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Magnetic anomalies in the pseudoternary alloy series GE€o,;_,Au,Siz
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We report the results of heat-capacity, magnetization, and electrical resistance measurements down to 2 K
for a solid solution CgCo,_,Au,Sis, forming in a crystal structure derived from AlBype hexagon. The
results reveal thagt low temperaturesthe magnetic orderingsetting in at a temperature below § Homi-
nates over the Kondo effect at the Au rich end, while the Kondo effect takes over for the Co rich end driving
Ce,CoSk to nonmagnetism, with highest magnetic ordering temperature in this series for the composition
rangex=0.8-0.9. There appear to be dramatic changes in the magnetic structure with the variati@s of
well as with temperatur€rl) for some intermediate compositions in the magnetically ordered state, as inferred
from the magnetization data. For those compositions @.9 and 0.8 in which we observe double magnetic
transitions as inferred from the heat-capacity data, field-cooled and zero-field-cooled magnetic susceptibilities
deviate from each other for the low&r{in the vicinity of 3—4 K) transition alone, as if the high&rtaround
7 K) transition is definitely not of a spin-glass type. These results, characterizing this solid solution as an
interesting one, offer an opportunity to understand almost the entire range of Doniach’'s magnetic phase
diagram in a single solid solution.

The magnetic properties of Ce alloys have been known ta=7.242 A ,b=5.086 A, andc=4.086 A. A shorter an-
be controlled by a delicate balance between Rudermamealing time, say for one week, enhances the presence of
Kittel-Kasuya-Yosidg RKKY)) interaction and the Kondo ef- these extra lines for Au-rich end; all the results reported here
fect. The competition between these two mechanisms haare restricted to the long-annealed specimens only, except for
been viewed in the literature in light of Doniach’s one- x=0.0 and 0.2, in which cases shorter annealing time does
dimensional Kondo necklace modef It is of constant in-  not result in appearance of these extra lines in the x-ray
terest to identify new solid solutions with magnetic anoma-pattern. The observation of these additional lines for short-
lies due to the competition between these effects and thannealed samples is consistent with that of Gordorl.®
studies of Ce compounds crystallizing in ThSk-type  The C data were collected by semiadiabatic heat-pulse
crystal structure have been the most common ones in thisethod in the temperature interval 2—30 K. The magnetic
regard (see, for instance, Refs. 4xTere, we report the susceptibility () in a magnetic fieldH) of 2 kOe in theT
identification of a solid solutichCe,Co; _,Au,Sis, in which  interval 2-300 K and isotherm&l measurements at 2 and
one is able to transform from strong Kondo regime to a5 K were performed for the zero-field cool€dFC) state of
RKKY-interation-dominated regime traversing through athe specimens employing a superconducting quantum inter-
peak in magnetic ordering temperatufig) for the interme- ference device(SQUID, Quantum Designor a vibrating
diate composition range with the variation of composition. Asample magnetometévSM, Oxford Instruments(inciden-
point of major emphasis is that, among these alloys, there aflly, the data obtained by both these instruments are found
also qualitative differences in the isothermal magnetizatiorio agree within few percentin addition, the ZFC and the
(M) behavior, hystereses loops and also in the shapes of hedield-cooled (FC) y data below 15 K as well as hysteresis
capacity(C) versus temperatur@) plots belowT,; in addi-  loops were obtained at 2 drb K for all the magnetically
tion, for some intermediate compositions, the magnetic strucerdering compositions. The electrical resistatiRemeasure-
ture appears to get modified with decreasirgelowT,. The  ments(1.4—300 K were performed by a conventional four-
results overall characterize that this pseudoternary series eprobe method.
hibits interesting magnetic properties. We first make few remarks about the crystallographic pa-

The samples were prepared by melting together stoichiorameters with the indexing of the x-ray diffraction patterns to
metric amounts of constituent elements in an arc furnacean AlB,-derived structure. It is not easy to infer on the dou-
The ingots were subsequently homogenized at 900 °C for sikling of the unit-cell dimensions with respect to AlBinit
weeks in sealed evacuated quartz tubes and characterized ¢sll, as the corresponding superstructure liri&60 and
x-ray diffraction (Cu Ka). We notice that the diffraction (110 in the diffraction patterns due to Co/Au/Si crystallo-
patterns could be indexed to an AlRlerived structure as graphic ordering are so weak that it can escape detection. We
proposed earliet,except forx=1.0; for x=1.0, additional have carefully tracked these lines to draw an inference in this
weak lines(marked by asterisk in Fig.) in the x-ray diffrac- regard. According to the present observation, thexis
tion pattern appear, which can be assigned to a small amouigt doubled in all cases, while the axis is not, except
of a tetragonal impurity phase; it is, however, worth notingfor Ce,AuSi;. (Forx=0, a=8.113 A andc=4.219 A; for
that these extra lines can also be indexed if one proposes a1, a=8.306 A andc=8.687 A) These findings are
orthorhombic structure for this composition alone, as pro-broadly in agreement with that reported in Ref. 8, except for
posed for CeCuGe very recently’ with the lattice constants x=0.6 in which case the parameter was not reported to
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FIG. 1. X-ray diffraction (Cu Ka) for the alloys, F

Ce,Co;_,Au,Si; (x=0.6 and 1.p at 300 K to highlight the pres-
ence of additional lines far= 1.0, if interpreted in an AlB-derived

hexagonal structure. The Miller indices for intense lines are shown

and forx= 1.0 the indexing given are for orthorhombic structure.
The asterisks mark the extra lines discussed in the text.

FIG. 3. Heat capacity as a function of temperature in the alloys
Ce,Co; _,Au,Sis.

double earlier. For the purpose of looking for systematics irthat the Vegard’s law is not obeyed, which may be attributed

the variation of unit-cell volume&V) with X, if the doubling

to significant differences in the compressibilities of these al-

of unit-cell parameters is ignored and also assuming that thieys.

crystal structure for GAuSI; is the same as those of other
compositions, we plot in Fig. 2 thedependence of unit-cell

The T-dependen€ behavior is plotted in Fig. 3 for all the
compositions. The compound &e0Sk does not exhibit any

parameters; it is clear that one observes monotonic variatiofeature attributable to long range magnetic ordering except

of the lattice constants with an increasevimf about 8%, as

for a small peak arouh 6 K presumably due to small

one traverses from Co end to Au end. However, it appearamounts (close to 1% of trivalent Ce oxide impurity
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FIG. 2. The lattice constang, andc and unit-cell volumeV/ as a
function ofx in the series C&££o, _,Au,Sis, according to the index-
ing of the x-ray diffraction patterns to an AJRlerived hexagonal

phase, often reported in the literature to appear in many Ce
alloys. However, it is clear that there are prominent features
below 10 K in the plots as Au content is increased, attribut-
able to magnetic ordering. For instance, for,&eSis, there

is a peak at 3.2 K, however with a tail extending up to about
10 K, either due to heavy-fermion character or due to mag-
netic precursor effects:'2 There are apparent qualitative
changes in the shapes GfversusT plots asx is varied. For
x=0.9 and 0.8, there are two peaks close to 4 and 7 K,
respectively, as if there are two magnetic transitions, and the
relative intensity of te 4 K peak is lower forx=0.8. For
further lowering of Au content, say, for=0.7, a broad fea-
ture with one peak at 4.7 K, and far=0.6, a less broader
peak at 4.2 K are seen. Interestingly, for 0.4, the peak
getsnarrowed downwith a consequent enhancement of the
peak value at 3.8 K. From these findings, we infer that, for
x>0.6, local environmental effects may play a dominant role
on magnetism. If one tracks tHeat which theC peaks with
varying composition, then one can conclude thgt gener-

structure. The lattice constant, ¢, shown in the plot is doubled in alRlly believed to be close to this peak temperatdré? un-

cases except fok=1.0, for the sake of convenience. The lines
through the data points serve as guides to the eyes.

dergoes a nonmonotonic variation withthis conclusion is
qualitatively valid irrespective of which of the two peaks for
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FIG. 5. The zero-field-cooled and field-cooled magnetic suscep-
FIG. 4. Inverse susceptibility as a function of temperature in thesibility behavior below 12 K in the alloys G€o, _ ,Au,Si; as mea-
alloys CeCo; ,Au,Si;. The low temperature behavior is shown in sured by applying a magnetic field of 50 kOe. The lines through the
an expanded form in the inset to highlight qualitative changes in thejata points serve as guides to the eyes.
x behavior. Some of the data, for instanceXe+r0.9 and 0.7, were
collected by VSM, while most of the data were obtained by aafter subtractintf large T independent contribution in order
SQUID magnetometer. to observe the high-temperature linear plot. The value of the
effective moment derived from the high-temperature linear
. _ ) region is found to be very close to that expected for trivalent
x=0.8 and 0.9 is tracked. We have also carried@studies  ce jons within the limits of experimental accuracy; the val-
for Ce,Cay AU 5Siz from a different batchannealed for a ues of the high-temperature paramagnetic Curie-Weiss pa-
period of about one week, but single phasede notice that rameter @) are found to be-15, —11, —8, —20, —30,
there is no feature due to magnetic ordering above @x —40, —50, and—240 K for x=1.0, 0.9, 0.8, 0.7, 0.6, 0.4,
cept perhaps a tiny peak aralif K attributable to the pres- 0.2, and 0.0, respectively, thus undergoing a sharp variation
ence of about 1% of magnetic Ce oxide impuritieghus, for x below 0.4. Considering that the valuesTaf are much
among the compositions studied, the magnetic ordering didower compared to the magnitudes of respectvg, we
appears forx<0.4 above 2 K. The end Co member is ainfer that the negative sign with a large magnitude arises
nonmagnetic heavy fermidhwith moderate values of linear from the Kondo effect. There is a distinct deviation from
coefficient of C. On the basis of these results, it may be linearity (Fig. 4) typically below about 100 K due to crystal
stated that this alloy series spans a wide range in the Donfi€ld effects. However, in sharp contrast to the finding at high
ach’s magnetic phase diagram, with the compositians (€Mperatures, the low temperatuia the range 10-20 K
~0.8 and 0.9 lying at the peak position of this diagram. In©p 1S Positive for all compositions beyori=0.2 with the
support of this, we have also obtained the linear coefficien agnitudes falling in the range 1 to 6 K; for Co rich end,

of C from the data in the range 10—20 K and the values O"/¢Veh th(_a, sign i.s neg_ati\(e—l and—_45 K for_x=_0.2 and
E?lo mJ/mol k) are 70, 100 119]8 106. 110. 155. 120. an %).O, respectively(Fig. 2, inset. These findings indicate that,

d ; 3 . :
125 mJ/mol R for x=1.0, 0.9. 0.8, 0.7. 0.6, 0.4. 0.2, 0.0 for a given composition, the strength of the Kondo interation

. ' gets diminished as th& is lowered following crystal field
respectively. We note that goes through a peak as expectedeects; the positive sign of low temperatude, for the Au-

for a series covering wide range of Doniach’s diagram; th&jch members even raise a question whether these alloys are
value peaks forx=0.4 among the compositions studied, tryly low temperature Kondo systems.
which is expected for an alloy which is placed close to  There are various other noteworthy features in the shapes
nonmagnetic-magnetic phase boundary. of the plots of low-temperaturg andM data of magnetically

In order to get more insight on the magnetic behavior ofordering alloys(Figs. 4, 5, 6, and )7 Turning to Fig. 4(for
these alloys, we have caried gutmeasurements. The plots the magnetic behavior in an appliét of 2 kOe), the ten-
of inversey versusT are shown in Fig. 4 and, for all the dency of y to saturate below th@ range of 4-5 K forx
compositions, the plots are found to be linear above 100 K=1.0, 0.9, 0.8, 0.7, and 0.6 is typical of low-temperature
except forx=0.0; for CeCoSk, we have plotted the data ferromagnetic ordering; in addition for=0.9 and 0.8, we
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FIG. 6. The isothermal magnetization behavior at low tempera:- H (kOe)

tures for the alloys C£o, _,Au,Sis. The continuous lines through
the data points obtained by a SQUID magnetoméfer some
caseg serve as guides for the eyes.

FIG. 7. Hystereses loops at 2 and 5(kft and right respec-
tively) for magnetically ordering alloys of the series,
Ce,Co; _,Au,Sis.

see adgmonal .s.houlders aro.und 7 K, indicative of anothef,q yalue of the saturation magnetizatiov ) extrapolated
magnetic transition around this temperature. These shouldefg,m high H to zeroH, is about 0.8 per Ce very close to
are not seen fok=0.7 and 0.6, as if # 7 K transition is  that expected for doublet ground state of Ce. ¥e10.9 and
absent for these compositions. InterestinglyxXer0.4, there 0.8, tre 5 K data show the existence of a metamagnetic tran-
is a very prominent peak at about 4 K, as if this alloy orderssition at low fields(close to 2 kOe, see also Fig); however,
antiferromagnetically unlike other compositions. There is noat 2 K, there is a smoottbut comparatively steeperise till
evidence for long range magnetic ordering ad@/K forx  about 20 kOe without any evidence for metamagnetism. This
=0.2 in they data. The observed magnitudes/trends in thefinding is taken to indicate that, in zero field, there appears to
magnetic ordering temperature are broadly consistent withe a transformation from a magnetic structure in which
those inferred from theC data above and therefore these antiferromagnetism dominates towards ferromagnetism with
represent zero-field behavior. We have also probed ZFC andecreasingr in the magnetically ordered state in these two
FC behavior ofy in low fields (50 kOe for magnetically = compositions. The alloy witlk=0.7 also exhibits somewhat
ordering specimend-ig. 5); it is obvious that ZFC and F§ similar behavior. Forx=0.6, the features in the plots re-
deviate in the magnetically ordered state and it is at preseremble that of the parent Au compound, however, with a
not clear whether this deviation arises from spin-glass behawdifference in hysteresis loop at 2 (§ee Fig. 7 in the sense
ior, as similar feature has been known in alloys with longthat the former exhibits hysteretic isothermal magnetization
range magnetic ordering as well due to domain-wall pinningoehavior. TheM versusH plot in the magnetically ordered
effects. However, it is to be noted that this deviatidor  state (at 2 K, but not at 5 K for x=0.4 exhibits a very
compositions with double magnetic transitiprmecurs only  pronounced metamagnetic transition, however, without any
for the low-T transition(in the vicinity of 3—5 K), but not for  significant hysteretic behavior, at relatively higher fields
the highT transition(appearing as a very broad peak around(around 15 kOg as if the low field €10 kOe) state is
7 K for x=0.8 and 0.9 even in the low field datarhis  antiferromagneticlike, a finding in conformity with the con-
finding establishes that ¢h7 K transition definitely is not of clusion from they versusT plot; the plot ofM vs H is linear
a spin-glass type. below 8 kOe at 2 K(Fig. 6), unlike the observation in other
The interesting conclusion on the changeover in the magmagnetically ordering compositions. Thus the results reveal
netic structure as is varied(as inferred abovegains support interesting changes in the magnetic structure both as a func-
from the isothermaM data at 2 ad 5 K aswell, shown in  tion of composition as well as of temperature in this pseudot-
Fig. 6. Forx=1.0, M tends towards saturatiofthough not ernary series. Further evidence for this conclusion can be
completely at high fieldswith the application oiH at 2 K;  obtained from the nature of hysteresis curves at 2 and 5 K
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Ty for this alloy may be just below 2 Kiii) The metamag-
netic transitions observed for some compositions are found
to be nonhysteretic.

We have also measured electrical resistance behavior as a
function of T. The resistivity value at 300 K is typically of
the order 200u{) cm and there are difficulties in looking
for systematics in absolute values due to microcracks in the
samples.R exhibits an observable drop in the vicinity of
respectiveT, in all the magnetically ordering specimens
(Fig. 8). However, the temperature at which the drop begins
is few degrees moréFig. 8, inset than the actual magnetic
ordering onset temperatures inferred from elata forx
=1.0 and 0.6. This is not surprising, considering that, in
some of magnetically ordering systems, short range correla-
tion effects can give rise to such a magnetic precursor effect.
Thus theR data sometimes are not useful to look for system-
atics inTy within a given series of alloys. The point of main
emphasis is that, abovk,, there is no prominent minimum
for the Au-rich end, as if the single-ion Kondo effect is neg-
ligible at low temperatures for>0.4. This observation may
endorse the inference drawn from the positive sign of low-
temperatured , data discussed above. We have in fact pre-
pared several compositions of the series, Gka,AuSis,
and measureR as a function oflf down to 1.4 K and we do

200 not find aR minimum even in the dilute alloygunlike the
situation in Ce_,La,CoSk (Ref. 10], thus establishing neg-
ligible role of the Kondo effect in this chemical environment.

FIG. 8. The electrical resistan&(normalized to respective 300 The appearance of the Kondo minimum with decreasing Au

K values as a function of temperature in the alloys contentis gradual and a well-defined minimum at about 25 K

Ce,Co;,Au,Sis. Insets show the low-temperature profileRfin  for x<<0.6 is observable. For the end Co member, no mini-

an expanded form in order to highlight the features due to magnetilmum is expected due to Kondo coherence effects with a

ordering. large Kondo coherence temperattife.

To summarize, while the compound, oSk, is a non-

(Fig. 7) by sweeping H in the range 10 to —10 kOe(start-  magnetic Kondo-lattice compound, the present results reveal

ing with zeroH, H was increased to 10 kOe, then decreasedhat the end Au compound magnetically orders close to 4 K

to —10 kOe and finally increased back 9610 kOe); at  with negligible role of Kondo effect at such low tempera-

2 K, while the loop is closed fax=0.0, all the compositions tures. The gradual replacement of Au for Co results in the

with x<<0.4 exhibit open loops; the absence of a loop foronset of magnetic ordering at a temperature well beyond that

x=0.0 alone is surprising, which may indicate that, if it is in Ce,AuSi; and the value off; is maximum for the com-
ferromagnetic, it is of a soft type; also interesting to note isposition rangex=0.8—0.9(at 7 K) judged by the features in
that the loop is absent at 5 K for all compositions and thisC, thus placing this composition range at the peak of Doni-
observation particularly fox=0.9 and 0.8 combined with ach’s magnetic phase diagram, if viewed in light of Doni-
metamagnetic transitions around 2 kOe is an evidence iach’'s model. For intermediate compositions, say aroxind
favor of an antiferromagneticlike magnetic structure in zero=0.4, the features due to both magnetic ordering and the
fields at 5 K, thereby establishing the points made aboveKondo effect in theR data appear, unlike the situation for

Few other observations in the plot of isotherrvhldata are  two extreme end members. This solid solution thus appar-

(i) we do not see complete saturationvbeven at high fields ently covers a wide spectrum in Doniach’s magnetic phase

in any of the compositions. The value bfg, gets reduced diagram. The nature of the magnetic structure appears to

for increasing substitutions of Co for Au. The absence of thaindergo interesting modifications with the variatiorkpand
saturation, very prominent for some intermediate composialso as a function of in some cases, as inferred from the
tions, and the reduced values M, (about 0.4¢g, for in-  magnetization data. Thus, the transformation from magne-
stance, irk=0.4) may also be alternatively attributed to pos- tism to the Kondo effect witkx is not found to be a gradual
sible itinerant magnetism in these alloys due to some degreane in finer details at low temperatures in the solid solution
of 4f delocalization; however, we are not able to forcefully Ce,Co, _,Au,Si;. The observed features are interesting, con-
advance this explanation, as there is no way that we couldidering that, in the simple-minded picture of Doniach’s
exclude possible presence of some fraction of Ce ions in thenagnetic phase diagram, one does not anticipate such major
paramagnetic state at such low temperatures due to local enhanges in the magnetic structure both as a function a$
vironmental effects or to possible competition from antifer-well as of unit-cell volume. We attribute these anomalies to
romagnetism even at high fieldsi) For x=0.2, M exhibits  the combined effect ofarge changes both in unit-cell vol-
nonlinear variation withH at 2 K, as if Ce ions are on the ume and the electronic structure following chemical substi-
verge of undergoing magnetic ordering thereby implying thatution. Finally, it is worthwhile to carry out further low-

T(X)
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temperature studies for alloys witk below 0.2, at the changes in the magnetic structure as well as to refine crystal
magnetic-nonmagnetic phase boundary, to look for nonstructure as a function of composition and temperature, par-
Fermi-liquid characteristics. It is also worth pursuing neutronticularly to clarify whether some of the compositions exhibit
diffraction studies for all the compositions to understand thespin-glass ordering.
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