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Magnetic ground state of CeNj_,Cu,: A calorimetric investigation
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CeNi;Cu, is a substitutional magnetic system where the interplay of the different magnetic interactions
leads to the disappearance of the long-range magnetic order on the CeNi side. The existence of inhomogene-
ities (spin clusters or phase coexistenbas been previously detected by magnetization and muon spin relax-
ation (uSR) spectroscopy measurements. These inhomogeneities are always observed regardless of the differ-
ent preparation methods and must, then, be considered as intrinsic. We present a detailed specific heat study in
a large temperature range of 0.2 to 300 K. The analysis of these data, considering also previous neutron
scattering, magnetic characterization, gn8R results, allows us to present a convenient description of the
system as inhomogeneous on the nanometric scale. Two regimes are detected in the compositional range
depending on the dominant Ruderman-Kittel-Kasuya-Yosida or Kondo interactions. We propose that the long-
range magnetic order at low temperatures is achieved by a percolative process of magnetic clusters that become
static below the freezing temperatufe. In this scenario the existence of a quantum critical point at the
magnetic-nonmagnetic crossover must be discarded. This situation should be considered as an example for
other substitutional compounds with anomalous magnetic or superconducting properties.
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[. INTRODUCTION (ii ) At higher temperatures the shape of the thermal varia-
tion of the specific heat depends on the crystal electric field
Strongly correlated electron metals have been for a longplitting.
time now one of the most fruitful fields for the discovery of  (iv) The very-low-temperatur€p/T behavior can show
new physical phenomeriaeavy fermions, non-Fermi liquids departures from the predictions of the Fermi-liquid thebory,
(NFL's), quantum critical point§QCP’9, or unconventional Which could serve as the sig.n of the diffe_rent scenarios de-
superconductivity some of them pointing toward a possible Voted to explaining the physics involved in these processes
new description of the quasiparticle ground state. At thelSPin fluctuations that exist close to a QEPGriffiths phase
same time, the study of such magnetic compounds has pré—'_tuat'or‘;?8 disorder-driven  mechanisms like “Kondo
vided additional insight into the understanding of the basicisorder,”® etc). . .
magnetic  interactions (Ruderman-Kittel-Kasuya-Yosida All these features can be used in the analysis of the
RKKY, 4f-3d hybridization, crystal electric field, ejcand CeNb_,Cu, system, which has t_)een stUQIed over the Ias_t few
the interplay between them. years with dlﬁerent macroscopic and microscopic t_echmques
In many of these systems an additional problem appearsu?h as magnetization, resistivity, neutron diffraction, muon
when we are dealing with atomic substitutions. This proble §p|n relaxation(1SR) spectroscopy, etc. The main features

. ) i ) . of this system at the present stage can be summarized as
is described in general as “disorder effects” and could consishiows Y P g

of composi_tion_al local inhomogeneities, phase coe_xis_ten_ce, (a) A complex magnetic behavior was determifedth a
and clusterization processes that in most cases are |ntr_|nS|c Fﬂ’\ange from an antiferromagneti&FM) (CeCy to ferro-
the samples and cannot be avoided by means of differenhagnetic(FM) ground state well characterized by neutron
preparation methods or supplementary thermal treatments. giffraction in CeNj ,Cu, ¢ (Ref. 10 evolving toward the eva-
Specific heat(Cp) measurements provide a powerful nescence of the long-range magnetic order around
method for studying the behavior of these compotifds ~ CeNj, {Cuy ».
the following reasons. (b) A “spin-glass-like” phase was surprisingly found at
(i) The magnetic contribution to the specific heat and theemperatures above the ferromagnetic order 3tata.
corresponding magnetic entropy are related to the energicluster-glass” scenario seems the most plausible hypothesis
levels of the magnetic iongcerium in our caseand the according to ac and dc magnetization measureniénts.
shape of the anomalies corresponding to the magnetic phase (c) In fact, recentuSR studies confirm the presence of a
transition gives a valuable indication as to the nature of théighly inhomogeneous magnetic state at temperatures ex-
transition. tending from the long-range ordered ground state to the para-
(if) The electronic coefficienty provides relevant infor- magnetic regime. This inhomogeneous magnetic state con-
mation concerning the conduction band density of states adists of long-range ordered and nonordered fractions, the
the Fermi level. latter increasing with temperatute.
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(d) The Ni-rich part of the diagram is very sensitive to  TABLE I. Crystallographic data of the CeNiCu, compounds
thermal treatments due to the proximity to the crystallineobtained at 300 K from x-ray diffraction data.
structural changéFeB to CrB.** There appears a marked
decrease in magnetization as a consequence of the strongx  Structure  a (A) b (A) cA V(@AY
reduction of the magnetic Ce moments due to the increasin
hybridization effectg. Some traces of hysteresis, howeverg?o'l cre 3.8004) 10.4901)  4.35%7)  173.13)
have been detected at very low temperatures in the?-15 CrB 3.8143) 10.5638) 4.3905 176.93)
CeNjy gClp 15 and CeNj Cly; compounds, which show 0.2 FeB  7.26@) 4.4252) 55983 180.11)
that the magnetic moments have not been completely ex-0.3 FeB 7.28B) 4.4282) 5.6022) 180.641)
hausted yet® 0.4 FeB 7.302) 4.4451) 5.6242) 182.61)
Many questions still await answers in order for there to be g 5 FeB 7.3200) 4.4712) 5.6463) 184.91)
e;]_full unde(standir;]g ofhsuch hcomple>_<f_berr11avior. The aim of ¢ FeB 7.3541) 45005 5.6585) 187.21)
this paper is to show how the specific heat measurement
performed in these series between 0.2 and 300 K provide FeB 7368y  45062) 56742 188.41)

valuable information that sheds light on the underlying phys- 08 FeB 7380  4.5282) 5.6883) 1902

ics in the system. 0.9 FeB  7.41() 4.5431) 56822 191.31)
Starting in the first part of the article with a detailed pre-

sentation of the preparation methods, crystallography, andrc-melted button between melts in order to improve homo-
quality control of the samples, we go on to present the spegeneity.
cific heat measurements and their corresponding analysis. The crystalline structures of the CgNiCu, compounds
Special care has been taken in order to elucidate the nature gfy,died have been determined by x-ray diffraction at 300 K.
the anomalies found in these compounds. Particular attentiofhe alloys withx>0.15 crystallize in the FeB-type ortho-
has been paid to the analysis of the low-temperature regimgompic structurelPnma space group whereas the alloys
at the compositional region near the magnetic-nonmagnetigith x<0.15 crystallize in the CrB-type orthorhombic struc-
crossover. ture (Cmcmspace group'® Both crystalline structures are
built from Ce trigonal prismgwith a transition metal in the
centej. The two structures only differ in the relative dispo-
Il. EXPERIMENTAL DETAILS sition of the trigonal prisms, which is the reason why Ce-
Ce and CefNi, Cu) distances evolve continuously from one
N ) structure to the othéf
The specific heat measurements in the range<{d.2 The Rietveld analyses were performed considering Ni and

<6 K were performed at the Instituto de Ciencia de Materi-c\; atoms randomly distributed on the saneesite while the
ales de Aragon on a fully automated quasiadiabatiGce jies on the otherdsite.

calorimetet® refrigerated by adiabatic demagnetization of a The narrowness of the x-ray peaks of the as-quenched
paramagnetic saft*®using the heat pulse technique and ger-sample spectra guarantees the good crystallization of the
manium thermometry over the whole temperature rangeésamples except for the Cu-rich ones, i2=0.8 and 0.9
Small ingots of around 0.5 g weight were used for the meayhich showed a broadening of the diffraction peaks. A high-
surement, mixed with Apiezon N grease to achieve goodjacyum annealing at 425 °@ust below the melting point of
thermal contact between the sample and the calorimetric S@eco for one week was carried out on the samples with
(heater and thermomejeeven at the lowest temperature. ~. o 2 Noticeable narrowing of the peaks was induced only
The calorimeter is equipped with a mechanical switch thatyr x=0.8 and 0.9 samples, whereas no significant modifica-
allows temperatures down to 0.2 K to be reached. The absgjons were observed for any of the other compositions.

lute accuracy of the instrument has been estimated to be ¢ compounds with compositions close to the FeB

about 1%. _ -CrB-type structure changé&=0.1, 0.15, and 0)2present

The calorimetric data between 2 and 300 K were obtamegigns of a mixture of FeB and CrB phases for the as-
in a commercial Quantum Design microcalorimeter at theyyenched preparations. The stabilization of the proper struc-
University of Cantabria using the relaxation technique. Iny e in each case was reached with a high-vacuum annealing
this case, thin slab-shape samples 0.5 mm thick and weighs 440 °C for one week.
ing around 8 mg were used. Matching between both sets of Tapje | summarizes the crystallographic data derived from
data in the common temperature range is quite satisfactoryyhe Rietveld refinements at 300 K for the studied com-
pounds. The cell volume increases with the Cu content; the
evolution is quite similar to that reported for CeRf;_;*°
both these sets of data are plotted in Fig. 1.

The samples in the present work are those witf0.1, In order to get a better characterization of the microstruc-
0.15, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9. They are allure of the samples, a scanning electron microsa&yM)
polycrystalline samples prepared by carefully melting to-study has also been performed.
gether stoichiometric amounts of the appropriate high-purity The intensity of backscattered electron images taken with
starting elements in an arc-melting furnace under inert Arm SEM is proportional to the local atomic number of the
atmosphere. Five melts were performed with flipping of thesample. Therefore, these backscattered electron images yield

A. Instruments

B. Samples
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semiquantitative information about composition homogene-

ity in a sample. Samples were prepared for SEM observa- ol . . g
tions by using grinding paper disks of different grain sizes 0 50 100 150 200 250 300

and final polishing with diamond paste. The SEM backscat- TK)

tered electron images were produced with a JEOL electron g5 5 (a) Temperature dependence of the specific heat for
microscope at the University of Cantabria. Magnificationsceni, _ cu, compounds with>0.15 and YNi. The YNi data has
between 350 and 2000 were reached and quantitative eleggen fitted(solid line) considering a Debye and an electronic term
tron probe microanalysis techniques were used to verify thésee text for details (b) The specific heat fok=<0.15 compounds
chemical composition of the phases. We used secondamhd LaNi. The CeNi and LaNi data were taken from Ref. 22. The
electron images to distinguish composition fluctuations fromyata corresponding to different compounds have been shifted for
physical voids in the sample by comparing them with theclarity. The inset in Fig. @) shows the total specific heat in the

backscattered electron images. low-temperature regime.
The backscattered electron images revealed that most of
the sample volume consists of a matrix with the expected A. Estimate of the electronic coefficienty

nominal composition in each case. Electron probe mi- Th | f the i lectroni fficient of th
croanalysis measurements revealed that this matrix is homo-,. € value of the linéar electronic coetlicient ot the spe-
geneous in all the scanned regians5 um?). We observed cific heat(y) has been taken as the extrapolation of the linear
that as Cu concentration increases, samples tend to be ve%yt of theCp/T vs T° %urves at zero temperature, according
brittle and so the tendency to present cracks in the surfac the lawCp=yT+ST" followed at low temperatures, thus

becomes more important overlooking any anomalous contribution. The values ob-
' tained in this way are indicative of the electronic correlation
Ill. RESULTS enhancement, i.e., how far the corresponding compound is

from the free-electron picture. Figure 3 illustrates this ex-

The specific heat measurements performed in the tem : - :
. . rapolation for some selected compositions of the series. The
perature range 0.2 to 300 K on the compositions with FeB- P P

type structure(x>0.15 and also the isostructural YNi are

shown in Fig. 2a). The temperature dependence@f for = e ‘ '

YNi can be accounted for if an electronic term and a lattice % CeNi. Cu

one following the Debye function are taken into consider- = 04 ":g! o

ation. The fit of these data vyields the valueg g

=5 mJ/K? mol andf, =250 K, which are in good agreement % 03

with previous resultd! Figure 2b) displays the temperature I

dependence of the specific heat for the compositions with 5“02 "fg'i
CrB-type structure(x<0.15 together with the already re- : i;O:G i
ported data for the specific heat of CeNi and the isostructural =09
nonmagnetic LaNi compourfd.In that case, the temperature 0.1

dependence o€, for LaNi follows a Debye function with 0= 1 Tzlas(g) ée 28 30
y=5 mJ/K2 mol and #=190 K??
The inset of Fig. ) shows the low-temperature region  FIG. 3. Specific heat plotted &p/T vs T2 showing the tem-
(from 0.2 to 6 K of the total specific heat. The origin and perature range with a linear behavior whose extrapolatiof to
nature of the anomalies shown here will be explained later0 K allows the estimation of the electronic specific heat coeffi-

on. cient y. Only some compositions are presented for clarity.
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TABLE 1l. Magnetic characteristics of the compounds studied: Critical temperafligg; reduced magnetic entropy &k
[Snad Tc)/RIn 2]; linear electronic specific heat coefficigny; magnetic moment per Ce idp) obtained from neutron diffraction analysis
(Ref. 9; Kondo temperaturéTy) estimated from(i) the magnetic entropySy.g, (i) the magnetic susceptibilitygp/10) (Ref. 19, (iii)
guasielastic neutron scatterif@ENS (Ref. 9, and(iv) the minimum in the electrical resistivit(;ﬂ'pmmIS) (Ref. 19.

Snad Tc) Tk Tk Tk Tk y Crystal electric
Compound  T¢ (K)  (units of RIn 2) Stag QENS 65/10 Tpmmls (MI/K2mol)  w (ug) field Ay, A, (K)
CeNj :Clg g 2.9 0.67 4.3 0.7 0.4 131 1 44, 105
CeNjp Clp g 3.0 0.58 4.8 1 0.1 1.9 117 47,128
CeNjy {Clyp 7 3.1 0.45 6.1 0.8 2.4 114 50, 116
CeNjp Clp 2.7 0.46 6.0 2 1 2.8 112 0.6 49, 120
CeNjp Clp 5 25 0.58 4.6 1.4 3.7 151 0.51 55, 146
CeNip Clp 4 2.6 0.60 4.7 1.7 4.7 154 62, 135
CeNjp Clyp 3 2.2 0.48 48 176 50, 116
CeNjp &Cly » 1.8 0.19 6.6 41 7.2 206 51, 115
CeNip gClp 15 8.2 6 45 217 46, 100
CeNip Cly 5 13.8 150 67, 159
CeNi 140(Ref. 22 65 (Ref. 22

differences over the series are clearly seen both in the size of Returning to they evolution for the CeNiL,Cu, system

the Cp/T values and in the slopes of ti@/T vs T? data,  displayed in the same plot, we became aware of the coinci-
which correspond to the differences in the Sommerfeld coefdence of they variation between the two series for Ni con-
ficient (y) and the Debye temperatui@,), respectively. tent larger than 0.5, whereas the compounds closer to CeCu
Table Il reports the values of obtained for all the compo- follow a different trend from the Celfrt;, series. Thus,
sitions.  According to  the reported  values that comparison allows dividing the behavior of the series
(130-220 mJ/Kmol) these samples can be considered agnto two main composition regimes. Hence, the first regime
moderate heavy fermions. The compositional dependence gfould range from CeCu to CepiCuy ¢, Where the values of

y is plotted in Fig. 4. We have shown in the same figure the¥ do not significantly change. This region corresponds to the
dependence of on composition for CeNPtl-y,23 another composition regime yvhere the evolution from an AFM
Ce system typifying the evolution from a localized magnetic(C€CU to an FM(CeNb ,Cuy¢) ground state occurs, giving
state to a delocalized one according to the DoniacHiS€ to complex orde_red spin structures as 'has bgen estab-
diagram?* In the latter case, the value of thecoefficient lished from neutron diffractiofi. This evolution is considered
increases when the Ni content doéscreasing hybridiza- to pe caused by the enhancement of 'ghe ferromagnehc inter-
tion) and reaches a maximum value of more than@ctions closely related to the change in the density of states

? at the Fermi surface driven by the differencesdielectron
200 mJ/K mol around th.e crossover whc_ere the change fromdensity between Cu and Kfi,and it has been also found in
a magnetic localized regime to a delocalized one takes pla

C&imilar RNi,_,Cu, series with light® and heavy rare-earth

Once the 4 delocalization is predominant, the value de- element&?
creases with increasing Ni concentration. The evolution from CeNji,Cu, s to CeNi defines the sec-
CePt Ni content (y) CeNi ond regime. Once the FM ground state sets in, the competi-
0 02 04 06 08 1 tion between RKKY, predominantly ferromagnetic, and
ol e Kondo interactions leads the system from a magnetic local-
| ized to a delocalized Pauli paramagnetic st@eNi), and
~ L | this competition defines the second regime. In that regime,
g the coefficienty is enhanced for compounds with increasing
“'%140 B | hybridization favored by the decreasing cell volume, reach-
E ing values of more than 200 mJ#knol around thex=0.15
= L | | composition.
Let us come back to the cell volume variations of both
70 L i series displayed in Fig. 1. In spite of the change in crystal-
PR O S R RO R lographic structure existing in CeNjCu,, the cell volume
0 02 04 06 08 1 evolves similarly for both series, both CePt and CeCu having

CeC Ni content (1-x CeNi
" 1) ! nearly the same value of the cell volume. They do, however,

FIG. 4. Electronic specific heat coefficiefy) for CeNi,_,Cu,  have to be distinguished. While in CgNiCu, the random
series as a function of Ni compositiqd-x) and for CeNjPy_,  Substitution on the nonmagnetic site Ni-Cu not only changes
series as a function of Niy). The solid line is drawn as a guide the cell volume but also modifies the electronic stéig
only. The dashed lines set the crossover between the two composthanging the number of conduction electronin the
tional regimes defined in the text. CeNiPt,_, case the Ni-Pt substitution modifies only the cell
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volume. However, the evolution of is the same in both al T .fl‘\ ' ‘CIN" é o]
series in the thus defined second regime in GeBi,. The I 094, CINL LR ]
evolution of y was explained in Celfet_, as driven by the

competition between RKKY and Kondo interactions under a)
an internal molecular fiefd according to %, 4
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Tk -
oC
[ PR

T

N

S
JH

i

|

o 00 ® iy
oo

whereH is the Zeeman energy of the magnetic moment as-
sociated with a C¥ ion within the molecular field created by
the other ions. 4+

Then it is deduced from the previous comparison that the ) .
electronic effects do not play a predominant role in the bal- é 3+ v n
ance between RKKY andf4conduction band hybridization S 5 I *
of the second regime. It can thus be concluded that the driv- ;g‘ i ]

ing parameters of the behavior in this region are the inter-
atomic distances rather than the electronic effects.

B. Estimate of Cyaq T (K)

The magnetic contribution to the specific h&a,, has FIG. 5. C ‘ wre in the low-t t .
been estimated for all the compounds by taking as the lattice, . - > ~mag VETSus lemperature in the fow-temperature regime

contribution of each magnetic compound that of the isomor-'iI Ottfd separately for the two composition regions defiriad0.9
hous nonmagnetic one after taking into account the mas\X\o'6 or region where the system evolves from AFM to FM
P round state(b) x<0.6 or region where hybridization effects and

corrections?® Thus, the specific heat of LaNRef. 2 has oo oo predominarior details see text
been taken as the nonmagnetic reference for the CrB-type
structure compound&=0.1 and 0.15while for the rest of ~3T., which becomes more important as Cu content in-
the compositiongFeB-type structurethe specific heat of creasedi.e., as the exchange interactions became more sig-
YNi was used. Using this procedur@,4 reflects any effect nificany. All these features support the predominant role
related to the magnetic order transition and/or the tempergplayed by RKKY interactions in setting the magnetic ground
ture dependence of the electronic term. state in this regime.
We note a perceptible change@,,, betweerx=0.6 and
0.5. Instead of a hump, CefNICu, 5 exhibits a cleain-type
anomaly, with a critical temperaturd:=2.3 K. This
Figure 5 display<,4as a function of the temperature in anomaly becomes even sharper for GaRiu 4 and shifts
the low-temperature range for both regimes as defined in thelightly up to Tc=2.5 K. For the following compounds, the
previous section. anomaly broadens and its maximum value decreases with
Thus, Fig. %a) illustrates the region x> 0.6 where the increasing Ni content. Thus, for compositions witk 0.2,
evolution from an AFM to a FM ground state occurs due tothe anomaly irC,,,4 cannot be distinctly defined.
the modifications of the positive and negative RKKY inter-  The temperature corresponding to the maximum of the
actions. Figure &) shows C,4 for compounds withx  magnetic specific heat coincides with the freezing tempera-
< 0.6, where the magnetic ground state evolves from ferroture (T;) determined by ac magnetic susceptibility measure-
magnetism to a Pauli paramagnetic sta@eNi). ments, which for the compounds in this second regime was
Starting from the Cu-rich side, CefNiClyg shows an  associated with a “spin-glass-like” state developing at tem-
anomaly at the critical temperatu{®:) corresponding to the  peratures above the long-range ferromagnetic dfcf&i-
antiferromagnetic transitioiTy=2.5 K) defined as the in- croscopic studies performed wifkSR in order to shed light
flection point above the maximum of th&,,q curve. The on the nature and origin of these transitions suggested an
anomaly becomes broader and its maximum value decreasggsermediate inhomogeneous magnetic state ad@w/olv-
as Ni content increases; it is significantly reduced forxhe ing into a long-range ordered state at lower temperatures.
=0.6 compound, which shows a broad hump centered aowever, from the specific heat point of view, no other tran-
about 2 K. It is worth noting the smooth variation Gf,,;  sitions were observed at temperatures below the maxima.
above the ordering temperature for these compounds. TheJis feature agrees with the idea of a continuous evolution
effects are related to the existence of a short-range magnetibetter than a second-order phase transitiun the long-
order well aboveTy. In fact, the competition between posi- range ordered state found from neutron and muon results at
tive and negative interactions leads to complex ordered spitow temperature&!Earlier calorimetric studies presented in
structures, as was corroborated by neutron diffractiom.  CeNj, ,Cuy s revealed a very narrow peak at 1}KThe ac-
addition, quasielastic neutron scatterif@ENS carried out  tual measurement in this composition is identical to the al-
in the x=0.9, 0.8, and 0.6 compourfdidicated a supple- ready published one except for that feature. We should bear
mentary inelastic Gaussian contribution persisting up tdn mind that Ref. 10 was an in-depth study on one composi-

1. Gyag in the low-temperature regime
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FIG. 6. Cyad T vs T representation of the specific heat for
CeNi;_Cu, in the compositions studied. The inset shows the varia-
tion for the compounds near the magnetic-nonmagnetic crossovéf
x=0.1, 0.15, and 0.2.

FIG. 7. Magnetic entropysn,g for CeNi,_4Cu, versus reduced
mperatur€T/Tc) for some selected compounds for clarity.

studies by both macroscopiac and dc measuremetfisand

tion of the CeNj_,Cu, series and at that point when even the microscopic(uSR) technique¥ in the compositions around
magnetic phase diagram of the series was unknown, we wese=0.2 revealed that the magnetic moments are not yet ex-
not aware of the enormous relevance of a meticulous chahausted. However, long-range magnetic order, if it exists,
acterization of the samples. In fact, the sample reported igannot be detected by neutron diffractiauithin the resolu-
Ref. 10 was melted in an induction furnace and its degree ofion of the available experimentsince we are dealing with
inhomogeneity was not as well characterized as in theery reduced values of the magnetic moment. Both experi-
present study. ments point toward some kind of short-range ordered states

Taking a look at the very-low-temperature side of theand reveal evidence of spin-glass arrangements even for the
Cmad T vs T curves(Fig. 6), we can observe an almost con- x=0.1 compound® Thus, on the basis of all these results we
stant behavior for CelsCly 15 and CeNj «Cuy 4. This fact  have to discard an intrinsic electronic effect leading to a NFL
indicates the Fermi-liquid character of these compounds. lpr quantum phase transition around tke0.2 compound.
should be remarked that the Fermi-liquid theory should onlyThe divergence ilC,,,/ T could be related to the existence of
be applied at very low temperatures where it describes tha small anomaly at lower temperatures as was found at very

low-lying excitations of the quasiparticlémteracting fermi-  |ow temperature in ac susceptibility measureméts.
ong. However, it is usually assumed that this label can be

extended to compounds presenting a constant electronic spe- 2. Low-temperature magnetic entropy
cific heat and magnetic_susceptil_ail_ity Co_eff_icient and'za The magnetic entropies have been calculated from
dependence of the electrical resistivity. This is the case of the .
Chad T corresponding to th&=0.1 and 0.15 co.mpounds.. Spao= Cmagd-l-
In f-electron compounds, strong electronic correlations W) T

can lead to anomalous low-temperature properties indicating
that the system changes from a nonmagnetic to a magnetand are shown in Fig. 7 versus the reduced temperature
ground state as a certain parameter such as concentration ' Tc) for the most significant compounds.
pressure is tuned. Typically, the NFL behavior is associated The first point to be discussed in the entropy analysis is
with a diverging specific heaE,,/ T when approaching  the shape of these curves beldw. As has been pointed out
=0 K, while the Fermi-liquid theory predicts a constantin other series such &Ga, (Ref. 30 andRNi,Si, (Ref. 31),
value? this shape is closely related to the magnetic structure and the
In CeNi_,Cu,, the whole set of measurements traces ahermal demagnetization processes. The more simple the
crossover from magnetic order to Pauli paramagnetic behawtructure is with well-defined anisotropy, the sharper the in-
ior, thereby crossing some critical concentration range whererease of the entropy is, defining a clear change of slope at
long-range order is expected to vanish. Therefore, one mighlc. This is the case shown in Fig. 7 where for the AFM
ask if NFL behavior might arise in this system. In that sensegomplex structure$x=0.8 and 0.9 a slow and progressive
what is remarkable is the divergence of g,/ T curve at  increase is observed, whereas for the FM ¢xe0.4) the
low temperatures for the=0.2 compound. increase is sharper and a knee is observed.attTmust be
We are tempted to attribute the origin of this divergence tostressed, however, that in this CelNCu, series these varia-
its being the critical concentration where long-range magtions are quite smooth even in the case of FM compounds,
netic order is suppressed, then presenting a NFL behavior asdicating a high degree of magnetic disorder.
in other series exhibiting, in principle, a similar scenario. In all the compounds the magnetic entropyTatis lower
However, the existence of a transition at lower temperatur¢han RIn 2=5.76 J/K mol, the value expected from a dou-
cannot fully be ruled out. The low-temperature dependencélet ground state, which is the one presented by thé Da
of Crag T must be carefully analyzed in this case. In fact, asunder an orthorhombic framework. The reasons for such a
we mentioned in the Introduction, very-low-temperaturereduction are at least two. The first one is the complexity of
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the magnetic order with the existence of short-range interac- 6 . . . .
tions aboveT; this should be the main effect in compounds
close to the CeCu limit. The value of the entropyTatde-
creases as the structure become more comR&KY com-
peting interactions being the predominant effe€he second
is the Kondo effect, which reduces the value of the magnetic
moment that is the dominant effect once the ferromagnetic
order is establishetk<0.6) and the Kondo interactions be-
come more important. This reduction of the magnetic mo-
ment has been confirmed by neutron and muon
experimentg %13

From this last assumption & value can be estimated
considering the reduction of the magnetic entropyafrom =
the value ofRIn 2.32 Using a simple two-level model with an g
energy splitting ofkgTk, we can calculate the reduced en- §
tropy atT. as T

E
&)
AS_ |n[1+ex;(j>] + B{M}
R TC TC 1 + eXFi_ TK/TC) j | ) | ) | ) | %, pooosen
This expression must be applied for transitionsTatto 0 30 100 %(512) 200250300
long-range magnetic order which is not really the case in our
compounds withx=<0.6. In this case the specific heat FIG. 8. Magnetic contribution to the specific heat as a function
anomaly atT¢ is related to the spin freezing temperature. of temperature for CelyiCug ¢ and CeNj (Cly 4 Solid lines corre-
However, the frozen state in these samples is a cluster glaspond to the paramagnetic CEF contributisae text The arrows
with ferromagnetic correlations inside the clusters. So, eveindicate the main transitions in the CEF level scheme.
if some fraction of the entropy is invested in the disorder )
among the clusters, this approach can give us an estimate With the excited states separated from the ground state by
the Kondo temperatures in order to follow their composi-€Nergy gapsd; and A,. A Schottky-type anomaly is then
tional evolution. expected. The hump around 50 K appearing in all the studied
For the compounds with no anomaly @,,Jx<0.2), the compounds of this series has been analyzed considering this
estimation ofTy requires another kind of analysis. From the CEF scheme. The values; and A, that correspond to the
Sacramento and Schlottmann calculations forJal/2  Pest Schottky-type fit i€y, are listed in Table 1.

impurity,33 one could estimat&, as the value at which 45% The value_s_ obtaingd for the energy gaps are similar for all
of the totalRIn 2 entropy is recovered. the compositions with FeB-type structure. Moreover, the

Taking into account the perturbation induced by the short/€vel scheme found for the CrB compositiohs=0.15 and

range order correlations and the two different methods usefl-1 is close to that corresponding to the FeB-type ones. This

to estimate theT, values, these results must be looked atreSult indicates that the Ni-Cu dilution does not signifi-
with care. cantly modify the CEF splitting over the series.

Table Il summarizes the values obtained T in each Special attention must be paid to the CrB compositions.

composition. In the same table we also present the values " the one hand, the presence of Schottky-type anomalies

T, estimated from susceptibilty as |6p|/10, QENS® and supports the fact that the magnetic moment if*Gemains
resistivity asT, /5.1 localized still for those concentrations close to CeNi. On the
o .

It is clear that the right estimate ofx comes from other hand, the values found for the samples with CrB- and

QENS? where the quasielastic signal is directly related toF€B-type structures reveal that the change in the structure
the Kondo temperature. The valuesTf obtained from the ~d0es not introduce significant changes in the CEF sensed by
magnetic entropy are clearly overestimated due to the erfhe Cé" ions. This fact |nd|cat_es the S|mllar|ty between both
tropy associated with cluster-glass formation. structures as was already pointed out in Sec. II B. _

The most interesting feature in all these estimategds In contrast, it is Worth_ noting that for the |_ntermed|ate
that, in spite of the different magnitudes due to the differen/@lence compound CeNi, a broad contribution centered
time scales of the techniqués3*35the same relative varia- around 140 K was observed in previous wofkst being
tion of Ty is found with increasing Ni content. related to spin quctua_nons present in compounds close to the

onset of ferromagnetism.

The magnetic contribution to the specific heat in the para-
magnetic range together with the best fit obtained for the

Apart from short-range order correlations that might beSchottky anomaly and the associated level scheme are illus-
present above the critical temperature, the contribution terated in Fig. 8 as an example fa=0.9 and 0.4.

Cmag @boveTc arises from the crystal electric fielCEP. Finally, the magnetic entrop$,,, calculated from the
Due to the low-symmetry site occupied by the*Cens in experimental,,4 variation for the 0.2 T <300 K tempera-
this system, thel=5/2 multiplet splits into three doublets, ture range is shown in Fig. 9 for some selected compounds.

$Al=62K

0

5 X

4b ! ﬁ
3

2

i CeNiO' GCuO' 4

C. Ciag @boveT¢
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fects and then long-range magnetic order is hard to reach.

16 For compounds presenting higher Ni contenbehaves as in
_ the nonordered heavy fermion compoungs;,1/Tx. In our
B 12 case, however, important magnetic disorder effects still pre-
& vail. Furthermore, the magnetic moments are not completely
% 8 exhausted and they can arrange at very low temperatures.
2 The complex magnetic behavior and the evolution of the
UE, 4 interactions in this series can be condensed into the sketch
x=0.2 picture displayed in Fig. 10.
1 Previous bulk data suggested the existence of a spin-
0 L I . I . [N B . . . . .
0 50 100 150 200 250 300 glass-llke ph_a_sécluster glass in Fig. _])(hppearmg in a cer-
T) tain compositional range of this series at the freezing tem-

peratureT;.112° In addition, long-range ferromagnetic order

FIG. 9. Magnetic entropys,,q versus temperature extended to at very low temperatures has been confirmed by neutron dif-
the whole temperature range studied for CepfGu,. fraction anduSR studies at least down to the composition
with x=0.21336 The low-temperature specific heat for these

For increasing temperaturg,,, progressively increases due Compounds exhibits marked anomalies at the freezing tem-
to the thermal population of the excited CEF levels, reachind€"atureT detected by ac susceptibility. The shape of these
saturation around 250 K. The saturation values are close tno}r(nahe_s, rlowever,tdlffe_rs from W_hatl IS _explected around
the theoretical valu®In 6=14.89 J/K mol, as corresponds € Ireezing temperature in a canonical spin giass.

to the magnetic entropy of a €eion with a total angular So _far, a |°t.°f exE)er!mentaI "data on the magnetic heat
momentumJ=5/2. capacity behavior of “spin-glass” systems are available and

few analytical expressions have been used to reproduce the
data for the different samplé$38 Furthermore, the “spin-
IV. DISCUSSION glass” Iab_el has been used to refer_to many o_Iiffe_r(_ent situa-
tions ranging from the canonical spin glas®., individual
The actual calorimetric study has provided useful infor-sping to magnetic ground states close to superparamag-
mation about the complex magnetic ground state found imetism (i.e., noninteracting magnetic spin clusterghat is
this system. This section is devoted to analyzing the behaviahe reason why some of the spin-glass properties do not seem
of the series, based on both the present and the previows be universal. In particular, it is usually assumed that the
studies carried out so far. magnetic contribution to the specific heat shows no sharp
First, we must remember the division of the series intoanomaly at the freezing temperature, as found in other heavy
two regimes with respect to the heat capacity findings. Alfermion intermetallic compounds with spin-glass-like behav-
though the competing interactions are present throughout thier: U,PdSi (Ref. 39, URh,Ge, (Ref. 40, and more re-
series, the heat capacity reflects that the interplay of the ineently CeNjSn, (Ref. 41). Our data do not conform with this
teractions and their magnitude are tuned by the compositiocommon phenomenology although the magnetic macro-
Thus, we have defined a first regime where the competingcopic measurements clearly point to a spin-glass-like behav-
exchange interactions are predomingh®<x<0.6), giving  ior.
rise to a change from antiferromagnetism to ferromagnetism. Furthermore, the magnetic entropy reached at the spin
The second regime is characterized by the increasing Kondioeezing temperature is estimated to be 45-60 % of the the-
effect driven by the decreasing cell volume. As the Kondooretical valueRIn 2 corresponding to the full degeneracy of
effect becomes more important, the Ce magnetic momente magnetic ground stateee Table . That percentage is
become smaller and the effective magnetic interaction deslightly higher than those reported for the crystalline dilute
creases. spin-glass systems MnCu or AuF22-33 %,%? even taking
In this second regime the general behavior is the same asto account the entropy reduction due to the Kondo effect in
that expected for a Kondo lattice system and the electroniour samples. Compared with our data, a similar specific heat
coefficienty evolves similarly as in the Ceit; series’®a  and magnetic entropy behavior was also found in amorphous
clear example of a Doniach-predicted behavior. Gd3:Al 67 (Ref. 43 and EggNisg (Ref. 49 alloys. In addition,
The maximum value of corresponds to the composition for those compounds the magnetic specific heat showed a
where Kondo interactions overcome the molecular field ef-T®2 temperature dependence, indicating a collective excita-

CeNil_xCux 4£.CONDUCTION BAND HYBRIDIZATION
DISORDEREFFECI‘S
FM CrB Valence FIG. 10. Schematic evolution of both the
|x-09|x-os|x-o7 X=06 X=05| X=04| X=03| X=02[X=0.15 x_01| magnetic behavior and structural characteristics
Clubter-glass of CeNi;_,Cu. The two different regimes deduced
S Ceﬁ L= from these calorimetric studies are indicated to-
17 . . . .
N Do cealized gether with the predominant interaction.
magn. moment
F-AF COMPETING
INTERACTIONS
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developing in the system. The combination of all the tech-

ABBA

61 P niques, however, yields a complete dynamical picture of the
— oo o system sinceuSR bridges the gap between neutron scatter-
E i ing on the one side and bulk magnetic measurements on the
N~ 4l y other®®
= Considering our experimental results as a whole, we can
2| o i propose a convenient description of our system. Although

X=g‘: ° x-ray and neutron diffraction and scanning microscopy re-
X =0.

<= 06 | flect a clear homogeneity of the samples at the micrometric
X203 level, we can be sure that inhomogeneities in the random
T R E— distribution of Cu and Ni appear at the nanometric scale.
2 When temperature is lowered from the paramagnetic state
T3/2(K3/2) ! ’
zones or clusters of magnetic moments develop due to the
increasing short-range magnetic interactions. These clusters
reeze afl;, losing their dynamical aspect. At lower tempera-
tures the magnetic clusters interact among one another and
percolate giving rise to a long-range ferromagnetic state at
very low temperatures, in agreement with the ferromagnetic
tion. These results indicate that ferromagneticlike spin wavesxcitations detected by specific heat bel®dw This percola-
can be excited in these amorphous alloys, although the ovetive process scenario, reminiscent of that proposed by Dag-
all magnetic structure is not ferromagnetic but rather spirotto in manganite€® is also present in many substitutional
glass. Figure 11 displays the temperature dependence of ogystems such as semiconductors, highsuperconductors,
magnetic specific heat in the for@,,, versusT®? for the  etc#” The CeNj_,Cu, is, thus, a clear example of a strongly
ferromagnetic compounds with=0.3, 0.4, 0.5, and 0.6. It is correlated electron system presenting a percolative scenario.
clear thatC,,4 follows the T2 dependence up to about T;7 In the compound withx=0.2, the inhomogeneous mag-
in a similar manner as observed in the amorphous comretic state, where ordered and nonordered fractions coexist,
pounds cited above. The existence of these ferromagnetixtends over a wider temperature range. A fully long-range
correlations yields a faster enhancement of the magnetic erdered state has been detectedd8R and ac susceptibility
tropy than that of a canonical spin glatisear with tempera-  only below T~0.5 K1314At this point we must remember
ture). Thus, the maximum value of the specific heat has to béhat this compound was reported to be on the crossover point
reached at a lower temperature than theTl.6xpected of the localized-nonlocalized magnetisiln fact, the spe-
value®”*8 as happens in our series. cific heat measurements do not show any sharp transition as
Neutron diffraction experiments at very low temperaturein the other compounds. Furthermore, recent neutron diffrac-
have been conclusive in ascertaining the existence of longion studies do not detect any magnetic contribution within
range ferromagnetic order inx=0.6, 0.5, and 0.4 the experimental limit§® These results evidence how re-
compounds:*® Neutron scattering is primarily a probe of duced the Ce magnetic moments are in this alloy. Being so
long-range correlations. On the other hapéBR spectros- close to the disappearance of the magnetic moment and re-
copy is a much more local probe than neutron scattering, angarding theC,,,/ T behavior presented in the previous sec-
needs no large coherence length. Consequently, it is partiction, one could be tempted to look for a NFL behavior de-
larly sensitive to short-range order and other forms of disorfining a QCP in this composition. In that sense, Fig. 12
dered magnetisr#. Our uSR results indicate the existence of shows the corresponding fits Gf,af/ T for this compound to
an inhomogeneous magnetic state at temperatures above thelog,, T law, as observed for the case of magnetic
freezing temperatur@; (seen by ac susceptibilitgthat runs  fluctuation$*84° and aT'* law as proposed by Castro
into the paramagnetic regime. The basic feature of this interNeto® who considered the existence of Griffiths phases con-
mediate state is the coexistence of ordered and nonorderaisting of magnetic clusters embedded in a nonmagnetic ma-
fractions. The latter decreases as the temperature is lowerédlx.
until T; is reached. BelowT;, long-range order, from the Although the agreement factor of these fits is comparable
1SR perspectivé? prevails. Nevertheless, it must be stressedo other systems reported as non-Fermi ligftisn the
that this long-range ordered state detected by muons presemsesent case we have powerful reasons to discard this option.
strong local magnetic disorder as reflected by the wide fieldn the one hand, ac susceptibility shows the presence of a
distribution on the muon site arising from those analysestransition at very low temperatures as we pointed out afove
This distribution leads to the fast damping of the oscillatoryand, on the other hand, the hysteresis loopg=#0.15 and
pattern observed in the seri€s. 0.1 compounds observed at very low temperafdresggest
It is worth remembering the difference in the time win- the existence of a “cluster-glass” state even for those com-
dow for the study of spin dynamical processes when compounds that macroscopically behave as Fermi liquids with
paring the different experimental techniques used sGf;  almost constanC,,4/ T value.
ac susceptibility, specific heat, neutron diffraction, ariR In our opinion the scenario for this series has to be under-
spectroscopy Each technique can access a different characstood without considering a QCP situation, but rather as only
teristic range of the rate of spin fluctuations and hence proa consequence of the increasing hybridization in an intrinsic
vides different information concerning dynamical processesnhomogeneous state that leads to a cluster-glass situation.

C
0

FIG. 11. Temperature dependence of the magnetic contributio
to the specific hed@y,4for the FM compoundg=0.3, 0.4, 0.5, and
0.6 in the formCpn,g versusT®2 The data corresponding to differ-
ent compounds are shifted for clarity.
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12— e close to the Cu-rich side, where the exchange interactions are
predominant and the magnetic behavior resembles our find-
1 ings in otherRNi;_,Cu, series[i.e., NdNi_Cu, (Ref. 28]
a=-0.803(6) | leading to changes from AFM to FM; the second one with
T=7.7Q1) | ferromagnetic behavior, but governed by Kondo interactions
i tending to reduce the Ce magnetic moment that vanishes in
the CeNi compound in agreement with the Doniach model,
. in a similar way as already found in CeRt;_,.>>?*We have
also carefully investigated the possible existence of a NFL
behavior for compositions close to the apparent vanishing of
the long-range order and its relation to a QCP. Considering
the analysis ofCy alone, we can report an enhanced Fermi-
liquid behavior(y constant with temperaturéor compounds

—
T

=
oo
T

a)

Cmag/T (J/K mol)
o ©
S N

i

g with x<0.2, and a divergence in th@s/T vs T plot for x
‘g 0.5 =0.2 that could be reasonably well reproduced by NFL mod-
= els. However, supplementary information obtained by ac and
% dc susceptibility measurements confirms the existence of
< . . . .
g hysteresis loops at low temperature indicating that the mag-
© netic moments are not fully exhausted in those compounds.
0.1 , , The QCP scenario is then not required to account for that

e
[\S]
—_
(=]

behavior in this series.

A special effort has been made to understand the magnetic
contribution ofCp, related to the spin-glass state or the short-
plots for thex=0.2 compound. The reported T,, and values are range magnetic ordered state. For this purpose we have con-

the parameters obtained from tf@ Cpnag T logyg(T/ To) and(b) sidgred prgviou_suSR, mf.-utron diffraction, ang,. res_ults,
Crnag T T laws. which provide different time scales of those dynamical pro-

cesses. The critical temperatufg represents the tempera-
ure where ferromagnetic correlations are established, al-
hough full long-range order only occurs at lower

1
T(K)

FIG. 12. (&) Cad T vs logio T and(b) 10g;o(Crnag T) Vs logyo T

The more important the reduction of the magnetic moment

1I§r,]_the; Itower tlst_the stab 'I'tgl of a;hlong_;rar;ge o(;dere% Sélatgtemperatures. Considering the overall results it has been pos-
Collsen:r;r?‘rgrehaerlg%;eﬁqeamneet'sc mgmizlnlfsi g.rlll :rss(':s”t .?] the3§ible to propose a convenient description of our system. Its
W gneti i persist magnetic behavior can be fully described by the existence of

NF1I:hreg|me,_g?t|s trf]etrﬁ:ase n M.n§|. dh id b interacting magnetic clusters that percolate, giving rise to a
€ possibility of th€ scenario proposed here cou ong-range magnetic state at very low temperatures.

extended to other substitutional systems such assUed, ) :
ur results allow us to extend the large variety of ex-
g‘;eg? -52Gand(RSBeefmggmofr]z r(aeqﬁtr:_trl]y % %Qi:éé?i;sg an(tjere amples of systems presenting intrinsic inhomogeneities that
S1G& : Where intrinsic dis s W Ireach long-range magnetic order by percolating processes

det(elctgd. ;l—hIS rf]act yzomts (l)Ut trt\e t|rr]nportance of Carefﬂ:l{'semiconductors, manganites, hiig-superconductors, ejc.
analysis of such systems Close 1o the evanescence o strongly correlated electron metals underlying those intrin-

Ic;)ng—trange m:lglgr][etlc' ordethe dQ(t:Ft’. The qtj?)ntum ?_ffectj bsic disorder effects that cannot be avoided and are present in
ue to new electronic ground states must be confirme ixed or substitutional systems,

studies carried out in good single-crystal samples and avoid-
ing substitutional effects.
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