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Hybridization versus Local Exchange Interaction in the Kondo Problem: A Two-Band Model
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The competition between local exchange and hybridization in Kondo systems is investigated

by studying a model in which a localized spit/2 has an exchange interaction with two
bands with a ferromagnetic couplings > 0 and an antiferromagnetic coupling,,, < 0, respec-
tively. It is shown that a Kondo effect takes place even for large values of the |BHQ |-
The results should be applicable to real systems when orbital degeneracy is taken into ac-
count, and indicate that the Kondo effect can occur even in the presence of a strong local ex-
change. Consequences on the picture of the competition between the two effects are discussed.
[S0031-9007(96)01202-1]

PACS numbers: 71.28.+d, 75.20.Hr, 75.30.Mb

The magnetic interaction in normal rare-earth com- In this Letter we model this situation by studying
pounds originates from local exchange between fthe a two-band (or two-channel) Hamiltonian in which a
shell and conduction electrons through the Rudermanocalized spin1/2 interacts with two distinct bands,
Kittel-Kasuya-Yosida (RKKY) mechanism. In anoma- with a FM coupling Ji > 0 and an AFM coupling
lous rare-earth compounds (Kondo systems and heaw,, < 0, respectively. Since a FM coupling is known
fermions) the electronic hybridization betwegh and to scale to weak coupling for the one-band model at
band electrons gives rise to the Kondo effect and tendow temperatures, while AFM coupling scales always to
to produce the nonmagnetic heavy Fermi liquid groundstrong coupling, it can be expected that the Kondo effect
state [1]. persists even when the ratidy;/Juyp| is large. This is

The observation of Kondo-like phenomena suggestshown explicitly in this paper, and leads to a picture of the
that hybridization dominates over local exchange; this iompetition between Kondo effect and magnetic ordering
usually taken for granted in the study of Kondo systemswhich is quite different from the commonly assumed one.
and, in fact, local exchange is neglected in the commonly The model Hamiltonian is
adopted Anderson model. However, electronic structure
calculations suggest that in several Ce compounds (like
CeTe, CeSe, CeAg) the magnetic interaction is deter- H= 2 ecl,con + > egcl,
mined essentially by local exchange, rather than by the . .
hybridization-induced pair coupling: in fact, the magnetic — Jt57(0) © Sy — JnypSar(0) - Sp, ()
ordering temperature calculated by keeping hybridization
only is an order of magnitude smaller than the experiwhere e, (e,) is the energy of an FM-band (AF-band)
mental value [2,3], while agreement with experiment isconduction electron with wave vectar (q). The FM-

obtained when local exchange is accounted for [2]. band (AF-band) cutoff isBr (Bar). The exchange

This behavior cannot be understood within a simpleinteraction between the localized spip and the FM-
spin 1/2 one-band model. In such a model the local ex-band (AF band) spin density at the impurity sifg;(0)
change couplind; [which is usually ferromagnetic (FM), [s4r(0)], is FM [AFM] with a coupling constanf;; > 0
Js¢ > 0] competes with the antiferromagnetic (AFM) cou- [Jhy, < 0].
pling Jhyp < 0 generated from hybridization through the We adopt the nonperturbative method developed by
Schrieffer-Wolff transformation [4]: the relevant coupling Yoshimori and Yosida [7] for the one-band Kondo model,
is Js¢ + Juyb, SO that the Kondo effect occurs only when in which the ground-state wave function is expanded in
[Jnyb| > Js¢ [B]. However, more subtle effects can takea many-body basis with electron-hole excitations [see
place in the presence of orbital degeneracy. Under thEig. 1(a)] and S, = 0. An integral equation for the
usual assumption that hybridization is spherically symmetlowest-order expansion coefficient,( is derived by a re-
ric and local exchange is a spin-only interaction, hybridizasummation to infinite order i, keeping only the (log-
tion couples thef shell with conduction electrons in a arithmically) most divergent terms. The equation can be
partial wavel = 3 around the impurity site [6], while local solved analytically, and its solution describes the forma-
exchange couples theshell to band electrons inla= 0  tion of a many-body singlet ground state. The nonpertur-
state. Thus the Kondo and local exchange interactions ibative energy galn is defined to be the Kondo temperature
volve two different conduction electron channels. and is given byTK = Bar exp(1/pJnyp), Wherep is the
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band density of states (assumed to be constafif).has

order states on the right have an additional electron-hole

the correct exponent, but is higher than the exact Kondexcitation in either the FM band or the AF band. The

temperature7g**" ~ P Inybl Bar €xp(1/pJnyp) [8]-

ground-state wave function is found in the subspace

The basis for the two-band model is illustrated inSwt = 1/2, which allows for a singlet state between

Fig. 1(b). The lowest-order state on the left has one eledocalized spin and one of the conduction spins. The
tron on the impurity level, one electron with wave vectorntégral equations resulting from the Yosida procedure for
7 over the FM-band Fermi sea, and one electron withe two-band Kondo model are given by (settjng — J

wave vectorj over the AF-band Fermi sea. The higher fOr Simplicity)

[e, + €, — € + AE(eq, €,)] <dq,, + %cq,,>
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FIG. 1. Schematic representation of the many-body basis usef((J)r d, can be
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Sf) < }ilyb>[ dey Ir(€ey, €45 €0) <d‘1”’ + EC‘I"’> - 3(%) fde"' Ir(€v, €, €)cqr,  (2)

where
L Geoy.t) = Cha(x + 1) — haly + t)’
x =y
a = AF,FM, )
hao(x) = fa(x) — 2fa(x + Ba) + falx + 2B,), (4)
fol) = (e +0m(=SE) @)

and by another equation, which can be derived from (2)
with the interchangeds; < Jiy,, and AF band— FM
band. AE is the perturbative correction to the ground-
state energy, which is the same for thig; = 1/2 and
St = 3/2 states, and to leading order is given by

+\? J 2
AE = —6<%> hp(eg + €,) —6<M> har(eg + €,).

4
(6)
The right-hand side contains two first order terms, fol-
lowed by two second order terms, which include a resum-
mation in the most divergent approximation. The third
order terms are nondivergent and two of them (those pro-
portional toJJny, and toJa,,Jsr) are crossed. For the
AF band alone, keeping the third order nondivergent term
(which was neglected by Yosida) in the integral equation
shown to yield a lowering @% towards the

exact

in the Yosida method for (a) the one-band Kondo problem an€Xact valueTx "~. The integral equations for the two-

(b) the present two-band Kondo model.

band model do not seem to admit analytical solutions:
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The decrease dfk for increasing/s; can be understood
as follows. ForJg — =, the hopping in the FM band
becomes negligible, and the localized spin is locked in a
triplet state with the FM band at the impurity site. We
call Seir = Sy + 5p this effective spin one. In the limit
Js¢ — » the two-band model can therefore be mapped
onto the model
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1 \(sf.s) ] This is the Hamiltonian of a localized spin 1 interacting
] through AFM exchange interaction with a spi/2l
(b) . band. The AFM coupling constant.s,,/2. The model
i ] (7) describes an undercompensated Kondo effect: the
05 ] related expression of’x (apart from the prefactor) is
] Tx ~ Bar exp2/Jnyp). Thus the Kondo temperature is
i 3 /<Sf'SAF> ] expected to decrease monotonically from the valije
Al T T A S T T T P R T found for J = 0, to the valueTg, found for J; — «
-05 04 -03 -02 01 00 01 02 03 04 05 (TY > T¥). The impurity susceptibility remains finite for
s all finite values of/; and diverges fod — oo.
FIG. 2. (a) Kondo temperature as a function df for _ We ha_lve studied the two-band model also by pertur_ba—
different values of/uy, (Br = Bar = 1) and (b) correlation ~tive spallng [9]. We calculate the change of the effective
function (S, - 54) (solid line), (S, - §x) (dotted line), as a coupling constants as the two-band cutafs and B,r
function of Ji; for Jyy, = —0.1 from the Yosida method. are reduced. The scaling equations up to third order in the
coupling constants (which in the one-band case vyield the

we therefore adopt a numerical technique based on log&orrect expression fdfx [1]) are
rithmic discretization of the band energies and Gaussian 5 13 1 )
integration. The equations are then solved by a scan®/mp = Uiyy + 37010 NBar) + 370y /56 IN(BF),
ning procedure which yields the ground-state energy to ®)
great accuracy.Tx is defined as the energy gain of the
St = 1/2 ground state with respect to thg, = 3/2
ground state.

In Fig. 2 we show the Kondo temperature and correla- (9)
tion functions as a function of;;. It can be seen from
Fig. 2(a) thatTx first decreases whejy| is finite and We takeBr = B,r and reduce the two cutoffs simulta-
small (Js| < [Jnypl). WhenJg is negative (AFM) and neously. There are four fixed points: (4} = Jpyp = 0.
Jst < Juyv, Tk Starts to increase again: this is due to theThis is a trivial, unstable fixed point, which is the end of
fact that the role of the two bands is interchanged, anall trajectories when the starting point of the scaling proce-
Tx is now determined by ;. The most interesting re- dure falls in the quadrant/{f > 0, Jyy, > 0). (2) Jos =
gion for us is where/i; > 0. hereTx decreases contin- Ju,, = —1. This is an unstable, non-Fermi-liquid fixed
uously. In Fig. 2(b) we plot the ground-state correlationpoint, already discussed in Refs. [10,11] in the context
between thef spin and the total spin in each one of the of the multichannel Kondo problem. (3); = 0, Jhyp =
two bands for/py, = —0.1. This is calculated by keep- —2. This is a stable fixed point of the scaling equa-
ing the lowest-order basis state in the ground state, whictions. Of course, the scaling equations are valid only for
can be shown to be the dominant one. Figure 2(b) provelduys |, [/5s| < 1:in fact, for the full model the correspond-
that a (Kondo) singlet is formed with the AF band for ing fixed point will be moved t¢0, J,,, — —), as for the
all values of/Js;, except wher/y; is more negative than one-band model [10]. Since the effective interactigp,
Juyb, IN which case the singlet is formed with the FM scales to strong coupling, a Kondo effect must occur at
band. The results of Fig. 2 confirm the expectations dislow temperature. This strong coupling fixed point is the
cussed at the beginning: the Kondo effect persists eveand of all trajectories starting in th@s > 0, Jpy, < 0)
when Jg: > |Jyy| (provided, of course, both couplings quadrant: this shows that a Kondo effect eventually takes
are <1, which is the physically relevant region). This place for all values of the couplings in this quadrant. (4)
behavior is very different from that of a one-band model/;s = —2,Jyy, = 0. This is the obvious counterpart of
with hybridization and local exchange, where the Kondo(0, —2) discussed above. The resulting scaling trajecto-
effect disappears as soon&s > [Juy| [5]. ries for the full model (1) are shown in Fig. 3.

025 [

Correlation functions

8Js = [J% + 37318 IN(Br) + 3J5tJ2y, 6 IN(Bar).
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pair interaction between localized spins originating from
both hybridization and local exchange [2]. Competi-
tion between Kondo effect and magnetic ordering is well
described by treating the magnetic interaction at a mean-
field level [12,13]: such a treatment shows that the condi-
tion for the onset of magnetic ordering is that the magnetic

thb A

FIG. 3. Sketch of the scaling trajectories for the two-band
model (1).

Thus the study of the scaling equations confirms th

a Kondo effect (namely, a crossover to strong coupling)t

takes place for/g; > 0, Juy, < 0, irrespective of the
ratio Js¢ /Jny,. Although the scaling equations are derived
only for |Juyl, [Jsf] < 1, the conclusions inferred from

coupling be larger thaffx. Therefore the Kondo effect
persists even when local exchange is much larger than
hybridization, provided the pair couplinfkxxy < Tk.
Thus it is fully possible that the indirect interaction be
determined by local exchange, while the Kondo effect
still takes place due to the presence of a small hybridiza-
tion. These conclusions might help in explaining why
rare-earth materials withi-band hybridization are so fre-
quently found in a nonmagnetic state, even when local
exchange is large: basically, the relevant quantities to be
compared are not hybridization and local exchange in a
single-impurity model, but rather the Kondo temperature
with the pair coupling in a lattice framework.

The above conclusions are, of course, born out of a
simplified spinl/2 model. The next step will be to study

aft realistic model with orbital degeneracy and to look at

he effect of the different interactions involving spin and
orbital degrees of freedom.

The authors are indebted to G. Amoretti and P. Santini
for several helpful discussions and suggestions.

the flux diagram should remain valid also beyond the
perturbative procedure, as discussed by Noziéres and

Blandin [10].
It is interesting to calculate the variation @% as a
function of Ji; (at fixed Jy,yp) by means of the scaling
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