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LETTER TO THE EDITOR 

On the mean-field theory of magnetically ordered 
Kondo lattices 

V Yu Irkhin and M I Katsnelson 
Institute of Metal Physics, 620219 Sverdlovsk, USSR 

Received 6 June 1990, in final form 7 July 1990 

Abstract. Magnetic solutions for the problem of the Kondo lattice ground state are analysed 
within the mean-field approximation. For the constant bare density of states, the saturated 
ferromagnetic Kondo state is stable at not too large intersite interactions J ,  and with 
increasingJ a first-order transition to the usual ferromagnetic state takes place. The criterion 
of antiferromagnetism is determined by the non-uniform magnetic susceptibility and reads 
IJl - TK with TK the Kondo temperature. 

Recent experimental data [l-31 demonstrate that a large number of anomalous rare- 
earth and actinide compounds, including 'classical' heavy-fermion systems CeAl,, UPt, 
and CeCu2Si2, possess magnetic ordering at low T ,  the magnetic state being highly 
sensitive to external pressure and additions of impurities. In this connection, the problem 
of the coexistence of the Kondo state and magnetic ordering acquires great importance. 
In the present letter, we treat this problem within the periodic s-f model with spin 
S = 4 using the mean-field approach of Coleman and Andrei [4]. 

Unlike [4] where anomalous averages corresponding to a spin-liquid state were 
picked out from the Heisenberg Hamiltonian Hf of localized spins, we consider the 
(more simple) case of magnetic long-range order. Performing the saddle-point approxi- 
mation in the path integral (cf [4]), the Hamiltonian of the s-f exchange interaction is 
replaced in the mean-field approximation as 

where c: = (cTT , cTT ), etc, f; are pseudofermion operators and VI is an effective- 
hybridization matrix determined from the minimization of the free energy. For a ferro- 
magnet we have 

vy' = VLl6 U d  

H - pfi = 

Hf = -JSZ af;flu s = (S) 
IO 

[ ( & k  - p)ck+cko + WO f k', f kn + vu(c,', f ko + HC) + Constant (1) 
ku 
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Figure 1. Total density of states (including that of 
pseudofermions) of a Kondo ferromagnet with a 
small spin splitting, c < 1 (schematic). 

with W, = W - 01s and W of the order of the Kondo temperature T K .  Diagonalizing 
(l), we obtain 
C L ,  = c0s(8ku/2) a k o  - sin(eku/2) P k u  f k u  = sin(Bko/2) &ko + c0s(oku/2) P k o  

sin Oka = 2V,/Eko cos Oko = (&k - p - Wu)/Eku (2) 
= a(&, - p + * Eke) E,, = [ ( & k  - - WO)’ + 4v:]1i2 

and 

where nl,, = exp[(&/k,/T) + 1]-’. The quantities V,, W, the chemical potential p and 
the magnetization are determined from the equations 

no  2 (fk+fk,) = 4 + as = 4 2 [1 + (-1)’ cos eko]nio. (6) 
k ki 

For T = 0 and small 1 V,l we have cos e k ,  = sgn(ek - p - W O ) ,  and equations (4)-(6) 
are simplified. We restrict ourselves to the case where the conduction electron con- 
centration c < 1 (the results for c > 1 are obtained after the particle-hole transformation 
c+ 2 - c ,  O+ -a). Define the function p(n) by 

n = 2 ~ o u ( ’ )  dEp(&) 

with P ( E )  (0 < E < D) the bare density of states. Then equation ( 5 )  at 1 W O /  G p reduces 

Consider different types of ferromagnetic solution. I f s  is not too large, the condition 
= 0, for both  figure 1). Then we get from (4)- 

to p(c) = p .  

(6) 
W, > V’,/(D - p)  holds, as well as at 
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Figure 2. Density of states in the case where the 
splitting exceeds the energy gap. 

Figure 3. Density of states of a ‘half-metallic’ 
Kondo ferromagnet. 

Introducing the cut-off parameter L which does not enter the final results and using the 
relation 

lE  d E P ( E + p )  =p(p ) ln  P ( E  + P )  
0 ( E 2  + 4 v y 2  

( I  VI G L G B )  we derive the equation for 3: 

If W > V’ /(D - p) ,  W < - V2? / p  (figure 2), equations (7) and (8) hold for 
a =  $ ; f o r a =  ? , o n e h a s  

A ,  = p ( c - 2 + 2 n t ) - p .  (11) 

Then we obtain in analogy with (9) 

PI = P ( C  + 2n .1) p2 EE p(c - 2 + 2n , ). (12) 

I f W ,  > V 2 , / ( D - p ) , - V 2 / p <  W ,  < V * / ( D - p ) , i . e .  W ,  liesintheenergygap 
(the ‘half-metallic’ case (figure 3)), the magnetization is determined by the number of 
conduction electrons only: n = 1 - c/2, n J = c/2, = (1 - c)/2. This solution exists 
at 

- d P  < [P(2C) - - J ( 1  - C)/VZ < d ( D  - cl) (13) 
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Let us discuss the case P ( E )  = p = 1/D = constant. Then equation (9) has no non- 
trivial solutions (although solutions with s # 0 may arise for some P ( E )  at J - W - TK) .  
Equation (12) turns out to have the solution 

2 J s  = D exp( 1/2Zp) T K  t ( l  - c)  < s < t (15) 
at TK < J < TK/(l - c). The condition (13) takes the form J < TK/(l - c) for p = con- 
stant. 

To investigate the energy stability of the solutions obtained, we calculate from (3) 
the corresponding values of the total energy: 

E ( N )  = ( H -  p f i  + PN + w N = ( f i ~ c  CL = P(N) 
(the quantity - W plays the role of the chemical potential for pseudofermions with 
Nf = 1). For the non-magnetic Kondo state, solution (15) and the saturated Kondo 
ferromagnetic state we obtain 

respectively. Thus, in the mean-field approximation with p = constant, only the case of 
the saturated Kondo ferromagnet is realized. In this state, each conduction electron 
‘compensates’ one localized spin, as in the s-f model with I-, --x or the narrow-band 
Hubbard model [ 5 ] .  Ferromagnetism is caused by exchange interaction between the 
moments which remain uncompensated. Equation (18) should be compared with the 
energy of the usual ferromagnetic state with V ,  = 0, 3 = 1, E = N2/4p - J/4.  One can 
see that the latter state becomes energetically favourable forJ(1 - c/2) > TK, and at the 
critical point a first-order transition takes place. 

Quantum fluctuations may result in the formation of a non-saturated state (cf [ 5 ] ) .  
Note that the case p = constant (where TK does not vanish at c < 1) imitates that of two 
dimensions. 

We have demonstrated that the dependence Vof aplays acrucial role in the criterion 
of ferromagnetism. This is not the case for antiferromagnetic ordering where, in the 
mean-field approximation, 

(sQ is the staggered magnetization; J ,  = J,,J since corrections to V and W are of the 
order of (JQSQ)*/O. Thus at se+ 0 the criterion of antiferromagnetism has the usual 
form lexe > 1 with xa being the non-enhanced staggered susceptibility of localized 
electrons (pseudofermions) in the effective hybridization model (1). The dominant 
contribution comes from intersubband transitions (cf [ 6 , 7 ] )  

so that the criterion reads J ,  > constant X TK. 
Although we are dealing with an itinerant model of magnetism (with the 

hybridization spectrum of conduction electrons), one can see that the criterion of 
magnetic ordering is essentially different from the Stoner criterion. In particular, intra- 
site interaction, entering the latter, is replaced by intersite interaction. In this sense, the 



Letter to the Editor 8719 

magnetism of Kondo lattices is of a ‘localized’ nature. At the same time, magnetic 
moments are non-integer, as in ‘diluted’ (by non-magnetic atoms) systems. 

In real Kondo ferromagnets (CeRh3B2, CeSi,, Ce4Bi3, etc) the effects of spin 
dynamics seem to play an important role (e.g. the paramagnon specific-heat enhance- 
ment has been observed in CeSi, [8]). Such effects are not taken into account in the 
mean-field approximation; for T > TK they were considered in [9]. For the case of low 
Tthese questions will be treated elsewhere [ 101. However, the main result of the present 
paper concerning possible instability of the Kondo lattice ground state with respect to 
magnetic ordering seems to be reliable. 
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