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Abstract

We present a mean-"eld analysis of the competition between magnetic order and Kondo e!ect in a Kondo-lattice
model usually employed to discuss properties of certain cerium compounds. A phase diagram is obtained showing an
antiferromagnetic phase and a Kondo-compensated regime, in agreement with the Doniach diagram. A general
discussion of the mean-"eld approach is also presented. � 2001 Elsevier Science B.V. All rights reserved.
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It is well-known that there exists a strong competition
between Kondo e!ect and magnetic order in cerium
Kondo compounds. It is believed that the &Doniach dia-
gram' [1] can describe this competition, yielding, there-
fore, a magnetically ordered state (generally an
antiferromagnetic one) for small absolute values of the
Kondo coupling J

�
, and a non-magnetic Kondo state for

large values of J
�
. Up to now, we have studied the non-

magnetic case within a model which takes into account,
besides the Kondo (intra-site) interaction, an inter-site
Heisenberg-like exchange term. We found that the
Kondo temperature in the lattice is reduced with respect
to the single-impurity one by both increasing the inter-
site interaction J

�
[2] and decreasing the number n

�
of

conduction electrons [3,4]. This result can account for
the relatively #at variation of the Kondo temperature
with pressure, observed in cerium compounds such as
CeRh

�
Si

�
or CeRu

�
Ge

�
in the non-magnetic regime

above the quantum critical point [5}7]. However, many
cerium compounds which show a clear heavy-fermion

behavior order antiferromagnetically at low temperatures,
and some of them become non-magnetic at high pressures.
The purpose of the present paper is to describe the

competition between antiferromagnetic order and
Kondo e!ect, within the classical model for the Kondo
lattice, including a Heisenberg-like antiferromagnetic ex-
change between nearest-neighboring localized spins. We
consider the Kondo-lattice model, with the usual nota-
tions of the Wannier representation,
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In two preceding papers [2,3], we decoupled both
Kondo and Heisenberg interactions by introducing two
mean-"eld parameters associated with the local Kondo
e!ect and with short-range magnetic correlations. In the
present paper, since we are interested in a magnetically
ordered state, we use here a di!erent mean-"eld decoup-
ling, keeping the previously used Kondomean-"eld para-
meter �, but introducing as a mean-"eld parameter the
staggered magnetization M instead of the previously
used parameter � associated with short-range magnetic
correlations.
We assign the localized spins to f electrons, subject to

the restriction �n�
�
�"1. In the antiferromagnetic (AF)
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Fig. 1. Phase diagram for "xed J
�

"!0.5= and n
�
"0.9,

showing the antiferromagnetic (AF), Kondo (K) and normal
paramagnetic (P) regions. The "rst-order transition line between
the AF and Kondo phases lies within the &coexistence' region,
which is delimited by the two dashed lines corresponding to the
limits of metastability of the Kondo (left) and magnetic (right)
solutions.

case, dividing the system in two sublattices, A and B, the
mean-"eld Hamiltonian takes on the form
H��"H
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H
�

"�
��
(E

	
#�MzJ

�
)n�

��!��
��

n�
��

#2J
�
��
��
(c�

�� f��#f �
��c��), (2)

H
�
"H

�
(MP!M), and

H
��

"!t �
�����

(c�
��c��#H.c.) . (3)

The mean-"eld parameters satisfy the self-consistency
conditions �"�c�

��f��#f�
��c���/2 and M"

�n�
�t

!n�
�s

�/2. The reference energy E
	
and the chemical

potential � have been introduced as Lagrange multipliers
for the constraints �n�

�
�"1 and �n�

�
�"n

�
, where n

�
is

the desired "lling of the conduction band.
The above Hamiltonian is numerically diagonalized

and we obtain self-consistent solutions for � andM, with
di!erent values of the physical parameters. As usual in
the mean-"eld approximation, the Kondo phase is char-
acterized by a non-zero value of the parameter �, and the
antiferromagnetic (AF) order is related to a non-zero
magnetization. The Kondo temperature¹

�
and the NeH el

temperature ¹


are de"ned here as the temperatures at

which the corresponding order parameters (� orM) go to
zero. Our results, shown in Fig. 1, are presented as
a phase diagram similar to the Doniach one [1], where
we plot the transition temperatures vs. �J

�
� for a "xed

(and large) J
�

"!0.5=,= being half the conduction-
band width. We choose the electron density n

�
"0.9 to

remain near half-"lling but avoiding the Kondo-insula-
tor situation of n

�
"1. For small values of �J

�
�, we obtain

antiferromagnetic order at low temperatures, and the
NeH el temperature is constant since it depends on J

�
. On

the contrary, for large values of �J
�
�, we obtain a Kondo

regime, with ¹
�
rapidly increasing.

The nature of the transition between the AF
and Kondo phases is a relevant issue. In fact, we never
have a stable &mixed' phase where both � and M have
non-zero values. An analysis of the free energy as a func-
tion of � and M reveals a "rst-order transition, with
regions of metastability of the other solution around the
transition line, as shown in Fig. 1. The occurrence of
a "rst-order transition here is an artifact of the mean-"eld
approximation, and one expects that this de"ciency can
probably be avoided by taking #uctuation corrections
into account.
Thus, we have obtained an interesting result giving an

AF-Kondo transition for varying �J
�
� with a constant

value of �J
�
�. We can also use the relation J

�
"!�J�

�
,

which was introduced in the non-magnetic case to de-
scribe the in#uence of the RKKY interaction [2]. In this
case, however, we tend to have only the AF phase for

large � and only the Kondo phase for small �, because the
preceding relation between J

�
and J

�
is too crude a way

to describe the RKKY interaction. In fact, the descrip-
tion of both the Kondo e!ect and the RKKY interaction
with the same exchange Hamiltonian is a very long-
standing and not really solved problem. Many calcu-
lations, including real-space renormalization group [8],
have shown that the Kondo-singlet phase is always
stable when one considers only the intra-site exchange
Hamiltonian, irrespective of the value of the coupling
constant. Indeed, it is for this reason that we have ex-
plicitly introduced an inter-site exchange term, and the
relation with �, but clearly the RKKY interaction has to
be more carefully reexamined in the case of a lattice.
In summary, we have obtained here a phase diagram

showing a transition with increasing �J
�
� from antifer-

romagnetic ordering to a Kondo state, as in the Doniach
diagram. This result is in agreement with the experi-
mental situation of many cerium compounds which
change from magnetic order to heavy-fermion behavior
under pressure. Our previous results [2,3] concerning the
reduction of the actual Kondo temperature in the
non-magnetic case by both increasing the inter-site
exchange coupling or decreasing the number of
conduction electrons still hold in the present analysis.
Improvements of this approach to include #uctuations
around the mean-"eld solution might lead to a better
description of the nature of the AF}Kondo transition.
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