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Low-temperature thermdbpecific heatCp) and magneti¢ac susceptibility,x,., and isothermal magneti-
zationM(B)] measurements on @gX,_, ferromagnetgwith T=Ni, Cu, Pd, Ag, Au, and=Ga, Al, with
0.3<y<0.7) are reported. With the exception Bf Ni, all compounds withX=Ga show a typical second-
order ferromagnetic transition. In the caseTof Ni, magnetic correlations set in 8t~3T. (T being the
Curie temperatuneand theCp(T) and y,{ T) maxima(at 3.3 and 4.2 K, respectivelylo not coincide, while
the M(B) curves reveal an antiferromagnetic character at lower temperatures. In these systems, the magnetic
entropy of the ordered phase is larger than 85%loR, in coincidence with the low values of the Sommerfeld
coefficienty<10 mJ/mol K2. For T=Ag andX=Al, a strong diamagnetic signal was observed at 0.63 K
in x.dT), with the characteristics of a superconducting component. The thermodynamical properties of these
compounds confirm the lack of hybridization when the Ce atom is in a ferromagnetic ground state.
[S0163-182697)08230-1

[. INTRODUCTION ing their respective magnetic to nonmagnetic GS transforma-
tions induced by alloying the Ce ligands. Tiig evolution
In spite of the large number of Ce systems exhibitingas a function of concentratiom ia F system of the type Ce
coexistence of magnetic order and Kondo effect, the greaY;_,Z, differs from the Doniach-Lavagna description
amount of antiferromagnet&F) recognized up to now with mainly in two features: a broad “plateau” around the maxi-
respect to ferromagnet§) remains a puzzling problem. In mum of T¢(x) is followed by a drastic drop of the ordering
coincidence with the fact that the Kondo effect is related to daemperature, as observed in CgPgNi,, CePt_,Ni,,
negative-type electron coupling parameternone of the CeGe;_,Si,),, and CeSj_,.° This behavior suggests that
known F systems show conclusive indications of hybridizathe F exchange and the Kondo effect do not coexist and
tion effects in their respective ground stat€&S) and there- basically they “exclude” each other, whereas an AF-GS
fore F order is generally taken as the hallmark of trivalent Ceseems to favor that effect. For comparison, one can quote
GS1?n most cases, the magnetic behavior of Ce-based irthat the evolution of the concentration dependence of the
termetallics is successfully described in terms of the compeNeel temperature Ty(x) of CelnAg;_,Cuy), and
tition between two types of interactions via the CeRh,(Ge;_,Siy),, behaves according to the Doniach-
Doniach-Lavagna® picture, i.e., anintersite one[e.g., like  Lavagna description. Another distinction between the evolu-
the Ruderman-Kittel-Kasuya-Yosid&®KKY )] which tends tion of F and AF systems under alloying is the intrinsic dif-
to order magnetically the Amoments and amtrasite one  ference between their respective “fina(honmagnetic GS.
that screens the local momeritslated to the Kondo effect In the former, one systematically finds antermediate-
Regardless of the “sign” of], the oscillatory nature of the valentbehavior, whereas for the latterh@avy-fermiorGS?®
RKKY long-range interaction includes the possibility of F as Such a difference indicates that a strong hybridization
well as AF states formation. As a consequered- or AF  strength T«x>100 K, that includes charge fluctuationis
magnetic structure should occur periodically as the interrequired to overcome a F-GS, while in an AF system spin
atomic Ce-Ce spacing changes and the sign of the intersite fluctuations(with T,=10 K) are enough to screen the Ce
interaction oscillategindependently of the degree of hybrid- magnetic momerft.”
ization of the 4 level with the band statgsln spite of that, All these empirical features point to the exclusion of F
it is observed that in Ce binary compounds the F cases onlgnd Kondo effect, however whether such exclusion is intrin-
appear within a well defined Ce-Ce spacing rangesically related to the nature of the hybridization mechanism
3.7<D<4.1 A? For such a spacing the Ce atoms are theiremains under discussion. Theoretical studies indicate that
mutual first neighbors, allowing a more direct exchange tham\F correlations tend to stabilize the Kondo effect, whereas F
the electron-mediated RKKY interactigwhich is strongly — ones tend to destroy ftthough there are also arguments to
related to the hybridization mechanisnn any case, for dis- the contrary?
tances larger thaD>4.1 A, an electron-mediated mecha-  In this context, some JgGa, -y systems, withT=Ni
nism is required and coincidentallyo F order is observetl. and Cu, were claimed to be F Kondo lattiCeshereas for
Further information concerning the interplay between F orT=Pd and Ag the influence of the Kondo effect was found
AF states with the Kondo effect can be obtained by comparto be negligible®® From the analysis of the environmental
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TABLE I. Thermal and magnetic data of TgX,_, compounds: Curie temperatuis; (K); temperature
of the maximum ofCg or x”, Tmax (K); Sommerfeld coefficienty (mJ/mol K2); coefficient of theC,
«T~2, A (JK/mol); coefficients of theC,, contribution asg=0.1B; (mJ/mol K*), 8'=10""Bs (mJ/mol
K®), B"=10"1; (mJ/mol K®); Curie-Weiss temperature extracted from low temperatuses, (K); en-
tropy gain at ¢, AS,, (RIn2); magnetizationta2 K for B=0.2 T andB=5T, M (ug/mol).

Compound Tc y A B.B'.B" 05" AS;, M

CeNig Gag s 416 92 46 6,73 31 096  0.25& 1.03
Tmad Cel) 3.25

CeCly Gag s 6.05 8 76 8, 15, 18 6.2 095  0.78 & 0.96
CePd, {Gas ; 409 84 56 13-7, 12 4.7 094  0.78 & 0.98
CeAuy ¢Gag 4 3.46 8.3 32 9, 46;40 3.6 0.93 0.79 & 1.02
CeAgy 74533 25 3.78 6 42 6, 48; 35 38 092  0.78&1.06
CeAgy Al 34 3.19 8 47 10+ 15, 30 35 086  0.67 & 1.06
Tmadx") 0.63

conditions of an ion in its crystallographic site one can ex-T element for which single phases are formed in the respec-
tract information about the expected state of valence. Withinive compound$3~*° Microprobe analysis was performed in
this family of compounds, the Yl Ga,, compounds form the two CeAg Al 34, Samples in order to check the respec-
with Yb in its lowest valence configuratidite., Yb>") due  tive sample homogeneity and local Al concentration.
to the low electronegativity at the lanthanide stteThen  Energy-dispersive spectroscof§DS) analysis shows an ex-
from the correlation between Ce and Yb valencfeshe  cess of Al in some regions of the sample, up to a 30% with
presence of a divalent Yb ion in that structural site allows U&espect to the nominal concentration. The Speciﬁc-hea’[ mea-
to deduce the trivalency of Ce in the systems at hand, exsurements were performed in semiadiabatic calorimeters us-
cluding the possibility of hybridization effects. ing the heat-pulse method within the 1.5—15 K range of tem-
In this work we have performed complementary perature for most of the samples. In order to better define the
low-temperature magnetic and thermal measurements o@mperature dependence of the electronic specific heat in the
CelyGa,-, compounds(with T=Ni, Cu, Pd, Ag, AU,  magnetically ordered phase, to detect an eventual supercon-
which show the aforementioned properties. Although thesgucting transition and to analyze the phonon contribution,
compounds were recognized as being F from their magnetigne of the sample¢cf. CeAg, ¢Al 3.) Was measured in a
properties, the specific heat was measured only in a few ofalorimeter working between 0.4 and 30 K. The ac suscep-
them by different authors and different sample preparationipjlity was measured in @He cryostat operating between
procedures®~*° Therefore, in order to compare their respec-0.4 and 30 K, with an inductance bridge working with an
tive values ofAS;, and y, a systematic study in specimens excitation field of 10T at 128 Hz. The magnetization
having the same sample preparation and measuring perfogurves were measured in a superconducting quantum inter-
mances is required. The choice of different transition metal$erence device magnetometer with fields upBte5 T, in
intends to produce volume and chemical variations on the Cotherms ranging between 2 and 10 K.
atom environmentkeeping the same structural symmetry  The temperature dependence of the measured specific
and to check whether hybridization mechanism occurs or nofeat Cp) was analyzed in the paramagnet®T¢) phase
in these F systems. The Cepdl ,, ferromagnef was also  as due to electronic @) phonon Con) contributions,
included in this study as a variation of the richest meta”o'dCP(T)=Ce|(T)+Cph(T), with Cu=A/T2+4T and
component. Cpn=B3T*+BsT°+B,T’. The A/T? term accounts for the
short-range magnetic interactions right abdwe andyT is
the Sommerfeld coefficient. The respective fits were per-
formed for T>1.3T: and the resulting values are listed in
All investigated samples have been prepared using amable I. TheDebyetemperaturesextracted from thé; co-
argon-triarc furnace in a Ti-gettered atmosphere by meltingfficien) range between 200 and 270 K. The ac susceptibil-
appropriate amounts of the constituents. In order to obtaifty (xa) andCg data around the ferromagnetic transition of
homogeneous samples, the buttons were remelted sevethke compounds under study are compared in Fig. TfoNi
times and anneale@xcept for CeAg Al 5 ») for two weeks and Cu, Fig. 2 folT=Pd and Au, and in Fig. 3 fof =Ag
at 600 °C under partiafHe pressure. By means of x-ray andX=Ga, Al. Their respective F character is confirmed by
diffraction, using the Cu & radiation, all samples showed the rapid rise of the inductive component’] of x.dT),
the proper BaAl structure without observable foreign which shows a maximum &t=Tc, in coincidence with the
phases. The concentration value is the minimum value of thenaximum slope of the dissipative signak” (as

Il. EXPERIMENTAL DETAILS AND RESULTS



5382 SERENI, TROVARELLI, SCHMERBER, AND KAPPLER 56
3 T T T T T 2.0 T T T T T
; 410 110
L CeN'045Ga3.5 a i Cel:>do.3Gas.7 a
NA NA 15 r
X oL Y
) 3 5 N
E ~ E ., T
» R
= 05 3 = =
t_ c ': <
¢ 1| 3. ] 3,
© E’: © 05 E;’
0 0.0 0.0 f } + } 0.0
151 1.0 CeAu, Ga,, b 1'°
o 2 B
R R °
S £ S &
E 10 | OA 2 5
~ Q
= 05 5 2 g
5 S ts 'r 5
Oosf & ) &
0.0 0.0 0
0 0

T (K)

T (K)

FIG. 1. Low-temperature specific-heat divided temperature and FIG. 2. Low-temperature specific-heat divided temperature and

inductive component of the ac susceptibility of G&a,_,, for

inductive component of the ac susceptibility of G&a,_,, for
T=Ni (a) and Cu(b).

T=Pd(a) and Au(b).

shown in Fig. 3. Except for CeNjsGags, all the Co(T)  g)| F Ce binariedand ternaries such as CePd3igeCusSi®
transitions have the characteristics of a second-order typeind CeRyGe,.'*?°(iv) Another distinctive feature observed
with the ordering temperature at the inflexion point of thein F Ce-based compounds is that the electrical resistivity
Ce(T) broadened jump. The respective transition tempera¢p) does not show the characteristic Kondo-like negative
tures, listed in Table I, are in agreement with previouslysjope above the Curie temperatdre (as verified in CePt!
reported T¢ values.*~'® In the case of CeNjsGags, the  CePd? or CePdSH?) Nevertheless a maximum @f(T) at
Ce(T) transition is notmean-fielelike and the maximum of  high temperatures may be present due to the eventual hybrid-
xad T) is found at 30% higher temperature than the maxi-ization of the excited CF levels. Finallgy) the Curie-Weiss
mum of C¢(T), see Table I. Also CeAgeAl 54 exhibits an  temperaturdextracted from a low-temperature extrapolation
unexpected behavior showing a diamagnetig(T) signal  of the inverse magnetic susceptibility *(T)] should be
below 0.63 K, but without a correspondent jump@3(T)  close to T, whereas the extrapolation from temperatures
[see Fig. 8)]. The respective magnetization curved (/s  above the CF splitting may have a larger but negative value
H) at temperatures ranging between 2 and 10 K, under fieldglso due to hybridization of exited CF levéls?® The
up to 5 T are displayed in Fig. 4 far=Ni and Cu, in Fig. 5 only exception to these general properties is found in
for T=Pd and Au, and in Fig. 6 for those wifi=Ag and  CePd,Gas,>* which shows a largey,; value (=0.3 J/mol
X=Ga, Al. K ?), despite the fact that it fulfils all the other conditions.
Concerning the thermodynamical analysis of the magnetic
GS of these compounds, the entropy gain of the magnetic
phase was evaluated AS,,= [ C¢(T)/TdT. Within the ex-
Some thermodynamical conditions that have to be ful{perimental indetermination, all the studied compounds show
filled to recognize the Ce-GS as a nonhybridizefd state ~ AS;,;=>0.86RIn2 (see Table)l and then can be considered as
aré (i) to have the total expected entropy for the Ce-doublefully magnetic, i.e., with practically no degrees of freedom
GS (AS,,=RIn2) because all the electronic degrees of freednvolved in hybridization effects. This is confirmed by the
dom should be condensed in the magnetically ordered phasg=10 mJ/mol K? values(evaluated a€ /T for T—0, see
(i) accordingly, afT—0 one should observe a Sommerfeld also Table ), which are comparable to those observed in
coefficient (y) comparable to that of a nonmagnetisually ~ Stable-valent rare-earth compourids.
La-based reference compound, ar(di) one should have a With respect to the magnetic properties, all the studied
“nonscreened” magnetic moment of the order gigl per  compounds reach a magnetization value of abguy at 2 K
atom as the saturation value, depending on the crystal-fieldnder a field of 5 T(see Table)L The positive Curie-Weiss
(CP GS. These three characteristics have been observed iemperatures({),';T, see Table)| extrapolated from tempera-

Ill. DISCUSSION AND CONCLUSIONS
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FIG. 3. Low-temperature specific-heat divided temperature and B (T)
inductive component of the ac susceptibility of CgXg_,, for
X=Ga(a) and Al (b). FIG. 4. Field dependence of the magnetization of

CeT,Gay_y, for T=Ni (a) and Cu(b).

tures well below the CF splitting®14~®confirm the devel-

opment of ferromagnetic interactions right above the orderand 4 K isotherms. Further evidence of an AF GS in this
ing temperature. However, one must remark that for thecompound is given by th€,(T) dependence below the or-
“3d” T elements, the®, values obtained from a high- dering temperatur@T,,, defined as the temperature of the
temperature extrapolatior®(") are negativé>'° suggest- maximum of C¢//T(T) in Fig. 1] which follows aT" law
ing that the excited CF level could be hybridized. This pos-With n=2.7 (as shown in the inset of Fig) &lose to the AF
sibility is supported by th@(T) dependence at temperatures dispersion relation. Abovd ,,, the C¢(T) dependence is
on the order of the CF levels splitting that correspond todominated by magnetic fluctuations. The tail of thg jump
some broadened leveld® Such a situation is also observed extends well abové , following anAT~ 2 dependencéwith
in other Ce compounds, e.g., in the(Bd; _,Ni,) F system, A=46 JK/mol, see Table up to at least four time$,,, see
whose CF excited levels hybridize asincreases without Fig. 8. In this compound, no anomaly @y (T) is observed
losing the F character of its GS, according to the zero slopwhere x(T) shows its maximum. A similar situation was
of p(T) right aboveT..?® observed in CePdSb where this shift in temperature of the
Although the general behavior of this family of com- respective maxima was attributed to the strong anisotropy of
pounds is dominated by ferromagnetic interactions, not all ofhe magnetic interactior’s. Then a tentative description of
these compounds can be recognized as clearly having a lontj}e magnetic evolution of this compound can be given as due
range ferromagnetic order parameter. A basic structural fado ferromagnetic fluctuations below about 10 K, which reach
tor of these systems is that they do not have a stoichiometritheir maximum at 4.2 K. Afl,,=3.2 K the thermodynamic
composition and therefore there is an intrinsic disorder iriransition results in an AF structure.
there, mostly depending on the relative size of Thatoms It is remarkable that, with the exception ®&f=Ni, the
with respect to thé& ones. This atomic disorder occurs at the exponent of theC,(T)~T" dependence of the ordered phase
4e sites, which in these compounds is the Ce next-neighbaianges between 18n<2, higher than expected for an ideal
atom?® As expected, the strongest distortion is presented by dispersion relation. These values are extracted from a log
T=Ni (the smallest element of this groufhe difference in vs log representation, as shown in detail in Fig. 10 for
temperature between magnetic and thermal maxima ofeAgyeAls4. In coincidence with the thermal properties,
CeNip sGag 5 indicates a strong magnetic instability in this the respective magnetic moment measure® K andB=>5
compound. An AF character for tie=2 K isotherm of the T (see Table)lare the expected for a full trivalent Ce-ion GS
magnetization is confirmed by an Arrott's pidt(M2 vs  (I'{) in a tetragonal crystal symmetfyIn the case of CeNi
H/M, see Fig. 7, which contrasts with the presence of an ,Ga,_, and CeAgAl,_, a weaker magnetization was ob-
incipient spontaneous magnetization observed inTthe3  served at low field$0.2 T, see also Table.l
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FIG. 7. Low-temperature magnetic-field dependence of the
CeNij sGag s magnetization in an Arrott’s plot.

In this family of compounds “frustration” effects should
not be excluded as the possible origin of the F state. From
the crystallographic information one sees that tléd"” ra-
tio of the lattice parameters ranges between 2.42 and 2.49
(Refs. 14-16,2B It is known that for a critical value of
c/la=2.449, the second and third Ce neighbors lie at the
same distance, then a triangular network is formed in the
[110Q] plane, which gives the conditions for frustration of an
eventual AF interaction. Despite the fact that the first Ce
neighbors do not belong to the safd 0] plane they should

ofPe affected by the same frustration mechanism. Again
CeNig sGas 5 escapes from this situation because itga”
ratio has a lower valudi.e., c/a=2.40) and because the
structural disorder produced by the difference in size of Ni
and Ga is important. This possibility is supported by the fact
that, as they concentration increases, the F interaction weak-
ens(as in CeAyGa,_,, Ref. 29 in coincidence with the
c/aincrease. In any case the stability of the F phase is weak-
ened by the increase of the concentration. As it was ob-
served through thep(T) dependence right abové: in
CeNiy,Ga,_,, CeCuyGa,_, (Ref. 9 and CeAyGa,_,
(Ref. 28, the characteristic Kondo negative slope develops
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offor T>T,,. Inset: low-temperatureT(<T,,) Cq(T) dependence
analysis.
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g
:3 10k 1 4 70% of the atoms per formula unit. The other is related to
= | | some Al segregation observed in the EDS analysis. Even in
05 b 1 the first case, no jump is expected to be seerCi{T),
' because 3.4 Al atoms/mol would produceA&q(T,)<10
. ' mJ/mol K2, a few percent of the ferromagnetic contribution
0.0 : .

0 1 2 3 ' 4 5 at that temperature; see Fig. 10. Concerning the second pos-
sibility, pure Al becomes a superconductorTgt=1.175 K,
T(K) but magnetic impurities could reduce and broaden such a
FIG. 9. Low-temperature inductiv@) and dissipativeéb) com- ;[rarl1<5|t|0r_1 “kehm sf';\mpleF_Z, Wheireas In samplﬁ 1the trans_ltlonf
ponents of the ac susceptibility of CeMl,_, , to show the ferro- 00ks quite s arp, see Fig. 9. In any case, the suppression o
magnetic and superconducting transitions. sgpercondg_cnwty under an external field of 8 mT agrees
with the critical fieldB.,=10 mT of pure Al.
) We conclude that this family of ferromagnetic compounds
as soon as the F character disappears. confirm the fact that the F exchange weakens the hybridiza-
As mentioned before, CeAgAI 5 , also shows an abnor- o strength, as predicted by some theoretical moti@lse
mal behavior. In this compound the,{T) signal becomes  gpsence of hybridization effects on the Ce-GS is confirmed
diamagnetic aff;=0.63 K [see Fig. 80)]. To this end we by the AF compound CeNGa,_, through itsAS,, y and
have analyzed inductive and dissipative componenigdh  §,/qT=0 values. Nonetheless, in each case a detailed
zero and applied dc fields of 0.8 and 8 rtSee Fig. 9and  gnaiysis of the origin of ferromagnetism has to be done and

concluded that they indicate a superconductive transitionye eventual hybridization of the excited CF levels need to be
Notice that, regardless of the arbitrary units)qf, the dia-  taken into account for a realistic description of the system.
magnetic signal is comparable to the F one, though it is

practically not detected in th€.(T) measurements. Such a
diamagnetic signal can be attributed to two possible origins.
One is related to the presence of Al layers formed by these We would like to thank J. P. Lambour for his help in the
atoms in the 4 crystallographic position of the CaZAl,  specific-heat measurements. J.G.S. and O.T. acknowledge
variant of the BaAl-type structuré? that involves nearly the CONICET and Instituto Balseiro of Argentina.
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