PHYSICAL REVIEW B VOLUME 60, NUMBER 13 1 OCTOBER 1999-|

Origin of multiple magnetic transitions in CeSi, systems
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In this study, CeSialloys with Si compositionx 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 thesyat&n
(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 dt<T.. [S0163-18209)07833-9

INTRODUCTION and the Si-deficient phase was reported in 1¥88owever,
ground-state properties of this alloy system were first ex-
The CeSj system (1.55x<2.0) has been the object of plored in the last decade The “CeS}” has a ThSi-type
numerous studies in the context of intermediate-valencytetragonal structur&’ and its ground state is nonmagnetic. A
Kondo-lattice, and heavy-fermion phenomena in recenstructural transformation occurs with increasing Si defi-
years: ¢ Careful experiment$ have shown that samples ciency to the GdSitype orthorhombic structure. This struc-
are always Si deficient and a stoichometeric GeSay not  tural transformation occurs in CgSior Si compositionsx
exist. Therefore, we will refer nominally to CeSias <1.84, and a magnetic ground state emerges for composi-
“CeSi,.” The early investigations focused on the nonmag-tions x<1.85>°%° Among the interesting features is the di-
netic ground state of “Ce&i” However, it is the broad ho- verging nature of the specific heat coefficignin the same
mogeneity range of Cegi(1.55<x<2.0) which attracted composition range where the magnetic-nonmagnetic bound-
the greater attention, as it allows the variation of the magary lies®2 Extensive investigations of this system have led
netic strength of the Ce ions by varying the Si compositionto a considerable understanding of the physical properties,
and provides an ideal environment for testing the so-calleédnd a Kondo-lattice-like state has been established through
Kondo-lattice model&’*® Large values of the linear specific electrical resistivity and magnetic susceptibility measure-
heat coefficient have been reported in this systéfwhich  ments in this syste>®*?The Kondo-lattice-like behavior
add another dimension of interest for the study of this systenn this system has been further tested through the measure-
in the context of heavy-fermion phenomena. ment of magnetic properties under high-pressure
The existence of CeSivas reported as early as 1865, conditions!® The experimental results provide excellent

SO T T T T T T T T T T T T T T T T T T T T T T T 1T T 1 T T T
L 1 is0f ' ]
m L : E
E 40 as cast €—.. 1251 annealed€— 7
< L J
2 ot ; i {1 1oor CeSi : 7
g | CeSiy 7 S | —— Sample(11)8 . ——3as cast
= Sample (I} X 75 F . -
S 20 i s
e L .. 4 50 |- g
bad | : 4
10 S o5k / |
r VAN, ] y N
Py P AT ) I AT
6 2 4 6 1’3(&‘; 214618 0 2 406 19(}1<()) 12 14 16 18 FIG. 1. The ac susceptibility data as a func-
80 tion of temperature for annealed and as-cast
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T .
150 1 S | CeSj sampleq).
E - led €—— 4
_g 125 anneales 60 F ]
100 [ ; 1 50 CeSi R
g CeSi 175 " 15s Sample1 (?)4
.B‘ 75 | Sample (1) '—)ascas_ 40 i \
é a0tk y——>ascast ]
2 50 - .
= F 201 ———> annealed 1
251 1 1of \ .
ol rpepiy R D 0 i L | e L
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
T (K) T (K)

0163-1829/99/6(13)/9501(5)/$15.00 PRB 60 9501 ©1999 The American Physical Society



9502 S. A. SHAHEEN AND W. A. MENDOZA PRB 60

T T T T 7.5 T T T T
3.6 . -
CeSi 6.0 . -
175 CeSiq 7
L Sample (II) _ Sample (II)
2.6 as-cast 45~ as-cast .
1.6~ 30k —
06 CRE = —
c
>
0.4 ! - -4 i 2 ! . I
g 5 10 15 20 25
— . S5
) 2.2 CeSi 175 — & T T T T
2 T
c Q
Sample (1) ©
; 1.6~ annealed n R 207 cesiy 4 .
© Sample (II)
= 410+ 1.5 annealed —
o)
S
&
@
=
0.2 | —t 05k -
4.0+ — 0 1 1 !
CeSi 175 0 5 10 15 20 25
Temperature (K)
3.0 Sample (1I) -
reannealed FIG. 3. The ac susceptibility data as a function of temperature
2ol N for the as-cast and annealed Gggisample(ll).
samples(Sample | serigswere prepared in a water-cooled
1.0~ - Cu crucible in an induction furnace using commercial Ce
(99.9 at. %, Kurt Rasmus and QGacand Si(99.999 at. %,
0 ! ! Wacker Chemetronigsat an Ar pressure of 1.3 bar. The
0 5 10 15 20 25 e : )
remaining samples were prepared using vacuum-remelted Ce
Temperature (K) lumps (99.9 at. %, REaction grade, Alpha prodycemd Si

(99.999 at. %, Alpha produotsn an arc furnace under a
%lowing Ar atmosphere. In both cases, the samples of mass
~1 g were turned over and remelted 4—6 times to ensure
o ) ) o homogeneity. The weight losses were typicai{.1%. All
Kondo-lattice models o in a Ta foil sealed in a quartz tube under high vacuum
However, some features observed in this system have n?&O‘S— 10" Torr) and annealed at 1250—1273 K for 3 days.
yet been fully understood. For example, anomalies have beqh some cases, the samples were reannealed for up to 8 days
observed in the electrical resistivity versus temperature datg the 1250-1273 K temperature range. Those samples are
in the vicinity of 250 K:*®??Also based on the electrical |apeled “reannealed” in the text. The crystal structures of
resistivity data, a Mott transition has been proposed in thesg,ege alloys were determined by x-ray diffraction with

alloys® which needs to be confirmed. Lately, the existencec K o radiations using a Siemens D500 diffractometer.

of two tetragonal phases with slightly different lattice param- 5. magnetic susceptibility measurements were performed
eters(a low-temperature phase and high-temperature phasgt 83_g7 Hz using in-house-constructed probes, and no ex-
have been reportét®® for samples with Ce$ks and  ternal field was applied during the measurements. A Quan-
CeSi g and two magnetic phase transitions have been obym pesign superconducting quantum interference device
served in studies on CeSp single crystalg:*In this paper  (SQUID) magnetometer was used for magnetization mea-

FIG. 2. The ac susceptibility data as a function of temperatur
for the as-cast, annealed, and reannealed GeSample(ll).

we will discuss the latter aspect. surements.
Metallographic studies were performed on the first set of
EXPERIMENT samples. The polished surfaces of the samples were exam-

ined under a microscope using monochromatic Na light. No
The samples of nominal compositions were produced byraces of any secondary phase, big grains, and clean grain
melting the proportionate amount of the constituents in @oundaries were typical features of the samples, except that
high-purity Ar (99.995% atmosphere. The first set of the presence of a secondary phase was detected at the grain



PRB 60 ORIGIN OF MULTIPLE MAGNETIC.. .. 9503

1OI' ' ) 8= 10""""' T o 0S00BOOCDCIORID
CeSi, 7 as-cast T=6K [ Cesi, , ascast oo )

o T = i
| Sample i ot 8K [ Sample I

T=9K 5 _:
6- ’ 0- ...... ]
T=11K E
4r | k |
T=12K [ K
l ] _10" .................. I
10 -

T T L T T
L CeSiy 7 annealed,,co00000000000008 863
1 [ Sample N 5 g

CeSiy 7 annealed
Sample Il
8 -

Magnetization [emu/gram]
3

4+ _ 7 10— T am T T
— T=rK L CeSiy 75 annealed _,oo0000000 d
o [ Sampie I £ : ]
3 2r 1 5r b
£ C
3 T=16K [ ]
= Of 1 of .
Re) ; : + [
© CeSi, 75 annealed T=5K -5 3
N 8 sample I P === P2 _ T=3K
qc) ” .-a-:...... ........
.10 1 | [
g 6r T=11K 4 101 T T ]
s I CeSiy 75 reannealed 1
:sample " _RRrO00000000000 ::_:
ar 4 5r o el
2t T=14K 0: g
T=16K -5F .
oF - _ 880 00 0000000000000 T=3K ]
¥ + + + + -0l N AV N 1 1]
CeSi; 75 reannealed o 0000 T=6K -2.0 -1.0 0.0 1.0 2.0
6 Sampie Il p T=7K Field (kOe)
vvvvvvvvv T=9K
FIG. 5. The hysteresis loop measurement for ¢e&mple<l).
4+
(color, shapgor structural and magnetic properties was no-
ticed in the first set of samples that were exposed to the
2r Ttk ] ambient environment for more than a decade. The structural
and magnetic properties of samples prepared from different
g T=14K source of starting materials and different techniques are re-
of Ttk markably similar and do not show any marked difference
) . . . . based on preparation method or on different sources of start-
0.0 0.5 1.0 1.5 2.0 25 ing materials.
Field (kOe)
FIG. 4. The magnetization vs field data at various temperatures RESULTS AND DISCUSSION
in fields up to 2 kOe for CeSisampleg(Il). Figure 1 shows the ac susceptibility measurements on the

as-cast and annealed CgSamples. Noteworthy features are
boundaries in the composition regime<1.7 that is identi- multiple steps in the data, which may be associated with
fied as the CeSi1:1) phase by x-ray measurements. Scan-multiple magnetic transition temperatures. The ac suscepti-
ning electron microscopySEM) studies were performed us- bility data for the as-cast CeSis sample(l) and as-cast
ing Joel microscope and energy dispersive analysis on th€eSi g, Sample(l) exhibit multiple steplike features or peaks
second set of samples labeled as Sample 2 in the figures. Nio the as-cast state, but only a single peak is observed for the
traces of a either a secondary phase or a compositional inhebove compositions in the annealed state. On the other hand,
mogeneity were apparent. The samples are stable in the arfor both the as-cast CeSjy sample(l) and as-cast Cesi,
bient atmosphere, and no degradation in physical appearansample(l) a single peak is apparent in the ac susceptibility
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P20 L L B is also apparent in the as-cast state in this sarigalaple 1).

) The intensity ratio of the two peaks changes on annealing,
CeSi; 7 as - cast and finally they merge into a single peak on reannealing. The
Sample (IT) ¥ ac susceptibility measurements on another €gSSample
(1) showed a single-peak structure in both as-cast and an-
nealed stategnot shown here It may be pointed out that
preparatory conditions were identical for samples 1l and IIl.

The ac susceptibility data on a Cegj sample(ll) are
displayed in Fig. 3. The ac susceptibility data exhibit an
unsymmetrical single peak in the as-cast state indicating the
presence of a smaller peak at the high-temperature side of the
main peak. The two peaks merge into a single peak on an-
nealing, and peak position shifts towards the higher tempera-
ture. A third CeSj ;o sample(lll) produced results identical
) CUE T I N SR to the CeSj7o sample(l), which are not shown here. Thus

samples prepared under identical conditions may exhibit a
0 10 20 30 40 50 ; : . o .
single or multiple magnetic transitions depending on anneal-
{0} R ELELELIEE LR ELRLELELE ELELELELE I ing conditions for any composition in the magnetic regime.
CeSiy 75 annealed However, when sufficient annealing time is provided, each
sample (1) \ samplg can be shown to Iexh|_b|t a single pe_ak in the ac sus-
ceptibility, but the annealing time for obtaining such a state
varies from sample to sample. The tendency for this type of
behavior is probably related to the mobility and distribution
of vacancies in the samples. It is logical to assume that each
heat treatment results in a different statistical distribution of
vacancies. That is why similar heat treatmefgame tem-
perature, same duratipon different compositions or on two
pieces of the same sample and even multiple treatments of
the same sample piece may not reveal identical results.

To test the possibility of associating two peaks to two
different types of magnetic orders, namely antiferromagnetic
T T T and ferromagnetic orders, low-field magnetization measure-

10 20 30 40 50 ments were performed on both Cegjand CeSj,ssamples.

Field (kOe) The measurements of magnetization versus applied field data
1e at various temperatures are displayed in Fig. 4. In these mea-

FIG. 6. The magnetization vs field data at 3.0 K in fields up to surements, .the samples were brought to a temperature above
50 kOe for CeSi samples(l). the magnetic ordering temperature and were then cooled be-

low the ordering temperature in zero applied field to obtain
data and signatures of a possibly second minor peak are alsioe so-called virgin state. However, depending on the
present, which are indicated by arrows in Fig. 1. The antrapped flux in the superconducting magnet of the SQUID
nealed samples for the latter compositions have clearly twenagnetometer, the samples had a net positive or negative
distinct peaks, which may be associated with the two magmagnetization in a nominal zero external field. The magne-
netic ordering temperatures. There may be several reasotigation initially showed a slow response to the external field
for observing multiple magnetic transitions in this system.and above a certain field value rose sharply and then showed
One obvious factor that may be taken into consideration is trend towards saturation. Such a behavior could possibly be
the large homogeneity range of the Ce8lioys. Due to the associated with flipping of the antiferromagnetic spins. The
large homogeneity range, local composition variations mayrend is similar in both samples, and the sharply rising region
exist which may explain the observed behavior. It would alscshifts towards lower field values as the temperature in-
be consistent with the observation of two tetragonal phasesreases. There is no marked difference in the curves in the
for the CeSj g, Sample. Moreover, the origin of two peaks in temperature range where the two peaks are observed in the
CeSi 7ohas been ascribed to two different types of magnetiac susceptibility data. However, if the samples had an anti-
order(antiferromagnetic and ferromagnetio a neutron dif-  ferromagnetic component, then the sharp rise associated with
fraction study. In order to test the occurrence of multiplethe flipping of spins will also be followed by a sharp drop in
magnetic transitions and to understand their origin, we madéhe same field range when the field is reduced. However, no
investigations on additional samples. In these studies we fasuch drop is observed; rather the samples show the high re-
cused on the CeSjyand CeSj ;5 compositions. manence and coercivity of a ferromagnetic material, as can

Figure 2 shows the ac susceptibility data on a ¢€eSi be seen in the hysteresis loop measurements shown in Fig. 5.
sample(Il) which was measured in the as-cast, annealed Another puzzle has been the observation of a jump in the
(1250 K, 3 days and reannealed stat#250 K, 8 days; i.e., magnetization along the nonaxial direction of Gegsingle
the total annealing time is-88=11 day$. The two-peak crystals in the magnetization versus field data at low tem-
structure which was apparent in the as-cast state in sainple perature in one measurem&hand its absence in another
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measuremerft. This jumplike feature, which occurs at about modulation along the axis below the ferromagnetic order-
H=30-35kOe, was also observed in the polycrystallineing temperature. Our data suggest that these jumps are also
data in a previous study.In Fig. 6 is shown the magnetiza- dependent on the presence of the multiple peaks in the ac
tion versus field data on the Ce$jsample(ll) and CeSjzs  susceptibility data and can be reduced in size and/or com-
sample(ll) that shed light on this aspect. After the initial pletely destroyed by proper heat treatments. Our results may
Sharp rise in the small fields, the magnetization continues t rovide a |ogica| understanding for the presence of magneti_
increase slowly at all fields at all temperatures, with a smallation jumps in some studi®€'>and also for the absence of
positive slope. However, as the temperature is lowered, thg,agnetization jumps in other studis.

magnetization starts increasing at a f_ast.er r_ate as the figld In summary, we have shown that, depending on annealing
values exceed the 30-35 kOe range, indicating a sudden iRy itions, either a single peak or multiple peaks associated

crease in magnetization in this field range. In order. to finqNith the magnetic ordering of Ce are observed in the CeSi
the correlation between the presence of the peaks in the Lries for 1.#x<1.84. This behavior is attributed to the

ggi0365pﬂggt¥a\évétg ;hc?ogpg?i slgn tgfethrgz%?aegigﬁnatlg éhlf i@obility and distribution of Si vacancies in the lattice. In our
made in Fig. 6 A’n upward rise in the magnetization ié ap_wew, all observations point towards the stability of a simple
parent at aboutl =30 kOe in the data on the as-cast GeSi ferromagnetic ground state in the CgSeries with 1.6%X
sample(ll) and annealed CeSis sample(il) which exhib- =<1.85 if a statistically uniform distribution of Si vacancies is
ited two magnetic ordering peaks in the ac susceptibiliy2chieved in the lattice. However, a uniform Si vacancy dis-
measurementéFigs. 2 and R In contrast, no such anomaly tribution is generally not observed and complexities in struc-
is apparent in the magnetization versus field data on the afural and magnetic b.ehav-|or arise. The obsgrvauons of two
nealed CeSi;o sample(ll) and reannealed CeSi sample tetragonal phgses with slightly different lattice paramet(_ers,
(I1), which showed a single magnetic ordering peak in the aénultiple ordering temperatures, and the presence of antifer-
susceptibility data(see Figs. 2 and)3 Satoet al®!® sug-  romagnetic coupling layers are all related to the nonuniform
gested that these jumps in the magnetization versus field datBstribution of Si vacancies in the lattice in a complex man-

at about 35 kOe are associated with an antiferromagnetioer.
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