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a, U.F.R.G.S., C.P. 15051, 91501-970 Porto Alegre, RS, BrazilC. La
roixLaboratoire L. Néel, CNRS, BP 166, 38042-Grenoble Cedex 09, Fran
eS. G. MagalhãesDepartamento de Físi
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hmidtDepartamento de Matemáti
a, U.F.S.M., 97105-900 Santa Maria, RS, Brazil(Re
eived July 10, 2002)Many 
erium or ytterbium alloys and 
ompounds are 
hara
terized byheavy-fermion behavior due to the Kondo e�e
t. In the 
ase of a lat-ti
e, there is a strong 
ompetition between the Kondo e�e
t and magneti
ordering. The magneti
 order 
lose to the quantum 
riti
al point(QCP)is generally an antiferromagneti
 one, but 
ould be also a ferromagneti
one or a spin-glass one in disordered systems. We review here the mainfeatures of the Kondo latti
e model within a mean-�eld treatment of theHamiltonian, in
luding both the s�f ex
hange intra-site intera
tion andthe nearest neighbor inter-site f�f intera
tion. First, we study the non-magneti
 
ase and dis
uss the e�e
ts of 
ondu
tion band �lling and of theinter-site ex
hange parameter on the o

urren
e of the Kondo e�e
t andshort-range magneti
 
orrelations. Se
ond, we treat the spin glass-Kondo
ompetition by 
onsidering a random inter-site intera
tion and we studythe 
ompetition between Kondo, spin-glass and ferromagneti
 phases. Thenature of the transition at the QCP is also dis
ussed and 
omparison withexperimental data in heavy fermions systems is �nally presented.PACS numbers: 71.27.+a, 75.30.Mb, 75.20.Hr, 75.10.Nr� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(1273)



1274 B. Coqblin et al.1. Introdu
tionThe properties of many 
erium or ytterbium 
ompounds are well under-stood in the theoreti
al framework of the Kondo e�e
t. The single-impurityKondo e�e
t has been exa
tly solved [1℄: at low temperatures, the systemhas a �Fermi Liquid� behavior with a T 2 behavior of the ele
tri
al resis-tivity and very large values of both the ele
troni
 
onstant of the spe
i�
heat and the magneti
 sus
eptibility, whi
h were at the origin of the name�heavy fermions� given to these systems [2�4℄. At high temperatures withrespe
t to the Kondo temperature, the magneti
 
ontribution to the ele
-tri
al resistivity is generally passing through a maximum 
orresponding tothe overall 
rystal �eld splitting and de
reasing then as Log T [5℄. More re-
ently, some 
erium or uranium 
ompounds have been observed to be
omesuper
ondu
ting at low temperatures, either at normal pressure or underhigh pressures [6�8℄.On the other hand, in the 
ase of a latti
e, there exists a strong 
om-petition between the Kondo e�e
t and magneti
 ordering, arising from theRKKY (Ruderman�Kittel�Kasuya�Yosida) intera
tion between rare-earthatoms at di�erent latti
e sites. This situation is well des
ribed by theDonia
h diagram, [9℄ whi
h gives the variation of the Néel temperatureand of the Kondo temperature with in
reasing antiferromagneti
 intrasiteex
hange intera
tion JK between lo
alized spins and 
ondu
tion-ele
tronspins. If one 
onsiders the ex
hange Hamiltonian between lo
alized (S) and
ondu
tion-ele
tron (s) spins, given byH = JK s � S (1)usual theories of the one-impurity Kondo e�e
t and of the RKKY intera
-tion yield a Kondo temperature TK0, that is proportional to exp(�1=�JK),and an ordering temperature (Néel or, in some 
ases, Curie), TN0, propor-tional to �J2K, � being the density of states for the 
ondu
tion band at theFermi energy. Thus, for small �JK values, TN0 is larger than TK0 and thesystem tends to order magneti
ally, with often a redu
tion of the magneti
moment due to the Kondo e�e
t; on the 
ontrary, for large �JK, TK0 is largerthan TN0 and the system tends to be
ome non magneti
. The a
tual order-ing temperature TN, therefore, in
reases initially with in
reasing �JK, thenpasses through a maximum and tends to zero at a 
riti
al value �J
K 
orre-sponding to a �quantum 
riti
al point� (QCP) in the Donia
h diagram. Su
ha behavior of TN has been experimentally observed with in
reasing pressurein many Kondo 
ompounds, su
h as for example in CeAl2 (Ref. [10℄) orin CeRh2Si2 [11℄. Thus, we 
an 
on
lude that the variation of the Néeltemperature predi
ted by the Donia
h diagram is well observed experimen-tally in many 
erium 
ompounds. We also know that the Néel temperature
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e Model and the Kondo-Spin Glass Competition in. . . 1275starts from zero at a given pressure, and in
reases rapidly with pressurein YbCu2Si2 (Ref. [12℄) or in related ytterbium 
ompounds, whi
h 
an be
onsidered as another 
he
k of the Donia
h diagram.The one-impurity model predi
ts an exponential in
rease of the Kondotemperature with �JK. This means that the Kondo temperature should in-
rease with in
reasing pressure in 
erium 
ompounds and with de
reasingpressure in ytterbium 
ompounds, whi
h agrees well with many observa-tions. However, deviations seem to o

ur in some 
erium 
ompounds, su
has CeRh2Si2 (Ref. [11℄) or CeRu2Ge2, [13,14℄ where the a
tual Kondo tem-perature observed in a latti
e 
an be signi�
antly di�erent from the onederived for the single-impurity 
ase. Thus, in order to a

ount for su
h ane�e
t, we have studied in detail the Kondo-latti
e model within a mean-�eld approximation and with both intrasite Kondo ex
hange and intersiteantiferromagneti
 ex
hange, treating su

essively the half-�lled 
ase (
or-responding to a number of 
ondu
tion ele
trons n = 1) [16℄ and then thegeneral 
ase n < 1 [17�20℄ whi
h gives a mu
h better des
ription of themetalli
 
erium systems. This approa
h has been performed in the non-magneti
 regime and we will des
ribe in the next se
tion the main resultsand parti
ularly the most re
ent ones [20℄.The se
ond extensively studied question 
on
erns the transition from amagneti
ally ordered regime (whi
h 
ould be antiferromagneti
, ferromag-neti
, spin glass ...) to the non magneti
 heavy fermion regime observed inthe Donia
h diagram. The transition from an antiferromagneti
 regime to aKondo one had been studied theoreti
ally and gives a qualitative agreementwith the Donia
h diagram [21℄; but the obtained transition is a �rst-orderone without QCP. We will not dis
uss here this 
ase whi
h has been alreadydes
ribed in Ref. [21℄.On the other hand, a spin glass state or an heterogenous disorderedalloy with magneti
 
lusters has been observed in several disordered 
eriumalloys su
h as for example the Ce(Ni,Cu) alloys [22,23℄. We have studied theSpin Glass-Kondo transition within the same approximation [24℄ and we willdis
uss in the third se
tion the di�erent features of this transition, in
ludingthe possibility of a ferromagneti
-Spin Glass-Kondo phase sequen
e [25℄ andthe existen
e of a Quantum Criti
al Point in the phase diagram.2. Band �lling e�e
ts in the Kondo-latti
eWe have seen in the introdu
tion that the Donia
h diagram des
ribes wellthe behavior of the Neel temperature TN versus �JK or in
reasing pressurein 
erium 
ompounds and de
reasing pressure in ytterbium 
ompounds. Onthe other hand, the one-impurity model predi
ts an exponential in
rease ofthe Kondo temperature with �JK, whi
h agrees with the observed variation



1276 B. Coqblin et al.of TK in many 
erium or ytterbium systems. However, deviations seem too

ur in some 
erium 
ompounds, su
h as CeRh2Si2, [11℄ CeRu2Ge2, [13,14℄or more re
ently [15℄ Ce2Rh3Ge5, where the a
tual Kondo temperature ob-served in a latti
e 
an be signi�
antly di�erent from the single-impurity one.Moreover, short-range magneti
 
orrelations between neighboring 
eriumatoms have been observed by neutron di�ra
tion experiments in single 
rys-tals of CeCu6, [26℄ CeInCu2, [27℄ CeRu2Si2, [26, 28, 29℄ or Ce1�xLaxRu2Si2(Refs. [28�31℄) at low temperatures. The experimentally observed �
orrela-tion temperature� T
or, below whi
h short-range magneti
 
orrelations be-tween neighboring 
erium atoms o

ur, is 
learly larger than the Kondotemperature TK : T
or� 60�70 K and TK� 20 K in CeRu2Si2; [26, 28, 29℄T
or� 10 K and TK� 5 K in CeCu6, [26℄.In order to a

ount for these experimental results, we have introdu
eda Kondo-latti
e model with both an intrasite Kondo ex
hange intera
tionand an intersite antiferromagneti
 ex
hange intera
tion in the half-�lled
ase [16℄. We employed a mean-�eld approximation and we have shownthat the enhan
ement of the intersite ex
hange intera
tion tends to de
reasethe Kondo temperature TK for the latti
e with respe
t to the one-impurityKondo temperature TK0 [16℄. However, when n < 1, an �exhaustion� prob-lem arises, whi
h means that there are not enough 
ondu
tion ele
trons tos
reen all the lo
alized spins and, as a 
onsequen
e, the Kondo temperaturede
reases [32, 33℄.The Kondo-latti
e model has been �rstly studied with only the intrasiteKondo intera
tion [34�36℄. In parti
ular, Continentino et al., [35℄ usings
aling theory, have found a 
oheren
e temperature in
reasing above theQCP. More re
ently, Nozières, [33℄ and Burdin et al., [37, 38℄ have studiedthe exhaustion limit and have obtained a zero-temperature energy gain,T �, related to the 
oherent Kondo e�e
t. The e�e
t of a small number of
ondu
tion ele
trons has been also studied within both the Kondo-latti
eand the Anderson-latti
e models [39�42℄.The proposed Hamiltonian of the system is, therefore,H =Xk� "kn
k� + JKXi si � Si + JHXhiji Si � Sj ; (2)where "k is the energy of the 
ondu
tion band, JK is the Kondo 
ouplingbetween a lo
alized spin Si and the spin si of a 
ondu
tion ele
tron at thesame site, and JH is the intera
tion between nearest-neighboring lo
alizedspins. Assuming spin-1/2 lo
alized moments, we represented them by a zero-width f band with one ele
tron per site, while the 
ondu
tion band has width2D and a 
onstant density of states. We 
hoose JK and JH to be positive,implying that both lo
al and intersite intera
tions are antiferromagneti
.



The Kondo-Latti
e Model and the Kondo-Spin Glass Competition in. . . 1277We now write the spin operators in fermioni
 representation, remember-ing that we have a 
onstraint of single-o

upan
y of the f level at all sites,nfi = 1. In order to dis
uss the Kondo e�e
t and magneti
 
orrelations wede�ne the 
orrelators �i� = 
yi�fi� ; �ij� = f yi�fj� ; (3)where �i� des
ribes the intrasite Kondo 
orrelation, and �ij� represents anintersite 
orrelation between two neighboring atoms. With this notation weperform an extended mean-�eld approximation, introdu
ed by Coleman andAndrei, [43℄ and presented in full detail in Ref. [16℄. Considering transla-tional invarian
e, and taking into a

ount that there is no breakdown of spinsymmetry, i.e., no magneti
 states, we 
an write �i� = h�i�i for all sites,and � = h�ij�i for nearest-neighboring sites and zero otherwise. In thisway we obtain a mean-�eld Hamiltonian that takes the form of a hybridizedtwo-band system:HMF = Xk� "kn
k� +E0Xi  X� nfi� � 1!� JK�Xi� �
yi�fi� + f yi�
i��+ �EK� JH� Xhiji� �f yi�fj� + f yj�fi��+ �EH ; (4)with �EK = 2NJK�2 ; �EH = zNJH� 2 ; (5)N being the total number of latti
e sites.After performing this approximation, one deals with a one-ele
tron Hamil-tonian representing two hybridized bands: the 
ondu
tion band of width 2Dand the f band of e�e
tive band width 2BD, with B given byB = �zJH�=D; (6)z being the number of nearest neighbors of a site, while the magnitude of thehybridization gap is dire
tly related to �2. This quantity is also a measure ofthe Kondo e�e
t, as the Kondo 
orrelation fun
tion hsi �Sii is proportionalto �2.Leaving aside the 
onstant terms, the Hamiltonian (4) is easily diago-nalized, and the resulting energies of the two new hybrid bands areE�k = 12� "k(1 +B) +E0�q� "k(1�B)�E0�2 + 4J2K�2 � : (7)



1278 B. Coqblin et al.The mean-�eld parameters � and � are obtained by self-
onsistentlysolving Eqs. (3) or, equivalently, by minimizing the total internal energy atzero temperature, or the total free energy F at �nite temperatures [17℄. Asusual, [16℄ the referen
e energy E0 of the f band and the 
hemi
al potential �have to be determined self-
onsistently in order to keep the average numbersof f and 
ondu
tion ele
trons respe
tively equal to 1 and n.We will now present the main results obtained for the general 
ase n < 1.Preliminary results had been previously [19℄ presented and a full paper willbe published soon [20℄ and detailed 
al
ulations at both T = 0 and �nitetemperatures 
an be found there.The two hybridized bands E�k given by Eq. (7) exhibit a stru
ture thatdepends on the two fa
tors A � J2K�2 and B, de�ned by (6), and espe
iallyon the sign of B. In the 
ase of n = 1, previously 
onsidered, [16℄ for smallB values su
h that jBjD2 < A there is a gap, the lower band is 
ompletelyfull and the upper band empty at T = 0. For n < 1, the Fermi level 
uts thelower band, and the upper band is still empty at T = 0, whi
h 
orresponds,therefore, to a real metalli
 situation.
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Fig. 1. Phase diagram plotted as the 
riti
al band �lling n
 versus JH. The 
urvesare drawn from Eq. (8) for JK=D = 0:4 (dotted line) and 1.0 (solid line). Thesymbols 
orrespond to the results obtained by minimizing the energy. In ea
h 
ase,the Kondo regime is stable above the line, and the magneti
 phase below.The shape of the lower band E�k and the solution of the 
ase n < 1depend 
riti
ally and self-
onsistently on the values of the di�erent param-eters JK, JH and n. Thus, the shape of E�k 
an 
hange under a variationof the parameters, and this pe
uliar situation makes the problem di�
ultto solve [20℄. We present here just the phase diagram obtained at T = 0for JK=D = 0:4 and 1.0 (�gure 1), where the Kondo phase is 
hara
terized



The Kondo-Latti
e Model and the Kondo-Spin Glass Competition in. . . 1279by � 6=0. In the latter 
ase, for small JH, the Kondo phase is stable for allvalues of the band �lling, while for large JH the Kondo phase is stable onlyfor n > n
 given by [20℄:n
 = 1� (1�B)r uu�B ; (8)with: u = exp [�2D(1�B)=JK℄ : (9)Figure 1 also shows that Eq. (8) is very 
lose to the numeri
al resultin this region. The 
rossover between the two regimes was obtained nu-meri
ally. In the 
rossover region we found a dis
ontinuous transition from� 6=0 to � = 0. These results have to be taken with 
aution, however, sin
ethe value of JK=D = 1 is unphysi
ally high, and also the Kondo latti
e isexpe
ted to show ferromagneti
 behavior in the low-n limit, [36℄ while ouranalysis is restri
ted to antiferromagneti
 intersite ex
hange.Thus, our 
al
ulation shows 
learly that small n and large JH values tendto suppress the Kondo e�e
t, yielding a �magneti
� phase with � = 0 andlarge short-range magneti
 
orrelations. In fa
t, in this region a long-rangemagneti
 order should 
ertainly be stabilized, but this was not taken intoa

ount in this approa
h. In 
ontrast, both � and � are di�erent from zeroin the Kondo phase.Then, we look at the Kondo-latti
e problem at �nite temperatures, forthe general 
ase of n < 1. The values of � and � are determined by self-
onsistently solving Eqs. (3) or by minimizing the free energy [20℄. In ourmean-�eld approximation, TK and T
or are de�ned as the temperatures atwhi
h respe
tively � and � be
ome zero. Results obtained at �nite tem-peratures in the 
ase n < 1, for di�erent sets of parameters JK, JH andn are presented in detail elsewhere [20℄ and we will summarize them here.Figure 2 gives the 
urves of the Kondo temperature TK versus JH for a givenJK value and several values of the 
ondu
tion band-�lling n. We see 
learlythat TK �rst in
reases, and then de
reases with JH for �xed n, droppingabruptly to zero at some 
riti
al value of JH. On the other hand, for a givenJH, TK de
reases rapidly as n departs from half �lling. We have also plottedT
or whi
h is linear with JH, independently of the 
onsidered value of n [16℄.Figure 3 gives TK as a fun
tion of JK for JH=D = 0:04 and representativevalues of n. Here again we in
lude the 
orrelation temperature T
or, whi
hsignals the onset of short-range magneti
 
orrelations when the tempera-ture is lowered at �xed JK. For 
omparison, we plot the single-impurityKondo temperature TK0, whi
h varies exponentially with JK, and is weaklydependent on n near half-�lling.
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Fig. 3. Plot of the Kondo temperature TK as a fun
tion of JK for JH=D = 0:04 andrepresentative values of n. We also show the 
orrelation temperature T
or, and thesingle-impurity Kondo temperature TK0.Figures 2 and 3 show some interesting results of our model. First, one
an see the o

urren
e of short-range magneti
 
orrelations above the Kondotemperature, in good agreement with experiment. Also, in the region of 
o-existen
e between Kondo e�e
t and magneti
 
orrelations, the Kondo tem-perature, although enhan
ed with respe
t to the single-impurity 
ase, showsa smoother variation with JK. The se
ond noti
eable feature of Figs. 2 and3 is the almost 
atastrophi
 suppression of the Kondo e�e
t with in
reasingintersite 
oupling, and the enhan
ement of this behavior as the band-�llingfa
tor is redu
ed. However, we remark that a small value of the intersiteintera
tion JH reinfor
es the Kondo e�e
t by in
reasing the Kondo temper-ature.



The Kondo-Latti
e Model and the Kondo-Spin Glass Competition in. . . 1281So, we have established here for n < 1, as in the previous work [16℄ forn = 1, that the dependen
e of the Kondo temperature with the 
oupling
onstant JK for the latti
e 
an be signi�
antly di�erent from the single-impurity 
ase. This result 
an a

ount for the pressure dependen
e of TKobserved in CeRh2Si2, [11℄ CeRu2Ge2, [13,14℄ and Ce2Rh3Ge5 [15℄. On theother hand, depending on the relative values of JH and JK, as well as onthe band-�lling, the latti
e Kondo temperature 
an also follow the single-impurity one, as observed in many 
erium and all ytterbium 
ompounds.Further experiments are needed to better understand the 
onditions yieldinga Kondo temperature for the latti
e mu
h di�erent than the single-impurityone. This issue has also been addressed by di�erent theoreti
al approa
hes toboth the Kondo latti
e and the Periodi
 Anderson Model [35,37,39�41,44℄.Another interesting result 
on
erns the derivation of a 
orrelation tem-perature below whi
h short-range magneti
 
orrelations appear, in goodagreement with neutron s
attering experiments in 
erium 
ompounds. These
orrelations 
an 
oexist with the Kondo e�e
t and eventually dominate, andsuppress the Kondo regime for su�
iently high values of the intersite ex-
hange intera
tion or su�
iently low band �llings.Our present 
al
ulation addresses again the di�
ult issue of the natureof the ground state and s
reening in the Kondo-latti
e problem. We haveshown here that, as the number of 
ondu
tion ele
trons is redu
ed, exhaus-tion may be 
ompensated by formation of intersite singlets of lo
alized spins.Finally, it is interesting to noti
e that taking into a

ount latti
e e�e
ts 
anbe important for des
ribing the properties of 
erium or other anomalousrare-earth 
ompounds at low temperatures, as shown, for example, in pho-toemission experiments [41, 42, 45℄.3. The 
ompetition between spin glass and Kondo e�e
tThe se
ond subje
t we would like to des
ribe here 
on
erns the 
ompe-tition between the Kondo e�e
t and a spin glass order. It is well knownthat there is a strong 
ompetition between the Kondo e�e
t and a magneti
order (mostly antiferromagneti
 and in some 
ases ferromagneti
) shown inthe Donia
h diagram, as presented in the introdu
tion. It is also establishedthat, in the vi
inity of the QCP, several di�erent �Non Fermi Liquid� (NFL)behaviors have been observed in addition to the well-known �Fermi Liquid�behavior.But, in the 
ase of disordered 
erium alloys, the disorder 
an yield aSpin Glass (SG) phase in addition to the NFL behavior at low temperaturesaround the QCP. The magneti
 phase diagram of CeNi1�xCux has been ex-tensively studied [22, 23℄. CeCu is antiferromagneti
 below 3.5 K and CeNiis a non magneti
 
ompound with an intermediate valen
e. The low temper-



1282 B. Coqblin et al.ature antiferromagneti
 phase 
hanges, around x = 0:8, to a ferromagneti
one whi
h �nally disappears around x = 0:2. At higher temperatures, aSpin Glass state is dedu
ed from all measured bulk properties, su
h as theAC sus
eptibility; for example, for x = 0:6, the SG state exists between 2 Kand the ferromagneti
 Curie temperature T
 = 1:1K. At x = 0:2, the SGphase exists below 6 K and for x < 0:2 a Kondo behavior has been proposed;�nally CeNi is an intermediate valen
e 
ompound. Thus, in the CeNi1�xCuxsystem at very low temperatures, for x < 0:7, the phase sequen
e FM-SG-Kondo has been observed with de
reasing x and in the range 0:7�0:2, thesequen
e FM-SG is obtained with in
reasing temperature.An unusual interplay between Kondo e�e
t and spin-glass behavior hasbeen re
ently observed in several other disordered 
erium systems su
h asCeCoGe3�xSix, [46℄, Ce2Au1�xCoxSi3, [47℄ or Ce2Pd1�xCoxSi3 alloys [48℄.In parti
ular, an antiferromagneti
 phase exists at low temperatures be-tween the spin glass phase and the Kondo one just below the QCP and thesequen
e of SG-AF-Kondo phases is, therefore, obtained with in
reasing xin Ce2Au1�xCoxSi3 alloys [47℄. NFL and spin glass behaviors have beenalso observed in disordered uranium alloys [49℄, as for example a sequen
eof AF-NFL-SG phases in UCu5�xPdx alloys [50℄ or the opposite sequen
eAF-SG-NFL in U1�xLaxPd2Al3 alloys [51℄.We would like to present here some re
ent theoreti
al works that des
ribethe 
ompetition between the spin glass and the Kondo phases [24℄ and morere
ently the SG-Kondo-Ferromagneti
 phase transitions [25℄. The model isbased on the previously des
ribed Kondo latti
e model with an intrasite s�fex
hange intera
tion and an intersite long range random intera
tion that
ouples the lo
alized spins, like in the Sherrington�Kirkpatri
k spin glassmodel [52℄. The use of the stati
 approximation and the repli
a symmetryansatz has made possible to solve the problem at a mean �eld level. Thisfermioni
 problem is formulated by representing the spin operators as bi-linear 
ombinations of Grassmann �elds and the partition fun
tion is foundthrough the fun
tional integral formalism [53℄. We des
ribe here two 
ases,by taking the mean random intera
tion J0 �rstly equal to zero in order to de-s
ribe the SG-Kondo transition and then di�erent from zero in order to pro-du
e a ferromagneti
 ordering and to des
ribe the SG-Kondo-Ferromagneti
phase sequen
e.To des
ribe the Kondo e�e
t in a mean-�eld-like theory it is su�
ient tokeep only the spin-�ip terms in the ex
hange Hamiltonian, while the spinglass intera
tion is represented by a quantum Ising Hamiltonian where theonly intera
tion is between the z-
omponents of the lo
alized spins [25, 53,54℄.



The Kondo-Latti
e Model and the Kondo-Spin Glass Competition in. . . 1283So, the model used here to study a spin glass ordering in a Kondo latti
e
ompound is des
ribed by the general HamiltonianH� �
N
 � �fNf = H0 =Xk;� �knk� + �0Xi;� nfi�+JKXi [S+fis�i + S�fis+i ℄�Xi;j JijSzfiSzfj ; (10)where JK > 0 and the sum runs over N latti
e sites. In the present 
asethe random intersite intera
tion Jij in the Hamiltonian is an independentrandom variable with a gaussian distributionP (Jij) = e�(Jij�<Jij>)2 N16J2r N16�J2 : (11)In the �rst paper [24℄, we have taken an average < Jij >= 0 and more re-
ently in order to des
ribe the sequen
e of SG-Kondo-Ferromagneti
 phases[25℄, we have taken a non-zero value hJiji = 2J0=N .

Fig. 4. Phase diagram in the T�JK plane as a fun
tion of T=J and JK=J for �xedJ = 0:05D, where D is the 
ondu
tion bandwidth. The dotted line represents the�pure� Kondo temperature TK.Numeri
al solutions for the �rst studied 
ase [24℄ are presented in Fig. 4whi
h gives a magneti
 phase diagram in the JK vs. T plane. At hightemperatures, the �normal� phase is paramagneti
 with vanishing Kondoand spin glass order parameters, i.e. � = q = 0. When temperature islowered, for not too large values of the ratio JK=J , a se
ond-order transitionline is found at T = TSG to a spin glass phase with q > 0 and � = 0. Finally,for large values of the ratio JK=J , we re
over the �Kondo� phase with a non-zero � value and q = 0 : the transition line from the paramagneti
 phase tothe Kondo phase for temperatures larger than TSG is a se
ond-order one and
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urs at a temperature very 
lose to the one-impurity Kondo temperatureTK0. On the other hand, the transition line from the spin-glass phase tothe Kondo phase, for temperatures smaller than TSG, is a �rst-order oneand ends at J
K at T = 0; the separation between the spin-glass and theKondo phases departs there 
ompletely from the behavior of TK0. We 
analso remark that we get here only �pure� Kondo or SG phases and never amixed SG-Kondo phase with the two order parameters di�erent from zero;this result is probably 
onne
ted to the approximations used here to treatthe starting Hamiltonian.The diagram shown in �gure 4 
an a

ount partly for the magneti
 phasediagram observed above the Curie temperature for the CeNi1�xCux alloys[23℄ for small x values when there is a transition from a spin-glass stateto a Kondo state. However, the experimental phase diagrams are generallymore 
ompli
ated and present an antiferromagneti
 or a ferromagneti
 phasein addition to the Kondo and SG phases. Thus, we have extended theprevious model, in order to in
lude the proper elements that produ
e also aferromagneti
 ordering by taking the mean random intera
tion J0 di�erentfrom zero. Therefore, the magnetization m 
an be introdu
ed as a neworder parameter, in addition to the two other order parameters and solved
oupled to them. As previously done, the stati
 approximation and repli
asymmetry ansatz lead to a mean �eld solution of the problem. The resulting
oupled saddle point equations for the order parameters produ
e solutionswhi
h give a Kondo state, a magneti
 ordering like ferromagnetism, a spinglass phase and a mixed (ferromagneti
-spin glass) one.Detailed 
al
ulations and results 
an be found in the full paper [25℄ andwe will present here brie�y the results 
on
erning the o

urren
e of theferromagneti
 phase in addition to the spin glass and Kondo phases whi
hhave been des
ribed in Ref. [24℄. Fig. 5 shows the evolution of the phasediagram with in
reasing values of J0=J . For small values of J0=J , the phasediagram shown in �gure 5(a) is essentially the same as that shown in Fig. 4for J0 = 0 [24℄, with a paramagneti
, a spin glass and a Kondo phase.When the value of J0 in
reases above a 
riti
al value, the phase diagramstarts to show the presen
e of a ferromagneti
 phase whi
h has a transitiontemperature T
(J0) in
reasing with J0. Thus, in the two 
ases shown in�gures 5(b) and (
), for de
reasing temperature, �rst a transition from aparamagneti
 to a ferromagneti
 phase appears followed by a transition fromthe ferromagneti
 to a �mixed� phase, where both q and m order parametersare di�erent from zero. For a su�
iently large value of J0=J , the spin glassphase �nally disappears and that region of the phase diagram is almosto

upied only by the ferromagneti
 phase, as shown in Fig. 5(d). For largervalues of JK=J , there remains only the Kondo phase and the transition lineto the Kondo state J
K(T ) does not depend on J0.
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0 10 20Fig. 5. Cut in the phase transition spa
e transversal to the J0=J axis for severalvalues of J0, J = 0:5 and D = 10. The solid line shows the transition fromthe Kondo phase to the other ones. The dashed line shows the transition from theparamagneti
 phase to the ferromagneti
 and the spin glass phases. One 
an noti
ethat, as J0 in
reases, a ferromagneti
 and a mixed phase start to appear and, forsome value of J0, the spin glass phase �nally disappears.One 
an try to address the experimental phase diagram found in Ref. [23℄for the alloys CeNi1�xCux, but theoreti
ally if we vary only JK with x,one obtains a ferromagneti
 phase at a higher temperature than the spinglass one, in 
ontrast to experiment. However, the equivalen
e between theexperimental phase diagram and ours is not so straightforward sin
e the Ni
ontent would have to be asso
iated to both J0 and JK. This 
ould be anindi
ation that the me
hanism for the formation of magneti
 phases like spinglass and ferromagnetism in CeNi1�xCux is far more 
ompli
ated than themodelling by a random inter-site intera
tion 
an address. Although re
entinvestigations on the ferromagneti
 transverse Ising spin glass suggest alsothe existen
e of a spin glass transition below the Curie temperature [55℄, itis plausible that this be 
hara
teristi
 of the Sherrington�Kirkpatri
k modelwith a high degree of frustration. Less frustrated spin glass models [56℄ maysustain spin glass order above the Curie temperature and they 
an be moreindi
ated for the study of the CeNi1�xCux 
ompounds.To 
on
lude on these two theoreti
al papers [24,25℄, we have �rstly solveda Kondo latti
e model showing the existen
e of a SG and a Kondo state de-pending on JK=J and then we have examined a wider and more 
omplex
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luding ferromagnetism. From this approa
hwe have been able to generate a quite non-trivial phase diagram with aspin glass phase, ferromagnetism, a Kondo state and a mixed phase (spinglass and ferromagnetism). Nevertheless, the 
al
ulated spin glass freezingtemperature is lower than the Curie temperature in 
ontrast with the ex-perimental �ndings [23℄. The present approa
h might also be extended to
onsider an antiferromagneti
 ordering, in order to explain the sequen
e ofSG-AF-Kondo phase transitions observed in for example Ce2Au1�xCoxSi3alloys [47℄.However, the two models presented here yield an abrupt �rst-order tran-sition between the spin glass state (or the ferromagneti
 phase) and theKondo state and they do not give any Quantum Criti
al Point at the bound-ary between the two regimes, in 
ontrast with some experimental results.This point is dire
tly 
onne
ted with the fa
t that we have taken only aquantum Ising Hamiltonian for the spin glass term, instead of 
onsideringthe full Heisenberg Hamiltonian [57℄. But, in order to avoid the intri
a
iesof the random Heisenberg model [57℄, we have re
ently developed a newtheoreti
al 
al
ulation [58℄, where the Heisenberg-like 
oupling is repla
edby a quantum Ising spin glass transverse �eld, whi
h 
onsists in both ane�e
tive random intera
tion among the z-
omponents, as we have 
onsid-ered in [24℄ and an uniform transverse �eld in the x-dire
tion, in order tosimulate the spin-�ip part; this model is the simplest way to des
ribe thequantum me
hanism of spin �ipping [59℄.The in�nite range quantum Ising spin glass in a transverse �eld is thesimplest model that presents a quantum 
riti
al point. It has been widelystudied by using the Trotter�Suzuki te
hnique [60℄, and more re
ently bythe use of two fermioni
 representations of the spin operators [61℄ that aremore suitable to our purposes.Thus the new hamiltonian used in Ref. [58℄ is given by :H = H0 � 2GXi Sxfi ; (12)where H0 is the pre
eding Hamiltonian given by Eq. (10).As the transverse �eld G mimi
s the spin �ip part of the Heisenberg
oupling among lo
alized spins that originates from the RKKY intera
tion,we use the previously proposed form [16℄ for G, i.e. G � �J2K where JK is theantiferromagneti
 Kondo 
oupling. Within this assumption, the 
al
ulationgives a phase diagram of T versus JK similar to that shown in �gure 4 at lowtemperatures, with a spin glass phase for low JK values and a Kondo phasefor high JK values, but the transition is 
learly di�erent. The introdu
tionof G indu
es a de
rease, with in
reasing JK, of the se
ond-order transition
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e Model and the Kondo-Spin Glass Competition in. . . 1287line TSG that forms the spin glass boundary and tends to zero at a QCP.Also, the boundary of the Kondo state is a se
ond-order transition line thatde
reases with de
reasing JK and drops to zero at a 
riti
al JK value. Thelines do not interse
t, then there is not a dire
t transition between the spinglass and Kondo phases. A full paper [58℄ will be published soon on thisimproved model for the SG�Kondo 
ompetition.4. Con
luding remarksThus, we have presented here two interesting problems, the short rangemagneti
 order-Kondo 
ompetition and the spin glass-Kondo 
ompetition,that we have both treated in a mean-�eld approximation. In the Kondo-latti
e 
ase, we have made a full des
ription of the Kondo problem as afun
tion of the intersite ex
hange intera
tion and of the 
ondu
tion band�lling and we have also des
ribed the short-range magneti
 
orrelation ef-fe
ts whi
h 
an o

ur in 
erium 
ompounds [20℄. An important result of ourmodel is that the Kondo temperature for the latti
e 
ould be very di�er-ent from the 
orresponding one for the single impurity. Su
h an e�e
t hasbeen observed in a few 
erium 
ompounds su
h as CeRh2Si2, CeRu2Ge2 orCe2Rh3Ge5, but the single-impurity Kondo model seems to be in fa
t quiterobust in other 
erium 
ompounds and in ytterbium 
ompounds. Furtherexperimental work is ne
essary to better understand the role of the di�erentex
hange intera
tions and of the band �lling in the Kondo problem for alatti
e.On the other hand, our des
ription of the Spin Glass-Kondo 
ompeti-tion is able to a

ount for some pe
uliar phase diagrams observed in sev-eral 
erium 
ompounds. However, we have not found the existen
e of a�mixed� SG-Kondo phase in 
erium disordered alloys, as well as previouslyan antiferromagneti
-Kondo �mixed� phase [18℄. This shortfall of the approx-imation is probably 
oming from the fa
t that mean-�eld s
hemes generallyindu
e �rst-order transitions, so maybe one ought to 
onsider the e�e
t of�u
tuations in order to get a more a

urate des
ription of the QCP. On theother hand, further experimental work is ne
essary, in order to better un-derstand the interplay between spin glass, Non Fermi Liquid behavior andregular Kondo phases in 
erium or uranium 
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