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Band-filling effects on Kondo-lattice properties
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We present theoretical results for a Kondo-lattice model with spin-1/2 localized moments, including both the
intrasite Kondo coupling and an intersite antiferromagnetic exchange interaction, treated within an extended
mean-field approximation. We describe here the case of a noninteger conduction-band filling for which an
“exhaustion” problem arises when the number of conduction electrons is not large enough to screen all the
lattice spins. This is best seen in the computed magnetic susceptibility. The Kondo temperature so obtained is
different from the single-impurity one, and increases for small values of the intersite interaction, but the
Kondo-effect disappears abruptly for low band filling and/or strong intersite coupling; a phase diagram is
presented as a function of both parameters. A discussion of experimental results on cerium Kondo compounds

is also given.
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I. INTRODUCTION pressure in cerium compounds and with decreasing pressure

The properties of many cerium or ytterbium compoundsin ytterbium compounds, in good agreement with many ob-
are well accounted for by the Kondo-lattice model, where aservations. However, deviations seem to occur in some ce-
strong competition exists between the Kondo effect and magdium compounds, such as CefS, (Ref. 3 or CeRyGe,>°
netic ordering arising from the Ruderman-Kittel-Kasuya-where the actual Kondo temperature observed in a lattice can
Yosida (RKKY) interaction between rare-earth atoms at dif-be significantly different from the one derived for the single-
ferent lattice sites. This situation is well described by theimpurity case. Thus, in order to account for such an effect,
Doniach diagrant, which gives the variation of the &  we have treated in a previous paptire Kondo-lattice model
temperature and of the Kondo temperature with increasingvith both intrasite Kondo exchange and intersite antiferro-
antiferromagnetic intrasite exchange interactignbetween  magnetic exchange interactions, for a half-filled conduction
localized spins and conduction-electron spins. If one consideand (corresponding to a number of conduction electrans

ers the exchange Hamiltonian between localiz& &nd =1). We employed a mean-field approximation with two
conduction-electrong} spins, given by correlators\;,., describing the intrasite Kondo correlation,
and[l;,, representing an intersite correlation between two
H=Jks-S, (1) neighboring moments. We have shown that the enhancement

] . ] of the intersite exchange interaction tends to decrease the
usual theories of the one-impurity Kondo effect and of thekondo temperatur@ for the lattice with respect to the one-
RKKY interaction yield a Kondo temperqturEKo that is impurity Kondo temperatur&,, and to suppress the Kondo
proportional to expf 1/pJx), and an ordering temperature effect for large values of the intersite exchange interaction
(Néel or, in some cases, CuJi&yo, proportional topJ%, p parametef. So, this model can account for the pressure de-
being the density of states for the conduction band at thgendence ofTy observed in CeRiSi,,> CeRyGe,,>® or
Fermi energy. Thus, for smailJx values,Tyg is larger than  more recentl§ Ce,Rh;Ges.

Tko and the system tends to order magnetically, with often a The above mentioned model also yields a correlation tem-
reduction of the magnetic moment due to the Kondo effectperatureT,,,, below which short-range magnetic correla-
On the contrary, for largpJx , Tko is larger thanTyo and the  tions between neighboring cerium atoms occur. For suffi-
system tends to become nonmagnetic. The actual orderingently large values of the intersite exchande,, is higher
temperaturd’y, therefore, increases initially with increasing than the Kondo temperature. This result is in agreement with
pJk ., then passes through a maximum and tends to zero att@e experimental observation by neutron diffraction experi-
critical value pJg corresponding to a “quantum critical ments of such short-range magnetic correlations in single
point” (QCP) in the Doniach diagram. Such a behaviogf ~ crystals of CeCy® CelnCy,'® CeRySi,,>? or

has been experimentally observed with increasing pressure @e, _,La,Ru,Si, (Refs. 11-1%at low temperatures. The ex-
many cerium compounds, such as CgARef. 2 or perimentally observed temperatufg,, is clearly larger than
CeRQSi,.> We also know that the Ng temperature starts the Kondo temperaturdy : Teor-60—-70 K andTx~20 K
from zero at a given pressure, and increases rapidly witih CeRySi,; 2T ,~10 K andTx~5 K in CeCu.°
pressure in YbCySi, (Ref. 4 or in related ytterbium com- Most Kondo-lattice models have been studied for the case
pounds, which can be considered as another test of the Donef a half-filled conduction band, corresponding to a number
ach diagram. The one-impurity model predicts an exponenef conduction electrons), equal to the numben;=1 of f

tial increase of the Kondo temperature withy, . This means electrons. However, when<1, an “exhaustion” problem
that the Kondo temperature should increase with increasingrises, which means that there are not enough conduction
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electrons to screen all the localized spins and, as a consef a conduction electron at the same site, dpdis the in-
quence, the Kondo temperature decred3é%The stability  teraction between nearest-neighboring localized spins. As-
of the Kondo effect whem decreases has been recentlysuming spin-1/2 localized moments, we represented them by
studied!’ and also the temperature dependence of the mag: zero-widthf band with one electron per site, while the
netic susceptibility has been computed for different values otonduction band has width[2 and a constant density of
n,'® with the Hamiltonian including an intersite exchange states. We chooséy and Jy to be positive, implying that
interactionJy between the localized spins, treated as inde-both local and intersite interactions are antiferromagnetic, as
pendent ofdx. The results showed that a reduction of is the case in most cerium compounds.
and/or an enhancement df; tend to suppress the Kondo  We now write the spin operators in fermionic representa-
effect. In particular, the analytical calculation B&=0 gave tion:
\? proportional ton in the case ofl;=0.°

Early studies of the Kondo-lattice model have considered Lo Sz_l £ f
only the intrasite Kondo interacticfi=2In particular, Con- si=p (=0, S=g =),
tinentino et al,?! using scaling theory, have found a coher-

ence temperature increasing above the QCP. Recently, Bur- si*zciﬂcil, Sﬁzfiﬂfil, 3
din etal,?®?* using the slave-boson method in the
exhaustion limit, have obtained two different energy scales: si*:ci’flc”, S,I*:filfiT ,

the single-impurity Kondo temperatur€c, which corre- . . )
sponds to the onset of local singlet formation, and the zero®®membering that we ha]ye a constraint of single occupancy
temperature energy gaifi*, related to the coherent Kondo ©f thef level at .aII sitesn;=1. _
effect. Thus, the low-temperature energy scale is not equal to In order to discuss the Kondo effect and magnetic corre-
the high-temperature one, although there is only one mean@ations we define the operators
field parameter in the theofy:?* 1t has been shown that the

T T Nio=cl fi,, Ty, =flf (4)
ratio T* /Ty is much smaller than 1, and depends only on the ic= biglicr Lijo= ligljo>

band filling factor. In Fhe case of a.rectangullgr density Ofwhere)\i,, describes the intrasite Kondo correlation, dhg,
states for the conduction ban@l, vanishes as™“ and the  represents an intersite correlation between two neighboring
coherence temperature a the limitn—0. However, both  atoms. This is so because the on-site spin-spin correlation
Tk andT* where found to exhibit the same exponential be- 5-S) can be written in terms of the averad®; \; _,),
havior ?‘Xpﬁ%D/‘]K)v in contrast \éVith the formula established anq similarly for the intersite correlation usifg;, . With
by Noziges,” who foundT* ~Ti/D. The effect of a small  thjs notation we perform an extended mean-field approxima-
number of conduction electrons has been also studied withifion, introduced by Coleman and Andr8iand presented in
both the Kondo-lattice and the Anderson-lattice mod®18®  full detail in Ref. 7. Considering translational invariance, and
The purpose of the present paper is to further develop thgiking into account that there is no breakdown of spin sym-
study of conduction-band filling effects within the Kondo- metry, i.e., No magnetic states, we can white (\;,,) for all
lattice model. Besides preViOUS work cited ab(?)\]lé,lga first Sitesl andl—‘:<l_‘ijo_> for nearest_neighboring sites and zero
brief account has been already giverhut we will present  otherwise. In this way we obtain a mean-field Hamiltonian
here both numerical results and new analytical expressiongat takes the form of a hybridized two-band system:

for some specific limits, as well as a detailed discussion of
band-filling effects.
J HMF=" &S +Eo>, (E n{U—l)—JKxE (¢l fio
ko i o io

Il. THE THEORETICAL MODEL

As it was mentioned above, the Kondo-lattice model is +fiTgCia)+EK—JHF<§ (1,80t 1,fi0) + B,
often studied with only the intrasite Kondo interaction. In e
principle, both the RKKY magnetic interaction and the 5)

Kondo effect are consequences of the intrasite exchanqﬁith
term. However, the RKKY interaction is perturbative dp
while the Kondo effect is ndt When dealing with approxi- = _ 2 = _ 2
mation schemes, it is hard to obtain both effects starting with Bc=2NJ" - BEy=zN LI, ®
the intrasite interaction alone. For this reason, an expliciN being the total number of lattice sites. We have introduced
intersite exchange interaction is usually included in thea term depending on the Lagrange multipligy in order to
model Hamiltoniar(.?> impose the constrair;(n{ —1)=0. This is a weak form of
The proposed Hamiltonian of the system is, therefore, the original constrainh/=1.
After performing this approximation, one deals with a
_ nt +3 S+ 'S 2 one—electror_1 Hamiltonian _representlng two hybridized pands:
: %:’ ko KZ S H(% S @ the conduction band of width[2 and thef band of effective

band width BD, with B given by
where g, is the energy of the conduction band is the

Kondo coupling between a localized sgiand the spirs B=-zJ4I'/D, @)
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z being the number of nearest neighbors of a site, while the
magnitude of the hybridization gap is directly relatec\fo
This quantity is also a measure of the Kondo effect, as the
Kondo correlation functiors - S) is proportional to\2.

The Hamiltonian(5), leaving aside the constant terms, is
easily diagonalized, and the resulting energies of the two
new hybrid bands are

/, -~ £€) b
1 2 N/ b se@ || g
E =5{ec(1+B)+Eo* \[ex(1-B) ~Eo]*+ 4317}, 1/ Ee [
8 P R R
10 -05 00f 05 -10 -05 ! 0'5’52 10
The mean-field parametexsandI’ are obtained by self- ¢ &
consistently solving Eq€4) or, equivalently, by minimizing FIG. 1. Schematic plot of the nonhybridized conduction afd 4
the total internal energy bands, and of the two hybridized banfis (k). For a givenn
<1, the chemical potential is different in pané# and(b), which
_ ey L = LT correspond respectively to the two cases studied: sindla single
E_2k,;t Eif(E)+Ex+En—EoN ©) solution of E_(e)=u], and largely, (two solutions. All energies

appear in units oD.

at zero temperature, or the total free enefgyat finite
temperature$’ The summation in E(9) is made over alk  schematically in Fig. 1, where we have used the fact that the
states in the first Brillouin zone, anf{E,) is the Fermi-  energiesE, depend ork only through the bare conduction-
Dirac function. As usual,the reference energ, of thef  pand energies:(k), making the substitutioE; —E. (&),
band and the chemical potential have to be determined \ith ¢ defined in the interval —1,1] in units of the half
self-consistently in order to keep the average numbers of hangwidthD. As can be seen in Fig. 1, the curie (¢) may
and conduction electrons respectively equal to 1 and or may not have a maximum, according to the different cases

We have previously treated the half-filled case, corre-sydied. Moreover, wheiE_ (&) presents a maximum, the
sponding to a number of conduction electrans 1,” and  Fermi energy can cut the lower band in two points or in only
here we consider the general case of a noninteger number ghe point within the first Brillouin zone. In fact, we have to
conduction electrons. For the half-filed cdseve have istinguish two cases, depending on whether there are one or
shown that the Kondo temperatufg for the lattice can be o intersection point§which implies automatically in the
much smaller than the Kondo temperatilig, for the single  gecond case that the curize (£) has a maximurh We will
impurity, as observed in some cerium compounds. We Wi”compute the total energy in both situations.
present in the next sections the theoretical results for band- ForT=0, we firstly derive analytical expressions for both
filling effects, and discuss later the comparison with expericases, and then we present numerical solutions for different
ment. sets of parameters that affect the shapg ofe). In the first

case, shown in Fig.(&), the energy per lattice site is written
Ill. BAND-FILLING EFFECTS AT T=0 as

The two hybridized bandg, given by Eq.(8) exhibit a 1 (eo
structure that depends on the two factérsJi\? andB, &= o) de{Eo+(1+B)e—\[Eo— (1—B)e]?+4J2\%}
defined by Eq(7), and especially on the sign &. In the P
case ofn=1, previously cons_idereﬁfor small |B| values_ +z3, 02+ 23 \2—E,. (10)
such that for|B|D?<A there is a gap, the lower band is
completely full and the upper band empty B=0. Forn The upper limite, is the value ofg, that corresponds to
<1, the Fermi level cuts the lower band, and the upper ban&, =« in Eqg. (8), as shown in Fig. 1. Writing the two self-
is still empty atT=0, which corresponds, therefore, to a real consistent equations that yiehd=1 and the number of con-

metallic situation. duction electrons, we obtaineg=Dn, and
The shape of the lower bartg, and the solution of the
casen<1 depend critically and self-consistently on the val- 1
ues of the different parametedg , J4 andn or equivalently Eo=— E(l_ nI(1-B)D+A4], (1)

A Bandn. If B>0, i.e., I'<0 (sincely is positive herg

both the “f band” and the hybridized lower banl, are  With

continuously increasing witla, . The same structure exists

for B<0 and smallJ,; values, whileE, presents a maxi- 3 \/ ) RS
A=1\/D%(1-B)“+ .

mum for B<O0 and largeid,, values.

Thus, the shape @&, can change under a variation of the
parameters, and this peculiar situation makes the problem Finally, the internal energy per site @t=0 [Eq. (10)] is
difficult to solve. The two characteristic cases are presentediven by

(12
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D A
E=zI 2+ 2\~ Eg+—(n’—1)— = 0.05 ] 025
2 2 r :
. JRN? [A-D(1-B) 13 , % TulD 4020
D(1-B) |A+D(1-B))" r iy p— ST
0.03 0.06 ereerenees A A 0.15
The derivatives of the total energy with respecitandI’ g 7
yield two self-consistent equations, whose solutions give the 0.02 | PARRVARE A AL
final values ofA andI’ corresponding to the minimum en- 22 !
ergy. For small values af,, Eq. (13) allows us to write 0.01 | 7 { 0.05
/
, ND*1-B)*> u 0 . .
A= > 5 (14 0 0.2 0.4 0.6 0.8 1
Jk (1-u) n
nA 1-n Jk\? FIG. 2. Variation of \? and I' with the band fillingn for
F:4D(1—B)_ 4 D(1-B)’ (15  J,/D=0.4 and different values df, .

with u=exyd —2D(1-B)/J«].

The case with a maximum i, is more complicated. As

shown in Fig. 1, for the casB<<0 with large values o,

the Fermi levelu cuts the bandE, in two energies; then, the
two corresponding energies ande, are given by the val-

ues ofe (k) which are roots of the equatidf, = u with E,

given by eq(8). So, the expression of the energy is given by
Eqg. (10) by changing the integration limits so that the inte-

gral is now performed from-D to ¢, and frome, to D.
Now, the two equations derived from the constraipt
=1 and the number of conduction electrons equat tore

e,—e,=D(1—n), (16)

Eo=—(1— \/D2+ At
o= (1-B)2-(1-n)?

We can derive analytical expressions fgr ande,, and
finally for the total energy per sité for B<0. A quite long
calculation yields

7

c= )[(1—5)2—25(1—n)+(1—n2)]

-~ 2(1-B

RS P-D(1-n)\|B| R+D
(1-B)D | p+D(1-n)y|B| R—D

2Rp2

1-n DB
- - - 2_
+2(1_B)P\/|B|+ +2Jk\“—Eg,

zJy (18

where

R \/ pre M 19
- (1-B)2—(1—n)?

P=4Ji\2-D?B(1-n)2.

and

(20
Minimizing the energy(18) with respect tox we obtain

\2=Dp/2a, (21

with
J2 (1-B)2—(1—n)?
P=2 58" Zg1_ny? (2
and
J2 1 1 l
a= + :
4D(1-B)|B(1-n)? (1-B)2—(1—n)?

(23)
For the present case, vanishes at a critical band filling

given by
u
n.=1-(1-B) B

We have finally performed a numerical calculation by
considering the general form of the energy given by either
Eq. (10) or Eq.(18) in the different cases studied, and look-
ing for the minimum energy of the system. In fact, for each
value of the different parameters, we compare the two solu-
tions and we retain the lowest-energy one, thus determining
the corresponding andTI.

Figure 2 shows\? andI" versusn for different values of
Jy, andJx /D =0.4. ForJy=0 we obtain negative values of
I' (not shown in Fig. 2 with I'——1/4 in the limitn—0
[see Eq.(15)]. This is consistent with previous resdft®
showing thatl" changes sign as a function afwhen the
Kondo effect is strongly dominant.

Figure 3 shows the phase diagram JQi/D=0.4 and 1.0.

In the latter casépreviously reported in Ref. 29for small

Jy the Kondo phase is stable for all values of the band fill-
ing, while for largeJy the Kondo phase is stable only for
n>n. given by Eq.(24). Figure 3 also shows that E®4) is
very close to the numerical result in this region, but does not
apply whenly is very small, since the assumed maximum in
the lower energy band no longer exists. The crossover be-
tween these two regimes was obtained numerically. In the
crossover region we found @discontinougransition fromx

#0 to A=0. These results have to be taken with caution,
however, since the value dic /D=1 is unphysically high,

(24)
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10F T T v T M S R P EEr s X s L = I 0.04

IOVt u Rilm M= ; n=1.0
‘:‘jlzr"ﬂ'"‘:r ° Tcor_?' 0.9
Dn:r':I : 0.8
08 o : 0.03 | 0.7
| 0.6
2
i Q
0.6 g . S 002t
; =
n, i
0.4 - e 0.01 }
; )
0.2 -. o] -1 0 . | L . . : L
B o ] 0 005 01 015 02 025 03
é o Jy/D
0.0 00 1 1 1 1
0.0 0.2 0.4 0.6 08 1.0 FIG. 4. Kondo temperatur&, versusJy for J,/D=0.4 and
J H several values ofi. We also show the correlation temperatiigg, .
FIG. 3. Phase diagram plotted as the critical band fillmg First, we present analytical results obtained in the case of

versusJy . The curves are drawn from E@24) for J,/D=0.4  largeJ, values, wherel ., >Tk . In this case T, is easily
(dotted ling and 1.0(solid ling). The symbols correspond to the determined by taking the limif' —0 in the self-consistent

results obtained by minimizing the energy. In each case, the Kondgquation forl” with fixed A =0, and we obtain
regime is stable above the line, and the magnetic phase below.

Teor=2I4/12, (26)
and the Kondo lattice is expected to show ferromagnetic be- . : .
havior in the lown limit,?2 while our analysis is restricted to wherez is the number of nearest neighbors. In the simple
antiferromagnetic intersite exchange. cubic casez=6, we obtalnTcorz_ Ju/2. S_tlII_ for theT case
Thus, our calculation shows clearly that smmralind large Teo T , We determl_neTK by tqklng the I|r_n|.t7\f0_|n the
Jy values tend to suppress the Kondo effect, yielding aself-pon&stent e_quatlon f(_)r, with T re”f‘a'”_'”g finite. We
“magnetic” phase withA =0 and large short-range magnetic obtain the following equation to determiig:
correlations. In fact, in this region a long-range magnetic

order should certainly be stabilized, but this was not taken i: f_D e ! !
into account in this approach. In contrast, battandI" are pdc J-p |&e(1-B)—Egp\ 1+ele=mTk
different from zero in the Kondo phase.
1
- (Eg+Be—pw)IT ) : (27
IV. BAND-FILLING EFFECTS AT FINITE TEMPERATURE 1+e'Fo KITTK

Focusing on the Kondo-lattice problem at finite tempera-Equation(27), together with the self-consistent evaluation of
tures, the half-filled case has been previously described, arfdl [see Eqs(7) and (4)], and the two equations givings
we consider here the general casenefl. The number of =1 andn<1 (which yieldE; and ) allow us to determine
electronsn; is always taken equal to 1. The valuesofind Ty . In the case o8, =0, we recover the simple equation
I' are determined by self-consistently solving E@s.or by L

e~ M
e—Ep ta”"( 2Tx )

minimizing the free energy, which is given by i:f
pIk
F=—2T > In[l+e Ea WM —E +2J,T2+2J\2. which reproduces the single-impurity result. In the limit
koa== 25 Jk/D<1, this yields

-D
de

: (28)

-D

1
In our mean-field approximatioff;x and T, are defined TK:COD\/n(Z_n)eX% - T) (29)
. . Pk

as the temperatures at which, respectivelgndI” become
zero. We have shown, in the case 1, that the Kondo tem- Wwhere Cy is a numerical constantC,=1.1337. Equation
perature T for the lattice can be much smaller than the (29) gives Tx depending on the band filling asn(2—n),
Kondo temperaturd , for the single impurity, as observed which is consistent with a/n dependence when—0, as
in some cerium compoundMoreover, we have also shown found in Ref. 23.
that the temperatur&.,, for the occurrence of short-range  Now, we present numerical results obtained at finite tem-
magnetic correlations lies above the Kondo temperafige peratures in the case<1, for different sets of parameters
for largeJy values, whileT ., =Ty for smallJy . These two  Jx, Jy, andn, in order to study the Kondo-lattice properties
theoretical results have provided a good explanation for thand band-filling effects. Figure 4 gives the curves of the
previously described anomalous behavior observed in somi€ondo temperaturd ¢ versusJy for a givenJi value and
cerium compounds. several values of the conduction-band filling We see
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FIG. 5. Kondo temperatur@y as a function ofJy for J,/D FIG. 6. Magnetic susceptibility times temperature as a function
=0.04 and representative valuesrofiWe also show the correlation of temperature fon=0.8, J, /D =0.4, and different values af, .
temperaturél ., and the single-impurity Kondo temperatufg,.  The open circles mark the position @f,,, and the stars, that of

Tk . These two temperatures coincide in the casdofD =0.02.

clearly thatT first increases, and then decreases djtHor
fixed n, dropping abruptly to zero at some critical value of or to T at low J,; values. The kink corresponding T in
Ju - On the other hand, for a gively, T¢ decreases rapidly the case whe<T,,, is less pronounced, but still clearly
asn departs from half filling. The enhancement B for  visible. Figure 6 gives the results for the temperature depen-
small J,; was masked in Ref. 7 by the choice &f=aJ%,  dence of the produc¢T for J./D=0.4, n=0.8, and repre-
which intended to mimic the RKKY interaction. Besides this sentative values of,,. This figure shows a Kondo regime
being a questionable approximation, we have preferred herglone for smallly, a regime with only short-range magnetic
to study the behavior of the Kondo temperature as a functiogorrelations above the Kondo regime for intermedidtg
of Jx and Jy considered as independent parameters. Foand the absence of the Kondo phase for lakge Then, Fig.
comparison, in Fig. 4 we have also plotted the correlatior7 gives the results for the temperature dependence of the
temperatureT .,,, which is linear withJ, independently of  product T for Jcx/D=0.4, an intermediate valud, /D
the value ofn.” Figure 5 givesTy as a function ofl¢ for ~ =0.04, and representative valuesrofThe curves show the
Ji/D=0.04 and representative valuesrofHere again we onset of short-range correlations and the Kondo regime for
include the correlation temperatuig,,, which signals the values not very far from 1, while the Kondo effect has com-
onset of short-range magnetic correlations when the temperaietely disappeared for=0.6, in which case a single critical
ture is lowered at fixedl . For comparison, we plot the temperature remains. We immediately see on this figure that
single-impurity Kondo temperatur€yo (for n<1), which  the behavior of the magnetic susceptibility is completely dif-
varies exponentially witld, , and is weakly dependent an  ferent forn=1 and smallen values, because the=1 case
near half-filling[see Eq(29)]. corresponds to an insulating system, and smailemalues

Figures 4 and 5 show some interesting results of ougield metallic behavior. We also see that the Kondo effect
model. First, one can see the occurrence of short-range magdisappears when decreases below a critical value, which
netic correlations above the Kondo temperature, in good

agreement with experiment. Also, in the region of coexist- 0.3
ence between Kondo effect and magnetic correlations, the 1o —
Kondo temperature is enhanced with respect to the single- 025 09
impurity case, and shows a smoother variation with. 8:2
Such an enhancement agrees with the ¥dzat f-f corre- 0.2
lations may, in some cases, reinforce the Kondo effecton a &
lattice. The second noticeable feature of Figs. 4 and 5 is the x 015 1
almost catastrophic suppression of the Kondo effect with in- = o1 |
creasing intersite coupling, and the enhancement of this be- ’
havior as the band-filling factor is reduced. 005 L
Now, in order to better understand the physics of the
Kondo lattice at low temperatures, and to see more clearly 0 : : : :
the different regimes occurring with decreasing temperature, 0 0005 00t 0015 002 0025
we present different curves showing the product of magnetic b
susceptibility and temperaturgeT, which represents the £, 7. Magnetic susceptibility times temperature as a function
square of the effective magnetic moment. of temperature fod, /D=0.4, J,,/D=0.04, and different values of

On the two following figuresy T is constant at high tem- n. The open circle signal§.,, while the filled circles indicate the
peratures down to a first kink corresponding to either thepositions ofTy for the three higher values of (the Kondo regime
correlation temperaturé,,, for a sufficiently largely value  no longer occurs fon=0.6).
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30 V. CONCLUSIONS
N 2 We have studied the different behaviors of the intrasite
20 and intersite correlations, and the characteristic temperatures
as a function of the intrasite Kondo exchange coupling, of
15 L the intersite exchange coupling, and of the number of con-
duction electrons relative to the numberf@lectrons, which
10 + remains fixed to 1. We use here a mean-field approximation
with two order parameters in each case, the mean-field
S 1 Kondo correlator and the short-range magnetic correlation.
0 . . , . , , . We have established here for<1, as in previous work
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 for n=1, that the dependence of the Kondo temperature with
T/D the coupling constanii for the lattice can be significantly

FIG. 8. Magnetic susceptibility as a function of temperature fordlfferent from the single-impurity case. This result can ac-

Jk /D=0.4 and different sets of the paramet&gsandn, in order to count fpr3 the pressg(rse dependence B observeéd in
show the different regimes. Circles and stars follow the conventio-€RI2Sk,” CeRpGe,,> or more recently C&Rh;Ges.” On

of Fig. 6. the other hand, depending on the relative values,pfand
Jk , as well as on the band-filling, the lattice Kondo tempera-

can be interpreted as a manifestation of the “exhaustionture can closely follow the single-impurity one, as observed
problent® in connection with the competition between in many cerium and all ytterbium compounds. Further ex-
Kondo effect and magnetic correlations. periments are needed to better understand the conditions
Finally, in Fig. 8, we present a plot of the magnetic sus-yielding a Kondo temperature for the lattice much different
ceptibility versus temperature for the three different regimeghan the single-impurity one. This issue has also been ad-
for typical sets of parameters: Kondo regime aldemall  dressed by different theoretical approaches to both the
Ju. n near halffiling, both magnetic correlations and Kondo lattice and the periodic Anderson mogfef?2°-27:31
Kondo regimes(higher J,;, smallern), and short-range Another interesting result concerns the derivation of a
magnetic correlations onlstill higher J,, relatively small  correlation temperaturebelow which short-range magnetic
n). This figure gives an illustrative summary of the physicscorrelations appear, in good agreement with neutron scatter-
of the Kondo-lattice model. ing experiments in cerium compounds. These correlations
The different behaviors shown in the last three figures ar@an coexist with the Kondo effect, but eventually dominate,
worth analyzing in more detail. At high temperatures, theand suppress the Kondo regime for sufficiently high values
magnetic susceptibility is decreasing ifl s normally ex-  of the intersite exchange interaction or sufficiently low band
pected. Then, beloyv the h?ghest characteristic temperaturm"ngs_
(Teor OF Ty), there is a rapid decrease of the prodydt, Our present calculation addresses again the difficult issue

indicating a reduction of the effective magnetic moment dU&st the nature of the ground state and screening in the Kondo-
to the occurence of short-range antiferromagnetic correlar

i hich tend t d h £ the locall %attice problem. We have shown here that, as the number of
lons, which tend to reduce the response of the localiz€q, \,,tion electrons is reduced, exhaustion may be compen-

moments to an applied magnetic field, and an even faStesrated by formation of intersite singlets of localized spins
reduction due to the Kondo effect. At lower temperatures y 9 pIns.

within the Kondo regime, we observe a flattening of the of EXact calculations for small clusters would be interesting in

fective magnetic moment. This region of nearly constanthat alcomparlson l:l)etween resElts Wlltlh aaumt&er of conducf—
magnetic moment beloW, can be related to the “exhaus- 110N €lectrons equal to, or much smaller than the number o
tion” problem, because there are not enough electrons t4f electrons localized on the different sites of the clusters
screen the localized spins. At still lower temperatures, a cocould shed new light on this issdéFinally, it is interesting
herent regime sets in, and this residual moment becomd® notice that taking into account lattice effects is essential
completely screened. This behavior is not observed in théor describing the properties of cerium or other anomalous
half-filled case, where the effective magnetic moment tendsare-earth compounds at low temperatures, as shown, for ex-
very rapidly to zero due to the existence of a gap at the Fermample, in photoemission experimefts

level.
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