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The first-order treatment of the s-f interaction in
ferromagnetic semiconductors splits the conduction
band into two spin-polarized subbands. This implies
a well defined spin gap and predicts almost step-like
behaviour of conduction electron spin polarization
near T~. By calculating the second-order, self-con-
sisteng self-energies, which include finite lifetime,
we show that the spin gap does not exist and conse-
quently, the spin polarization makes smoother tran-
sition below Tc.

I. Introduction

In the s-f model conduction electrons are byexchange interaction
coupled to the spins of the magnetic lattice L[1]1. Exact solution
for the model is known only in the strong-coupling limit, where
the band width is small compared to the exchange interaction. In
this 1imit the model reduces to the well known ionic case, which
serves as a good starting point for the study of narrow band mate-
rials [2]1. In the weak-coupling limit, where the band width is
large compared to the exchange interaction, the conduction band is
split into two spin-polarized subbands [11. The lower band, called
spin up band, is exact at zero temperature limit, but the spin down
band is only an approximation. Improved by the second-order cor-
rections [3, 4] this picture explains adequately the behaviour of
the low lying states, e.g. the optical red shift of the band edge.
However, for instance conduction electron spin polarization P,
which depends on higher energy states, is not sufficiently well
described. The spin-polarized bands predict almost step-like be-
haviour of P near T, whereas experiments show smoother transition.

The single-site Coherent-potential approximation (CPA) has been
applied to the s-f model [5]1. It is valid for all band widths, but
it does not include the correlation effects between the spins of
the magnetic lattice. Thus its validity is limited to high temper-
atures or to the narrow band case. For more general cases the
method of moments has also been used [6, 7]. In this method a
strong-coupling structure for the spectral density of conduction
electrons is assumed. The position of poles and their weights are
determined by fitting a relevant number of moments. In this method
the original conduction band is splitted into several subbands,
which in general are not pure spin states.

Baltensperger [8] first pointed out that in the spin-polarized
band picture the spin down band is metastable. An electron in the
spin down band can always emit a magnon and make a transition into
the lower lying spin up band. The lifetime due to this process is
in the spin wave region typically of the order of 5-10" %% s [81.
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This gives a level broadening 4.1072 eV, which exceeds considerably
the average thermal energy. Consequently, 1t 1s necessary to 1n-

clude the effects of finite lifetime to describe electrons in con-
duction band. This can be done by continuing the perturbation
treatment to higher orders using proper decoupling or the ordinary
diagrammatic methods [9, 103.

II. Conduction Electron Green's Function

The Hamiltonian for the s-f model reads

H = § B.ala - Y 3(v V' i)'g.a+a + H (1)
L =yTvSy L. A SRVARVE M -
v v,v',i
The first term represents conduction band electrons, the second one
the s-f interaction and the third term is the Hamiltonian for the
magnetic lattice. The index v stands for the wave vector k and the

spin index o. In the s-f interaction part

5
Jv,v',i) = J&' -Ke 2<c|$|a'> (2)
J(f’—ﬁ) is the wave-vector-dependent exchange parameter.

In the calculation it is convenient to subtract first the thermal
average of lattice spins by writing

> > >
Si = <Si> + Ei 5 (3)
and treat the E-dependent part as a perturbation. The conduction
electron Green's function is defined by

_ Lt _ 1
Gy = W< E> - E - (@& ° (4
v v
where
252
E - By = BKD g ,
v ko m* o
(5)
- P Z -
AE0 = J(o)N<S >(60’+ 60,+) s

and 1, denotes the self-energy. In other words E, gives the spin
-polarized band picture, which is the first-order result.

Approximations for the self-energy can be obtained by a decoup-
ling method or by perturbation theory [9, 101. In the present case
the first relevant approximation, which includes the effects of
finite lifetime, is the second-order, self-consistent self-energy
given by [9, 101

> 3 > > > 3

z = T Juv*,i)e<E.E. > T (V' ,V,5)6 , . (6)

v v € s ij v
Vv ’l’J

The two-spin correlation function needed in eq. (6) is calculated

by the mean-field theory [11]. As a result

iR -R.) o
e L) @, (7)

> > 1
<E;E5> < %

where
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§
FuB(q) 4S(S + 1)T af

) a,B = x, y, z (8)
Ty 2. alq? ’
o
and
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Here B{ denotes the derivative of the Brillouin function and a is
the lgttice constant. The wave-vector-dependent exchange para-
meter is approximated by

J

J(q) = 1—+—12;2- s (10)

where 1 is of the order of the radius of the magnetic shell. When
I 1s assumed to be independent of wave vector eq. (6) gives in the
long wavelength limit

y

_ _ J°N 4S(S + 1T ¢ < 1 _ 1
Lo T6nE, T, L, ¢\ TG eI, T X(e,6) v a/l
a
- 2) ’ (11)
21(k(o,0") + a/l)
where
172 o-1/2 %
Q. = (Ko - AE , = I,) E,'°, E, = ez (12)
and
1 ;3 o =o0' K, 3 ¢ =g
c(o,0') = { k(o,0") ={ ) (13)
2 ;3 o #a Kx 3 9 = 0.

Equation (11) is a coupled equation for I, and £,, which has to be
solved numerically.

ITI. Results and Discussion

Figure (1) shows the calculated self-energies for EuS slightly
below Tc. The values of parameters
bz ] are S ='7/2, a = 5,96 A, m* = mg,

! Tc = 16 K, and 1 = 0,3 A. The
maximum band-splitting energy is

01| e ] taken to be AE = 2J(0)NS = 0.66 eV,
’ ;:=="44 Iim ()] which corresponds to the atomic

T

az.iﬁv'

value of the exchange parameter.
The most important result in Fig.

L~ Relf) (1) is that the imaginary part of
Ly 1s non-zero down to the band
-0a} - edge. Consequently, the spin gap
predicted by the first order theory
\\\’—‘-\\_ Re (L)) does not exist. The density of
-02f hw/ev T states is shown in Fig. (2). Owing

to the finite lifetime the spin
down band has a tail, which extends
to the band edge. The conduction
Fig.1 Conduction electron self- electron spin polarization is shown
energies in EuS at T = 0.95 T¢ in Fig. (3) for a non-degenerate
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Fig. 2 Density of states (—), Fig. 3 Spin polarization (—),
first order theory (---) first order theory (---)

case. The first order theory predicts almost step-like behaviour
of P near T, whereas the present calculation gives smoother tran-
sition. Wegl below Ty P approaches 1. This is a consequence of
the fact that the imaginary parts of self-energies become smaller
than kT and then the spectral densities become §-function-1like
peaked at the poles of the Green's functions. The spin polariza-
tion in Fig. (3) compares rather well with the results of Nolting
and Reihl [121 obtained by the method of moments and also with the
experimental results reported by Kisker et al. C131. However, the
experimental value of P is 90 % at T = 11 K whereas Fig. (3) gives
practically 100 % polarization. This may arise from the fact that
the spin correlation functions derived from the mean-field theory
decrease too rapidly below Tg. Use of spin wave representation
would possibly improve the résult. On the other hand, the present
theory cannot be strictly compared to the experimental results. We
have calculated the thermal equilibrium value for P, but the exper-
imental results [13] are obtained by the field emission from W-EuS
junction. This process is controlled by the tunneling trough the
internal potential barrier at the junction.

In conclusion, we have shown that the spin gap predicted by the
first-order theory does not exist, but the spin down band has a
tail, which extends down to the band edge. As the result of band
tailing the spin polarization decreases from the first-order re-
sult.
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