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The electron level density in a randomly oriented magnetic-moment field is considered. The optimal- 
fluctuation method is used to obtain an expression for the tail of the level density in wide-band ferromagnetic 
semiconductors at temperatures above the Curie point. 

PACS numbers: 71.20. + c 

1. INTRODUCTION 

A characteristic feature of ferromagnetic semicon- 
ductors is the strong interaction of the conduction 
electrons with localized moments of the lattice mag- 
netic atoms. Below the Curie point, the interaction 
of the electrons with the magnetic subsystem is des- 
cribed within the framework of the spin-wave approxi- 
mation.' The long-range ferromagnetic order leads 
then simply to a shift of the bottom of the conduction 
band, without disturbing the translationally invariant 

atom, s is the spin of the conduction electron, *:(r) 
(\t,,(r)) is the operator of creation (annihilation) of an 
electron with spin o(ul) at the point r. It is assumed that 
the width W of the conduction band is much larger than 
the s-d exchange energy AS, and furthermore 2s + 1 >> 1. 

It is possible to separate in the Hamiltonian (1) com- 
ponents with diagonal (u =of )  and off-diagonal (u#a') 
terms. The ratio of the contributions of the off-diagonal 
and diagonal terms is AS/W and will not be taken into 
account. 

system. In the paramagnetic region of temperatures, 
The starting point of the optimal-fluctuation method is on the other hand, the magnetic order is disturbed, 

a calculation of the probability of the fluctuation of a and the conduction electrons interact with the random 
random quantity in a given spherical volume of radius 

field of the magnetic moments. This produces in the 
R.' There a r e  no known combinatorial formulas for the forbidden band a level-density tail due to exchange in- 
probability of the fluctuation of the magnetic moment 

teradion of the electrons with the random vector field. 
produced in the region R by a random orientation of The notion of a magnetic level-density tail has already 
noninteracting spins. All that a r e  available a re  some been used a number of t imes to explain the optical and 
recurrence relations,' but their use calls for numerical electrical properties of magnetic semiconductors a t  
methods. temperatures above the Curie mint.' 

In the present paper, using the optimal-fluctuation 
method, an expression is obtained within the frame- 
work of the single-electron approximation for the tail 
of the level density both for paramagnetic temperatures 
and for temperatures where the Ornstein-Zernike- 
Ginzburg-Landau expansion is valid. 

2. PARAMAGNETIC TEMPERATURE REGION 

In wide-band ferromagnetic semiconductors, where 
the parameter AS/W is small, a localized energy level 
is formed only by fluctuations whose radius is much 
larger than the lattice constant. To find the probability 
of their formation we can use the thermodynamic theory 
of f luc t~a t ions .~  The probability P of the fluctuation of 
the moment M in a volume V and in the paramagnetic 
region of temperatures is given by 

P-exp[-Wl2VxTl ; 

In a ferromagnetic semiconductor, each crystal cell here x is the magnetic susceptibility and T is the tem- 
contains a rare-earth or transition element atom whose perature. Reckoning the energy of the localized state 
inner electron shell is  only partly filled. The interaction down from the bottom of the conduction band, we ex- 
of the conduction electron with the magnetic atoms is press it in the form 
described by the s-d exchange ~amil tonian '  

hz A S M  
I - E - - - - -  

(I) 2rnR2 2N, p ' 

where A is the s-d exchange constant, N is the number where N ,  = v / ~ S  is the number of atoms in the volume, 
of atoms per unit volume, S, is the spin of the magnetic while 2 and p a r e  the volume and the magnetic moment 
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of the unit cell. 

The first  term in ( 3 )  corresponds to  the kinetic energy 
of the electron, and the second to its exchange interac- 
tion with the fluctuation of the magnetic moment M. 
Just a s  when we restrict  ourselves to spherical fluctua- 
tions, we lose here a numerical coefficient that depends 
on the true form of the wave function. With the aid of 
( 3 )  we can represent the argument of the exponential 
( 2 )  in the form 

where 4 =rnAs/li2. The radius R,  of the optimal fluc- 
tuation, i.e., the radius at which ( 4 )  has a minimum, 
equals R, = q , ' ( A / 3 ~ ) " ~ ,  from which we get for the level 
density the expression 

where p(0)  is the density of the electron levels a t  the 
boundary of the delocalized states. 

3. ASYMPTOTIC LEVEL DENSITY WITH ALLOWANCE 
FOR CORRELATIONS 

Formula ( 5 )  is valid for temperatures a t  which the size 
R,, of the optimal fluctuation is large compared with the 
correlation radius R,  of the magnetic-moment correla- 
tions. If the condition Rego<< 1 is satisfied, then R,>>R, 
even for the maximal energies E  -AS. On the other hand 
i f  R,q,>> 1, then Eq. ( 5 )  is valid only a t  low energies for 
which A/q,,R,E>> 1. At A/q&,E<< 1, we obtain the 
optimal fluctuation by using the expansion of the Orn- 
stein-Zernike thermodynamic potential a: 

where AM is the fluctuation of the magnetic-moment 
density, and g  is a constant. The mean square fluctua- 
tion of the magnetic moment in a spherical region of 
radius R  is defined with the aid of (6) a s  follows5: 

where R, =(2g/X)1'2 is the correlation radius. 

With the aid of ( 7 )  we can express the probability P of 
the magnetic-moment fluctuation in a spherical region 
of radius R  in the form 

~ - e x p [ - r l 2 < P ) R I .  (8 

As R,- 0 Eq. ( 8 )  goes over into (2) .  If the radius of the 
optimal fluctuation is small compared with R,, we can 
confine ourselves in the expansion (M), ( 7 )  to terms of 

second order in R/R,.  With the aid of ( 3 )  we can repre- 
sent the argument of the exponential (8) in this case  in 
the form 

The radius of the optimal fluctuation is here q;'(3A/E)lfi,  
and for the density of the electron levels we obtain the 
expression: 

The conditions for the applicability of formulas ( 5 )  and 
(10) a r e  given respectively by the inequalities 
( A / E ) ' / ~ / ~ , , R , > >  1 and ( A / E ) ' ~ / ~ , , R , < <  1. 

In this paper we have considered the influence of the 
field of random magnetic-moment orientations on the 
electron-level density. Formula ( 3 )  yields in the adia- 
batic approximation the energy of the interaction of the 
electron with the fluctuation of the magnetizationf or 
wideband ferromagnetic semiconductors, i.e., a t  W 
>>AS>> T ,  where T ,  is the Curie temperature. The 
second term in ( 3 )  means that the spin of the conduc- 
tion electron is directed along the summary moment 
produced by the random orientation of the spins of the 
magnetic atoms. A different situation ar ises  in narrow- 
band magnetic semiconductors, where W << AS. The 
electron spin is directed here along the spin of the 
particular magnetic atom on which the electron is loca- 
ted.' The motion of the electron at T >  T ,  is effected 
by jumping over to  another magnetic atom having a 
spin orientation close to that of the initial atom. To find 
the level density in this case it is necessary t o  use the 
methods of percolation theory in a random spinor field. 
It is then also possible to use the adiabatic approxima- 
tion, which is violated if the two inequalities T ,  >> AS 
and T ,  >> W a r e  simultaneously satisfied. 

In conclusion, the author thanks A. L. ~ f r o s  for a 
discussion of the results. 
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