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The low-temperature magnetic and transport properties of the orthorhombig Lefli compound have
been determined from the analysis of specific heat, ac magnetic susceptibility, electrical resistivity, elastic and
inelastic neutron scattering. These measurements present intriguing experimental results that could not be
explained within the usual phenomenology of Ce-based compo@pdand x ;. present anomalies around 1 K
corresponding to ferromagnetic order as confirmed by neutron diffraction. The magnetic structure is collinear
with very reduced moments, Ow6;/Ce lying in theb direction. Additionally, a clear Kondo behavior is
observed with a Kondo temperatulig =1.9 K estimated from quasielastic neutron scattering. Above the
ordering temperature, further anomalies are observet},iand y ,c that could not be explained as originating
from crystal electric field or Kondo effects. From the frequency and field dependence pfthaboveT,, a
spin-glass state with a freezing temperatlife-2 K is proposed for this compound. This unusual magnetic
behavior is discussed in terms of mixgabsitive and negatiyeRuderman-Kittel-Kasuya-Yosida interactions,
randomnessstructural disorder large hybridization(Kondo effec}, and strong magnetocrystalline anisotropy
(crystal electric field effec)s[S0163-182@07)05242-9

I. INTRODUCTION above the critical temperatuté.Most of the referred ex-
amples develop antiferromagnetic order, but there exist other
Among the different issues of the strongly correlated elecsituations where ferromagnetic order appears, as is the case
trons systems, the study of heavy fermions close to the magf CeNi; _,Pt, compounds3 In this system, a direct relation-
netic instability and the non-Fermi-liquidNFL) state merits  ship between the increasing £onduction-band hybridiza-
special attention. In particular, the NFL behavior, observedion (Kondo interactioh and the decreasing cell volume has
on a number of intermetallic Ce- and U-based compoundspeen found when we move from CePt to CeNi, explaining
appears as an intriguing phenomena and several approacht¥ magnetic instabilitymagnetie-nonmagnetic transition
both theoretical and experimental, have been develbpéd.  which appears arounxi=0.1*
this way, different microscopic origins have been invoked, as  On the other hand, the magnetic propertieRdli; _,Cu,
quadrupolar Kondo interactions and collective magneticcompounds(R=Nd or heavy rare earjhshow a transition
fluctuations effects for the LY;_,Pds, 3% UgoThyBess,> or  from ferromagnetism inRNi to antiferromagnetism in
CeNiz,® and especially the incipient antiferromagnetic orderRCu.*>**” Although CeNi crystallizes in the orthorhombic
on CeCygAuy .’ In the latter system, it is clear that the CrB-type structure, the FeB phase of CeCu is stabilized for
nature of the ground state depends on the delicate balanag=0.2. Both crystallographic structures only differ in the
between the on-site Kondo interaction, which favors a locabkpatial arrangements of rare-earth trigonal prisms with a
nonmagnetic singlet, and the indirect Ruderman-Kittel-transition-metal ion in the centér and CefNi,Cu) and
Kasuya-Yosida(RKKY) exchange interactions, which via Ce-Ce nearest-neighbors distances increase slightly with the
the conduction electrons, tend to establish long-range magdsu concentration; the corresponding cell volume increase is
netic order. comparable to those of the CgNiPt, systent® Two effects
The understanding of such competition is the key to aare expected in Celi,Cu, series when Ni is substituted by
deeper analysis of these systems and for a long time th€u: on the one hand, a decrease of the hybridization asso-
Doniach diagraff provided a useful qualitative description. ciated with the increase of the cell volume, which leads to a
According to this framework, the evolution of the magneticchange from nonmagnetic to localized Ce magnetism; and,
properties of anomalous Ce, Yb, or U compounds have beeon the other hand, a change from ferromagnetism for com-
studied with red or chemical pressur€. Continuous theo- pounds with large Ni content to antiferromagnetism for
retical improvements have been done, incorporating stronGeCu (Ty=3.6 K), which is associated with modifications
local exchang¥ and short-range magnetic correlationsin the competing ferro-antiferro interactions mainly induced
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by the changes in the density of states at the Fermi Bvel. 25 ————

A preliminary magnetic characterization of CgNjCu, L CeNig 4Cug 6 ve-.,
compounds was recently presentd@he crossover from de- 2.0F STl 1
localized to localized behavior seems to be clos&~d.2, = I . % 00 e
and clear indications of the coexistence of ferromagnetism E 151 - 87 ' ' ]
and Kondo interactions were found for &.2=<0.8, while = iV § L5r
CeCu and CeNi;Cu, g behave as antiferromagnets with very 5 10l / ‘Tg 1.0 14
small traces of Kondo interactions. This situation is espe- 5 A 0.5} 1
cially attractive because in these compounds the Kondo in- (-.L 0.5 'o’ cf oole="0 o 0
teraction appears to be more intense for the ferromagnetic oo s S 00 04 08 12
compounds than for the antiferromagnetic ones. 0.0 L T(K), )

In particular the CeNji,.Cu,g compound appears as a 0 1 2 3 4 5
good candidate to study the interplay between competing T(K)

ferro-antiferromagnetic RKKY interactions and Kondo effect
in a local low-symmetry system. A first analysis of resistivity
and magnetization down to 2 KRef. 21 suggests a ferro-
magnetic ordering witlT; belov 2 K and shows clear indi-
cations of a Kondo behavior witlhy larger thanT,.

In this paper, we report electrical resistivity, ac rnagnmictemperature range considered in this study, the phonon term
susceptibility, specific heat, and neutron-scattering measure, )

A ; din CeNiC t low t ¢ s almost negligible. From this figure a cleedike anomaly
ments performed in CepliClo,¢ at very low temperatures at 1.1+0.1 K and a broad hump centered about+2001 K
down to mK range.

are observed. Tha-like anomaly corresponds to the Curie
temperature, as it will be later corroborated by neutron-
ll. EXPERIMENTAL DETAILS diffraction experiment(see Sec. Il . The origin of the

. . . uge anomaly appearing aboVgis not obvious at this step
The polycrystalline sample has been obtained in an arE'{1d will be deeply analyzed later on in the text.

furnace under Argon atmosphere and annealed for six days g . e i .
425 °C under high vacuum. The quality of the sample and The electronic coefficient of the specific heatould give

the absence of spurious crystallographic phases have be(\g;]lluable information about the Kondo interaction. However,

checked by x-ray and neutron diffraction. The homogeneit))nafjhsi %r]?tsr?:ts?:]:ﬂyr’;? ge;?rtrémag?z;lﬁea”?gggﬂlégasghgei'he
of the sample was also tested by x-ray dispersive analysi 9 P '

The electrical resistivity, ac susceptibilityr=159 Hz, ump anomaly &2 K that is superimposed to the expected

h,e=10 mO8 and specific heat were measured in the tem_lmearlty aboveT .. Considering the whole temperature range

perature range 300 mK-5 K at the laboratories of thedtudied we could estimate from the ezxtrapolatiorDtK of

I.C.M.A. (Zaragoza, Spajn A 3He-*He dilution refrigera- Lhehl|lr}eatrfbehavflorboC?—3C5,6ph03;% vsl'.rl ftor T>-g° al_rou%h ¢
tor was used for the and xy,. measurements. For each point dlg t'”:;} or %’0 a (:u'b i m .n:.o, eb$ l:rr: er "t]e a
the temperature was regulated to withinl mK. The heat ue 1o the extra contributions existing abovethis extrapo-

capacity was measured in a quasiadiabatic canrimeteI tlo_n_ gives us only an order of magnltl_Jde of thevalue.
dditionally for T<T, in a three-dimensional ferromagnet,

cooled by adiabatic demagnetization process. The points” - . . - 30
were obtained by the heat-pulse technique. The relative err S Itis the case for CebliClos @ Cp-Cp pnon= yT+ BT
is expected. Such fit provides & value of

is less than a few percent. . . . :
Electrical resistivity aboe 2 K and the dependences with 100 mJ/K mol (see inset of Fig. )L The introduction of an

frequency and applied magnetic field of the ac susceptibilithp(_.Am ter”? (strong anisotropic feromagnét leads to
above 1.9 K were measured in the laboratories of the Unipo_n&derable hlghe'y valugs, up to 600._700 mJinol. In
versidad de Cantabria(Santander, Spain Neutron- .SP'Fe of the different espmaﬂons o, its eqhanced value
diffraction experiments were carried out on the D1B diffrac-'nd'c"]‘te_S the heavy fermion character .Of this compound.
tometer equipped with dilution cryostat, down to 100 mK Th_e importance of the large reduct|o_n of theanomaly
and inelastic neutron scattering above 1.5 K was performed2dnitudeACpag at T (0.6 J/K mo) with regard to the
in ING6, time-of-flight spectrometer, both instruments in- expec_teq value 12.48 J/K mol corresponding to a crystal
stalled at the Institut Laue Langevisrenoble, Frande electrlq field(CEF) doublet ground state_should be evall_Jated
analyzing the Kondo effect. A correlation between this re-
duction and the ratid@ /T, of the Kondo to the Curie tem-
IIl. RESULTS AND ANALYSIS perature has been established within 8xe1 resonant-level
A. Specific heat model using a mean-field approachThe explicit relation

for the specific-heat jump C ., at T, is given by*
In Fig. 1, the low-temperature specific heat, after subtract- P JUMA Crrag At Te 15 @ ¥

ing the phonon contribution@,-C, ynon) 0f CeNj4Culy e

down to 300 mK, is presented. In the investigated tempera- ACmag=—B
ture range, we have considered as phonon part, after taking P53+ E)
into account the mass correction, a Debye law corresponding

to the nonmagnetic isomorphotEeB-type structuleYNi  where é=1/27 T, /T, and ', ¥”, and¥" are the first
compound @p=228 K).?? In any case, for the very low- three derivatives of the digamma function. This analytical

FIG. 1. Temperature dependence of the specific heat after sub-
tracting the phonon contribution. Inset shows the low-temperature
contribution fitted to ayT+ BT law in the range 0.3KT
<0.9K.

[¥' G+ &Y' (1+ )17, @
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Qb — L L 1L FIG. 3. Specific heat as a function of temperature. The full line
0 L 2T (K) 3 4 3 represents a fit to the resonance level mg@Relf. 23 and the dotted

line corresponds to a Schottky contribution from the lifting of de-
FIG. 2. Temperature variation of entropy after subtracting thegeneracy # 5 K of the doublet ground state due to Kondo effect
phonon contribution, the arrow indicates the ordering temperaturésee text
T.. Note that eventa5 K the entropy is still far from theR In2
value corresponding to a doublet ground state. Another possibility is to compare the whole profile of
Cp-Cp phon between 300 mK and 5 K, with calculations per-
variation gives a value off¢=5.77 K for the observed formed considering the long-range magnetic order and the
ACpnag. Furthermore, the magnetic entropyTat=1.1 K (see Kondo effect on the low-lying doublet level in the scope of
Fig. 2 is about 0.91 J/K mol, which is far from the value the previously mentioned mean-field thedfyHowever, in
5.76 J/K mol corresponding tR In2 of the filling up of the ~ these calculations the only two parameters to be varied, the
doublet ground state. Moreover, from the magnetic entropyexchange energy and Ty, are fixed from the experimental

we can also obtain an estimation Bf using a simple two ~dataTc andACp,g(from Tc=1.1 K andAC,,5=0.6 we get
level model with an energy splitting 6Ty :2* J=9.9 K andT¢=5.77 K). The comparison between experi-

mental and calculated data is also reported in Fig. 3. Al-

though a maximum appears at similar temperat@@bsut 2
A_S= In[1+exq (— T)/T.]]+ E expl (— T/ Tc] . K) for both sets of data, marked differences are obtained. In
R O T It+exd (—T)/T] particular, the curve shape is not similar and an extra entropy
(2)  contribution should be needed to account for the notorious
experimental hump observed. More general calculations of

The Ty obtained from this method is 4.2 K, quite close to the overall shape of,, with freedom in the and Ty do not

that previously determined from theC,,g. improve the fitting results.

Finally, in order to account for the hump centered about
2.0 K different models have been considered. In particular,
the Kondo resonance and CEF effects could gavgyiori,
valuable contributions below and aboVg. In fact, the Ce The real and imaginary part of the magnetic susceptibility
(J=3%) ions lie, in this orthorhombic FeB structure, on a very x’ and x” are depicted in Fig. 4. Both anomalies, reported
low-symmetry site and the CEF effects are important, leadpreviously inC,, are again detected, i.e., a quite marked
ing to three doublets that are split by the Kondo interactionpeak in the paramagnetic phase am@K and a shoulder at
The CEF level scheme in other orthorhombic similar com-1 K corresponding to the Curie temperature. The fact that
pounds as CeR{Ref. 25 gives a total splitting larger than both features are also observed in the imaginary part of the
200 K with a first excited doublet lying & ;~140 K. More-  magnetic susceptibilityy” provides new important conse-
over, inelastic neutron scatteringINS) results on quences. Although the ferromagnetic transition &t
CeNp.LCly ¢ (see Sec. Il Edo not show any trace of CEF =1.1 K(\-like anomaly inCp) has a second order character,
transitions below 2 meV. For all of these reasons we carthe shoulder observed ig” at 1.1 K corresponds to the
consider CEF effects irrelevant below 5 K. Then, the impor-motion of narrow domain walls that appear in strong aniso-
tant hump centered arodr2 K should reflect, in principle, tropic ferromagnetic compounds. The susceptibility is almost
the contribution corresponding to the Kondo “splitting” of zero at low temperatures, and starts to increase at tempera-
the first CEF doublet. This possibility seems to be supportedures at which the thermal activation and/or the applied mag-
by the magnetic entropy analysis presented in Fig. 2; as itetic field are large enough to produce the domain-wall mo-
has already been commentedTat 1.1 K the entropy value tion overcoming the anisotropy responsible for the
is 0.91 J/K mol, and then it increases with increasing quenching of these magnetic domains. This narrow wall be-
approaching th® In2 value, which corresponds to the ther- havior has already been observed in the ferromagnetic
mal population of the low-lying CEF ground-state doublet. NdNi;_,Cu, compounds/ which have the same crystalline
The calculation of a single Schottky-like term, with a split- structure. A guide for the eyes of such behavior together with
ting corresponding toTxk=5K is reported in Fig. 3. Al- the contribution of the anomalyt & K is presented in Fig. 4
though with this splitting the position of the maximum at 2 K as dashed lines.
is well accounted for, the calculated contribution is much Concerning the peak observed around 2 K, which must
larger (=50%) than the measured one. be related to the hump anomaly observecCinat a similar

B. ac susceptibility measurements
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‘?; . i‘:‘ \ 7 set shows th@ <2 K variation fitted to gp=py+AT? law.
— O N
PO N higher temperatures<2%) and its value slightly decreases
0.5 | ~ .., e with increasing frequency. An applied magnetic fi¢klg.
S Y N S T 5(h)] of 250 Oe reduces the magnitude of flepeak to 25%
T(K) while a 2000 Oe magnetic field completely cancels the ob-

FIG. 4. Real and imaginary part of the ac magnetic susceptibil-served anomaly. Accordingly, the maximum gf follows

ity vs temperature in zero applied magnetic field. Dashed lines in:[he same field dependence.
dicate the two contributions to the susceptibility as explained in the

text. The experimental data coincides with the sum of both. C. Electrical resistivity

The low-temperature electrical resistivityp of
(@eNiOACUO_G between 300 mK ah 3 K perfectly overlaps
with the measurements previously repoftegee Fig. and
A : X does not show any anomaly aroug=1.1 K, as observed
considering Kondo effect in the Bethe-Ansatz solution forin the inset of Fig. 6. It is worthwhile to remember that in the

-1 in- i ) S

S=2 ?hf (tjhe Coqlblln_ Schn;affetrtm;)hd@ Iel?ds tlgc? verlz/ bmagnetlc entropy variatior{Fig. 2 no marked anomaly
smoode anomaly, i contrast to the well marked peak ol s detected aff.. This fact is certainly due to the
served. low magnetic contributions, suggesting that the magnetic

. €e moments are quite reduced in this system. The extrapo-
2 K peak we have performed frequency and field dependenqgﬂon below 300 mK leads to a residual resistivity value

Xac Measurements that are presented in Fig. 5. The maximu 133.9 uQ cm. Fitting to a p=py+AT? law at low

of the real part of the susceptibilitifig. S(@)] shifts to temperaturessolid line in the inset of Fig. 6and using the
Aly?=10"% uQ cm mJ?2K2moP relation, usually found

in heavy fermiong/ a y value of 250 mJ/Kmol is esti-
mated. The wide minimum observed in the high-temperature
range about 14 K followed by a clearly marked maximum
Pmax Centered around 3.8 K are frequently found in Kondo
systems. But in our case, the position of the maximum does
not correspond tal, as it usually occurs in Kondo com-
pounds whefm.>Ty . In fact, this resistivity is clearly remi-
niscent of a Kondo concentrated compound with a coherence

temperature, these susceptibility measurements eviden
that some kind of irreversibility is associated with this ex-
perimental feature since it also appeargfn A calculation

Qllll

g
th

X' (emu/mol)
n

(@) K] S RPRPRIFE R RPN I temperature corresponding to the resistivity maximoy,.
25 L CeNi, Cu, . |
= 2L o=10Hz | D. Magnetic structure
§ 1.5 4 As commented in the Introduction, the shape of the mag-
E L 200 netization curves down to 2 KRef. 21) suggest a long-range
= o~ ] ferromagnetic order at lower temperatures. This behavior is
0.5000 o5 — confirmed by the low-temperature neutron-diffraction study.
(b) e N R eeE e In Fig. 7 we present the magnetic diffraction pattern obtained
1.5 2 2'5T (K)3 3.5 4 by subtraction of the two diagrams at 100 mK and 5 K. Only

the nuclear reflections show extra magnetic intensity and the
Rietveld analysis leads to collinear ferromagnetic order
FIG. 5. (a) Temperature variation of the real part of the ac &long theb direction with magnetic moments of Ouf;/Ce,
susceptibility measured at different frequencies. The inset shows Which is a strongly reduced value with respect to that of the
fit of the position of the susceptibility maximum to a Vogel-Fulcher C€*" free ion (2.14ug/Ce). The neutron pattern 2 K does
law. (b) Temperature dependence at 10 Hz of the real part of the aBot show any trace of magnetic intensities. These neutron-
susceptibility under different applied magnetic fields. diffraction results are conclusive with respect to the nature of
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tion of I'/2 to 0 K we extract a Kondo temperature 0
~1.9 K. The difference between thig values found from
different methodgneutrons or bulk properti¢das also been
observed in other Ce systems and may reflect the different
time scales of the experimental techniques. The most direct
estimate is, of course, the quainelastic neutron scattering
b 2 (QENS value and the¢=1.9 K must be considered as the
é....\”..‘..m‘...‘. more reliable value.
20 30 40 50 60 The above-mentioned contribution centered at 0.45 meV
20 (degrees) shifts to lower energies and decreases in intensity with in-
FIG. 7. Magnetic neutron-diffraction pattertifference be- creasing temperatur_e, disappearing foe 10 K. Furt_her—
tween 0.1 and 5 K Points indicate the experimental data, lines aremore, its half width increases as tt"f temperaturg rises. For
the calculated and difference patterns. Vertical ticks mark the magth€ Q range analyzed (04Q<1.2 A™?) this Gaussian con-

netic reflections. The background hump is due to the incohererffibution is almostQ independent. This excitation could not
scattering of*He used in the dilution cryostat. be attributed to a CEF transition; a similar anomaly has been

detected in YbAuCy>° which orders below 1 K, and was
the ferromagnetic order and tHE. value, as well as the interpreted by those authors as a precursor of the magnetic
strongly reduced value of the Ce magnetic moment, which i@rder.
a sign of the importance of Kondo effect.
It is also worthwhile to mention that, in these pseudobin- IV. DISCUSSION

ary orthorhombic compounds, the direction seems to be S ina. the low-t i i . f
favored as the ferromagnetic one by the exchange interac- ummarizing, the low-temperature magnetic properties o

c: < ) " .
tions at low temperatures, i.e., GdNiCu, (Ref. 1§ or C%N'O.-‘lcug-ﬁi In f‘id"(t'.ont;.o the tstatemf?nttof ferrolma%netlc
Ho, _, Y «Ni,?8 while the CEF tends to maintain the momentsO; erlngkedO\év -d 'rr]' Istsys e.m' refiec sev;ara evi te_zntt:)es
in the (@,c) plane. Then, it is not surprising that aferromag—o a marked rondo character with an unusual magnetic be-

netic Fy component appears at low temperatures in this conﬁ"’w'or aboveT,. _The most notable_ featuresélgdlcatmg
pound. ondo effects ardi) the strong reduction of the mag-

netic moments obtained from neutron diffractionce
=0.6ug; (ii) the negative value of the paramagnetic Curie
temperatured,= — 10 K obtained previously from the Curie-
The INS spectrum obtained fd,=3.1 meV incoming Weiss law at high temperatur&sfrom which a Kondo tem-
neutrons at 1.7 K an®=0.42 A~ ! is represented in Fig. 8. peratureT=|6,|/2=5 K could be estimatedjii) the analy-
A first view of the spectrum clearly shows a quasielasticsis of the magnetic entropigee Fig. 2, very reduced aT
contribution. It is quite important to mention a peculiarity of =1.1 K, which permits to estimat@=4.2K; (iv) the
this quasielastic spectrum at 1.7 K. This spectrum cannot b@ENS contribution leading to &ax=1.9K; (v) the mini-
fitted with a single Lorentzian curve shape. It is necessary tonum in the electrical resistivity at 13.5 K;(vi) the high
include a Gaussian contribution centered at 0.45 meV to agestimated values of the coefficient. Thus, the coexistence
count for the experimentally observed intensity. of ferromagnetic order beloW.=1.1 K and Kondo interac-
The Lorentzian quasielastic half widfi/2 is given as tions is well established from the present analysis.
function of temperature in the inset of Fig. 8. The depen- However, some intriguing experimental facts need a fur-
dence ofl'/2 shows a rather linear behavior up to 60 K. Thisther analysis. In particular, the behavior for T with the
temperature dependendéorringa law usually appears for anomalies observed arad2 K in C,, and y,c measurements.
magnetically ordered Kondo systefistrom the extrapola- As presented and discussed in Secs. lll A and 1l B, all at-
tempts of accounting for our experimental result<inand
Xac have not been satisfactory enough. In fact, a sintlgr
] hump was found in the Ceb8n heavy fermion
N compound! and the authors estimate only 50% of the cal-
CeNNig, Cuyg 33 culated Schottky anomaly to account for their experimental
0=057A" 11 data, as could be also done in our present case. The reasons
T invoked by those authors for such reduction, i.e., broadening
] of CEF (acting at much higher temperatures in our ¢ase
] the reduction of magnetic entropy by Kondo effécalcu-
Sl lated in the fitting presented in Sec. Il Aare not consistent
-0.8-04 0 81-14 0.8 1.2 1.6 in our case and we must question this 50% scaling proce-
V) dure
From these analyses we could confirm that the usual mod-
FIG. 8. Inelastic neutron-scattering spectra at 1.7 K. Full line€lS of combining Kondo, CEF, and RKKY interactions only
represents a fit to the three contributions: ~ elastic Gaugdiated ~ account partially for the anomalous behavior ab®ye Then
line), quasielastic Lorentziatdashed ling and inelastic Gaussian @ supplementary contribution is needed.
(dashed and dotted linelnset shows the temperature dependence Considering the shape gf ,x"” and the existence of the
of the quasielastic Lorentzian linewidth f@=0.57 A~1. additional hump in the specific heat, the most plausible hy-

Intensity (arb. units)

E. Inelastic neutron scattering (INS) experiments

0.2 s

Intensity (arb. units)
=
-
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pothesis is a freezing of the magnetic moments just abovder: mixed (positive and negatiyeinteractions and ran-
T., beingT;~2 K the freezing temperature. The qualitative domness(structural disordgr The first condition is easily
agreement with the usual spin-glass beha¥ior ., Cp, fulfilled in our compound, as commented in the Introduction,
and p is well accounted for in our compound, nameli),  since the change from ferro- to antiferromagnetism in the
strong decrease of' below T, and the existence of 8”  RNi;_,Cu, (R=rare earth) series is observed for increasing
term about one order of magnitude smalleii) the fre-  Cu content. Although at low temperatures the ferromagnetic
quency and field dependencef; (Fig. 5: the maximum interactions are preponderant for CghGu, ¢ the system is
at 2 K shifts to higher temperatures as frequency increasasot far from the crossover to an antiferromagnetic order (
(~2%, atypical value for spin-glass systepend decreases ~(.85). The competing interactions are an “identity mark”
strongly with low applied magnetic field, disappearing for of these systems. The randomness is needed for the frustra-
H=2kOe; (iii) an additional contribution to the specific tion of the long-range magnetic order; in our case, the disor-
heat accounting for the entropy associated with the spinder arises from the Ni/Cu crystallographic sites. Indeed,
glass state; (iv) the electrical resistivity increases with de- these ions provide different number of electrons to the con-
creasing temperature, showing a maximum at temperaturgfiction band, then it is expected that this influences locally
aboveT;, while no marked anomaly is observed in the vi- the polarization of the conduction band, leading to an addi-
cinity of Ts. tional disorder on the magnetic interactions that arise not
From x' frequency dependen¢€ig. 5a)], we could es-  from a disorder on the magnetic sites but from the different
timate theAT(/[T;A(log w)] value, T being the freezing contribution of each magnetic interaction acting on the Ce
temperaturelfmaximum of they’). This value is 0.006, a ions.
characteristic one of spin-glass behavidEurthermore, fol- The complex phase diagram of this compound with suc-
lowing Mydosh analysié? the frequency dependence of the cessively Kondo ferromagnetism, spin freezing and para-
maximum agrees with the empirical Vogel-Fulcher Iesge  magnetism, could be understood as due to the competing
inset of Fig. %a)] effects: mixed(positive and negative RKK)indirect ex-
change interactions, large hybridizationdo interactiop,
w=wge Fa/Ti"To, (3)  and strong anisotrop§CEP). Such behavior could be quali-
tatively described as follows: at very low temperatures, the
The three fitted parametets,=5.1¢ Hz, E,=0.7 K, and  Kondo screening lowers the magnetic moment value reduc-
To,=1.97 K give consistent values with spin-glass behaviorjng the Curie temperature with respect to that corresponding
considering that in our compound; is abou 2 K at 10 Hz.  to a “normal” rare-earth[in the isostructural NdNL,Cu,
However, the absence of deeper theories for concentratéd®ef. 17 or PrNi_,Cu, (Ref. 41 compounds, the ordering
spin glasses prevents us from a further quantitative analysisemperatures are 20 times largefhe magnetic interactions,
The existence of spin glass or frustration effects has beealthough considerably weakened by Kondo effects, are
quite frequently invoked in Ce- or U-based compounds tostrong enough to induce long-range magnetic order. For this
explain some intriguing experimental results; e.g., in the preparticular compositioxx= 0.6, the order is ferromagnetic be-
viously mentioned work on Cebin, (Ref. 31 the authors cause positive interactions are still preponderant, as occurs
claim for frustration effects but, as commented abo@g, for all the RNj,_,Cu, (Refs. 15-1Y compounds close to the
measurements are not properly accounted for. On the oth&Ni limit.
hand, Ce(CyGa, _4), compounds have also been a subject For T>T, a possible explanation of the observed behav-
of controversy: spin glas$ or antiferromagnetic stat® ior is that the magnetic interactions are not large enough to
was successively argued. For Cghty,, (Ref. 36 the  accomplish long-range magnetic order but short-range mag-
spin-glass behavior was found on samples obtained by rapidetic correlations are still present. The magnetic moments,
qguenching and, recently, spin freezing in the Kondo CePtSwhich should be disordered by thermal energy, become fro-
antiferromagnet was pointed out by muon spin rotation/zen because the conditions for a three-dimensional spin glass
relaxation technique¥. Finally, among the uranium alloys, are fulfilled, the local anisotropy overcomes the magnetic
URh,Ge, (Ref. 38 has also been classified as a three-interactions imposing fixed directions at random for the mag-
dimensional, random bond, heavy fermion spin glassnetic moments. This situation remains up to the freezing
UPd,Ge, presents a mixed spin-glass-ordered state at loviemperature of 2 K, while at higher temperatures, a paramag-
temperature?’ and in diluted YY,_,Pd; (Ref. 40 spin-  netic behavior is observed.
glass behavior was also detected for certain U concentration An alternative explanation of the situation described
ranges. above could be a speromagnetism at low temperatioes
In most of these mentioned compounds, only ondow 1.1 K), with a ferromagnetic component along the
anomaly is found and the problem is to determine whether itlirection and a bidimensional spin-glass state in tag)
corresponds to a spin-glass behavior or to a strong anis@lane. The directions of these components are favored by
tropic antiferromagnetic state. In our case, we have a differmagnetic interactions and crystal field, respectively, as dis-
ent situation because the ferromagnetic state of £g&Njps  cussed in Sec. lll D. Th&.=1.1 K corresponds to the Curie
below 1.1 K, as well as the Kondo effect, are properly estabtemperature for thdd component, while the freezing tem-
lished. The questions are: How can the magnetic momentgerature of the bidimensional spin glass is 2 K. Such state
freeze abovd; and, are the conditions for the formation of has been invoked several times in reentrant spin glasses al-
a spin-glass state accomplished in our compounds? though its existence is still controversfalln fact, the spero-
Two are the well-known conditions for a “cooperative magnetic state is predicted in the random magnetic anisot-
freezing of spins” without long-range spatial magnetic or-ropy limit D/J>1 (local anisotropyD larger than the
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exchange interactiong), which seems to be the case for compounds but its importance is clearly demonstrated here.

CeNp Cuygat T<T, (Refs. 43 and 44 We think that the phenomenology presented in this work
Both models are consistent with the existence of theshould not be a “particular case” but a more general situa-

Kondo effect. However, the bidimensional spin-glass situation in local low-symmetry compounds. The existence of the

tion partly accounts by itself for the reduction of the mag-spin freezing phenomena, once the interactions are not im-

netic moment deduced from neutron diffraction, where onlyportant enough to impose the magnetic orgéeinity of the

the b component could be observed. Our present results dorossover localized-delocalized behayjahould be consid-

not allow us to distinguish between both situations. ered in close relation with other anomalous behaviors as the
The simultaneous effects of all the interactions producenon-Fermi liquids.

such fruitful phenomenology in this compound, in which the
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