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Ellipsometric study of the electronic structure of Ga1−xMn xAs and low-temperature GaAs

K. S. Burch,1,* J. Stephens,2 R. K. Kawakami,2,† D. D. Awschalom,2 and D. N. Basov1
1Department of Physics, University of California, San Diego, California 92093-0319, USA

2Center for Spintronics and Quantum Computation, University of California, Santa Barbara, California 93106, USA
(Received 13 April 2004; revised manuscript received 19 July 2004; published 15 November 2004)

We have measured the optical constants of Ga1−xMnxAs from 0.62 to 6 eV, using spectroscopic ellipsometry.
The second derivatives of the dielectric function are examined through a critical point analysis, allowing us to

inspect interband transitions from different points inkW space. The evolution of the band structure over a broad
doping range is determined. Specifically, theE1 critical point shifts to higher energies with increased doping of
Mn, while all other critical points appear unaffected. The evolution of the critical points results from the
interplay between band-gap renormalization due to ionized impurities andsp-d hybridization of the Mn
induced impurity band with GaAs valence and conductions bands.

DOI: 10.1103/PhysRevB.70.205208 PACS number(s): 78.20.Ci, 78.40.Fy, 75.50.Pp

I. INTRODUCTION

Semiconductors doped with magnetic impurities, gener-
ally referred to as diluted magnetic semiconductors(DMS),
have produced great scientific and technological interest in
recent years.1 Such systems offer a promising opportunity to
explore devices that simultaneously exploit the spin and
charge degrees of freedom.2 They also bring the challenge of
understanding the physics involved in the coupling of local
moments ind orbitals with sp extended states. One of the
most widely studied DMS is Ga1−xMnxAs, in part because
GaAs is a well characterized semiconductor used in a variety
of digital signal processing circuits, telecommunication sys-
tems, and optoelectronics. While there is general agreement
that ferromagnetism in Ga1−xMnxAs is driven by a carrier
mediated mechanism between the local moments(Mn 3d5

electrons) and the carriers(holes),3 the evolution of the elec-
tronic structure with Mn doping as well as its role in the
ferromagnetism is still under debate.

The controversy around the electronic structure of
Ga1−xMnxAs generally centers around the position of the
Fermi level. One scenario places the holes in the Mn induced
impurity band,4–6 while others place the Fermi level in an
unperturbed GaAs valence band.3,7,8 These differing view-
points are in part driven by the early work of Ohnoet al.,
who showed the onset of ferromagnetic behavior in
Ga1−xMnxAs is at or near the metal to insulator transition.1

Additionally, optical absorption measurements established
the formation of a Mn induced shallow acceptor level
110 meV above the valence band in paramagnetic GaAs
doped with Mn in the very dilute limit.9 Recent STS and
ARPES experiments suggest the Mn forms an “impurity
band” of d-like states that strongly hybridize with the GaAs
valence band.10–12 The ARPES measurements place the oc-
cupiedd5/d4 levels< 5.3 eV below the valence band maxi-
mum (VBM ), with the unoccupiedd5/d6 level lies 3.7 eV
above the VBM(see Fig. 1).12 Nonetheless these measure-
ments are limited in resolution, and therefore the quantitative
evolution of the band structure withx has yet to be estab-
lished experimentally. Infrared spectroscopy measurements
established the role of this impurity band in the carrier dy-

namics of Ga1−xMnxAs, however they were limited to ener-
gies below the band gap and could only discuss effects at the
zone center.13,14

Experimental studies of the Ga1−xMnxAs electronic struc-
ture that combine high resolution, broad doping range, and
do not focus on the zone center are needed to address several
key issues. Interestingly, although Ga1−xMnxAs is generally

referred to as a “compound,” implying the momentumskWd is
conserved and is still a good quantum number, this has yet to
be confirmed experimentally. Additionally the effects on the
GaAs band structure ofsp-d hybridization between the Mnd
and As/Gasp states are still unknown. To investigate these
and other effects of Mn doping we have a performed a line
shape analysis of the complex dielectric function determined
by spectroscopic ellipsometry.

For the past four decades, spectroscopic ellipsometry has
provided key insights into the electronic structure of many
materials.15 Unlike common spectroscopic techniques, ellip-
sometry measures the amplitude and phase of the reflected
wave. Therefore, the complex dielectric responsefêsEdg of a

FIG. 1. Left: GaAs band structure and relevant critical point
transitions reproduced from Ref. 24. The upper conduction bands
are labeled asG7 and G8 based on symmetry, while the lowest
conduction band is labeledG6. The valence bands have been labeled
as H.H. for heavy-hole, L.H. for light-hole, and S.O. for split-off.
Taken from Ref. 12, Mnd filled sd5/d4d and emptysd5/d6d levels
are shown in grey, and the acceptor Mn A is dashed-gray. The
dispersion of the Mn acceptor level is also taken from Ref. 12. The
L point corresponds to the 111 direction and the X point to the 001
direction. Right: Ga1−xMnxAs unit cell with the important symmetry
directions labeled.
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material can be obtained analytically in bulk isotropic mate-
rials. The optical constants of a layered structure can be de-
termined with high resolutions<1 meVd over a broad en-
ergy ranges<0.6–6 eVd. Strong features in the spectra
result from the enhanced interband transitions at points in the
Brillouin zone where the slope of the two bands are nearly
identical (see Fig. 1). An analysis ofd2êsEd /dE2 provides
direct determination of the energy of these “critical points.”
This motivated us to perform an ellipsometric study of
Ga1−xMnxAs such that a detailed view of the evolution of the
band structure at a number of points ink-space can emerge.
Similar efforts on II–VI DMS have aided in the determina-
tion of the strength ofsp-d hybridization sVss,pddd in these
materials.16 An understanding of the role ofsp-d hybridiza-
tion in DMS is critical, as a strongVss,pdd can lead to the
formation of a Zhang-Rice polaron, binding the Mn induced
hole.17 The strength ofVss,pdd will also determine the strength
of the hopping amplitude “t” of the holes,17,18 central to a
number of different theories of ferromagnetism in
Ga1−xMnxAs.4–6 Additionally, the kinetic exchange, which
plays a large role in the magneto-optical properties of
Ga1−xMnxAs,7 can be related to thesp-d hybridization via
second order perturbation theorysN0b~Vpd

2 d.19 As discussed
in Sec. IV A, sp-d hybridization will also result insp bands
avoiding the Mnd levels,16,19–21and is therefore central to
understanding of the band structure in Ga1−xMnxAs.

Our spectroscopic investigation has revealed the evolution
of the band structure of Mn doped GaAs. Specifically, from
the critical point analysis we uncover the important role of
hybridization between Mn induced impurity band and the
GaAs valence band. Namely the anisotropic strength of this
hybridization results in a blueshift of theE1 transition while
all other critical points remain unchanged. This analysis is
discussed in Sec. III C. The measured elipsometric data can
be found in Sec. III A. The samples and experimental meth-
ods are described in Sec. II. The fitting procedure is de-
scribed in the Appendix and the resulting dielectric function
is detailed in Sec. III B. Finally we discuss the implications
for each critical point in Sec. IV.

II. SAMPLES AND EXPERIMENTAL METHOD

The samples in this study were grown at the University of
California, Santa Barbara on semi-insulating GaAss100d by
low temperature molecular beam epitaxy(LT-MBE). The
Ga1−xMnxAs and LT-GaAs samples were deposited at a tem-
perature of 260°C. The sample labeled GaAs is a bare sub-
strate. The Ga1−xMnxAs layers had a nominal thickness of
500 nm and were grown atop a 60 nm LT-GaAs buffer layer.
The LT-GaAs sample had a nominal thickness of 1500 nm
(see Fig. 7 for details). The oxide and buffer layers were
taken into account using a multiphase analysis described in
the Appendix.

Spectroscopic ellipsometrys0.62–6 eVd and near-normal
incidence transmissionsTd measurements over the energy
range 0.005–1.42 eV were performed at the University of
California, San Diego at room temperature. Details of the
transmission measurements can be found in Ref. 13. For the

ellipsometry experiments the back surface of the substrate
was roughened so as to prevent interference in the substrate.
A variable angle spectroscopic ellipsometer(VASE) instru-
ment from J. A. Woollam and Associates with a rotating
analyzer and an autocompensator measured the complex el-
lipsometric ratiosrd at 65° and 75° angle of incidence.r is
the ratio of the reflectance coefficientsrp andrs (parallel and
perpendicular to the plane of incidence). This is generally
expressed in terms of two anglesC andD:

r =
rp

rs
= eiD tan C, s1d

whereC is a measure of the relative amplitude andD the
relative phase shift. FromC and D the complex dielectric
function fêsEd=e1sEd+ ie2sEdg can be readily derived using
the two-phase modelsambient+sampled.22 However, in real
materials surface roughness, oxide overlayers and the multi-
layered nature of the samples require multiphase modeling
(see Appendix), which results in genuine optical constants.22

A significant parameter in evaluating these models is the
penetration depth of the incident lightsdd:

d =
l

4pk
, s2d

wherel is the wavelength of the incident light andk is the
complex part of the index of refractionfÎêsEd= n̂=n+ ikg.23

If a layer has a thickness greater than 2d then layers below it
do not contribute to the measuredC and D, because of
strong attenuation.24 Therefore in regions wheree2sEd is
large and/or at higher energies, the primary contribution is
from the top few atomic layers. Specifically in the region of
the E1 critical point dsE1d<20 nm, whereas nearE2 dsE2d
<5 nm.

III. RESULTS AND ANALYSIS

A. C and D

In Fig. 2 we plot the measured ellipsometric parameters at
65° (top panels) and 75°(bottom panels) angle of incidence.
We first take note of the significant difference in the shape
and magnitude ofD at these two angles. The uniqueness of
the information garnered at the measured angles is the result
of taking data just below and above the Brewster’s angle for
GaAs. Turning our attention to the low energy portion of the
spectra sEø1.75 eVd, interference fringes appear in all
samples except the bare substrate. In this range we approach
the fundamental band gap of GaAs, which can be seen as
sharp points around 1.42 eV in bothC andD. Furthermore,
in this regionk becomes sufficiently small andl adequately
long so that 2d is greater than the thickness of the deposited
film.25

We now examine the region between 2.5 and 3 eV. Fo-
cusing first onC, we see that at both angles the GaAs data
display two sharps points. These are theE1 andE1+D1 criti-
cal points that result from the almost parallel nature of the
conduction and valence bands near theL point (see Fig. 1).
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These critical points are broadened due to disorder in all the
samples in this study. Due to this broadening, in Ga1−xMnxAs
the two critical points appear to have merged. This trend can
also be seen in theD data taken at 75°(see Fig. 2). In Fig. 2
we note a reduction inC between 2.75 and 3 eV and con-
current growth below 2.5 eV.

Finally, we turn our attention to the region between 4 and
5 eV. While data in this region is affected by the native
oxide layer, discussed further in Sec. IV E, there is an im-
portant trend worth noting. This is best seen inD at 75°,
where two clear peaks are evident in the GaAs data. While
the sharpness of the peaks appears reduced in the LT-GaAs
and Ga1−xMnxAs samples, this does not seem to be the result
of significant broadening. Most notably the position of these
two peaks remains unchanged with Mn doping.

B. Optical constants

The êsEd spectra resulting from the modeling ofC andD,
as described in the Appendix, are displayed in Fig. 3. The
critical points of GaAs have been labeled in the graph of
e2sEd. Consistent with our earlier work on these samples, we
find that the fundamental band gapsE0d is significantly
broadened in LT-GaAs and Ga1−xMnxAs samples such that a
sharp onset is no longer observed.13 We note that this effect
can be seen in bothe1sEd ande2sEd. The origin of this broad-
ening will be discussed in Sec. IV B, however Fig. 3 dem-
onstrates that this broadening grows with Mn doping until
x=0.028. Additionally this effect seems to extend to
,2.75 eV. This band gap broadening is aided by a transfer
of spectral weight from the region between 2.75 and 3.25 eV
to the region below 2.75 eV.

We now discuss the region of theE1 and E1+D1 transi-
tions, namely 2.5→3.5 eV. First focusing one1sEd we note

that as we increase the doping the peak at 2.85 eV broadens
and decreases in strength. Turning our attention toe2sEd, the
E1 peak is broadened and decreases in strength in LT-GaAs.
However in the Mn doped samples theE1 peak can no longer
be distinguished from theE1+D1 critical point. It is interest-
ing to note that previous studies of doped GaAs revealed a
redshifting of both theE1 andE1+D1 transitions.26 However,
a blueshift in E1 is observed in Ga1−xMnxAs, while the
broadening and reduction in amplitude are consistent with
previous studies.26

Finally we turn our attention to the region of theE08 and
E2 critical points s4.25→5.25 eVd in Fig. 3. These critical
points result from transitions near the zone center and at the
X point respectively(see Fig. 1). Despite the presence of the
oxide layer and the small penetration depthsd<5 nmd, the
critical points can still be clearly recognized in alle1sEd
spectra and in most of thee2sEd spectra. Focusing one1sEd,
we see that the position and broadening of theE08 and E2
critical points appears almost constant throughout the series.
Not surprisingly, the amplitude of this peak appears to be
random, as previous ellipsometric studies established the ef-
fect of the oxide layer reduces the strength of the measured
E2 peak.27 Therefore we do not expect the presence of the
oxide layer to significantly effect our critical point analysis.

C. Critical point analysis

The numerical second derivatives of theêsEd data pre-
sented in Fig. 3 can be found in Fig. 4. A cursory examina-
tion of this graph reveals its utility in analyzing the structures
seen in theêsEd spectra. Before discussing the results sepa-
rately for each of the relevant critical points, we briefly men-
tion some general trends in the data. TheE08 andE2 critical
points, with the exception of the Ga0.948Mn0.052As sample,
appear almost completely unaffected by growth at low tem-

FIG. 2. Ellipsometric anglesC and D measured at a 65°(top
panels) and 75°(bottom panels) angle of incidence. The interfer-
ence fringes at low energies are due to interference from the thin
film. The two peaks around 3 eV are due to theE1 and E1+D1

critical points, which clearly broaden and blueshift with Mn doping.
However, Mn doping has little effect on the two extrema around 4.5
and 5 eV are due to theE08 andE2 critical points.

FIG. 3. Left panel: The real part of the dielectric function for all
samples in this study. Right panel: The imaginary(absorptive) part
of the dielectric function with the critical points labeled. In both
panels we clearly see the broadening ofE0 andE1 with Mn doping,
while the right panel clearly demonstrates the blueshifting ofE1.
We also note the apparent lack of change inE08 andE2.
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perature and/or Mn doping. We believe the anomalous be-
havior of the Ga0.948Mn0.052As sample results from having
had the longest exposure to air(see Table I), however it’s
origin is not entirely clear. Interestingly for samples withx
ù0.04, an extremely weak extra feature(labeledEMn) ap-
pears at energies just belowE08. The origin of this peak will
be discussed in Sec. IV D.

Next we turn our attention to theE0 and E0+D0 transi-
tions, which undergo a substantial change attributable to the
low temperature growth. Namely, these transitions are no
longer observable in thed2êsEd /dE2 spectra and therefore
we have not attempted to fit these transitions in any sample,
with the exception of the GaAs substrate. However, given the
band edge broadening seen in Fig. 3, this result is not sur-
prising.

Let us now examine theE1 and E1+D1 critical points,
which contain rather surprising results. We begin by compar-
ing LT-GaAs and GaAs, noting a significant reduction in the
amplitude of the critical points in the former with respect to
the later. However in LT-GaAs the broadening of theE1 criti-
cal point appears unchanged by low-temperature growth

while the E1+D1 appears to be significantly broadened. As
we expect from Fig. 3, the effect of Mn doping is quite
dramatic. In all Mn doped samples, the broadening of theE1
andE1+D1 critical points is such that they appear to merge.
Additionally this merged structure is continuously blue-
shifted asx is increased.

In GaAs at room temperature, the derivative spectra in the
vicinity of a critical point are well characterized by two-
dimensional line shapes:27,28

d2êsEd
dE2 = AeiQsE − Eg + iGd−2, s3d

whereA is the amplitude of the critical point related to the
reduced effective mass of the two bands involved in the tran-
sition,Eg is the energy of the critical point, andG is a broad-
ening parameter determined by the quasiparticle lifetime and
the relaxation of the requirement of momentum conserva-
tion. The phenomenological parameterQ is added to account
for Coulomb and excitonic effects that result in the admix-
ture of two critical points.29

The critical point parameterssEg,G ,Qd determined by fit-
ting the numerical second derivative to the form given in Eq.
(3) are plotted in Fig. 5. The details of the fitting procedure
can be found in the Appendix. Examining the gap energies

FIG. 4. Derivative spectra of all samples in this study, which
allow a clear identification of all critical points. We note the com-
plete loss of a feature atE0 in all samples grown by low tempera-
ture MBE. TheE1 critical point is significantly broadened and blue-
shifted with Mn doping, whileE08 andE2 show little change.

TABLE I. Parameters of the samples studied, which were grown
at a substrate temperature of 265°C, with As/Mn beam flux ratio of
,200/1. Ga growth rates were,0.3 ML/s and Mn growth rates
were 0.02–0.05 ML/s. All thicknesses are in nm andTC are in
Kelvin.

Sample Surface layer Oxide layer Generic layerTC

GaAs 0.211 2.966 n.a. n.a.

LT-GaAs 0.289 4.64 1558.5 n.a.

Ga0.983Mn0.017As 0.332 3.973 514.47 ,5

Ga0.072Mn0.028As 0.846 3.317 480.17 30

Ga0.060Mn0.040As 0.848 2.533 485.47 45

Ga0.048Mn0.052As 0.918 4.075 479.57 70

Ga0.034Mn0.066As 0.88 3.138 497.96 70

FIG. 5. (Top panel) The resonant energy of each critical point
for all samples. We note the increase inE1 with increasingx, while
all other points remain unchanged.(Middle panel) The broadening
of the critical points for each sample. The sudden change in thex
=1.7% sample is due to the merging ofE1 and E1+D1. (Bottom
panel) The phenomenological phase parameter which accounts for
the mixing of different critical points due to Coulomb effects. Lines
are guides to the eyes. When theE1 structure just overlaps theE08
critical point, it results inE08 appearing more asymmetric. We
therefore conclude that the significant broadening and blueshifting
of E1 is responsible for the apparent anomalies atx=0.017,0.028.
In the samples with higher dopings, the amplitude of theE1 critical
point continues to be reduced and the overlap betweenE1 andE08
increases, reducing the asymmetric effect ofE1 on E08.
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plotted in Fig. 5, we see that the fitting results are in reason-
able agreement with our expectations from Figs. 2, 3, and 4.
Specifically Eg of the E1 critical point blueshifts with in-
creasing Mn doping, whileE08 and E2 remain unchanged
within experimental error. In Fig. 5, we also find thatE1
critical point is significantly broadened while the other criti-
cal points remain mostly unchanged by low-temperature
growth.

IV. DISCUSSION

A. Perturbations of the critical point energies

The Hamiltonian of Mn doped GaAs contains two terms
due to exchange(Coulomb) and hybridization(kinetic) be-
tween the Mnd orbitals and the As/Gasp orbitals. The
exchange term produces a redshift of the critical points,16,30

yet only blueshifting, if any, is seen in our data. This results
from the fact that at room temperature, Ga1−xMnxAs is para-
magnetic, significantly reducing the effect of the exchange
interaction. The effect ofsp-d hybridization on the band-gap
energies of DMS was first proposed in an ellipsometric study
of Cd1−xMnxTe, and has since been described theoretically21

and observed experimentally in Zn1−xsMn,Fe,CodxTe16 and
Ga1−xFexAs.31 Qualitatively thes andp bands of the host are
repelled by thed levels throughsp-d hybridization, such that
if a d level is above(below) anspband it pushes thespband
to lower(higher) energy. We note that due to symmetry con-
siderations, hybridization has no effect on theG6, s-like, con-
duction band at theG point. However, since this is a second
order effect, the shifting is inversely proportional to the en-
ergy separating thes,p and d bands. Carefully examining
Fig. 1, we expect the separation between the light hole,
heavy hole, and split-off band to be strongly affected by
sp-d hybridization.

Another term in the Hamiltonian arises from the perturb-
ing potential of the impurities in the sample. This effect was
first studied in Si32 and later in Ge33 and GaAs28 and agrees
well with the result of second-order perturbation theory. The
impurities, acceptors, and/or donors, provide scattering cen-
ters such that the self energy is altered. The self energy of a

particle in stateukW ,nl is perturbed by a second order process,

whereby it scatters into a virtual intermediate stateukW

+qW ,n8l and then back into the original stateukW ,nl. This re-
sults in redshifting and broadening of the critical points.

If we assume Thomas–Fermi screening, to second order
the changes inEg can be written as

DEg
x = Eg

x − Eg
0 < o

q

Nimp

sq2 + qTF
2 d

− o
q

Nimp

sq2 + qTF
2 d2

+ xo
i
S Vss,pdd

2

EC − Ei
d −

Vpd
2

EV − Ei
dD + DEstrain

x , s4d

whereEg
x is the value of the gap atx doping of Mn,Nimp is

the impurity density,EC,V the energy of the conduction(va-
lence) band involved in the transition,Ei

d the energy of the
ith Mn level, andqTF

2 ~p1/3m* is the Thomas–Fermi wave
vector withp the carrier concentration andm* their effective

mass. The first and second terms in Eq.(4) are the first- and
second-order perturbations due to the impurity potentials.28

The first term in Eq.(4) is generally small and has a different
sign for acceptors and donors, such that in heavily compen-
sated materials this term can be neglected. The second-order
term produces redshifts proportional toNimp

a , where a
=1s1/3d for large(small) q scattering whereq is much great-
er(lesser) thanqTF. For Ga1−xMnxAs the impurity density is
quite large, we therefore expect largeq scattering to domi-
nate. The third term in Eq.(4) is the result of second-order
perturbation theory of thesp-d hybridization.19 Although not

explicitly stated in Eq.(4), Vss,pdd haskW dependence that re-
sults from the directional dependence of the overlap ofsp
and d orbitals. The fourth term,DEstrain

x is the shift in the
critical point energy due to compressive strain in the thin
film. Since the lattice constant of Ga1−xMnxAs generally fol-
lows Vegard’s law(grows linearly withx), the films will be
under increasing compressive strain. As we will demonstrate
in Sec. IV C, the strain results in a small redshift. Therefore
the size ofDEg will depend on the direction and position in

kW space of the transition,m* , p, and the density of ionized
impurities.

B. E0

The results presented in this paper provide additional in-
sights into the broadening of the band gap of GaAs grown at
low temperatures. In our previous studies of these samples
we clearly established that this broadening was, in part, the
result of transitions either beginning(in the case ofn-type
LT-GaAs) or ending(in the case ofp-type Ga1−xMnxAs) in
the AsGa impurity states.13 However, with the additional in-
formation provided by theêsE.1.5 eVd we see that this
broadening is also the result of a relaxation of the require-
ment of momentum conservation. As discussed in the previ-
ous section, this relaxation is due to the presence of impuri-
ties that provide additional scattering mechanisms. Since
transitions are no longer required to be direct, states in the
valence band that are not at the zone center can contribute to
transitions which end at the zone center. Ultimately this re-
sults in a broadening of transitions and a transfer of spectral
weight from higher energies to lower ones, as is seen in Fig.
3. We note that a similar result is found in GaAs damaged by
ion implantation.34

C. E1 and E1+D1

The E1 and E1+D1 critical points result from the almost
parallel nature of the heavy and light hole valence bands and
the G6 conduction band near theL point (see Fig. 1). The
blue shifting ofE1 is quite surprising as these samples con-
tain a large defect concentration. However, in LT-GaAsE1 is
unperturbed due to the nature of the defects in this sample,
namely AsGa. Since AsGa are deep double donors(activation
energyù0.5 eV), their electrons are very efficient at screen-
ing the impurity potential, preventing AsGa from effecting the
band structure. Yet in Ga1−xMnxAs, as x is increased the
Fermi level moves closer to the valence band and the mate-
rial first becomes fully compensated, thenp type.10,12,13,35,36
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We therefore expect the screening of the potentials to be
significantly reduced at low Mn dopings. Then as the number
of carriers increases, the effect of the impurities on the band
structure should be diminished. As a result the renormaliza-
tion of theE1 critical point will be substantial at low dopings,
then flatten out or possibly be reduced as the number of
carriers increases.

The significant blueshifting seen in these critical points
suggests the impurity perturbations are overcome by a strong
Vpd interaction occurring in the 111 direction. This result is
not entirely surprising, given the strong hybridization be-
lieved to occur between Mnd and Asp orbitals.11,12,37Ad-
ditionally, regardless of the site of the substitutional Mn atom
in the unit cell, it will always have As neighbors in the 111
and/or111 directions(see Fig. 1). To qualitatively evaluate
Eq. (4) for E1, we must carefully consider the result of add-
ing a 3d5 local moment to the GaAs environment. Examining
Fig. 1 we see that thed levels are far in energy from the
bands involved in theE1 critical point, such that they would
most likely cause a small redshift of this transition. However,
the Mn acceptor level is just above the GaAs valence bands.
Photoemission on Ga1−xMnxAs has demonstrated thed-like
character of this level as well as its strong hybridization with
the As 3p states.12

To quantitatively examine these trends, in Fig. 6 we have
plotted DE1

x=E1
x−E1

0.017, whereE1
x is the measured position

of the E1 critical point at a given dopingx. We have chosen
to plot the shift this way to account for the merging of theE1
andE1+D1 critical points. Additionally the calculated shifts
due to strain, ionized impurities, andpd hybridization are
plotted separately in Fig. 6. It appears that hybridization be-
tween the Mn induced impurity band and the GaAs valence
band is needed to fully account for the blueshifting. These
results also suggest that the defects in Ga1−xMnxAs are well

screened by the carriers, which may not be surprising due to
their large effective masss0.5me,m* ,2.5med.13,28 Further-
more, in previous ellipsometric studies of doped semicon-
ductors, only one type of dopant was used, either acceptors
or donors. However in Ga1−xMnxAs both acceptors and do-
nors are present. Interestingly, previous investigations sug-
gest that the positions of these defects will be correlated,
such that they will tend to cluster.38 Therefore, the effect of
the impurity potentials may be reduced, as dipole fields are
typically much weaker than single-ion potentials.

One alternate scenario that would explain the blue shifting
of the E1 critical point, involves reducing the separation be-
tween the GaAs conduction band and thed5/d6 level, such
that it lied below the conduction band near theL point.
While this would also result in a blueshifting ofE1, we be-
lieve this scenerio is highly unlikely, for two reasons. First,
from a theoretical standpoint it would require a significant
reduction in the onsite Coulomb repulsionUeff, which seems
highly suspect. Second, as discussed in the next section, in
higher doped samples we observe evidence of a transition
from the valence bands to thed5/d6 level, which agree with
its placement from previous photoemission studies. We
therefore conclude that the blueshifting ofE1 with Mn dop-
ing is the result of hybridization between the Mn impurity
band and the GaAs valence band.

As discussed in Sec. IV A, the internal strain in
Ga1−xMnxAs will also result in a redshift of theE1 and E1
+D1 critical points. Using the lattice parameters established
in Ref. 1 we have estimated the redshift inE1ø0.019 and
E1+D1ø0.013(see Fig. 6).39 Additionally these samples are
500 nm thick and grown on 60 nm buffer layers such that the
topmost layers of the films should be relaxed. In the vicinity
of the E1 critical point, d is as long as 20 nm. We therefore
conclude strain has little or no effect on measured critical
point energies. This also suggests that the broadening ofE1
andE1+D1 is not the result of a lifting of the degeneracy of
the “z” component of angular momentum in the light and
heavy hole valence bands. In particular, sincejz= ±3/2 the
internal splitting due to strain is more significant for the
heavy hole band, therefore the broadening of theE1 critical
point should be greater than that of theE1+D1 critical point.
However, in LT-GaAs the opposite is observed. Nonetheless
the broadening ofE1 with Mn doping is not surprising given
the large number of impurities in these samples, and the
resulting relaxation of momentum conservation. AssumingG
follows the trends previously established for doped GaAs,28

we expectG>100 meV for E1 and E1+D1, which should
grow with increasing impurity concentration. This is qualita-
tively consistent with our findings of a combined broadening
of 220 meV(see Fig. 5); however a quantitative comparison
is not possible due to the uncertainty in carrier and impurity
concentrations.

D. E08

TheE08 critical point occurs at the zone center as a result
of transitions from the heavy and light hole valence bands to
the G7 andG8 conduction bands(see Fig. 1). Therefore, the
E08 critical point provides insight into changes in the elec-

FIG. 6. The measured shift inE1 with increasingx. The redshifts
due to strain and band-gap renormalization are also plotted. The
shift of E1 resulting from hybridization between thespandd levels
are drawn in gray. The impurity band must clearly be included in
the hybridization to explain the blue shift inE1. Lines are guides to
the eyes.
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tronic structure near the zone center. Given our experimental
resolution and fitting methods, we determined the shift inE08
to beø±20 meV. Given the strong blueshifting seen in the
E1 critical point s.150 meVd, this is quite surprising. Addi-
tionally, due to the close proximity of the Mnd5/d6 level to
the G7 and G8 conduction bands, see Fig. 1, we expect sig-
nificant blue shifting ofE08 from sp-d hybridization. The Mn
acceptor level is also quite close to the light and heavy hole
valence bands at theG point. However, this apparent null
result, can be explained by a reduction in the strength of
Vss,pdd at the zone center. We therefore conclude that the hy-
bridization shifts at the zone center are approximately equal
to the strength of the renormalization of the gap from the
impurity potentials. It is also interesting to note that the ex-
istence of this feature in all Mn doped samples, suggests the
the Fermi level is less than 200 meV below the top of the
valence band.

The Mn d5/d6 level also produces another interesting ef-
fect on the derivative spectra of Ga1−xMnxAs. As mentioned
in Sec. III C, samples withxù0.04 contain an extremely
weak extra feature, labeledEMn, just belowE08. Due to the
limited amplitude of this component ofd2êsEd /dE2, it is dif-
ficult to discuss in detail. However, its origin may be related
to a transition from the valence band to thed5/d6 level (see
Fig. 1). Similar transitions have been observed in
Cd1−xMnxTe and Zn1−xCoxTe.16,20 The spectral weight asso-
ciated with these transitions is generally quite small due to
the heavy mass of thed level. Additionally this level will
generally be split due to the crystal field, thereby broadening
the transition.

E. E2

The E2 critical point results from the almost parallel na-
ture of the heavy and light hole valence bands and theG6
conduction band near theX point (see Fig. 1). We also expect
to see shifts inE2 as a result of the perturbing potential of the
impurities. Nonetheless this critical point is clearly un-
changed by low-temperature growth and/or Mn doping. This
apparent null result for theE2 critical point may also be
explained by the canceling of the impurity and hybridization
terms. However, this spectral region is affected by the pres-
ence of an oxide layer. Specifically, the additional layer re-
duces the measured strength of theE2 critical point, yet it
will not affect its position.27 We therefore attribute the appar-
ent random nature of the strength of this transition seen in
Fig. 3 to the presence of the oxide layer, which is not fully
accounted for in our model.

Interestingly, both theE08 and E2 critical points see an
enhancement ofQ with increased Mn doping. We believe
this results from the additional Coulomb potentials of the
impurities in these materials. The potential due to defects in
Ga1−xMnxAs will be quite complicated since it originates
from both acceptors and donors. As discussed in Sec. IV C, it
appears that the defects tend to cluster,38 suggesting they
produce dipole or higher order fields. These correlated po-
tentials should be weaker and more complex than the poten-
tial of independent impurities, and therefore their effect on
the phase of critical points is by no means trivial.

V. SUMMARY AND OUTLOOK

This work is the first ellipsometric study of Ga1−xMnxAs.
In this paper we have detailed the progression of the GaAs
band structure upon doping with Mn. TheE1 transition blue-
shifts with increasing Mn doping, while all other critical
points remain unchanged. This blue shifting ofE1 is the re-
sult of p-d hybridization of the Mn induced impurity band
and the GaAs valence band. Therefore, this study demon-
strates the existence of the Mn induced impurity band
throughout the entire doping range as well as itsd character.
The fact that blueshifting is only seen in theE1 critical point
indicates the strength ofVpd is larger in the 111 direction. It
is interesting to note that the anisotropy ofVpd seen here
likely plays a role in the anisotropic magnetoresistance of
Ga1−xMnxAs.40 The significant increase in broadening of the
critical points also establishes the relaxation of the conserva-

tion of momentum in these materials. However,kW still ap-
pears to be a good quantum number in this system, as theE1,
E08, andE2 critical points can all be resolved at every doping
level in this study. Additionally the band structure of GaAs
appears to remain mostly intact, despite the large number of
defects found in these materials. Interestingly, the band-gap
renormalization due to defects is compensated bysp-d hy-
bridization. Furthermore, these results implysp-d hybridiza-
tion plays a key role in the optical properties of Ga1−xMnxAs.

Key insights into the Hamiltonian governing Ga1−xMnxAs
are clearly provided by this work. Specifically, it is clear that
the Mn impurity band plays an important role at all doping

levels. AdditionallykW is only partially relaxed in these mate-
rials, confirming the assertion that Ga1−xMnxAs has the elec-
tronic structure of a compound. It is also clear that the im-
purity potentials are strongly screened in these materials,
either by heavy carriers and/or by other impurities. As this is
the first ellipsometric study of a compensated semiconductor,
it is unclear what role defect correlations play in reducing the
perturbation of impurity potentials on the band structure.
Therefore further theoretical and experimental evaluation of
this problem is clearly called for. However the defects and
additional impurity states in these materials result in a large
broadening of the critical points. Therefore low temperature
measurements are needed to help resolve the exact position
of the critical points. Additionally the effect of electron–
phonon coupling and potentially the position ofd5/d6 level
could be determined with temperature dependent ellipsom-
etry. Nonetheless this study provides a unique litmus test for
further calculations of the Ga1−xMnxAs band structure. In
fact, one of the reasons the GaAs band structure is so well
understood is the large number of calculations based upon
and/or compared to experimental determinations of its criti-
cal points. We therefore believe these results will be critical
in determining the physics governing Ga1−xMnxAs.
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APPENDIX A: MODELING THE OPTICAL CONSTANTS

As noted in Sec. II, the optical constants cannot be ob-
tained analytically fromC andD for any of the samples in
this study due to surface roughness and the presence of an
oxide layer.34 This problem is compounded by the multilay-
ered nature of the samples. Therefore to obtain the optical
constants of the films we have devised a method to properly
model these samples. To simplify this problem we first mea-
suredC and D for a piece of GaAs substrate, which had
approximately the same exposure to air and roughening con-
ditions as the other samples in this study. The substrate was
successfully modeled with three layers[see Fig. 7(a)]. The
first contained the known optical constants of GaAs with a
fixed thickness of 0.5 mm. The next two layers were
GaAsOx(native oxide), and a surface layer modeling rough-
ness as an effective medium of 50% void and 50% GaAsOx
(see Fig. 7).34,41 We then performed a least-squares fit toC
andD to determine the oxide and surface layer thicknesses.

Next, we modeled the LT-GaAs data similar to GaAs with
an additional 1500 nm thick layer between the substrate and
the oxide layer[see Fig. 7(b)]. Initially the thickness of the
oxide and surface layers were the same as those determined
for the substrate. The optical constants of the LT-GaAs layer
were defined using a sum of Lorentzian and Tauc-Lorentzian
oscillators:

êsEd = e0 + o
i

êi
LorentzsEd + o

j

ê j
Tauc-LorentzsEd, sA1d

êi
LorentzsEd =

AiGiEi

Ei
2 − E2 − iGiE

, sA2d

ê j
Tauc-LorentzsEd =

2

p
PE

Ebi

` z

z2 − E2

Aisz − Ebid2

sz2 − Eci
2 d + iGi

2dz

+ iF AisE − Ebid2

sE2 − Eci
2 d + iGi

2

QsE − Ebid
E

G ,

sA3d

where QsE−Ebid is the unit step function,P implies the
Cauchy principle value, ande0 is a constant used to model
the polarizability of the material. Three Lorentzian oscilla-
tors were employed to model the effects of one and two
phonon absorption in the infrared portion of the spectrum.42

The Tauc–Lorentzian oscillators, see Eq.(A3), were utilized
to model the effect of interband transitions.43 We note that
we choose to model the optical constants using oscillators
instead of performing a least-squares fit forêsEd directly so
as to ensure the results are Kramers–Kronig consistent. This
approach also enabled us to improve upon standard tech-
niques by including transmission data and the effect of oscil-
lators centered below the ellipsometer’s range. Lastly, we
note that for 0.62 eVøEø1.42 eV this procedure produced
optical constants consistent(within 1%) with previous results
derived from a combination of normal incidence transmis-
sion and reflection.13,44

To obtain the initial conditions for the LT-GaAs generic
layer, we first fit the optical constants of GaAs using Eq.
(A1). We then applied this model to the LT-GaAs data and
performed a fit for the thicknesses of the LT-GaAs, oxide,
and surface layers. Next we fit for the parameters of each
oscillator separately. This was done to avoid the effect of
correlations due to the large overlap of the oscillators. Once
all the oscillators had been fit, we refit the thickness of each
layer. This iterative method was performed until the fit could
no longer be improved. We repeated the fitting procedure

FIG. 8. Two representative fits ofd2esEd /dE2. In the bottom
panel the extra feature atE<4.0 eV can be seen, however it is too
weak to provide a reliable fit.

FIG. 7. Schematic diagram of(a) the GaAs substrate model,(b)
the model for the LT-GaAs sample, and(c) the Ga1−xMnxAs
samples.
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with a number of different initial conditions so as to ensure
the final answer was not dependent on our original values.

The Ga0.983Mn0.017As data was fit after the LT-GaAs
sample, using a similar approach, however the model now
contained a 500 nm Ga0.983Mn0.017As layer atop a 60 nm LT-
GaAs layer(see Fig. 7). Since the penetration depth for most
of the fitted range was less than 500 nm, the thickness of the
LT-GaAs layer was never allowed to vary due to its weak
contribution to the data. The remaining Ga1−xMnxAs samples
were fit in a similar fashion, however they contained two
additional oscillators. We first modeled the effect of free car-
riers using the Drude form(a Lorentzian withEi =0), and
next we added an additional Tauc–Lorentzian oscillator to
model the effect of interband transitions from the GaAs va-
lence band to the Mn induced impurity band.

APPENDIX B: FITTING THE DERIVATIVE SPECTRA

Two representative plots of thed2êsEd /dE2 spectra gener-
ated by least-squares fitting are compared to the experimen-

tal results in Fig. 8. We started the 2D line shape analysis
with GaAs and LT-GaAs. In GaAs and LT-GaAs theE1 and
E1+D1 critical points were fit simultaneously assuming a
constant spin orbit splittingsD1=0.224 eVd. TheE08 andE2

critical points were also fit together, however constant sepa-
ration between the two was not assumed.24 Since we were
unable to distinguish theE1+D1 critical point fromE1 in the
Ga0.983Mn0.017As sample, we fit the data in the region of the
E1 critical point with a single 2D line shape. For the remain-
ing Mn samples the broadening ofE1 was large enough that
it affected theE08 fit. Therefore, for the samples withx
ù0.028, theE1, E08, andE2 critical points were fit simulta-
neously. Lastly, as discussed earlier, for samples withx
ù0.04 an additional feature could be seen in the derivative
spectra(labeledEMn). Therefore in these samples four peaks
were fit simultaneously, improving the quality of the fit. As
seen in Fig. 8, this unfortunately does not provide a good
match to this extra peak, therefore the parameters determined
for this extra peak are not reported.
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