion of temperature for annealed and as-c
CeSix samples~I!.
9501 ©1999 The American Physical Society
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qualitative agreement with the theoretical predictions of
Kondo-lattice models.10,11

However, some features observed in this system have
yet been fully understood. For example, anomalies have b
observed in the electrical resistivity versus temperature d
in the vicinity of 250 K.12,16,22Also based on the electrica
resistivity data, a Mott transition has been proposed in th
alloys,16 which needs to be confirmed. Lately, the existen
of two tetragonal phases with slightly different lattice para
eters~a low-temperature phase and high-temperature ph!
have been reported23–26 for samples with CeSi1.86 and
CeSi1.90, and two magnetic phase transitions have been
served in studies on CeSi1.70 single crystals.8,15 In this paper
we will discuss the latter aspect.

EXPERIMENT

The samples of nominal compositions were produced
melting the proportionate amount of the constituents in
high-purity Ar ~99.995%! atmosphere. The first set o

FIG. 2. The ac susceptibility data as a function of temperat
for the as-cast, annealed, and reannealed CeSi1.75 sample~II !.
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samples~Sample I series! were prepared in a water-coole
Cu crucible in an induction furnace using commercial
~99.9 at. %, Kurt Rasmus and Co.! and Si ~99.999 at. %,
Wacker Chemetronics! at an Ar pressure of 1.3 bar. Th
remaining samples were prepared using vacuum-remelte
lumps ~99.9 at. %, REaction grade, Alpha products! and Si
~99.999 at. %, Alpha products! in an arc furnace under a
flowing Ar atmosphere. In both cases, the samples of m
;1 g were turned over and remelted 4–6 times to ens
homogeneity. The weight losses were typically,0.1%. All
compositions are nominal. Half of each sample was wrap
in a Ta foil sealed in a quartz tube under high vacuu
(1025– 1026 Torr) and annealed at 1250–1273 K for 3 day
In some cases, the samples were reannealed for up to 8
in the 1250–1273 K temperature range. Those samples
labeled ‘‘reannealed’’ in the text. The crystal structures
these alloys were determined by x-ray diffraction wi
CuKa radiations using a Siemens D500 diffractometer.

ac magnetic susceptibility measurements were perform
at 83–87 Hz using in-house-constructed probes, and no
ternal field was applied during the measurements. A Qu
tum Design superconducting quantum interference dev
~SQUID! magnetometer was used for magnetization m
surements.

Metallographic studies were performed on the first set
samples. The polished surfaces of the samples were ex
ined under a microscope using monochromatic Na light.
traces of any secondary phase, big grains, and clean g
boundaries were typical features of the samples, except
the presence of a secondary phase was detected at the

e

FIG. 3. The ac susceptibility data as a function of temperat
for the as-cast and annealed CeSi1.70 sample~II !.
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boundaries in the composition regimex,1.7 that is identi-
fied as the CeSi~1:1! phase by x-ray measurements. Sca
ning electron microscopy~SEM! studies were performed us
ing Joel microscope and energy dispersive analysis on
second set of samples labeled as Sample 2 in the figures
traces of a either a secondary phase or a compositional i
mogeneity were apparent. The samples are stable in the
bient atmosphere, and no degradation in physical appear

FIG. 4. The magnetization vs field data at various temperatu
in fields up to 2 kOe for CeSix samples~II !.
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~color, shape! or structural and magnetic properties was n
ticed in the first set of samples that were exposed to
ambient environment for more than a decade. The struct
and magnetic properties of samples prepared from diffe
source of starting materials and different techniques are
markably similar and do not show any marked differen
based on preparation method or on different sources of s
ing materials.

RESULTS AND DISCUSSION

Figure 1 shows the ac susceptibility measurements on
as-cast and annealed CeSix samples. Noteworthy features a
multiple steps in the data, which may be associated w
multiple magnetic transition temperatures. The ac susce
bility data for the as-cast CeSi1.75 sample ~I! and as-cast
CeSi1.84 sample~I! exhibit multiple steplike features or peak
in the as-cast state, but only a single peak is observed for
above compositions in the annealed state. On the other h
for both the as-cast CeSi1.70 sample~I! and as-cast CeSi1.80
sample~I! a single peak is apparent in the ac susceptibi

s

FIG. 5. The hysteresis loop measurement for CeSix samples~II !.
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data and signatures of a possibly second minor peak are
present, which are indicated by arrows in Fig. 1. The
nealed samples for the latter compositions have clearly
distinct peaks, which may be associated with the two m
netic ordering temperatures. There may be several rea
for observing multiple magnetic transitions in this syste
One obvious factor that may be taken into consideration
the large homogeneity range of the CeSix alloys. Due to the
large homogeneity range, local composition variations m
exist which may explain the observed behavior. It would a
be consistent with the observation of two tetragonal pha
for the CeSi1.84 sample. Moreover, the origin of two peaks
CeSi1.70 has been ascribed to two different types of magne
order~antiferromagnetic and ferromagnetic! in a neutron dif-
fraction study. In order to test the occurrence of multip
magnetic transitions and to understand their origin, we m
investigations on additional samples. In these studies we
cused on the CeSi1.70 and CeSi1.75 compositions.

Figure 2 shows the ac susceptibility data on a CeS1.75
sample ~II ! which was measured in the as-cast, annea
~1250 K, 3 days!, and reannealed state~1250 K, 8 days; i.e.,
the total annealing time is 318511 days!. The two-peak
structure which was apparent in the as-cast state in samp~I!

FIG. 6. The magnetization vs field data at 3.0 K in fields up
50 kOe for CeSix samples~II !.
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is also apparent in the as-cast state in this sample~sample II!.
The intensity ratio of the two peaks changes on anneal
and finally they merge into a single peak on reannealing. T
ac susceptibility measurements on another CeSi1.75 sample
~III ! showed a single-peak structure in both as-cast and
nealed states~not shown here!. It may be pointed out tha
preparatory conditions were identical for samples II and

The ac susceptibility data on a CeSi1.70 sample~II ! are
displayed in Fig. 3. The ac susceptibility data exhibit
unsymmetrical single peak in the as-cast state indicating
presence of a smaller peak at the high-temperature side o
main peak. The two peaks merge into a single peak on
nealing, and peak position shifts towards the higher temp
ture. A third CeSi1.70 sample~III ! produced results identica
to the CeSi1.70 sample~I!, which are not shown here. Thu
samples prepared under identical conditions may exhib
single or multiple magnetic transitions depending on anne
ing conditions for any composition in the magnetic regim
However, when sufficient annealing time is provided, ea
sample can be shown to exhibit a single peak in the ac
ceptibility, but the annealing time for obtaining such a sta
varies from sample to sample. The tendency for this type
behavior is probably related to the mobility and distributi
of vacancies in the samples. It is logical to assume that e
heat treatment results in a different statistical distribution
vacancies. That is why similar heat treatments~same tem-
perature, same duration! on different compositions or on two
pieces of the same sample and even multiple treatment
the same sample piece may not reveal identical results.

To test the possibility of associating two peaks to tw
different types of magnetic orders, namely antiferromagne
and ferromagnetic orders, low-field magnetization measu
ments were performed on both CeSi1.70 and CeSi1.75 samples.
The measurements of magnetization versus applied field
at various temperatures are displayed in Fig. 4. In these m
surements, the samples were brought to a temperature a
the magnetic ordering temperature and were then cooled
low the ordering temperature in zero applied field to obt
the so-called virgin state. However, depending on
trapped flux in the superconducting magnet of the SQU
magnetometer, the samples had a net positive or nega
magnetization in a nominal zero external field. The mag
tization initially showed a slow response to the external fi
and above a certain field value rose sharply and then sho
a trend towards saturation. Such a behavior could possibl
associated with flipping of the antiferromagnetic spins. T
trend is similar in both samples, and the sharply rising reg
shifts towards lower field values as the temperature
creases. There is no marked difference in the curves in
temperature range where the two peaks are observed in
ac susceptibility data. However, if the samples had an a
ferromagnetic component, then the sharp rise associated
the flipping of spins will also be followed by a sharp drop
the same field range when the field is reduced. However
such drop is observed; rather the samples show the high
manence and coercivity of a ferromagnetic material, as
be seen in the hysteresis loop measurements shown in F

Another puzzle has been the observation of a jump in
magnetization along the nonaxial direction of CeSi1.70 single
crystals in the magnetization versus field data at low te
perature in one measurement15 and its absence in anothe
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PRB 60 9505ORIGIN OF MULTIPLE MAGNETIC . . .
measurement.27 This jumplike feature, which occurs at abo
H530– 35 kOe, was also observed in the polycrystall
data in a previous study.10 In Fig. 6 is shown the magnetiza
tion versus field data on the CeSi1.70 sample~II ! and CeSi1.75
sample~II ! that shed light on this aspect. After the initi
sharp rise in the small fields, the magnetization continue
increase slowly at all fields at all temperatures, with a sm
positive slope. However, as the temperature is lowered,
magnetization starts increasing at a faster rate as the
values exceed the 30–35 kOe range, indicating a sudde
crease in magnetization in this field range. In order to fi
the correlation between the presence of the peaks in th
susceptibility with the jump in the magnetization in th
30–35 kOe range, a comparison of the data taken at 3.0
made in Fig. 6. An upward rise in the magnetization is a
parent at aboutH530 kOe in the data on the as-cast CeSi1.70
sample~II ! and annealed CeSi1.75 sample~II ! which exhib-
ited two magnetic ordering peaks in the ac susceptibi
measurements~Figs. 2 and 3!. In contrast, no such anomal
is apparent in the magnetization versus field data on the
nealed CeSi1.70 sample~II ! and reannealed CeSi1.75 sample
~II !, which showed a single magnetic ordering peak in the
susceptibility data~see Figs. 2 and 3!. Sato et al.8,15 sug-
gested that these jumps in the magnetization versus field
at about 35 kOe are associated with an antiferromagn
P
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modulation along thec axis below the ferromagnetic orde
ing temperature. Our data suggest that these jumps are
dependent on the presence of the multiple peaks in the
susceptibility data and can be reduced in size and/or c
pletely destroyed by proper heat treatments. Our results
provide a logical understanding for the presence of magn
zation jumps in some studies10,8,15and also for the absence o
magnetization jumps in other studies.27

In summary, we have shown that, depending on annea
conditions, either a single peak or multiple peaks associa
with the magnetic ordering of Ce are observed in the Cex

series for 1.7,x,1.84. This behavior is attributed to th
mobility and distribution of Si vacancies in the lattice. In o
view, all observations point towards the stability of a simp
ferromagnetic ground state in the CeSix series with 1.67<x
<1.85 if a statistically uniform distribution of Si vacancies
achieved in the lattice. However, a uniform Si vacancy d
tribution is generally not observed and complexities in str
tural and magnetic behavior arise. The observations of
tetragonal phases with slightly different lattice paramete
multiple ordering temperatures, and the presence of ant
romagnetic coupling layers are all related to the nonunifo
distribution of Si vacancies in the lattice in a complex ma
ner.
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