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BEYOND THE VIRTUAL CRYSTAL
APPROXIMATION IN DILUTED MAGNETIC
SEMICONDUCTORS
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We present a new model approach which goes beyond the virtual crystal
approximation and the molecular field approximation in the description of
the spin splitting of band states in diluted magnetic semiconductors. The
theory is formulated within a one-band effective mass approximation and
explicitly takes into account a chemical and magnetic disorder caused by
substitutional ions. The results confirm the apparent dependence of the p-d
exchange integral on z in Cd;_Mn,S for small concentrations of Mn ions
and we predict the asymmetric field and temperature dependence of the spin
splitting in this compound.

PACS numbers: 71.70.Gm, 78.20.Ls, 71.55.Gs

1. Introduction

An enormous progress has been already achieved in understanding the na-
ture of magnetic interactions in diluted magnetic semiconductors (DMS) [1]. The
magneto-optical experiments, which are particularly useful in this group of com-
pounds, revealed the spectacular Zeeman splitting of extended states and allowed
to determine precisely magnitudes of exchange integrals. The so far accepted theo-
retical interpretation of this splitting is based on the virtual crystal approximation
(VCA) for an alloy disorder and the molecular field approximation (MFA) for an
effective magnetization of substitutional magnetic ions [2].

The applicability of this approach should be limited and in fact some ex-
ceptions seem to exist. The more clear example of the departure from the VCA
and the MFA [3] is perhaps the exceptionally large magnitude of the A-exciton
field-induced spin splitting measured in Cd;—zMn,S for samples with small z. The
exchange integrals for this compound inferred from experiments are concentration
dependent and remain in disagreement with theoretical predictions. The authors
in Ref. [3] have shown that the VCA indeed breaks down in the description of
magneto-optical experiments in Cd; —Mn,S with z < 1 and that this breakdown
is due to exceptionally large potential of Mn ions affecting the valence band. To
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avoid VCA they used a Wigner-Seitz approach introducing an artificial superlat-
tice of Mn ions with the concentration dependent period.

In this paper we develop a model which accounts properly for both chemical
disorder and strong attractive potential. We formulate the alloy approach in the
framework of a standard theory [4] in the limit of small concentrations z and then
we generalize it for a magnetically disordered system.

2. Solution of the model

We start here with a simple description of a carrier in the one-band effective
mass approximation subjected to random substitutional potentials and exchange
interactions with magnetic ions. The exchange interaction is taken in the Heisen-
berg form and we use an approximation which neglects the processes of scattering
a carrier with a spin-flip.

We solve the problem initially for a magnetic disorder suppressed by the sat-
urating external magnetic field, that is putting the Mn ion spin operator eigenvalue
Sp = 5/2 for all impurity sites n. The effective dispersion relation for a particle
in a random medium is given by its self-energy X(k, E). We investigate here the
limit of small impurity concentrations  and in this approximation only correc-
tions of the first order in « are included [4] in the expression for X. Physically this
approximation means that no interference between two successive scatterings of a
carrier is allowed. We have after configurational averaging

X(k,E) = Nozt(k, E), (1)
where t(k, E) = (k|t(E)|k) is a diagonal element of the energy dependent scattering
matrix ¢ for a one-impurity problem. The homogeneously distributed impurities
do not mark out any specific length, therefore we do not expect any shift of the
minimum of the dispersion relation away from k = 0. The position of the band
edge Ej is then given by the equation

Eo = Re Z(k = 0, Ey). (2)

We consider the solution of the general condition (2) for a Mn ion modeled
by a square well potential V(r) = V50(b — r). In this case we solved in the ana-
lytic form the integral equation for the off-diagonal ¢-matrix elements. For weak
impurity potentials our result reduces to the standard VCA expression for the
band edge, but for potentials closer to the critical value for which the bound state
occurs VCA is not valid and ¢(k = 0, E) depends in nontrivial way on E. This may
lead to the nonlinear dependence of Ey on z despite the linear approximation for
the self-energy (1).

The main advantage of our model is a possibility to include the effect of
temperature and magnetic field on the spin splitting. For this purpose we allow
each Mn ion spin to take one of the expected values S, = -5/2,...,5/2 with the
probability given by the Boltzmann distribution for independent spins. The mag-
nitude of an impurity potential V; depends in our model on a magnetic ion spin
value, thus we can construct the S,-dependent #-matrix for scattering on poten-
tials for different S,. To determine the self-energy we perform the configurational
averaging on a spin dependent {-matrix in the same way as in Eq. (1) and then
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we average it thermodynamically with the Boltzmann distribution. The position
of the band edge is then given by Eq. (2) with the temperature and field depen-
dent self-energy. The obtained result again reduces to the standard MFA and VCA

expression for a weak impurity potential with the average spin value given by a
Brillouin function.

3. Results and discussion

The procedure of adaptation of the model description to the case of
Cd;_oMn;S was worked out in Ref. [3] and we follow it in our model calcula-
tions. The fenomenological parameters which specify the model are the exchange
integral SNy, the band-offset W Ny for the valence band and the radius b of the
square well model potential. We find the parameter values which reproduce well
the total A-exciton spin splitting at saturation reported by several groups [3] for
samples with different concentrations z. There are however few experimental data
and we get a good quality fit for a quite wide range of parameter values. The
interpretation of these parameters and comparison with other predictions seems
to be also limited by the inaccuracy of the square well model with an isotropic
effective mass.
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Fig. 1. Dependence of the apparent exchange integral B'Ny on z in our model (solid
line) and calculated in Ref. [3] (dashed line).

We illustrate a nonlinear dependence of the spin splitting on « for one arbi-
trary chosen set of fitted parameters (WNy = —0.9 eV, SNo = —08eV,b=3 A)
in Fig. 1. We have plotted there the apparent values of the exchange integral 8’ Ny
equal to the calculated total spin splitting divided by the concentration z. The
comparison with predictions of a Wigner-Seitz type intuitive model leads us to
the conclusion that both models are qualitatively conformable.

We can also find the temperature and field dependence of the spin splitting
using the fitted parameters. The result is plotted in Fig. 2, where the horizontal
axis shows the magnetic field (or equivalently the inverse temperature) properly
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Fig. 2. The illustration of asymmetric spin splitting as a function of the external mag-
netic field for z = 0.1%. The zero corresponds to the energy of exciton in pure CdS.

rescaled in dimensionless units. If the MFA and the VCA usual approach was valid,
this dependence would be symmetric. Our model gives a clear asymmetry for the
o0~, o exciton components, the stronger the lower concentration of magnetic
impurities. This difference with a Brillouin type behavior is a new prediction and
has not been so far considered theoretically.
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