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Phase diagram of the CeNji_,Cu, Kondo system with spin-glass-like behavior
favored by hybridization
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We present the magnetic phase diagram of the Kaifelvomagnetic and antiferromagneticeNi, _,Cu,
series revealing the existence of a “spin-glass-like” state above the Curie tempefaturéhe stability
temperature range of this magnetically disordered phase increases when approaching the magnetic localized-
delocalized crossover poink£0.1). This phenomenology is first discussed considering a classical model of
spin-glass phase diagram including the effect of Kondo interactions. The similarities to the scenario described
by recent theoretical analysis of strongly correlated electron systems, considering disorder and competing
Ruderman-Kittel-Kasuya-Yosida and Kondo interactions, are also pointed out.

. INTRODUCTION compound¥® ! are summarized in Fig. 1. The stability do-
main of the orthorhombic FeB-type struct{fenma extends
The competition of interactions in strongly correlated for 1=x=0.2. CeNi is CrB type(Cmcm). Both structures
f-electron systems is attracting a great deal of interest bediffer only in the relative disposition of trigonal prisms. A
cause of the physics involved: Kondo lattice, heavy fermi-change from antiferromagnetisrtAFM) for CeCu and
ons, and recently non-Fermi liquidNFL's) or quantum CeNpiCly o to ferromagnetisniFM) for x<0.8 is observed,
phase transitions at zero temperattfen adequate way to @ in  other RNi; ,Cu, series’’ Simultaneously, the
approach the problem is to study a system where the Compé_f-conducyion-_band _hy_bridization incregses with the Ni con-
tition between the different interactions, needed to indaice €Nt évolving in a similar way to that in the much studied
priori those behaviors, could be modified by a single paramCeNi - xP% Series: The stronger hybridization effects appear

 thic ; the Ni-rich side, with CeNi being an intermediate valence
eter: this is the case of CeNi,Pt, (Ref. 3 and CeRyGe, " ' .
(Ref. 4 both evolving from ferromagnetism to Fermi-liquid c°mPound. Consequently, these CeNCu, compounds are

behavior by changing composition or pressure, respectively 54 - 195
or the well-known Y, _,U,Pd; (Ref. 5 and CeCyoAug, ' ‘ ' | I I
(Ref. 6 systems which are some of the paradigmatic NFL's. 4 190

Additionally, an increasing number of authors are referring 29 |-
to the relevance of disorder effetfsn the low-temperature
thermodynamic and magnetic properties of these substitu
tional strongly correlated systems and they find ground state,~. 15
such as spin-glass ones induced by structural disorder or rarZ CeNi. Cu
dom competing interactions. In such a way, recent experi-[_‘bd bxox
mental research on the ground state of the GgBliyg 10 |-
compound shows that this Kondo lattice compound, with AFM; FM
low local symmetry, presents a simple collinear ferromag-
netic long-range order below-=1.1 K with the magnetic 51 : .
moments lying in theb direction. In addition, from all the i P 165
measured bulk properties a spin-glds$5) state belowT; i "
=2 K is found, while at higher temperatures the compound 160
becomes paramagnetic. In this context the general
CeNj,_,Cu, series presents many noticeable features, pro- CeCu
viding a singular and attractive system to investigate the rig 1 concentration dependence of the cell voluffil
competition of the different involved interactions, i.e., indi- gircleg and the Kondo temperature estimated from different tech-
rect [Ruderman-Kittel-Kasuya-Yosid4RKKY)] exchange nigues: magnetic susceptibility f,|/10, full squarel quasielastic
interactions, large  #conduction-band  hybridization neutron scatteringQENS, open squargsor the CeNj_,Cu, se-
(Kondo) and strong crystalline electric-fielCEF) local an-  ries. The broken lines separate the FeB-CrB crystallographic struc-
isotropy combined with the presence of disorder effects. tures and AFM-FM magnetic states. Full lines are guides for the
The previously obtained results for CgNjCu, eyes.

-1 185

| |
I »
L <o
(;¥) QuIn[OA T19D

—_
~]
<

RO ARSI S B

1 0.8 06 04 0.2 0
X CeNi

0163-1829/2000/610)/6821(5)/$15.00 PRB 61 6821 ©2000 The American Physical Society



6822 J. GARCA SOLDEVILLA et al. PRB 61

an interesting example of the few FM Kondo systems. It isx-ray dispersive analysieXDA). For each sample the same
worth mentioning that the crossover from the localized to theproportion of the constituents was obtained in different se-
delocalized regime is defined aroure-0.1. In addition to lected areas.
this vast phenomenology, the observation of a SG-like freez-
ing above the ordering temperature in Cghuye
compound impels us to extend the search for SG behavior to
the whole series. The aim of the present article is to present 53¢ sysceptibility measurements, and their frequency
the phase diagram arising from that research, to discuss thgqg field dependence, magnetization measurements up to 9
role of the mentioned interactions, and to provide a scenariq a5 well as the analysis of the low-field magnetization in
for future tuning of the theoretical approaches. field cooling (FC) and zero-field coolingZFC) have been
performed for all the studied samples, down to 1.8 K, in a
PPMS (Quantum Designmagnetometer. The amplitude of
the driving fieldH ;. was 1 Oe and the temperature was regu-
lated to 0.01 K. In addition, magnetization loops and relax-
The studied compositions were those with-0.2, 0.4, ation time measurementgfter ZFC, a 0.5-T field was ap-
0.5, 0.6, 0.7, 0.8, 0.9, and 1. X-ray and neutron diffractionplied for 5 min and switched off at=0) have been
confirmed the same FeB-type orthorhombic structure for alperformed in the Ni-rich samples.
the samples. The neutron-diffraction data ascertain a random In Fig. 2, the real part of the ac susceptibilify at w
Ni/Cu distribution on the 4 transition-metal site. The cell =100Hz measured in zero applied field is presented as a
volume as well as the Ce-Ce and (Q¢i/Cu) next-nearest- function of temperature. For CeCu the maximum at 3.7 K
neighbor distances increase continuously through the seriesprresponds to the N¢temperaturdy and for CeNg ;Cly o
with increasing Cu conter{see Fig. 1. The Rietveld refine- a similar behavior Ty=2.3K) is found[Fig. 2(@]. The
ment of both x-ray and neutron patterns gives in all the cases

lIl. xac AND MAGNETIZATION RESULTS

Il. SAMPLES CHARACTERIZATION
AND EXPERIMENTAL DETAILS

Bragg accuracy factors better than 9%. Only very small 1.4 , , ,
traces(<3%) of the CeCy impurity phase were detected for o 6.25 | CeNi_ .Cu,
the two Cu richer compositionsx&0.9 andx=1). The 1.2 F < e
macroscopic homogeneity of the samples was checked by ! 6.2 ~‘ 1
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T(K) FIG. 3. (a) Real component of the ac magnetic susceptibility as

a function of temperature measured at different frequencies for
FIG. 2. Real part of the ac magnetic susceptibiligy, at v CeNj ¢Cuy ». Inset shows the frequency dependence of the tempera-
=100 Hz and zero applied magnetic field as a function of temperature maximumT;, the line fits the Voguel-Fulcher lawb) Real
ture for the CeNi_,Cu, compounds(a) Antiferromagnetic com- component of the ac magnetic susceptibilig100 Hz) as a func-
poundsx=0.9 andx=1. (b) x=0.2 and ferromagnetic compounds: tion of temperature measured at different applied fields for
x=0.4, 0.6, 0.7, and 0.8. Inset shows the detakof0.2. Note the  CeNjpCuy,. Inset shows the field-cooled and zero-field-cooled
different susceptibility scales in figuréa) and (b). magnetization vs temperature with a field of 100 Oe.



PRB 61 PHASE DIAGRAM OF THE CeNj_,Cu, KONDO. .. 6823

magnetization curves show beloVy a transition with the CeNi Cu

magnetic field0.65 T forx=1 and 0.1 T fox=0.9 at 2 K). 8 1-x X

The FM compounds 04x<0.7 [Fig. 2(b)] show an in- s Pommrete ol id o
crease of the susceptibility at low temperatures, reaching ¢ T 10 P
maximum which does not correspond to thig and their 6l Spin Glass 1;1 P
magnetization curves dow 2 K are paramagneti@s for 105 %

the previously reported CeNiCuyg (Ref. 9]. The ] = - B
CeNp ¢Cly, compound, where long-range magnetic order & 4 Yo, —& 4 o0 eBE 8 (i)_
was not detected down to 1 K, presents the smallest susceg; B ' Y et < %
tibility (except, of course, for AFM CeCtout a broad maxi- 3 : P
mum is observed, centered at 6[&ee inset Fig. @)]. As a Raramagnelie Spin ¥
trademark of the behavior found for compounds wikh 2 Glass: | |
=<0.7, we present in Fig. 3 the frequency and magnetic-field 1 - T S -
dependence of thg,. for CeNj Cuy,. The position of the 0 & . %/W////Gy//ﬁﬂ . i
maximum at 6 K shifts to higher temperatures with increas- 1 0.8 0.6 0.4 0.2 0
ing frequency[Fig. 3(@)] and the anomaly is strongly re- CeCu X CeNi
duced by the application of a weak magnetic figtdy. 3(b)].

Accordingly, the imaginary part of . follows the same fre- FIG. 4. Magnetic phase diagram for the CeNiCu, series as a

quency and field dependence. A similgg. behavior was function of Cu concentration, where open squares represent the
observed for the FM compoundx<£0.7). These maxima long-range magnetic ordering temperatdrgy and full squares
are associated with a SG-like freezing bel®y; defined as represent the spin-glass freezing temperafyrelnset: Van Hem-
the temperature of thg,. maximum. For the AFM Cu-rich men classical phase diagram proposed in Ref. 19. The arrow shows
compositions Xx=0.9), the maximum corresponding to the the directiop of thg displacemgnt for ingreasing Ni content to help
T, does not present any frequency shift and is unaffected bif'® comparison with the experimental diagram.
the application of a magnetic field up to 2 kOe and we have
not observed any anomaly jf,. Which could be attributed to  pounds belowT;. As a complement to these macroscopic
a SG transition. measurements, further neutron static and dynamic experi-
The frequency shifts of the maxima in thé susceptibil- ments would be required to characterize the aggregates mi-
ity yield ratios AT;/[T;-A(In)], ranging from 0.004 to croscopically and they are already in progress.
0.006, which are in good agreement with values previously
reported for metallic glassés.Furthermore, they(T;) de-
pendence follows the Vogel-Fulcher Idwee inset of Fig.
3(a)] characteristic of a SG behavibt;* From these results we can propose the ground-state phase
diagram represented in Fig. 4. Theriori conditions for the
E. existence of a SG-like state were discussed in detail in Ref.
v="o ex;{ T T—T, 9, where the competingpositive and negatiyeexchange in-
teractions and the disorder in the Ni/Cu nonmagnetic sites
which, considering a typical constant valuergf=10"Hz,**  favoring an almost random anisotropy were considered. Fur-
permits us to estimat&, and T,, the obtained values are thermore, this Ni/Cu disorder locally influences the polariza-
consistent with those reported for metallic spin glasses. Th&on of the conduction band leading to an additional disorder
FC and ZFC magnetization data shown in the inset of Figof the magnetic interactions.
3(b) for CeNip Cuy 5, as an example of such behavior, con-  Let us discuss now the proposed magnetic phase diagram,
firm that the spin freezing point corresponding to téH which is highly illustrative of the role played by the different
irreversibility appears in this compound at 6(#r 100 Og. interactions and the detailed competition between them. In
However, the shape of the FC magnetization shows no plahe AFM CeCu limit, the mostly negative magnetic interac-
teau as usually occurs for the canonical spin glasses. Simildions are strong enough to establish a well-defined long-
FC and ZFC behaviors have been found in random anisofange antiferromagnetic structureFor these Cu-rich com-
ropy system® and reflect complex magnetic arrangementspounds (which have the larger interatomic distance®
usually named ‘“speromagnetism” and are considered adications of Kondo effect are found. When we substitute
analogous to the SG in amorphous systems. This consists dfi for Cu an increase of thef4conduction-band hybridiza-
frozen magnetic moment aggregates, randomly distributetdon and a change in the magnetic chara¢sfM to FM)
and oriented, leading to a total zero magnetizatfom.order  are observed. Therefore the Kondo effect in our series begins
to obtain a deeper characterization of this behavior, magndge be significant for the FM compositions. The Kondo
tization loops at different temperatures have been measurescreening greatly reduces the magnetic moment and the Cu-
Below T; a small hysteresis is detected, and the area of thée temperatures are smaller than theeNenes(see Fig. 4.
cycle increases when the temperature is lowered. The rela¥or the FM compositions, although the magnetic interactions
ation time measurements prove that the decay time of thare weakened, they can still induce the long-range magnetic
isothermal remanent magnetization is drastically increasedrder below~1 K. This is favored by the existence of a
belowT;. The combinedy,. and magnetization results pre- small coherent anisotropy, as reported by Chudnovsky and
sented here represent a qualitative but unambiguous descrierota:® which in our case leads to kaeasy magnetization
tion and firmly establish the SG-like behavior of these com-direction® For T> T only short-range magnetic correlations

IV. PHASE DIAGRAM AND DISCUSSION
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are present and the reduced magnetic moments, whidhteraction whileJy represents the ferromagnetic counter-
should be disordered by thermal energy, become frozen, giypart. The theoretical phase diagram is presented in the inset
ing rise to a SG-like state. In this temperature range thef Fig. 4. From this picture we can find a low-temperature
coherent anisotropy, which decreases strongly with risinderromagnetic or mixed phageoexisting FM and SGthat
temperature, becomes negligible and the remaining randomill evolve into SG for increasing temperatures, before be-
anisotropy imposes local fixed directions for the magneticcoming paramagnetic, which is clearly reminiscent of our
moments. This situation remains up to the freezing temperaexperimental data fax<0.7 when ferromagnetic behavior is
ture T; above which a paramagnetic state appears. observed. The Kondo interactions could be considered as the

It seems clear therefore that the existence of a SG-likenechanism leading to “small magnetic interactions” due to
state in this kind of compounds is favored by the strongthe increasing reduction of the local magnetic moments,
hybridization effects which lower the magnetic exchange inwhich means Wweakly correlated systeéhin the classical
teractions, together with the preponderance of the randorfanguage and which is the first condition of the model. In our
anisotropy. In this sense, we have carefully studied the isossystem, once the ferromagnetic interactions are predominant
tructural compounds NdNi,Cu, (Ref. 12 to find any re- (x<0.7), the increasing Ni content induces higher hybridiza-
semblance. For this seriéwith no Kondo effeck the order-  tion, progressively reduces the strength of the magnetic in-
ing temperatures are 20 times larger and no evidence of S@ractions, and then, a larger temperature stability range of
behavior was found in any composition and temperaturehe SG phase appeaisee Fig. 4. The existence of a mixed
range, strongly supporting the proposed relationship betweephase(SG and FM, as appears in the van Hammel diagram
SG and hybridization effects. It is important to note that inand already mentioned in Ref. 9, should not be discarded
the CeNj_,Cu, series no signs of SG have been observed afrom the present magnetic measurements.
the crossover point from AFM to FMxE 0.8). The compet- This old classical model provides only a qualitative expla-
ing exchange interactions, always existent throughout the sexation of the experimental phase diagram and the discussion
ries, are a necessary but not sufficient condition for the exmust focus upon the present situation for spin glasses in
istence of a SG regime, and it is not the “competition” itself strongly correlated electron systems. The existence of a SG
but the reduced magnitude of the interactions due to Kondoegime does not seem to be an unusual case in strongly cor-
effect that favor in this case the SG-like state. related electron systeniSCES's, e.g., UPdS§ (Ref. 20 or

The most striking fact of the magnetic phase diagram olURh,Ge, (Ref. 21 and the Y,_,U,Pd; system for (x
the CeNj_,Cu, series(Fig. 4) is the increase of the SG ~0.3-0.5), among many others. Theoretical phase diagrams
stability range T;—T¢) for the Ni-rich compositions. A for metallic spin glasses in SCES(Refs. 22 and 2Bdeal
phenomenological relatiof;— T-«D/J could be proposed, with the behavior close to the near zero quantum critical
where D represents the random anisotropy ahdhe ex-  point, but in the present paper we cannot discuss the very
change magnetic interaction$ {,.n= —JSS;). Assuming low-temperature behavior, where quantum effects should
that D magnitude varies more slowly thahnthrough the se- predominate, because it needs a different set of measure-
ries,J is the driving parameter and while it is reduced due toments on selected compositions close to the localized-
the increasing Kondo effectx0.5), the SG existence delocalized crossover pointx£0.8), which are now in
range increases: this corresponds to the tendency observedRfPgress. However, we cannot overlook the fact that the sce-
the phase diagram and indicates the coincidence of the largBfi0 Proposed here is absolutely reminiscent of recent

SG stability range when approaching the crossover from |panalyses in a framework incorporating the essential aspects

calized to delocalized magnetic behavior. It is worth men—Of the_ problgm: compeition between RKKY an(_j Kondo in-
tioning that theD/J ratio has usually been evoked as theteractlons in the presence of magnetic anisotropy and
9 Y disorder?* which is the situation of our system. These theo-

tuning parameter to discuss the 'comple.x magnetic Stater‘?‘es related to the so-called"Griffiths phase” describe inho-
(SG, cluster glass, speromagnetism, )etic. amorphous

6 . mogeneous situations with two coexisting phases, one of
systems?® In particular, forD/J>1, the above commented _them behaving as a Fermi liquidominated by Kondo inter-

speromagnetip state is predicte_d. It is well described that Rctiong and the other with magnetically ordered regions
correlated spin-glass systeffishis arrangement should de- (yith predominant RKKY interactionsThis situation seems
velop a macroscopic ferromagnetic componeWt#0) fa-  to be represented in our series, as was discussed in the analy-
vored by the rise of the coherent anisotropy as commentesis of the experimental data. In fact, we have described the
above. It seems that this SG-like state acts as a precursor gkistence of aggregates with net local magnetization leading
the ferromagnetism, which tends to be established when th® a totalM =0 (spin-glass-like or speromagnetismvhich
temperature is lowered. develops aM #0 Ferromagnetic long-range order at lower
The next point to be discussed is the comparison of outemperatures for the=0.7 to 0.4 compounds. This descrip-
experimental phase diagram with the theoretical ones. Earliion represents the same idea underlying the Griffiths phases,
in the 1980s J. L. van Hemm&hproposed a classical spin- especially for CeNjCu, ,, Where aggregates coexist with an
glass model considering weakly correlated disordeflong  almost nonmagnetic matrix.
distances between magnetic impurities and then small mag- In conclusion, we propose the phase diagram of a series
netic interactions with randomness in the interactiofmn-  of compounds presenting hybridization effects, spin-glass-
sidered as RKKY and frustration. Four phases were ob- like behavior and different kinds of magnetic order. The sys-
tained depending on the values of the dimensionkgs tem offers a vast phenomenology to quantitatively tune, in
and T/J parameters, wherd is the total nearest-neighbor the future, recent theoretical approaches to the low-
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temperature regime and it is reasonable to think that the ap- ACKNOWLEDGMENTS
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