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Optical absorption in random media: Application to Ga1ÀxMn xAs epilayers
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A model to calculate the fundamental absorption edge in heavily doped semiconductors is proposed. The
model is based on the assumption that the quasimomentum conservation rule in optical transitions is partially
released in random media. This model is applied to transmission data of Ga12xMnxAs epilayers. The values
obtained for the free hole concentrationp5731019 cm23, and thep-d exchange integralN0b521 eV
reproduce reasonably well the fundamental absorption edge of Ga12xMnxAs.
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I. INTRODUCTION

Understanding optical absorption in random media w
broken translational symmetry is an important problem
semiconductor physics, to mention only heavily doped se
conductors and semiconductor based laser devices. It
been suggested that in order to describe the interband ab
tion in such systems thek-conservation rule has to be re
laxed, leading to so-called indirect transitions.1–3

Theoretical models of disorder in semiconductors
mainly concerned with the density of states in band tails
to the localization of electronic wave functions below t
mobility edge.4–6 Particularly fruitful in this respect was th
concept of the optimal wave function of Halperin and La7

which successfully explained the shape of the density
states in heavily doped semiconductors. Recently it has
been applied to the case of hydrogenated amorphous silic8

giving very good agreement with experimental data. Effe
of disorder in amorphous silicon were also studied usin
microscopic model based on the tight bindin
approximation.9 The probability of optical transitions be
tween localized states is governed mainly by the densitie
states in the valence and conduction bands, allowing for
rect comparison of theoretical models with experimental
sults. The situation above the mobilty edge is quite differe
In addition to the perturbation of the single-particle spectr
introduced by the disorder, we also have to take into acco
correlation phenomena of the optically generated electr
hole pairs. Even if we neglect the excitonic effects associa
with electron-hole Coulomb interaction, which is a well ju
tified assumption at high temperatures and concentration
carriers, we still have to consider the correlation induced
the presence of the potential fluctuations. This is due to
fact that the optical generation of an electron-hole pair a
given point of the semiconductor depends on the partic
form of the local potential. Consequently the spatially av
aged absorption coefficient which is given by the tw
particle propagator does not reduce to a convolution
single-particle densities of states. Therefore a mode
needed that will at least approximately account for these
fect in disordered media.

Recently a particular group of highly disordered syste
has been attracting worldwide attention. These are mi
crystals based on III-V compounds such as GaAs, InAs,
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GaSb, in which a controlled fraction of nonmagnetic catio
is replaced by magnetic ions~the so-called diluted magneti
semiconductors, DMS’s!.10 These materials are thought to b
good candidates for spintronic devices due to their stro
s, p-d exchange interaction affecting their band structu
and predicted ambient temperature ferromagnetism.11,12

The most reliable way to study the energy structure
III-V DMS’s is magnetospectroscopy, covering the ener
range from far infrared to near ultraviolet. Spectroscopy d
in the range of the fundamental absorption edge, provid
information abouts, p-d exchange, are so far nearly exclu
sively limited to Ga12xMnxAs. Several magnetic circular di
chroism~MCD! experiments,13,14as well as direct absorption
measurements,15 were performed at theG andL points of the
Brillouin zone. The absorption revealed a rather broad a
structureless ramplike edge, while the MCD was found to
very sample dependent. Obviously standard direct opt
transitions are not suitable to describe the experimental d

In this paper we propose an approach to describing
fundamental absorption edge in disordered semiconduc
that is based on disorder induced partial relaxation of
k-selection rule in direct transitions. This model includ
both direct and indirect transition limits in a natural way. W
show that the proposed approach can be used for descrip
of highly p-type Ga12xMnxAs magnetoabsorption data. I
effect, the exchange parameter for the valence band ca
estimated.

II. THEORETICAL BACKGROUND

There are two standard approaches to calculating the
sorption~or emission! due to band-to-band transition, whic
we briefly recall below.

The electron wave function in a perfect~periodic! crystal
lattice is described by a Bloch wave function

Ck,a~r!5uk,a~r!eik•r, ~1!

where k is the wave vector of the quasimomentum of t
electron from the banda. The standard formula for the
absorption coefficient in three dimensional crystals~with ex-
citonic effects neglected! can be written as16
©2001 The American Physical Society06-1
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a~v!5E dkc

~2p!3

dkv

~2p!3
Mc,v

2 ~kc ,kv!d~\v2Eg1Ev~kv!

2Ec~kc!!@ f v„Ev~kv!!2 f c~Ec~kc!…#, ~2!

whereEc(kc) andEv(kv) are the dispersion relations for th
conduction and valence bands,Eg is the energy gap, the
Dirac d denotes the conservation of the energy\v5Eg
2Ev(kv)1Ec(kc), f v„Ev(kv)…2 f c„Ec(kc)… is the difference
of the probabilities that the initial and final states involved
the transition are occupied~empty!, andMc,v is the band-to-
band transition matrix element.

For electrons described by the wave function given by
~1! the matrix elementMc,v is given by1

Mc,v
2 ~kc ,kv!5A2~2p!3d~kc2kv!. ~3a!

The coefficientA for a zinc-blende type compound is give
by

A25
2pe2\Ep

6cm0«0A«1E
, ~3b!

whereE5\v, Ep52m0P2/\2 with the interband matrix el-
ementP introduced by Kane,17 A«1 is the refractive index,
m0 is the free electron mass,c is the velocity of light, ande
is the electron charge. Equation~3! describes standard direc
transitions for which quasimomentum is conservedkc
5kv).

The situation is more complicated for heavily doped m
terials. According to the commonly accepted model,1 the
random distribution of impurities in a semiconductor ho
lattice breaks the translational symmetry of the crystal,
that the quasimomentum is not conserved in such a sys
However, despite the full relaxation of the momentum co
servation, the densities of states of the conduction and
lence bands in this approach are taken like those in a pe
crystal. This means that the internal disorder totally rela
the k-vector selection rule, but only slightly modifies th
energy band structure of the semiconductor. Due to the
calized nature of the electronic states, they are delocalize
k space, so transitions between such states do not cons
quasimomentum. In the extreme case of the approach of
1 the matrix elementMc,v

2 is k independent,

Mc,v
2 ~kc ,kv!5const5:B2. ~4a!

The constantB in the conventional theory can be derive
from the so-called hydrogenic model, which assumes
presence of ionized impurities in the crystal, originating fro
shallow donors or acceptors:1,2

B25A216pa* 3~11a* 2kb
2!24, ~4b!

wherea* is the effective Bohr radius in the semiconduct
andkb is an additional parameter~a sort of cutoff parameter!
in the approach introduced by Eagles.2

In spite of the simplicity of that model, Eq.~4! was very
successful in reproducing the gain spectra of semicondu
lasers.1 Unfortunately this formula can be used in princip
only for the localized states below the mobility edge. It tur
07530
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out, however, that the hydrogenic formula can also be u
for unintentionally doped semiconductors,18,3 where the
meaning of the parameterkb should be revised.

In general thek-independent matrix element is used
heavily doped or heavily excited systems while in the case
semiconductor alloys the virtual crystal approximati
~VCA! is often employed as a starting point. In the VC
approach the effective potential is taken as periodic and thk
vector is still a good quantum number. The resulting ba
structure resembles that of the regular semiconductor. T
suggests using quasimomentum conservation for the op
transitions@Eq. ~ 3!#, even though the translational symmet
is broken.

If one aims to calculate the band-to-band optical abso
tion, it is necessary to find a way to include the influence
the random potential fluctuations. We propose an appro
that is more universal than that of Refs. 1 and 2 and exte
beyond the VCA model. We consider the effect of lon
range fluctuations of the impurity concentration in heav
doped semiconductors on the optical absorption. It is
sumed that the range of the perturbing potential introdu
by a single defect or impurity is very small compared to t
typical wavelength of band electron wave functions and t
the wave functions change very little on a length scale eq
to the typical distance between scattering centers. Co
quently we can use the effective mass approximation.

For a disordered crystal the electron wave function can
be described by a single Bloch plane wave@Eq. ~1!#. We
assume that for a real disordered crystal the electron w
functions can be described by a linear combination of
Bloch functions with differentk vectors, forming in this way
a packet with a certain wave vector distribution. Thus
electronic state can be characterized by the meank vectork0
and the distribution ofk vectors$k% aroundk0. With this
meaning the dispersion relationE(k0) of the meank vector
can still be defined in the crystal.

For optical transitions at least two electronic states w
different energies are combined. Since both states are c
acterized by theirk vector distributions, the effective square
matrix elementMc,v

2 is obtained by averaging with respect
those distributions. This procedure results in replacing
Dirac deltad(kc2kv) in Eq. ~3! by the distribution function
of k vectorsD(kc2kv). Thus

Mc,v
2 ~kc ,kv!5A2~2p!3D~kc2kv!. ~5!

An analytical, exact expression forD(kc2kv) can be de-
rived only from a microscopic model of the system. How
ever, one might expect that for increasing density of the
purities in the crystal lattice~increasing disorder! D(kc
2kv) should vary from thed-like distribution given by Eq.
~3! to a distribution with increasing width. In the extrem
case the distribution width becomes infinite and the ma
element Mc,v becomesk independent@Eq. ~4!#. In other
wordsD(kc2kv) may be characterized by a width parame
sk varying from 0 @Eq. ~3!# to ` @Eq. ~4!#. We propose to
approximate theD(kc2kv) distribution by the following
Gaussian function withk5@kx ,ky ,kz#:
6-2
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D~kc2kv!5
1

A2pskx

1

A2psky

1

A2pskz

expS 2
~kcx2kvx!

2

2skx
2

2
~kcy2kvy!2

2sky
2

2
~kcz2kvz!

2

2skz
2 D . ~6!

Although our choice is arbitrary, it recovers the expec
behavior ofD(kc2kv) for large and smallsk and enables
analytical calculation of the absorption coefficient as we w
show below.

For simplicity we assume the isotropic energy vers
wave vector relationE(k)5E(uku), and isotropic broadening
skx5sky5skz[sk . Then Eq.~5! reduces to

Mc,v
2 ~kc ,kv!5A2S 2p

sk
2 D 3/2

expF2
~kc2kv!2

2sk
2 G . ~7!

The broadening parametersk can be compared to the in
verse of the characteristic localization length around imp
fection present in the system. Comparing our approach to
hydrogenic model1,2 at kc5kv one finds

sk
35Ap

32

~11a* 2kb
2!4

a* 3
. ~8a!

The average value of (11a* 2kb
2)24 for GaAs was found to

be 0.87 at 77 K and 0.63 at 300K;19 thus for GaAs

sk5
0.7

a*
'

1

a*
. ~8b!

In the hydrogenic model thesk parameter corresponds to th
inverse effective Bohr radius. This analogy may suggest
order of magnitude ofsk . In a more general situation th
parametersk may probably still be given by Eq.~8b! with
a* understood as the characteristic localization length.

Assuming a parabolic dispersion relation expressed
terms of the averagek0 vectorsE(k0)5\2k0

2/2m* and for
temperature sufficiently low so thatf v2 f c'1, one can sim-
plify Eq. ~7! as follows:

a~v!5A2
2mv

~2p!5/2\2sk
E

0

kc
max

dkckcFexpS 2
1

2sk
2 ~kc2kv!2D

2expS 2
1

2sk
2 ~kc1kv!2D G , ~9a!

where

kv5A2mv

\2 S \v2Eg2
\2kc

2

2mc
D ~9b!

and

kc
max5A2mv

\2
~\v2Eg2F !, ~9c!
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mc andmv are the masses of the electron in the conduct
and valence bands, andF is the Fermi energy in the presenc
of free holes measured relative to the top of the valence b
(F>0).

The resulting absorption curves, in the absence of f
carriers (F50), are presented in Fig. 1. The fundamen
absorption edge obtained from Eq.~3! within the direct tran-
sition approximation is compared to the results derived fr
Eq. ~9! for electronic transition from heavy holes in the v
lence band to the conduction band in GaAs. For a value
sk that corresponds to the Bohr radius of the donor@a*
5104 Å, Eq.~8!# there is almost no difference between t
results of Eq.~3! and Eq.~9!. However, whensk increases
and can be related to the size of the Bohr radius of the
ceptor state (a* 514.8 Å) the absorption spectrum is qui
different. We note that for largesk ~no k-selection rule! and
photon energies close to the energy gap the absorption c
ficient is proportional to the energy squared, in accorda
with Eq. ~4!.

III. FUNDAMENTAL ABSORPTION EDGE
OF Ga1ÀxMnXAs

Below we will focus on Ga12xMnxAs grown by the low
temperature~LT! molecular beam epitaxy technique.20 For
this material there are two sources of disorder. LT growth
GaAs is known to produce material with a high concent
tion of As antisites, yielding a high degree of disorder. O
the other hand Mn ions incorporated into GaAs on the le
of a few molar percent contribute additionally to the crys
disorder.

        

        

     

 

 

FIG. 1. The comparison between the fundamental absorp
edge obtained from Eq.~3! ~solid line! with the results derived from
Eq. ~9! for electron transition from heavy holes to the conducti
band in GaAs. Isotropic and parabolic bands are assumed and
citonic effects are neglected.sk parameters corresponding to th
Bohr radius of the donor (aD* 5104 Å) and of the acceptor (aA*
514.8 Å), and one for an object with sizea* 525 Å (sk54
3108 m21) were used. For large values ofsk the beginning of the
fundamental absorption edge is parabolic, which is consistent w
the results of the model Eq.~4!. Part of a parabola is also shown
6-3
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One of the most attractive features of Ga12xMnxAs is its
DMS-type behavior, i.e., strong interaction between deloca
ized s- andp-type band electrons and localizedd-type elec-
trons of the magnetic ions~so calleds, p-d exchange inter-
action!. In particular, this interaction yields band splittings of
the order of 100 meV, which corresponds to an effectiveg
factor of a few hundreds.10,15The interaction for the conduc-
tion band (s-d exchange! is driven by direct potential ex-
change and should always be ferromagnetic~FM!,21 which is
indeed the case for all DMS examples known so far.10,22 On
the other hand, valence bandp-d exchange is dominated by
the kinetic exchange mechanism and can be both ferroma
netic and antiferromagnetic~AFM!, depending on exchange
channels, i.e., available paths for virtual electron jumps b
tween the valence band andd orbitals.22,23

The energy band structure of a zinc-blende-type dilute
magnetic semiconductor in the vicinity of theG point is
shown in Fig. 2. The exchange interaction induces ban
splitting. The energies of the electronic transitions to th
conduction band from the heavy holesEhh-c , light holes
Elh-c , and spin-orbit split bandEso-c in s1 and s2 polar-
ized light in the vicinity of theG point are as follows.24

For s1,

Ehh-c,s15Eg13b23a,

Elh-c,s15Eg1b13a,

Eso-c,s15Eg2b13a,

and fors2,

Ehh-c,s25Eg23b13a,

Elh-c,s25Eg2b23a,

Eso-c,s25Eg1b23a, ~10a!

where

FIG. 2. Energy band structure of zinc-blende-type diluted mag
netic semiconductor in the vicinity of the Brillouin zoneG point.
The right panel shows the allowed interband optical transition
in the Faraday configuration under external magnetic field.s1

and s2 transitions are marked. The bold numbers give th
relative intensities.
07530
l-

g-

-

d

s
e

a5 1
6 N0ax^2S&, b5 1

6 N0bx ^2S&. ~10b!

N0a andN0b are the exchange integrals for the conducti
(s-d) and valence bands (p-d), and ^S& is the thermody-
namic average of the spinS and is proportional to the mag
netization of the system of magnetic ions.10

For Ga12xMnxAs epilayers (x'0.03–0.04! the p-d ex-
change interaction was found to be antiferromagnetic (N0b
,0).15 Transmission was measured in the spectral ra
1.4–2.0 eV, at temperatures 2 K,T,60 K, and magnetic
field up to 5 T. Circularly polarized light (s2 ands1) was
used. Detailed information about this experiment and
sample preparation can be found in Ref. 15.

The sample absorption spectra are shown~by points! in
Fig. 3. Instead of a sharp absorption edge a broad, ramp
edge is observed. The highest value of the detectable abs
tion coefficient in this experiment was about 104 cm21. Un-
der external magnetic field the absorption edge splits
about 100 meV. Such strong edge splitting is characteri
for s, p-d exchange effects.10,24 The s2 edge is redshifted
with respect to thes1 edge, which is attributed to the Moss
Burstein shift.15

For epilayers with hole concentration ranging betwe
1018 and 1020 cm23, the fact that the top of the valence ban
is empty~filled with holes! must be taken into account, sinc
the Fermi energy levelF can be up to about 300 meV belo
the top of the valence band. Consequently the Moss-Burs
shift of the absorption edge becomes sizable and is diffe
for transitions originating from different valence subban
split by s, p-d exchange interaction~Fig. 4!. It appears that
in this case, assuming direct transitions, for FMs-d ex-
change (N0a.0) and AFM p-d exchange (N0b,0), s1

-

s

  

  

    

    
   

 

 
 

FIG. 3. The absorption coefficient of Ga12xMnxAs (x
50.032). The experimental data are shown by points~Ref. 12!. The
open~closed! symbols correspond tos1 (s2) polarization of light.
The zero field absorption data~a! are moved up relative to the
measurements at 5.0 T~b! for clarity. The results of the mode
calculations for each polarization are presented by solid lines.
values ofp57.031019 cm23, N0b50.0 ~a!, N0b521.0 eV ~b!,
andsk51/14 Å21 were used.
6-4
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FIG. 4. Scheme of the Ga12xMnxAs band
structure ~only conduction and heavy hole va
lence bands are shown! split by FM s-d ex-
change (N0a.0) and AFM p-d exchange
(N0b,0). The bands in the absence of the e
change interaction are denoted by dashed lin
Optical transitions fors1 ands2 transitions are
shown in the case of low hole concentratio
~Fermi level in the energy gap, left panel! and for
high hole concentration~Fermi level below top of
the valence band, right panel!.
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transitions occur at higher energy thans2 ones, which is
opposite to the situation for canonical DMS’s~such as
Cd12yMnyTe).10,24 The Moss-Burstein shift is the primar
reason for this splitting inversion. The role ofp-d interaction
is to polarize the hole subbands, which differentiate
Moss-Burstein transition energies. We note that this mo
was recently repeated for GaMnAs in Ref. 33 assuming o
direct transitions. The obtained squareroot-type absorp
edge significantly differs from the measured absorption ed
as could have been expected.15

On the other hand magnetic circular dichroism reflecta
and absorption experiments performed on Ga12xMnxAs
epilayers13 and superlattices25,14 show rather complicated
spectra. In particular, the MCD for some samples can cha
its sign from negative to positive. This means that thes1

ands2 absorption edges cross each other. We should n
that MCD is very sample dependent. We will return to th
point later.

IV. RESULTS OF CALCULATIONS FOR FUNDAMENTAL
ABSORPTION EDGE IN Ga1ÀxMn xAs

Absorption was calculated according to Eq.~9! in the en-
ergy range up to 2.5 eV, for transitions from heavy hol
light holes, and spin-orbit split valence bands. We used p
GaAs band parameters and assumed parabolic bands for
plicity (me50.0665m0 , mhh50.47m0 , mlh50.082m0 , mso
50.15m0). Renormalization of the energy gap caused by
high carrier concentration was adjusted to provide the bes
with the zero field experimental data. We neglected the b
tailing, i.e., localized states in the energy gap. We also
glected any excitonic effects, because no excitons have b
observed in Ga12xMnxAs epilayers.

In the calculations we assumed the saturated magne
tion limit, i.e., ^S&55/2, which is reasonable for the samp
considered forB.1 T. Thes-d exchange integral was cho
sen as typical for other DMS materials,N0a510.2 eV. The
p-d exchange integralN0b was considered as a fitting pa
rameter. In order to reduce the number of parameters,
assumedN0b to be k vector independent, although it i
known that for largek values N0b may be substantially
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reduced.24 According to information from the crystal growt
process the manganese concentration in the sample wx
50.032. Since the concentrations of free holes in
samples were not known precisely,20,26 we allowed them to
vary between 1019 and 1020 cm23, as suggested by the fer
romagnetism of the samples.

The band splitting due to the exchange interaction w
taken into account by calculating the Fermi energy in ea
subband~see Fig. 4!. According to this model the upper limi
for the integration in Eq.~9c! should be modified as follows

kc
max5A2mv

\2
~\v2F82Eg8!, ~11!

whereF8 is the Fermi energy relative to the top of the co
sidered valence subband andEg8 is equal to the effective band
gap calculated according to Eq.~10! and modified by the
many-body effect band gap renormalization~assumed to be
equal for all subbands!. The standard absorption intensi
ratio between heavy holes, light holes, and spin-orbit ba
~3:1:2! was used.

In Fig. 5 we present some results of calculations of
fundamental absorption edge for two sample hole concen
tions and three different distribution width parameterssk .
For very small values of thesk5s1 parameter the heavy
holes, light holes, and spin-orbit band transitions are clea
distinguishable. In this case the crystal starts to absorb l
at the energyE05Eg1\2kF

2/2mc1\2kF
2/2mv , wherekF is

the wave vector corresponding to the Fermi energy in
valence band. Thus for ap-type semiconductorE0 is gov-
erned mostly by the effective mass of the conduct
band, because\2kF

2/2mc@\2kF
2/2mv when mc!mv ~com-

pare Fig. 4!.
However, for largersk5s2 ,s3 the absorption edge be

comes smoother, and the sample absorbs light of energyE0
'Eg1\2kF

2/2mv , since indirect transitions are also allowe
and the absorption edge corresponds to the energy differ
between occupied and empty states.

To compare our calculations with the experimental d
we used four independent parameters. These are the free
concentrationp, the energy gap~including gap renormaliza-
tion! Eg of Ga12xMnxAs, the value of thep-d exchange
integralN0b, and the parameter of the quasimomentum d
6-5
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persionsk . In the magnetotransmission experiment cons
ered the relative absorption coefficient was measu
~arbitrary units were used15!, so we normalized our spectr
and the coefficientA in the matrix element@Eq. ~7!#.

In Fig. 3 we present the results of the calculations
gether with the experimental data in the absence~a! as well
as in the presence~b! of an external magnetic field. ForB
50 a reasonable matching was obtained for the follow
parameters: free hole concentrationp57.031019 cm23

~well within the expected range! and sk.1/14 Å21, very
close to the value of the inverse Bohr radius of the acce
in GaAs. Since the exact dependence of the energy ga
the Mn concentration in the mixed Ga12xMnxAs crystal is
not known, the renormalized energy gap27 has to be adjusted
as well. We obtainedEg51.31 eV, in reasonable agreeme
with the tendency for many-body energy gap shrinkage
pected for such a carrier concentration~for p57.0

 

  

 

  

 

 

FIG. 5. The calculated fundamental absorption edge in the c
of large free hole concentration (p51.031019 cm23 and p57.0
31019 cm23). The Moss-Burstein effect is taken into account a
cording to Eq.~11!. Isotropic and parabolic bands are assum
Excitonic effects are neglected. For very small values of thesk

parameter the heavy holes, light holes, and spin-orbit band tra
tions are clearly visible. We used threesk parameters:s1 corre-
sponding to the Bohr radius of the donor (aD* 5104 Å), s2 for an
object with size a* 525 Å, and s3 for the acceptor (aA*
514.8 Å). As a reference the curve for the undoped semicondu
(p50) is also shown (s050.001 Å21).
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31019 cm23Eg51.41 eV, calculated for GaAs from Re
27!. Using the parameters obtained forB50 we fitted the
absorption edge split by a magnetic field and obtainedN0b
521.0 eV.

There are two points that we would like to stress. The fi
is that the calculations predict a ramplike absorption edge
observed in experiment. The second is the reasonable
scription of the exchange induced splitting with the para
etersN0a510.2 eV andN0b521.0 eV. The sign of the
latter is particularly important, since it proves antiferroma
netic p-d exchange in Ga12xMnxAs epilayers as expecte
for Mn21 (d5) centers. Moreover, the magnitude of this i
teraction is rather typical of other DMS’s.10,21,24

We would like to mention the transmission experiments
the fundamental absorption edge performed on low temp
ture GaAs.28 The absorption edge of this material was al
found to be very broad, as for Ga12xMnxAs ~zero field data!
presented in Fig. 3~a!. This may suggest that the primar
reason for the disorder in LT GaAs and LT Ga12xMnxAs is
the same. In such a case the likely candidate would be th
antisite. In other words, low temperature technology p
duces so many defects (AsGa) that addition of Mn increases
the disorder only slightly.

V. RESULTS OF CALCULATIONS OF MAGNETIC
CIRCULAR DICHROISM

It is known for Ga12xMnxAs that depending on the
growth conditions one can grow samples with the same m
ganese concentration, but with different magnetic and e
trical properties,20 from metalliclike ferromagnetic to semi
insulating paramagnetic samples. Therefore it is likely t
apart from the manganese acceptor centers in Ga12xMnxAs
there are also many other centers of yet unknown orig
However, the presence of those centers may strongly in
ence the shape of the fundamental absorption edge. Sinc
disorder inside the crystal lattice depends on the number
nature of the centers,sk can also be very different in differ
ent samples. This conclusion also concerns the hole con
trationp of the sample. The variety of MCD spectra report
so far seem to corroborate this expectation.

Magnetic circular dichroism experiments measure the
ference between the intensity of the light in the polarizatio
s2 ands1. Measurements performed on thin Ga12xMnxAs
samples show that in the fundamental absorption edge ra
the MCD signal can have negative or positive sign, wh
means that thes2 and s1 absorption edges in some cas
cross each other.14,29–32

In Fig. 6 we present the results of model calculations
Ga12xMnxAs MCD spectra @MCD calculated as (I s1

2I s2)/(I s11I s2), whereI s2 andI s1 are the light intensi-
ties in s2 and s1 polarization#. We used the same set o
parameters as for the absorption edge calculations.

In the case of transitions from the top of the valence ba
~the absence of free holesp50) the MCD signal is negative
for any sk value, as expected~Fig. 6, p50).

For low hole concentration (p55.031018 cm23 and p
51.031019 cm23) and small sk5s1 ~direct absorption
limit ! the Moss-Burstain effect is small. Thep-d exchange
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interaction is strong enough to completely polarize the ho
i.e., the Fermi energyF is between the heavy hole subband
The s2 transition occurs at the top of the valence band,
depicted in Fig. 4, right panel. Therefore the transition o
served ins1 polarization is at higher energy than thes2

transition, and the sign of the MCD becomes positive~cf.
Fig. 4!. However, for largersk(k-selection rule is released!
indirect transitions are also allowed and the most import
is the energy difference between occupied and empty sta
This leads to a reversal of the MCD sign, which becom
negative.

  
 
 

 

  
 

  

  

 

FIG. 6. Transmission MCD spectra calculated as (I s2

2I s1)/(I s21I s1) for s2 and s1 light polarization for
Ga12xMnxAs (x50.032) for different values of free hole conce
tration p50 cm23, p55.031018cm23, p51.031019 cm23,
p53.031019 cm23, p57.031019cm23. For each concentration
three values of thesk parameter were taken:sk5(100 Å)21 ~bold
line!, sk5(25 Å)21 ~dotted line!, sk5(10 Å)21 ~thin line!. Ex-
change integralsN0a50.2 eV andN0b521.0 eV are assumed
The structure around 1.85–1.90 eV comes from the transitions f
the spin-orbit split band.
07530
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.
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The evolution of MCD with still higher hole concentra
tion is shown in Fig. 6 for p5331019 and p57
31019 cm23. In the case of the highest hole concentrati
(p57.031019 cm23) the Fermi energy is below the top o
both valence subbands shown in Fig. 4 and the excha
interaction cannot polarize the holes completely. Theref
for higher photon energies, as long as we consider only tr
sitions from G8 and G7 to G6, the MCD signal is always
positive~for negativeN0b), which is the case for all known
Ga12xMnxAs samples. However, for low photon energie
slightly aboveEg , and for relatively large values ofsk ~the
releasedk-selection rule!, once more we get a reversal of th
sign of the MCD. In such a situation the energy differen
between occupied and empty states is lower for transition
s1 polarization than fors2, and this is the reason why th
MCD signal is slightly negative~Fig. 6, p5731019).

From our simulations it is apparent that the results
MCD experiments are very sensitive to the sample prop
ties, such as hole concentration and disorder parametrize
sk . For instance, for samples with low hole concentrati
(p51.031019 cm23) and intermediate value of thesk pa-
rameter (sk525 Å21) the MCD signal above the energ
gap is negative, whereas for samples with higher concen
tions of free holes (p53.031019 and p57.031019 cm23),
the signal appears to be positive. Thus it is difficult to dra
conclusions about the sign of the exchange integralN0b
from only the sign of the MCD signal, without taking int
account any information about the concentration of the c
riers and the ‘‘magnitude’’ of the disorder.

VI. CONCLUSIONS

A model for the calculation of the fundamental absorpti
edge in heavily doped semiconductors is proposed. The
of the model is to replace the quasimomentum conserva
by a certaink-vector distribution. Using the presented mod
for optical absorption in random media one can reprod
the results of transmission measurements on heavily do
or disordered semiconductors, as was shown
Ga12xMnxAs epilayers. Without a microscopic model of di
order we are not in a position to determine parameters s
as the width of thek vector distributionsk . Theoretical work
in this direction is currently in progress.

Since some parameters for Ga12xMnxAs—such as the
carrier concentration or the value of the energy gap—are
known with reasonable accuracy, thep-d exchange integra
for this material cannot be evaluated precisely. However,
results of the present calculation of the fundamental abs
tion edge for Ga12xMnxAs epilayers strongly suggest an a
tiferromagneticp-d exchange interaction (N0b,0).
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