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Optical absorption in random media: Application to Ga;_,Mn,As 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/&@&As epilayers. The values
obtained for the free hole concentratipr=7x 10" cm™3, and thep-d exchange integraN,8=—1 eV
reproduce reasonably well the fundamental absorption edge ©f,8a,As.
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I. INTRODUCTION GasShb, in which a controlled fraction of nonmagnetic cations
is replaced by magnetic iorithe so-called diluted magnetic
Understanding optical absorption in random media withsemiconductors, DMSJs® These materials are thought to be
broken translational symmetry is an important problem ingood candidates for spintronic devices due to their strong
semiconductor physics, to mention only heavily doped semis, p-d exchange interaction affecting their band structure
conductors and semiconductor based laser devices. It hagd predicted ambient temperature ferromagnetisth.
been suggested that in order to describe the interband absorp- The most reliable way to study the energy structure of
tion in such systems thk-conservation rule has to be re- Ill-V DMS’s is magnetospectroscopy, covering the energy
laxed, leading to so-called indirect transitidns. range from far infrared to near ultraviolet. Spectroscopy data
Theoretical models of disorder in semiconductors ardn the range of the fundamental absorption edge, providing
mainly concerned with the density of states in band tails duénformation abous, p-d exchange, are so far nearly exclu-
to the localization of electronic wave functions below thesively limited to Ga_,Mn,As. Several magnetic circular di-
mobility edge*~® Particularly fruitful in this respect was the chroism(MCD) experiments®**as well as direct absorption
concept of the optimal wave function of Halperin and Lax measurements,were performed at thE andL points of the
which successfully explained the shape of the density oBrillouin zone. The absorption revealed a rather broad and
states in heavily doped semiconductors. Recently it has alsgiructureless ramplike edge, while the MCD was found to be
been applied to the case of hydrogenated amorphous sflicorvery sample dependent. Obviously standard direct optical
giving very good agreement with experimental data. Effectdransitions are not suitable to describe the experimental data.
of disorder in amorphous silicon were also studied using a In this paper we propose an approach to describing the
microscopic model based on the tight binding fundamental absorption edge in disordered semiconductors,
approximatior?. The probability of optical transitions be- that is based on disorder induced partial relaxation of the
tween localized states is governed mainly by the densities df-selection rule in direct transitions. This model includes
states in the valence and conduction bands, allowing for diboth direct and indirect transition limits in a natural way. We
rect comparison of theoretical models with experimental reshow that the proposed approach can be used for description
sults. The situation above the mobilty edge is quite differentof highly p-type Ga_,Mn,As magnetoabsorption data. In
In addition to the perturbation of the single-particle spectrumeffect, the exchange parameter for the valence band can be
introduced by the disorder, we also have to take into accourgstimated.
correlation phenomena of the optically generated electron-
hole pairs. Even if we neglect the excitonic effects associated
with electron-hole Coulomb interaction, which is a well jus- Il. THEORETICAL BACKGROUND

tified assumption at high temperatures and concentrations of There are two standard approaches to calculating the ab-
carriers, we still have to consider the correlation induced by PP g

the presence of the potential fluctuations. This is due to thgorptpn(or emission due to band-to-band transition, which
we briefly recall below.

fact that the optical generation of an electron-hole pair at a The electron wave function in a perfegeriodig crystal

given point of the semiconductor depends on the particul C . )
form of the local potential. Consequently the spatially avera-.r attice is described by a Bloch wave function

aged absorption coefficient which is given by the two-
particle propagator does not reduce to a convolution of
single-particle densities of states. Therefore a model is
needed that will at least approximately account for these ef-
fect in disordered media. wherek is the wave vector of the quasimomentum of the
Recently a particular group of highly disordered systemslectron from the bandr. The standard formula for the

has been attracting worldwide attention. These are mixedbsorption coefficient in three dimensional crystalith ex-
crystals based on I1l-V compounds such as GaAs, InAs, anditonic effects neglectdctan be written &$

\Pk,a(r):uk,a(r)eik'rl (1)
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dk. K out, however, that the hydrogenic formula can also be used
( )=f 53 M2, (e k) 8(w—Eg+E,(Kk,) for unintentionally doped semiconductdfs where the
(2m)° (2m) meaning of the parameté, should be revised.
—Eo(k))[F, (E, (K,)) — f(Eo(k)], 2 In general thek-independent matrix element is used in

heavily doped or heavily excited systems while in the case of
whereE.(k;) andE,(k,) are the dispersion relations for the semiconductor alloys the virtual crystal approximation
conduction and valence bandg, is the energy gap, the (VCA) is often employed as a starting point. In the VCA
Dirac & denotes the conservation of the enerfgy=E, approach the effective potential is taken as periodic and the
—E,(k,) tEc(ke), T (E,(K,))—Tf(Ec(ke)) is the difference  vector is still a good quantum number. The resulting band
of the probabilities that the initial and final states involved instructure resembles that of the regular semiconductor. This
the transition are occupig@mpty), andM_ , is the band-to- suggests using quasimomentum conservation for the optical

band transition matrix element. transitiong Eq. ( 3)], even though the translational symmetry
For electrons described by the wave function given by Eqis broken.
(1) the matrix elemenM. , is given by If one aims to calculate the band-to-band optical absorp-
5 5 s tion, it is necessary to find a way to include the influence of
Mg (ke k) =A(27)*5(k.—k,). (3@ the random potential fluctuations. We propose an approach

that is more universal than that of Refs. 1 and 2 and extends

The coefficientA for a zinc-blende type compound is given ;
beyond the VCA model. We consider the effect of long

by range fluctuations of the impurity concentration in heavily
2 e E doped semiconductors on the optical absorption. It is as-

A=—— P (3b) sumed that the range of the perturbing potential introduced

60m080\/"3_1E by a single defect or impurity is very small compared to the

whereE=# o, Ep=2m0P2/ﬁ2 with the interband matrix el- typical wavelength of band electron wave functions and that

ementP introduced by Kand \e; is the refractive index, the wave functions change very little on a length scale equal
m, is the free electron mass;is the velocity of light, ande  © the typical distance between scattering centers. Conse-

is the electron charge. Equatié®) describes standard direct duently we can use the effective mass approximation.
transitions for which quasimomentum is conserveld: ( For a disordered crystal the electron wave function cannot
—k,) be described by a single Bloch plane wa¥g. (1)]. We

v)-

The situation is more complicated for heavily doped ma-2SSUme that for a real disordered crystal the electron wave

terials. According to the commonly accepted modéhe gjlnctrllofns can be_dhes_cf;lbedkby a I|ne:;1r cqmb!naﬂpn of the
random distribution of impurities in a semiconductor hostB/0¢h functions with differenk vectors, forming in this way

lattice breaks the translational symmetry of the crystal, sc?l packe_t with a certt)ainhwave vgctgrbdisgribution. Thlgs an
that the quasimomentum is not conserved in such a systerﬁ.ec'[ronIC state can be characterized by the nke@ectork,

However, despite the full relaxation of the momentum con-and the distribution ok vectors{kj aroundk,. With this

servation, the densities of states of the conduction and va'€@ning the dispersion relatid(ko) of the meark vector
lence bands in this approach are taken like those in a perfeEgn Still be defined in the crystal.

crystal. This means that the internal disorder totally relaxes, FOF Optical transitions at least two electronic states with
the k-vector selection rule, but only slightly modifies the different energies are combined. Since both states are char-

energy band structure of the semiconductor. Due to the |o@cterized by theik vector distributions, the effective squared

. . 2 . . . .
calized nature of the electronic states, they are delocalized ifiatrix elemenMc , is obtained by averaging with respect to
k space, so transitions between such states do not conserfse distributions. This procedure results in replacing the
quasimomentum. In the extreme case of the approach of Répirac deltad(k.—k,) in Eq. (3) by the distribution function
1 the matrix elemenM? , is k independent, of k vectorsD(k;—k,). Thus

2 _ ‘R2
MC’U(kC,kU)—const:.B . (48) Mg,u(kcaku):Az(Zﬂ):iD(kc_ky)- (5)
The constanB in the conventional theory can be derived

from the so-called hydrogenic model, which assumes the Ap analytical, exact expression f@(k,—k,) can be de-
presence of ionized impurities in the crystal, originating from;, o only from a microscopic model ocf th(ve system. How-
shallow donors or acceptots: ever, one might expect that for increasing density of the im-
2_p2 *3 *21,2\—4 purities in the crystal latticeincreasing disordéer D(k,
BT=A"16ma™ (1+a™ ky) ", (4b) —k,) should vary from thes-like distribution given by Eqg.

wherea* is the effective Bohr radius in the semiconductor (3) to a distribution with increasing width. In the extreme
andky is an additional parametéa sort of cutoff parametgr case the distribution width becomes infinite and the matrix
in the approach introduced by Eagfes. elementM,., becomesk independenfEq. (4)]. In other

In spite of the simplicity of that model, Eq4) was very  wordsD(k.—k,) may be characterized by a width parameter
successful in reproducing the gain spectra of semiconductar, varying from 0[Eq. (3)] to o« [Eq. (4)]. We propose to
laserst Unfortunately this formula can be used in principle approximate theD(k.—k,) distribution by the following
only for the localized states below the mobility edge. It turnsGaussian function wittk=[k, ,k, ,K,]:
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Although our choice is arbitrary, it recovers the expected s
behavior of D(k.—k,) for large and smalb, and enables &
. . . .. a2 — Eq.(3)
analytical calculation of the absorption coefficient as we will g 4000 | i
show below. N o=1/a", (1/100A™)
For simplicity we assume the isotropic energy versus / e a=tlat (1/14AY)
wave vector relatiorE (k) = E(|k|), and isotropic broadening S 1
Okx=Oxy=0,=0y. Then Eq.(5) reducesto ¢ |/ == o=1/25A
T I 1 T T T T T T T Y B
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FIG. 1. The comparison between the fundamental absorption
The broadening parametef, can be compared to the in- edge obtained from E¢3) (solid line) with the results derived from
verse of the characteristic localization length around impergq. (9) for electron transition from heavy holes to the conduction
fection present in the system. Comparing our approach to thigand in GaAs. Isotropic and parabolic bands are assumed and ex-

hydrogenic modél at k.=k, one finds citonic effects are neglectedr, parameters corresponding to the
Bohr radius of the donora;=104 A) and of the acceptoraf
m (1+a*2k2)* =14.8 A), and one for an object with siza*=25 A (o,=4
k= 3_27 (8a) x 108 m~1) were used. For large values @f the beginning of the

fundamental absorption edge is parabolic, which is consistent with

The average value of (a* Zkﬁ)“‘ for GaAs was found to the results of the model E@4). Part of a parabola is also shown.

be 0.87 at 77 K and 0.63 at 300R thus for GaAs _ _
m, andm, are the masses of the electron in the conduction

07 1 and valence bands, afkdis the Fermi energy in the presence
o=——r~—. (8b) of free holes measured relative to the top of the valence band
a* a (F=0).

The resulting absorption curves, in the absence of free
garriers £=0), are presented in Fig. 1. The fundamental
absorption edge obtained from E@) within the direct tran-
sition approximation is compared to the results derived from
Eq. (9) for electronic transition from heavy holes in the va-
irl1ence band to the conduction band in GaAs. For a value of
oy that corresponds to the Bohr radius of the dohaf
=104 A, Eq.(8)] there is almost no difference between the
results of Eq.(3) and Eq.(9). However, whernr increases
and can be related to the size of the Bohr radius of the ac-
1 ceptor state #* =14.8 A) the absorption spectrum is quite
exp( — —(ke— kv)z) different. We note that for large} (no k-selection rul¢ and
oy photon energies close to the energy gap the absorption coef-
ficient is proportional to the energy squared, in accordance

—exp( —%(kﬁkv)z)], (93 with Eq. (4).

Tk

In the hydrogenic model the, parameter corresponds to the
inverse effective Bohr radius. This analogy may suggest th
order of magnitude ofr,. In a more general situation the
parametero, may probably still be given by Eq8b) with
a* understood as the characteristic localization length.

Assuming a parabolic dispersion relation expressed
terms of the averagk, vectorsE(kO)=ﬁ2k3/2m* and for
temperature sufficiently low so thét—f.~1, one can sim-
plify Eq. (7) as follows:

m Kmax
=A—— f dkck
a(w) (277)5/2ﬁ20'k 0 ke

IIl. FUNDAMENTAL ABSORPTION EDGE
where OF Ga,_,MnyAs

(9b)  temperaturglLT) molecular beam epitaxy technigétfeFor
this material there are two sources of disorder. LT growth of
GaAs is known to produce material with a high concentra-
tion of As antisites, yielding a high degree of disorder. On
the other hand Mn ions incorporated into GaAs on the level
k?axz \/

\/2 v( ﬁzkg Below we will focus on Ga ,Mn,As grown by the low
o= w— Eg— )

and

(ho—E4—F), (9¢ of a few molar percent contribute additionally to the crystal
disorder.
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FIG. 2. Energy band structure of zinc-blende-type diluted mag- 13 15 1.7 1.9
netic semiconductor in the vicinity of the Brillouin zordé point. energy (eV)
The right panel shows the allowed interband optical transitions
in the Faraday configuration under external magnetic field. FIG. 3. The absorption coefficient of GgMn,As (X
and o~ ftransitions are marked. The bold numbers give the=0.032). The experimental data are shown by pdiRef. 12. The
relative intensities. open(closed symbols correspond t@* (o) polarization of light.

The zero field absorption dat@ are moved up relative to the

One of the most attractive features of GaVin,As is its ~ measurements at 5.0 (®) for clarity. The results of the model
DMS-type behavior, i.e., strong interaction between delocal€alculations for each polarization are presented by solid lines. The
izeds- andp-type band electrons and localizeetype elec-  values ofp=7.0x10" cm™3, NoB=0.0 (), NoB=—1.0 eV (b),
trons of the magnetic ion&o calleds, p-d exchange inter- andoy=1/14 A~* were used.
action. In particular, this interaction yields band splittings of
the order of 100 meV, which corresponds to an effectve a=2iNgax(—S), b=1iNyBx (—9S). (10b)
factor of a few hundred¥:'® The interaction for the conduc-
tion band 6-d exchanggis driven by direct potential ex-
change and should always be ferromagnéid),?* which is
indeed the case for all DMS examples known so'f&f.On
the other hand, valence bapdd exchange is dominated by
the kinetic exchange mechanism and can be both ferroma .
netic and antiferromagnetié\FM), depending on exchange  FOr Ga-xMn,As epilayers k~0.03-0.04 the p-d ex-

channels, i.e., available paths for virtual electron jumps beghan%_)e interaction was found to be antiferromagneigq
tween the valence band anidbrbitals?223 <0).™ Transmission was measured in the spectral range

The energy band structure of a zinc-blende-type dilutedt-4—2-0 €V, at temperatures 2<K1 <60 K, and nlagnetic
magnetic semiconductor in the vicinity of tHe point is  11€ld up to 5 T. Circularly polarized light«™ ando ") was
shown in Fig. 2. The exchange interaction induces bangysed. Detailed information about this experiment and the
spliting. The energies of the electronic transitions to theS@Mple preparation can be found in Ref. 15.
conduction band from the heavy hol&,,.., light holes The sample absorption spectra are shdiy pointg in

E,_.. and spin-orbit split band in 0" ando— polar-  Fi9- 3. Instead of a sharp absorption edge a broad, ramplike
iZlgdC light inpthe vicini?y of thels“ot)oinfare asafollpowéf‘ edge is observed. The highest value of the detectable absorp-

For o, tion coefficient in this experiment was about*ldn 1. Un-
der external magnetic field the absorption edge splits by
Enhc,o+ =Eq+3b—3a, about 100 meV. Such strong edge splitting is characteristic
' for s, p-d exchange effect®? The ¢~ edge is redshifted
Eih-c,o+ =Eg+b+3a, with respect to ther* edge, which is attributed to the Moss-
Burstein shift:®
Esoc,o+t=Eq—b+3a, For epilayers with hole concentration ranging between
10* and 13° cm™3, the fact that the top of the valence band
is empty(filled with holeg must be taken into account, since
E —E.—3b+3a the Fermi energy levet can be up to about 300 meV below
hh-c,o 9 ' the top of the valence band. Consequently the Moss-Burstein
E —b-3a shift of the absorption edge becomes sizable and is different
9 ' for transitions originating from different valence subbands
_ _ split by s, p-d exchange interactio(Fig. 4). It appears that
Esoco-=Egtb=3a, (109 in this case, assuming direct transitions, for RV ex-
where change Noa>0) and AFM p-d exchange l,8<0), o*

Noa andNyB are the exchange integrals for the conduction
(s-d) and valence bandspfd), and(S) is the thermody-
namic average of the spi@and is proportional to the mag-
&_etization of the system of magnetic ioffs.

and foro ™,

Elh—c,o‘:

075306-4



OPTICAL ABSORPTION IN RANDOM MEDIA . ..

PHYSICAL REVIEW B 64 075306

30 30
\\‘ G-

20 - \\ 20 k _ FIG. 4. Scheme of the Ga,Mn,As band
= \ / structure (only conduction and heavy hole va-
= \, / lence bands are showrsplit by FM s-d ex-

; \ 4 change Npa>0) and AFM p-d exchange
3 10F \\ // - 10 | - (NgB<0). The bands in the absence of the ex-
w N 7 . change interaction are denoted by dashed lines.
NQ 2 ) Optical transitions fow* ando ™ transitions are
Jr E 5 shown in the case of low hole concentration
or P = T or ] (Fermi level in the energy gap, left panheand for
e . E high hole concentratiofFermi level below top of
V N F .
the valence band, right panel
-10 -10
-5 0 5 -5 0 5
k (arb. units) k (arb. units)

transitions occur at higher energy than ones, which is reduced* According to information from the crystal growth
opposite to the situation for canonical DMS(such as process the manganese concentration in the samplexwas
Cd,_,Mn,Te).’*?* The Moss-Burstein shift is the primary =0.032. Since the concentrations of free holes in the
reason for this splitting inversion. The rolepfd interaction ~ samples were not known precisé§Z® we allowed them to

is to polarize the hole subbands, which differentiate thevary between 18 and 16° cm™, as suggested by the fer-
Moss-Burstein transition energies. We note that this modelomagnetism of the samples. _ .

was recently repeated for GaMnAs in Ref. 33 assuming only The band splitting due to the exchange interaction was
direct transitions. The obtained squareroot-type absorptioftken into account by calculating the Fermi energy in each
edge significantly differs from the measured absorption edgeubPandsee Fig. 4 According to this model the upper limit
as could have been expect&d. for the integration in Eq(9c) should be modified as follows:

On the other hand magnetic circular dichroism reflectance m
klr:nax: v

and absorption experiments performed on; GMn,As
epilayer$® and superlatticés'* show rather complicated . _ .
spectra. In particular, the MCD for some samples can chang&heréF’ is the Fermi energy relative to the top of the con-
its sign from negative to positive. This means that the sidered valence subband alEglls equal to the effective band

and o — absorption edges cross each other. We should notd@P C%Icglatef(f:i atcgordding to EGLO) alrjd tmodified (5’3,: tkg)e
that MCD is very sample dependent. We will return to thigMany-body €efiect band gap renormafza |(m;sqme_ 0 be
point later. equal for all subbands The standard absorption intensity

ratio between heavy holes, light holes, and spin-orbit bands
(3:1:2 was used.

In Fig. 5 we present some results of calculations of the
fundamental absorption edge for two sample hole concentra-
tions and three different distribution width parametets.
ergy range up to 2.5 eV, for transitions from heavy hoIes,Eolr velr_y hstrr;1alll valuej of the"ﬁ gl %atrame.ttgr the hea}vy |
light holes, and spin-orbit split valence bands. We used pur oles, gt holes, and spin-orbit band transitions are clearty

GaAs band parameters and assumed parabolic bands for sig}':S ;[Lnglé'sg%k;g' lnEth:Lsﬁ%iglezme +cf;32/itza/d2rsr;[art3v:]oe?ebks oril; light
0~ Hg F c F v F

plicity (me=0.0665ny, Mp,=0.47Mo, My, =0.082Mo, Mso 110 \wave vector corresponding to the Fermi energy in the
=0.15m;). Renormalization of the energy gap caused by thpyalence band. Thus forpprtypegsemiconductoEo is %;:)v-

h|grr11 charrler cc;ntl:gntratlo.n was ?gjuste\(ljvto prol\/lde éhehbebst férned mostly by the effective mass of the conduction
with the zero field experimental data. We neglected the ban and, becausé 2k2/2m.>#2k2/2m, when m.<m, (com-
tailing, i.e., localized states in the energy gap. We also neg .o Fig. 4.

glected any excitonic effects, because no excitons have been However, for largero, = o, o5 the absorption edge be-

observed in Ga Mn,As epilayers. _ comes smoother, and the sample absorbs light of ergsgy
In the calculations we assumed the saturated magnetizas Eg+ﬁ2k,2:/2m,,, since indirect transitions are also allowed

tion limit, i.e., (S)=5/2, which is reasonable for the sample nq'the absorption edge corresponds to the energy difference
considered foB>1 T. Thes-d exchange integral was cho- petween occupied and empty states.

sen as typical for other DMS materialdga= +0.2 eV. The To compare our calculations with the experimental data
p-d exchange integraNoB was considered as a fitting pa- we used four independent parameters. These are the free hole
rameter. In order to reduce the number of parameters, weoncentratiorp, the energy gagincluding gap renormaliza-
assumedNyB to be k vector independent, although it is tion) Ey of Ga_,Mn,As, the value of thep-d exchange
known that for largek valuesNyB may be substantially integralNyB, and the parameter of the quasimomentum dis-

5 (ho=F'—E)), (12)

IV. RESULTS OF CALCULATIONS FOR FUNDAMENTAL
ABSORPTION EDGE IN Ga;_,Mn,As

Absorption was calculated according to E@) in the en-
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X 10" cm 3Eg=1.41 eV, calculated for GaAs from Ref.
~ 190007 27). Using the parameters obtained B0 we fitted the
g absorption edge split by a magnetic field and obtaiNg@
= 10000 f =—1.0eV.
"c‘i There are two points that we would like to stress. The first
2 5000 is that the calculations predict a ramplike absorption edge, as
@ observed in experiment. The second is the reasonable de-
0l— : : : : : : scription of the exchange induced splitting with the param-
15 16 17 18 19 20 21 22 etersNga=+0.2 eV andNyB=—1.0 eV. The sign of the
latter is particularly important, since it proves antiferromag-
15000 | o e netic pég exschange in Ga ,Mn,As epilayer; as expeg:te_d
e p=1.0 x10""cm for Mr_1 _(d ) center;. Moreover, the magnitude of this in-
€ o000 | teraction is rather typical of other DMS'$:21:24
S We would like to mention the transmission experiments at
S 5000 | the fundamental absorption edge performed on low tempera-
§ ture GaAs*® The absorption edge of this material was also
y found to be very broad, as for GaMn,As (zero field data
0 s 16 17 18 19 20 21 22 presented in Fig. @). This may suggest that the primary
reason for the disorder in LT GaAs and LT GaMn,As is
9000 — : : : : : : the same. In such a case the likely candidate would be the As
— 0=7.0 x 10"%cm™ 6. antisite. In other words, low temperature tech_nology pro-
‘e ' 7 duces so many defects (A3 that addition of Mn increases
S 6000 | 7, ; )
= 2 the disorder only slightly.
g °000¢ ] V. RESULTS OF CALCULATIONS OF MAGNETIC
R . CIRCULAR DICHROISM
0 15 1.6 1.7 18 19 20 21 22 It is known for Gg_,Mn,As that depending on the

growth conditions one can grow samples with the same man-
ganese concentration, but with different magnetic and elec-

FIG. 5. The calculated fundamental absorption edge in the casiical properties;’ from metalliclike ferromagnetic to semi-
of large free hole concentratiorp€ 1.0x 10 cm™2 and p=7.0 insulating paramagnetic samples. Therefore it is likely that
%1019 cm™3). The Moss-Burstein effect is taken into account ac-apart from the manganese acceptor centers in (3an,As
cording to Eq.(11). Isotropic and parabolic bands are assumed.there are also many other centers of yet unknown origin.
Excitonic effects are neglected. For very small values of dhe However, the presence of those centers may strongly influ-
parameter the heavy holes, light holes, and spin-orbit band transence the shape of the fundamental absorption edge. Since the
tions are clearly visible. We used threg parameterso, corre-  disorder inside the crystal lattice depends on the number and
sponding to the Bohr radius of the donaf(=104 A), o, for an  nature of the centers;, can also be very different in differ-
object with size a*=25A, and o3 for the acceptor 45  ent samples. This conclusion also concerns the hole concen-
=14.8 A). As a reference the curve for the undoped semiconductofration p of the sample. The variety of MCD spectra reported
(p=0) is also shown ¢=0.001 A™*). so far seem to corroborate this expectation.

Magnetic circular dichroism experiments measure the dif-
persiono, . In the magnetotransmission experiment consid<ference between the intensity of the light in the polarizations
ered the relative absorption coefficient was measuredr~ ando*. Measurements performed on thin Gavin,As
(arbitrary units were uséd, so we normalized our spectra samples show that in the fundamental absorption edge range
and the coefficien in the matrix elementEq. (7)]. the MCD signal can have negative or positive sign, which

In Fig. 3 we present the results of the calculations to-means that thez~ and o* absorption edges in some cases
gether with the experimental data in the absefmes well  cross each othéf:2%-32

energy (eV)

as in the presencé) of an external magnetic field. F& In Fig. 6 we present the results of model calculations of
=0 a reasonable matching was obtained for the followingGa,_,Mn,As MCD spectra [MCD calculated as I(,+
parameters: free hole concentratign=7.0x 10 cm 3 —1,)/(l,++1,-), wherel .- andl .+ are the light intensi-

(well within the expected rangeand o,=1/14 A~1, very ties ino~ and o™ polarizatio. We used the same set of
close to the value of the inverse Bohr radius of the acceptoparameters as for the absorption edge calculations.

in GaAs. Since the exact dependence of the energy gap on In the case of transitions from the top of the valence band
the Mn concentration in the mixed GaMn,As crystal is (the absence of free hol@s=0) the MCD signal is negative
not known, the renormalized energy §ahas to be adjusted for any oy value, as expecte(Fig. 6, p=0).

as well. We obtaine&,=1.31 eV, in reasonable agreement  For low hole concentrationp(=5.0x 10 cm 2 and p
with the tendency for many-body energy gap shrinkage ex=1.0x10" cm™3) and small o, =0, (direct absorption
pected for such a carrier concentratiofior p=7.0 limit) the Moss-Burstain effect is small. Thed exchange

3
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The evolution of MCD with still higher hole concentra-
tion is shown in Fig. 6 for p=3x10*° and p=7
X 10' cm3. In the case of the highest hole concentration
(p=7.0x10" cm™3) the Fermi energy is below the top of
both valence subbands shown in Fig. 4 and the exchange
interaction cannot polarize the holes completely. Therefore
for higher photon energies, as long as we consider only tran-
sitions fromI'g and I'; to I'g, the MCD signal is always
positive (for negativeNy3), which is the case for all known
Ga _,Mn,As samples. However, for low photon energies,
slightly aboveE,, and for relatively large values af, (the
released-selection rulg, once more we get a reversal of the
sign of the MCD. In such a situation the energy difference
between occupied and empty states is lower for transitions in
o polarization than for~, and this is the reason why the
MCD signal is slightly negativéFig. 6, p=7x 10').

From our simulations it is apparent that the results of
MCD experiments are very sensitive to the sample proper-
ties, such as hole concentration and disorder parametrized by
o . For instance, for samples with low hole concentration
(p=1.0x10* cm %) and intermediate value of the, pa-
rameter ¢,=25 A~1) the MCD signal above the energy
gap is negative, whereas for samples with higher concentra-
tions of free holes g=3.0x 10'° and p=7.0x 10'° cm™3),
the signal appears to be positive. Thus it is difficult to draw
conclusions about the sign of the exchange intedigb
from only the sign of the MCD signal, without taking into
15 16 17 18 19 20 21 22 23 account any information about the concentration of the car-
riers and the “magnitude” of the disorder.

MCD signal

0.4 3

p=7x10"° cm’

0.2
VI. CONCLUSIONS

A model for the calculation of the fundamental absorption
15 16 17 18 19 20 21 22 23 edge in heavily doped semiconductors is proposed. The aim
of the model is to replace the quasimomentum conservation
by a certairk-vector distribution. Using the presented model

FIG. 6. Transmission MCD spectra calculated ak, ( for optical absorption in random media one can reproduce
—1,4)(I,-+1,+) for o= and o' light polarization for the results of transmission measurements on heavily doped
Ga _,Mn,As (x=0.032) for different values of free hole concen- or disordered semiconductors, as was shown for
traton p=0cm 3 p=5.0x10"%cm 3, p=1.0x10"cm 3,  Ga_,Mn,As epilayers. Without a microscopic model of dis-
p=3.0x10"cm 3, p=7.0x10"cm 3. For each concentration order we are not in a position to determine parameters such
three values of the parameter were takem, = (100 A)™* (bold  as the width of thé vector distributions, . Theoretical work
line), o\=(25 A)~* (dotted ling, o, =(10 A)~* (thin line). Ex-  in this direction is currently in progress.

Energy (eV)

change integralNoa=0.2 eV andNyB8=—1.0 eV are assumed. Since some parameters for GaMn,As—such as the
The structure around 1.85-1.90 eV comes from the transitions frorg 5rrier concentration or the value of the energy gap—are not
the spin-orbit split band. known with reasonable accuracy, thed exchange integral

_ o _ for this material cannot be evaluated precisely. However, the
interaction is strong enough to completely polarize the holessesults of the present calculation of the fundamental absorp-
i.e., the Fermi energj is between the heavy hole subbands.tjon edge for Ga_,Mn,As epilayers strongly suggest an an-

The o~ transition occurs at the top of the valence band, asiferromagneticp-d exchange interactionN,3<0).
depicted in Fig. 4, right panel. Therefore the transition ob-

served inc ™ polarization is at higher energy than toe

trgn5|t|on, and the sign of the MCD _becomes_ positige ACKNOWLEDGMENTS

Fig. 4). However, for largeir(k-selection rule is releasgd
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