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The ferromagnetic state of thin Ga1−xMnxAs layers �d=300 nm; x=0.014, p=6.7�1019 cm−3, TC=40 K,
easy axis in plane; x=0.03, p=9.5�1018 cm−3, TC=60 K, easy axis out of plane� on GaAs substrates is
investigated by polar magneto-optical Kerr effect �MOKE� and reflectance magnetocircular dichroism �MCD�
studies in the temperature range between 1.6 K and 100 K, in magnetic fields normal to the layer plane ranging
from −5 to +5 kOe. A magnetic field of 70 kOe is applied in those cases when truly saturated magnetization
has to be determined. A parabolic interband dielectric function model that includes the relevant �heavy-hole,
light-hole, and split-off� valence bands, as well as the finite Moss-Burstein shift, was developed for analyzing
both the MOKE and MCD. The occupation of the spin-split valence bands is taken into account by explicitly
including the Fermi level for holes in analytic form. The samples were sufficiently different in their Curie
temperatures, easy axis directions, magnetic ion contents, and hole concentrations to demonstrate experimen-
tally the versatility of the proposed model. Superconducting quantum interference device measurements carried
out on the samples demonstrated the validity of the dilute-magnetic-semiconductor �DMS� mean-field ap-
proach for the contact exchange interaction between manganese spins and hole carriers, reflected by a more or
less fixed conduction-band exchange parameter N0�=0.22–0.29 eV and a hole exchange parameter N0� vary-
ing between 0.9 and 2.3 eV, depending on the hole concentration and on the Mn content. Note that the
magnitudes are close to those familiar from II-VI DMS’s, but the sign of N0� is reversed from the II-VI
case—i.e., from antiferromagnetic to ferromagnetic local exchange. The quantitative wavelength-dependent
��=550–950 nm� analysis of MOKE and MCD spectra for both samples and the imposed requirement that the
band parameters should not deviate significantly from the GaAs-related band alignment and from exchange-
induced spin multiplicities lead us to the introduction of a dispersionless level superimposed in the conduction
band of GaMnAs �fitted energy gaps 1.50–1.57 eV�. The physical nature of such a level could not be identified
by our simplified model, but we note that a high-density-of-states level in the conduction band of GaMnAs has
been predicted recently by Sandratskii and Bruno �Phys. Rev. B 66, 134435 �2002��. The hysteresis measure-
ments are presented without deeper analysis. The hole concentration fitted to MOKE and MCD spectra devi-
ates for the x=0.014 sample by a factor of 0.8 from the data obtained by anomalous Hall effect measurements,
but this inconsistency should probably be viewed as a result of the difficulty in interpreting experimental
magnetotransport measurements, rather than a shortcoming of our theoretical treatment.

DOI: 10.1103/PhysRevB.72.024430 PACS number�s�: 75.50.Pp, 75.60.�d, 78.66.Fd

I. INTRODUCTION

The discovery of high-temperature ferromagnetism �Tc

=110 K� in the dilute magnetic semiconductor �DMS�
GaMnAs �Ref. 1� has promoted very intense research on the
exchange interaction mechanisms in III-V semiconductors
alloyed with magnetic ions. The long-range parallel align-
ment of Mn spins accompanied by spin-polarized energy
bands opens new ways of controlling both magnetic and
semiconductor properties by changing the carrier character-
istics, such as concentration and spin alignment. In contrast
to ferromagnetic metals, DMS ferromagnets are efficient spin
injectors across magnetic and nonmagnetic heterojunctions,
and GaMnAs/AlAs/GaMnAs single-barrier tunnel junctions
have already been shown to exhibit large tunneling magne-
toresistance �maximum 75%� at 8 K.2

The study of magnetic properties of GaMnAs and related
III-Mn-V ferromagnetic semiconductors is commonly ac-
complished by superconducting quantum interference device
�SQUID� magnetometry as well as by magneto-optical Far-
aday and Kerr effect measurements. The magnetization re-
versal process and the domain wall motion, as well as do-
main rotation, have been investigated experimentally by
Shono et al.3 and theoretically by Dietl et al.4 Polar, longi-
tudinal, and transverse Kerr rotation in GaMnAs layers, ap-
plying a magnetic field along different crystal directions, has
been studied by Hrabovsky et al.5 A blueshift of magneto-
optical spectra due to quantum confinement and ferromag-
netism has been observed by Shimizu and Tanaka even in
ultrathin ��5 nm� ferromagnetic GaMnAs/AlAs superlat-
tices �see Ref. 6�, and the spin dynamics in epitaxial films
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and in AlAs/GaMnAs/AlAs single quantum wells have been
measured by time-resolved Kerr rotation.7,8

The physics of hysteresis effects in ferromagnetic
GaMnAs is still under debate. Magnetic anisotropy and mag-
netization reversal phenomena have been studied by Moore
et al.9 using Kerr rotation and magnetic linear dichroism.
Magnetic anisotropy depends on the hole concentration in
the spin-split valence band and on the local site disorder of
Mn atoms.10,11 In GaMnAs epilayers the biaxial strain influ-
ences the direction of the easy axis of magnetization: Com-
pressive strain of a GaMnAs layer on GaAs substrate prefers
an in-plane magnetization, whereas tensile strain of a GaM-
nAs layer on �In,Ga�As buffer layers causes the easy axis to
lie perpendicular to the film plane. However, this rule of
thumb may be relaxed for certain Mn and hole concentra-
tions, and could depend on the fabrication procedure, the
layer thicknesses, and even on the temperature range.12

The magneto-optical spectra of GaMnAs outline different
absorption edges for the two circular photon polarizations
��+ ,�−�. Interestingly, these occur in opposite order com-
pared to II-VI DMS’s like CdMnTe. It has been shown that
this order reversal of absorption edges results from the Moss-
Burstein shift—that is, from the shifts of the absorption
edges associated with the unfilled portions of the valence
subbands in p-type GaMnAs.13 In earlier studies the Moss-
Burstein shift has been taken into account by adjusting the
proper band gap �Eg� in the absorption model of magnetocir-
cular dichroism �MCD�, which differed significantly from
the energy gap of GaAs �despite the rather low Mn content
x�0.05�. For a quantitative and consistent analysis of Kerr
rotation and MCD spectra this heuristic accommodation of
an energy gap is not satisfactory, and it does not quantita-
tively reconcile the experimental spectra—a handicap that
continues to be present in the evaluation of magneto-optical
data observed on these alloys. The contribution of hole spin
polarization to the magneto-optic spectra is still not well un-
derstood and may lead to differences with SQUID magneti-
zation data—a matter that has been addressed by Beschoten
et al.14

In this work we derive a dielectric function for GaMnAs,
including the spin splitting of valence bands as it is estab-
lished in mean-field DMS exchange interaction models in
combination with the Kohn-Luttinger Hamiltonian �see Ref.
10�. Fitting this model to our experimental findings enforces
a reversal of the sign of the splitting of heavy- and light-hole
valence bands in GaMnAs, as compared to the values famil-
iar from II-VI DMS’s apparently induced by strong hybrid-
ization of spin-polarized holes with Mn d levels. This leads
to strong kinetic exchange coupling between hole spins and
Mn spins. In our analysis we start from the bare �parabolic�
band structure of GaAs; i.e., the band-edge parameters
should not deviate much from GaAs parameters for a wide
range of carrier concentrations. Particularly, a parabolic
valence-band dispersion is anticipated, and the Moss-
Burstein shift is taken into account for an approximately
fixed energy gap �Eg�, using a corresponding Fermi energy
level in the highest split valence band as an explicit param-
eter. To achieve even a first-order agreement of the model
with measured Kerr rotation and MCD over a broad spectral
range from 500 nm to 1000 nm we fitted the “bare”

GaMnAs band gap �without exchange splitting�, the p-d ex-
change parameters, and the hole concentration correspond-
ingly. To our knowledge this is the first model calculation of
the Kramers-Kronig-compatible dielectric function, derived
for GaMnAs over a range of moderate hole concentrations
�5�1018 cm−3� p�1�1020 cm−3�. In order to avoid com-
plications arising from the ferromagnetic domain structure,
the samples were exposed to a strong magnetic field to en-
sure a uniform perpendicular magnetization.

We investigated thin layers �300 nm� of Ga1−xMnxAs with
sufficiently different x content �0.014 and 0.03� and moder-
ate hole concentrations �6.7�1019 cm−3 ,9.5�1018 cm−3�.
The corresponding Curie temperatures are 40 K and 60 K,
respectively. We compare magnetization data obtained by
SQUID magnetometry with Kerr and MCD reflectivity under
various magnetic fields and temperatures. Experimental de-
tails, including sample characteristics, are presented in Sec.
II. In Sec. III we present a comprehensive theory of an in-
terband dielectric function for Ga1−xMnxAs and its relation to
the Kerr effect and MCD. It is emphasized particularly that
MCD and Kerr data are explained in terms of the same
model, with the same set of parameters. In Sec. IV the mag-
netic field, temperature, and wavelength dependences of the
measured SQUID, Kerr rotation, and MCD data are dis-
cussed and compared with theory.

II. EXPERIMENTAL METHOD AND INVESTIGATED
MATERIALS

A. GaMnAs samples

The equilibrium solubility of Mn in GaAs is known to be
at most 1019 cm−3. At higher Mn concentrations in materials
grown under equilibrium conditions, the formation of MnAs
clusters within the GaAs host material is observed. Nonequi-
librium growth techniques, however, such as low-
temperature molecular beam epitaxy �LT-MBE�, allow one to
obtain homogeneous alloys with Mn concentrations up to
nearly 10%.

The alloy system Ga1−xMnxAs becomes ferromagnetic for
x	0.01.15 A phase diagram has been published by Oiwa et
al.16

If the epitaxial films are grown on �100� GaAs, the strain
via the magnetoelastic interaction enforces the easy axis of
magnetization to lie in the layer plane. If an InGaAs buffer is
grown between substrate and Ga1−xMnxAs with sufficient In
content, the tensile strain causes the easy axis to lie perpen-
dicular to the film surface—i.e., along the �100� direction.17

The experiments reported here were carried out on two
epitaxial GaMnAs films with 1.4% and 3.0% Mn, respec-
tively, both 300 nm thick. In the case of the 1.4% Mn sample
first a GaAs buffer layer was grown on a semi-insulating
�100� GaAs substrate under standard growth conditions
�590 °C�. After that the substrate temperature Ts was re-
duced to 200–300 °C and a 100-nm LT GaAs buffer layer
was deposited. The Ga1−xMnxAs was then grown at the rate
of about 0.8 
m/h.

In the case of the 3% Mn sample, an additional GaInAs
layer with 20% In and a thickness of 1000 nm was grown on
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the LT-GaAs buffer before the deposition of the
300-nm-thick Ga0.97Mn0.03As layer. As noted above, the ad-
ditional InGaAs layer forces the easy axis of magnetization
of the GaMnAs film to lie in a direction perpendicular to the
film, whereas the easy axis of the sample with 1.4% Mn
grown directly on the LT GaAs buffer lies in the layer plane.

Reflection high-energy electron diffraction �RHEED� was
used to monitor the surface reconstruction during the growth,
which was always carried out under As-stabilized conditions.
Since the lattice constant of zinc-blende GaMnAs increases
with the Mn concentration x, this provided the opportunity to
determine the Mn concentration x using x-ray diffraction
�XRD� as discussed in Refs. 18 and 19.

The experimental determination of the hole concentration
by room-temperature Hall effect measurements has yielded
p=8.7�1019 cm−3 for the x=0.014 sample and p=7.6
�1018 cm−3 for x=0.03. While Hall measurements on
GaMnAs are affected by complications arising from the
anomalous Hall effect �AHE�, in the case of room-
temperature measurements on samples with low Mn and car-
rier concentrations these complications have been shown to
be small and thus provide a useful estimate of p.20 Note that
these values of p are in reasonable agreement with the hole
concentrations obtained from fits to the Kerr and MCD data
�p=6.7�1019 cm−3 for x=0.014 and p=9.5�1018 cm−3 for
x=0.03� mentioned earlier.

B. Experimental setup

Figure 1 shows a schematic diagram of the experimental
setup used for the polar Kerr effect measurements. A halogen
lamp, a grating spectrometer, and a Ti:sapphire laser, as well
as laser diodes operating at various wavelengths, were used
as light sources.

Behind the first polarizer P90° the light is polarized ver-
tically. After passing the photoelastic modulator �PEM� the
polarization vector of the light is switched from vertical to
horizontal polarization with a frequency of �50 kHz. The
light reflected from the sample is detected after passing
through the analyzer A45°, oriented 45° off the vertical di-
rection.

At B=0 the projections of the electric field orientations
behind the PEM on the direction of the analyzer are equal. A
lock-in amplifier that obtains its reference from the modula-
tor and the signal from the detector measures the difference
between the two projections �which at B=0 is zero�.

If the sample rotates the plane of polarization, the differ-
ence between the two projections no longer vanishes and is
detected by the lock-in amplifier. We refer to this signal as
“DLI.” A second lock-in, amplifier receiving its reference
from the chopper, measures the overall intensity “SLI.” From
both signals the rotation angle � of the polarization of the
reflected light can be calculated from

� =
1

2
arcsin

DLI

SLI

I2

8
−

I1

2�

DLI

SLI

. �1�

The constants I1 and I2 can be calculated numerically on
the basis of the working principle of a lock-in amplifier.
However, even small misalignments of the directions of the
polarizers affect these constants. Therefore, in order to im-
prove experimental accuracy, the constants were determined
from a calibration experiment using the Faraday rotation of a
paramagnetic Cd0.9Mn0.1Te sample. This sample also serves
as an immediate reference check for the correct sign of Kerr
rotation of GaMnAs samples; see Fig. 7 below.

The use of a differential method makes this experimental
setup highly sensitive, enabling us to resolve rotations of the
polarization of the reflected light with an accuracy of up to
0.002 degree. This value is estimated from the signal-to-
noise ratio of the measurement shown in Fig. 2�a�.

Since the samples are located inside a cryostat, the inci-
dent as well as the reflected light has to pass two cryostat
windows, which rotate the polarization of the light due to the
Faraday effect of the window material. This rotation angle
has to be subtracted from each measurement to get the Kerr
rotation of the sample itself.

For the measurement of MCD, the PEM is used in the � /4
mode and the analyzer behind the sample is removed. Then
the DLI lock-in amplifier measures the difference of the re-
flected intensities R+ and R− of the �+ and �− polarizations,
and the SLI lock-in amplifier measures their sum. From both
quantities the values of R+ and R− can then be readily ob-
tained.

C. Magnetic field and temperature dependence of the Kerr
rotation

Typical magneto-optical Kerr effect �MOKE� measure-
ments are shown in Fig. 2. Figure 2�a� corresponds to the
GaMnAs sample with 1.4% Mn, which has the easy axis in

the layer plane—i.e., perpendicular to B� . Figure 2�b� is for
the sample with 3.0% Mn �easy axis perpendicular to film
plane�. The arrows indicate the sweep direction of the mag-
netic field. Figure 2�b� shows an usual hysteresis loop cen-
tered at B=0. The coercive field is 122 Oe. Saturation mag-
netization �Ms� in Fig. 2�b� corresponds to the rotation of
0.175°. The inset shows a comparison between SQUID mag-

FIG. 1. Schematic sketch of the experimental setup. The prin-
ciple of operation is explained in the text.
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netization data �squares� and Kerr rotation �solid curve�. The
SQUID data were taken at T=5 K. The measured value Ms
=24.3 emu/cm3 corresponds to a Kerr rotation of 0.175°.

The trace in Fig. 2�a� exhibits a rather unexpected behav-
ior. It shows two hysteresis loops symmetrically with respect
to B=0. At B=0 the magnetization is aligned in plane due to
the combined effects of shape, cubic �K1�, and uniaxial an-
isotropy �K2�.21 The occurrence of the shifted hysteresis re-
quires these additional anisotropy terms, since without them
the snap-out of the magnetization at finite magnetic field
cannot be described. This strange behavior occurs when the
sample layer is characterized by distinct in-plane easy axes
��001�,�011�� and the magnetization vector is tilted out of the
layer plane by the field normal to the layer.9 As seen in Fig.
2�a�, the Kerr rotation at low fields increases linearly with
the field without any hysteresis splitting, indicating a gradual
tilting of the magnetization by an angle  from the film
plane. At the threshold field Bth=0.13 T the magnetization
“snaps” out from the nearly coplanar to the perpendicular
direction �min=90° �, providing full saturation perpendicular

to the layer. For this value of Bth and after minimizing the
total anisotropy energy, we obtain K1=3.1�103 J /m3 if we
assume the value of Ms=13.3 emu/cm3 for the saturation
magnetization and neglect K2. This positive value of K1
agrees with data from literature:10 2–4 kJ/m3.

In Fig. 3 the Kerr rotation angle for the two samples is
shown for five temperatures. From Fig. 3�a�, corresponding
to the sample with the easy axis in the layer plane, one can
see that the slope of the Kerr rotation angle slightly increases
for increasing temperatures below Tc. This indicates a reduc-
tion of the anisotropy constant K1 with T. Above the Curie
temperature the spontaneous magnetization vanishes, and the
corresponding rather flat magnetization curves correspond to
a weak Brillouin-type �hysteresis-less� paramagnetic behav-
ior. For T�Tc one can notice an increase of the saturation
magnetization, as well as a strengthening of the magneto-
crystalline anisotropy, as is reflected by the wider opening of
hysteresis loops �implying an increasing coercive field�.

The temperature dependences of the Kerr rotation corre-
sponding to saturation magnetization and widths of the hys-
teresis loops for the two samples are shown in Figs. 4 and 5,
respectively. The abscissas are normalized to the respective
Curie temperatures Tc—i.e., 40 K for the sample with 1.4%

FIG. 2. Kerr rotation angle as a function of magnetic field. Note
the slope of the curve between the two hysteresis loops in �a�. �a�
Sample with easy axis in the layer plane, Mn content 1.4%; �b�
sample with easy axis perpendicular to the layer plane, Mn content
3%. Inset in �b�: Squares: magnetization �left-hand ordinate� vs
magnetic field. Solid curve: Kerr angle �right-hand ordinate� vs
magnetic field.

FIG. 3. Kerr rotation angle as a function of magnetic field at
various temperatures. �a� Sample with easy axis in the layer plane,
Mn content 1.4%; �b� sample with easy axis perpendicular to the
layer plane, Mn content 3%.
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Mn �Figs. 4�a� and 5�a�� and 60 K for the sample with 3%
Mn �Figs. 4�b� and 5�b��. As mentioned above the tempera-
ture dependence of the measured values for H beyond the
hysteresis loops reflects Ms�T�. Figure 4�a� shows an ap-
proximately linear behavior, which is unusual for a ferro-
magnet. Recent calculations on this subject are presented by
Das Sarma et al.22

The dependences measured for the 3% sample �easy axis
perpendicular to the film� exhibit kinks at �0.65Tc �see Figs.
4�b� and 5�b��. This indicates a change in the physical prop-
erties of the sample at this temperature. We expect that this is
due to a change of the magnetic anisotropy that switches
from an out-of-plane easy direction �at T�

2
3Tc� to an in-

plane anisotropy �at T	
2
3Tc�, similar to that observed by

direct magnetization measurements for GaMnAs specimens
with comparable Mn and hole concentrations.23 Since our
samples exhibit various magnetic easy and hard axes and a
strongly temperature-dependent magnetization �see, e.g., Fig.
4�a��, the wavelength dependence of Kerr rotation and MCD
were measured at T=1.8 K ��Tc� to ensure homogeneous
saturation of the magnetization perpendicular to the layer.
These spectral data will be presented and discussed in Sec.
IV after we present the theoretical model in Sec. III.

III. THEORY OF INTERBAND POLAR KERR ROTATION
AND MAGNETOCIRCULAR DICHROISM IN

HEAVILY DOPED GaMnAs

In this section we adopt a parabolic band model as in Ref.
24, and we calculate the interband dielectric function after
introducing the exchange spin splitting in mean-field and
virtual-crystal approximations, taking the Moss-Burstein ef-
fect explicitly into account.

In a somewhat different approach �in order to allow for
multiple reflection interferences� the amplitude of the reflec-
tion coefficients for left- and right-circularly polarized light
in a thin sample is calculated and these �complex� reflection
coefficients are related to the wavelength-dependent Kerr ro-
tation angle and MCD. Interband transitions to the conduc-
tion band from the partly populated heavy- and light-hole
valence bands and the fully occupied split-off valence band
are calculated. In order to restrict the parameters for the com-
plex dielectric function to those which are physically rel-
evant, it is assumed that the samples are exposed to a satu-
rating perpendicular magnetic field �	1 T� and to very low
temperatures �1.8 K�Tc�. Thus the magnetic ions are fully
aligned perpendicularly to the film plane, and thermal fluc-

FIG. 4. Kerr rotation corresponding to magnetization saturated
perpendicular to the layer plane as a function of temperature. �a�
Sample with easy axis in the layer plane, Mn content 1.4%; �b�
sample with easy axis perpendicular to the layer plane, Mn content
3%.

FIG. 5. Width of the hysteresis loops as a function of tempera-
ture. �a� Sample with easy axis in the layer plane, Mn content 1.4%;
�b� sample with easy axis perpendicular to plane, Mn content 3%.
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tuations deviating from the magnetic ground state can be
neglected. The intraband free-carrier absorption of the holes
in p-GaMnAs can be neglected for photon energies 	1.5 eV,
although their population influence �i.e., the Moss-Burstein
shift� on the interband transitions has to be implicitly taken
into account for the calculation of the interband dielectric
function.

We augment the derivation of optical dispersion relations
given in Ref. 24 for E0 and E0+�0 transitions in the limit of
parabolic bands by explicitly implementing the Moss-
Burstein shift in the Kramers-Kronig pairs of the dielectric
function. The absorption part ��2���� is constructed to give
�-like �momentum conserving� transitions, neglecting any
level broadening due to damping. By this means it is possible
to formulate an analytic Kramers-Kronig �KK� transforma-
tion even for finite Fermi energy in a parabolic band �the
details are treated in the Appendix�. After implementing the
KK transformation, a level broadening is introduced, via a
damping parameter �, by generalizing the photon energy
��⇒��+ i��. It is expected that damping will be particu-
larly important for the strong exchange scattering of holes
with randomly distributed magnetic �Mn2+� ions.

In order to adopt a scale, we take the zero-energy refer-
ence point at the top of the heavy-hole band. Hence the
conduction-band edge is located at Eg, and the hole Fermi
energy at −EF. The interband absorption thus sets in at ��
=Eg+EF, where �� is the photon energy. The �-dependent
dielectric function is given by �see the Appendix�

���� = �� + 2f
�Eg

����2�1 −
2

�
arctan�EF

Eg
�

− f
�Eg

����2�1 +
��

Eg
�1 −

2

�
arctan� EF

Eg + ��
�

− f
�Eg

����2�1 −
��

Eg
�1 −

2

�
arctan� EF

Eg − ��
� .

�2�

Equation �2� is an extension of the original expression
given in Ref. 24, taking into account a nonzero Fermi energy
EF in the heavy-hole �HH� band. f is the electric-dipole os-
cillator strength for the HH to conduction �C� band transi-
tion. The real function ���� can be analytically extended to
the complex � plane by introducing the damping parameter
� through the transformation

� → � + i� . �3�

Hence, ���� represents the correct causal dielectric func-
tion consisting of KK-related real and imaginary parts. In a
ferromagnetic semiconductor the bands are spin split �see
Eqs. �6�–�8� below� due to the symmetry breaking by the
spontaneous field- and temperature-dependent magnetization
M�T ,H� of the material. This splitting can be implemented in
the k� · p� perturbation theory according to the conventional
six-band Luttinger-Kohn Hamiltonian scheme10 and ex-
pressed in terms of the Kondo exchange interaction constants
Js,p-d:

�s,p-d�H,T� = AFJs,p-d
M�H,T�

g
B
. �4�

The Mn spins in Ga1−xMnxAs are assumed to be in the d5

configuration, so that at T�Tc in a saturating field 	Sz
=S
= 5

2 and the Landé factor g=2. The magnetization of the
sample is expressed by microscopic parameters, like the ther-
mal average of a single Mn spin 	Sz
, as

M�H,T� = g
Bx	Sz
H,TN0. �5�

For the conduction electron �s-d� exchange energy we
adopt approximately the same value as for II-VI DMS’s:
Jsd=�=0.01–0.013 eV nm3, corresponding to �N0
=0.22–0.29 eV, N0=2.21�1022 cm−3 being the cation con-
centration of the GaAs host crystal. For the hole �p-d� ex-
change interaction, different values are given in the litera-
ture, ranging from Jpd=−�=0.054 eV nm−3 to 0.1 eV nm−3

corresponding to �N0 from −1.2 eV to −2.2 eV, respec-
tively. AF in Eq. �4� is the Fermi liquid parameter and equals
1.2 for the carriers in the valence band which form a corre-
lated hole liquid. The individual exchange splittings of the
various bands participating in the �+ and �− interband tran-
sitions are the following.

Conduction band �c
= �CB, j
:

�c�j� = j · 2Jsd
M�H,T�

g
B
= j · x	Sz
2N0� � j = ±

1

2
 . �6�

Valence bands �v
= �HH,LH, j
:

�v�j� = j · AF
2

3
Jpd

M�H,T�
g
B

= j · AFx	Sz

2

3
N0� � j = −

3

2
, . . . , +

3

2
 . �7�

Split-off band �SO, j
:

�so�j� = j · AF
2

3
Jpd

M�H,T�
g
B

= j · AFx	Sz

2

3
N0� � j = ±

1

2
 .

�8�

The sign convention in Eqs. �6�–�8� is according to the
commonly accepted DMS picture: For antiferromagnetic ex-
change N0��0, as in II-VI-based DMS’s, the top heavy-
hole valence-band level possesses the angular momentum j
=−3/2. As will be seen by inspection of Fig. 7, this spin
ordering is reversed in GaMnAs �if N0�	0�, a feature that is
already seen even in paramagnetic GaMnAs �x=0.005�.

These spin splittings of the respective bands reflect the
thermodynamic magnetization, as measured by magnetom-
etry. Whether magneto-optic experiments such as the Kerr
effect actually correspond to the thermodynamic magnetiza-
tion is questionable, particularly for ferromagnetic semicon-
ductors with strong spin polarization of the carriers them-
selves. Magneto-optical experiments deviating from
thermodynamic magnetization have been reported in the
literature.14 It is therefore important to compare Kerr mea-
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surements with results from magnetization studies using
SQUID magnetometry �see Fig. 2�b� and corresponding dis-
cussion�.

A typical level scheme for a saturated ferromagnetic
Ga1−xMnxAs sample �x=0.014, p=8�1019 cm−3�, showing
the allowed circularly polarized ��+ ,�−� interband transi-
tions, is plotted in Fig. 6. The solid and dashed arrows rep-
resent the left- and right-handed circularly polarized transi-
tions ��j=−1� and ��j= +1�, respectively.

Note that the heavy-hole and light-hole bands are labeled
in terms of hole spin quantum numbers �j� in reverse order,
opposite to the scheme used for II-VI DMS’s. This can be
shown experimentally by comparing the Faraday rotation in
dilute magnetic CdMnTe �x=0.10� and in paramagnetic
GaMnAs �x=0.005�. From Fig. 7 it is seen that the slopes are
opposite in sign, clearly demonstrating the difference in the
exchange coupling in II-VI and III-V DMS’s. Anticipating
the remarks in the Conclusion �Sec. V�, we note also at this
point that our Kerr rotation and MCD measurements can
only be quantitatively explained if the terminating level in
the participating interband transitions is not the highly dis-
persive conduction band, but rather a dispersionless level
�D , j
 attached to the Mn site �and correspondingly spin
split�.

We measure the Fermi level from the top of the upper-
most spin-split heavy-hole band �HH, +3/2
, and we take

into account the corresponding Moss-Burstein shifts for each
valence band in order to find out the onset of the correspond-
ing interband transitions. We treat the interband magnetoop-
tical Kerr effect by considering all the spin splittings—the
one of the HH and D levels, the splittings of the light-hole
�LH� band, and finally the contribution of the split-off �SO�
band. The spin splitting is dominated by the �ferromagnetic,
�N0	0� heavy-hole exchange interaction. Through this in-
teraction the semiconductor gap �Eg� is opened wider for the
�+ interband transitions than for the �− interband transitions,
which is opposite to the case observed in the II-VI DMS’s.
This has been already mentioned above in connection with
Fig. 7.

For example, the �− and �+ transitions from the heavy-
hole to conduction band are governed by the following com-
bination �see Fig. 6� of the splittings in the valence and the
conduction bands:

�� j = ±
3

2
→ j = ±

1

2


= �c�±
1

2
 − �v�±

3

2
 = ± AFx	Sz
N0�� − �� . �9�

Thus the fundamental band edges for �− and �+ heavy-
hole transitions are

��hh
� = Eg + �� j = ±

3

2
→ j = ±

1

2
 = Eg ± AFx	Sz
N0�� − �� .

�10�

These band edges replace Eg in Eq. �2�—i.e., Eg→��hh
� .

It is straightforward from Fig. 6 to calculate the band edges
for all the other transitions �LH, SO→D�. For each valence
band the position of the Fermi level �EF� has to be taken into
account, which finally determines EF in Eq. �2� for all con-
tributing bands: for example �see Fig. 6�,

FIG. 6. Typical energy level scheme for a saturated ferromag-
netic Ga1−xMnxAs sample �x=0.014, p=8�1019 cm−3�. Solid ar-
rows: left-hand circularly polarized interband transition ��− ;�j
=−1�; dashed arrows: right-hand circularly polarized interband
transition ��+ ;�j= +1�.

FIG. 7. Comparison of the sign of Faraday rotation in CdMnTe
�Mn content: 10%� and paramagnetic GaMnAs �Mn content: 0.5%�,
�=1060 nm, T=1.8 K.
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��F,hh
− = EF, �11�

��F,lh
− = �EF − �hh + �lh� . �12�

Using Eqs. �11� and �12� and making the corresponding
substitutions of EF in Eq. �2� for all the possible transitions,
the Moss-Burstein shift can then be explicitly taken into ac-
count. For all transitions, a damping term �k is introduced by
substituting �→�+ i�k according to Eq. �3�. The resulting
dielectric functions are found to be in good agreement with
recently published ellipsometric data of Burch et al.25 in the
photon energy range 1.5–2.5 eV.

Optical constants n± were then derived from the dielectric
functions following standard procedure, and we then used
Fresnel’s formulas and the thickness d of the GaMnAs layer
to calculate the amplitude reflection coefficients r± for both
circular polarizations:

r±��� =
�01

± + �12
± exp�2in±�d/c0�

1 + �01
± �12

± exp�2in±�d/c0�
= rx��� ± iry��� .

�13�

The coefficients �ij
± are the half-space amplitude reflection

coefficients between different media �subscripts i , j=0 for
air, =1 for GaMnAs, =2 for GaAs substrate� according to
Fresnel’s formulas

�01
± =

nGaMnAs
± − nair

nGaMnAs
± + nair

, �12
± =

nGaAs − nGaMnAs
±

nGaAs + nGaMnAs
± . �14�

In the derivations an explicit circular dispersion and di-
chroism are anticipated only for the thin magnetic GaMnAs
layer, but not for the GaAs substrate �which is believed to
exhibit negligible splitting�. The Kerr rotation angle � �in
degrees� is the inverse tangent of �ry /rx�, �see the second part
of Eq. �13��:

� = −
180

�
arctan�Re�i

r+ − r−

r+ + r−� . �15�

A quantity that is very convenient to measure is the re-
flectance MCD, because it is directly accessible in the ex-
periment by simultaneously detecting the sum and difference
of the power reflectances for both polarizations:

MCD��� =
90

�

r+�r+ − r−�r−

r+�r+ + r−�r− =
90

�

R+ − R−

R+ + R− . �16�

In Table I the relevant parameters for simulating the Kerr
rotation and MCD of the “test sample” Ga1−xMnxAs �x
=0.014� are given. It should be noted that most of the pa-
rameters are required to closely resemble those of the host

GaAs; particularly the energy gaps Eg=1.50–1.57 eV are
very close to the gap of GaAs �1.53 eV�.

Figure 8 summarizes the results of the simulations for the
reflectance Kerr rotation �Fig. 8�a�� and MCD �Fig. 8�b�� of a
thin �300 nm� layer of GaMnAs �x=0.014� grown on a GaAs
substrate. The sample is assumed to be exposed to a perpen-
dicular saturating magnetic field. The hole concentration is
the only variable parameter �p=5�1018–1�1020 cm−3�,
and all other parameters are taken from Table I. In the short-
wavelength region the most apparent dip comes from the
onset of transitions originating from the split-off �SO� band
���700 nm�. In the transparent regime ��	820 nm� a re-
sidual Kerr effect comes from the free-carrier �hole� contri-
bution, as is most clearly revealed for the p=1�1020 cm−3

plot in Fig. 8. The Moss-Burstein shift is clearly demon-
strated in both figures: The strong drop-offs in the Kerr ro-
tation and the MCD are both considerably shifted to shorter
wavelengths with increasing hole concentrations at large val-
ues of p �larger than 1019 cm−3�.

IV. RESULTS AND DISCUSSION

A. Wavelength dependence of the magneto-optical Kerr effect
and magnetic circular dichroism

In order to define a unique magnetic state we applied a
sufficiently strong perpendicular magnetic field to saturate
the GaMnAs samples �x=0.014,x=0.03� at low tempera-
tures T=1.8 K—i.e., far below the Curie temperatures for
either of the samples �Tc=40 K for x=0.014, Tc=60 K for

TABLE I. Interband dielectric constant parameters for GaAs.

Gap
energy

Split-off
energy �SO� ��

Oscillator
strength

Eg

�eV�
�0

�eV�
fHH

��eV�3/2�

1.53 0.34 13 2.46

FIG. 8. Calculations of the Kerr rotation �a� and MCD signal �b�
as a function of wavelength for the Ga1−xMnxAs sample with x
=0.014. The different curves correspond to different hole concen-
trations p �cm−3�, showing the growing importance of the hole con-
tribution as their concentration becomes large.
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x=0.03�. The wavelengths of the incoherent light source
used in this experiment have been tuned from
550 nm to 950 nm, covering a rather wide spectral range in
the absorption regime of the thin samples �d=300 nm�. Fig-
ures 9 and 10 show the measured Kerr rotation data �Fig.
9�a�, x=0.014; Fig. 10�a�, x=0.03� and MCD �Fig. 9�b�, x
=0.014; Fig. 10�b�, x=0.03� together with simulations,
which show even quantitative agreement with the experi-
mental results. As in Ref. 14, we recognize again the “stable”
�negative� peak at ��667 nm �1.85 eV� and a peak at �
=767 nm �1.61 eV�, which varies strongly with hole concen-
tration. Obviously the temperature dependence of the hole
concentration modifies �shifts� this latter peak as quoted by
Ref. 14, whereas the spectral position of the former peak
���667 nm� does not at all depend on the hole concentra-
tion �see Fig. 8�. The samples had sufficiently different man-
ganese as well as hole concentrations �nominally p=8.7
�1019 cm−3 for the x=0.014 sample and p=7.6
�1018 cm−3 for x=0.03, as determined by room-temperature
Hall effect measurements�, thus providing the opportunity
for testing the reliability of our dielectric function model
over a rather wide range of sample parameters. It is impor-

tant to note that Kerr rotation and MCD data were fitted
together, resulting in one set of parameters for each sample.
The most important aspect of the calculation was the choice
of the exchange parameter N0�, which had to be adjusted
correspondingly for both samples in order to achieve agree-
ment with the experiment. In particular, the sign of N0� had
to be reversed from its antiferromagnetic character familiar
from II-VI DMS’s to ferromagnetic �N0�	0�. If one would
keep the sign of the conventional �II-VI� DMS exchange
interaction parameter, an inevitable deviation of the calcu-
lated Kerr rotation and MCD from the experimental data
would result �see the dashed lines in Figs. 9 and 10�. Table II
lists the relevant parameters �which were adjusted for the
best fit�. It is obvious that for the sample with lower manga-
nese content �x=0.014� the damping factors �k for transi-
tions from HH and LH bands are lower than those for x
=0.03.

The nominal dopant concentration as determined by Hall
measurements �7.6�1018 cm−3; see Sec. II A� is about 25%
below the fitted p=9.5�1018 cm−3 for the sample with x
=0.03 and is by a factor of ca. 1.3 larger for the sample with
x=0.014, for which the best fit is obtained with p=6.7

FIG. 9. Kerr rotation �a� and MCD signal �b� as a function of
wavelength at T=1.8 K for the Ga1−xMnxAs sample with x=0.014,
with magnetization saturated. Solid curve: calculation �parameters
as in Table II�. Squares: experimental data. Dashed curve: calcula-
tion with the same parameters but with level ordering as in the
II-VI-based DMS’s.

FIG. 10. Kerr rotation �a� and MCD signal �b� as a function of
wavelength at T=1.8 K for the Ga1−xMnxAs sample with x=0.03,
with magnetization saturated. Solid curve: calculation �parameters
as in Table II�. Squares: experimental data. Dashed curve: calcula-
tion with the same parameters but with level ordering as in the
II-VI-based DMS’s.
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�1019 cm−3 as compared to p=8.7�1019 cm−3 as deter-
mined by the Hall effect. Given that there is some uncer-
tainty in the Hall data due to complications from the AHE,
we find this comparison quite gratifying.

Here one needs to comment on this required modification
of the carrier concentration: The experimental determination
of the hole concentration from Hall measurements in ferro-
magnetic systems is ambiguous in the high doping regime
�p	1�1019 cm−3� due to contributions from the AHE
terms, allowing for considerable uncertainty in the value of
this parameter. On the other hand, our extracted value of the
Fermi level depends on the chosen band structure model for
the interband dielectric function. We adopted in the valence
band a parabolic energy-momentum dispersion for all par-
ticipating bands and found that the most consistent fit is ob-
tained by assertion of a dispersionless level in the conduction
band �denoted as �D±1/2
 in Fig. 6�. When we employ the
rather strong �GaAs-like� conduction-band �CB� dispersion
�shown as dashed lines in Fig. 6�, the energy gap opens too
rapidly to match the excitation from the highly depopulated
valence band. A drastic reduction of the value of Eg in the
fitting process �to the value of 1.2 eV� in order to achieve
agreement with experiment seems us to be unphysical. How-
ever, if a dispersionless final state �D±1/2
 is assumed to lie
near the band edge, we obtain ��g=1.57 eV and 1.50 eV for
the energy gaps of Ga1−xMnxAs for x=0.014 and x=0.03,
respectively—values that are reasonably close to that of
GaAs �1.53 eV�. In addition, the fairly good agreement with
the nominal values of hole concentrations obtained from Hall
measurements supports our model of the chosen transition
levels. The existence of a rather high density-of-states level
in the conduction band is also manifested by recent supercell
and frozen-magnon calculations of the Ga1−xMnxAs band
structure,26 where a corresponding manganese-related peak
is found in the Stoner-split �spin-down� conduction band just
near the fundamental GaAs band edge �see Fig. 1, x
=0.031 25 panel, of this Ref. 26�.

The split-off energy �0 had to be slightly modified with
respect to the GaAs value of 0.34 eV �measured from the top
of the valence band� to 0.37 eV for x=0.014 and to 0.29 eV
for x=0.03, respectively. The exchange splitting N0� keeps a
comparable value for both samples �0.22–0.29 eV�, but N0�
differs significantly from the commonly accepted DMS pic-

ture, because the exchange interaction in ferromagnetic III-V
DMS’s is augmented by an additional interaction channel:
Apart from the �i� local kinetic exchange which is antiferro-
magnetic, a second channel �ii� of a carrier-driven RKKY
exchange is active which is oscillating with MnuMn dis-
tance, but predominantly ferromagnetic for coupled Mn
spins on nearest sites and for hole concentrations p
�1020 cm−3.27 From Table II it is seen that N0� has its larg-
est value �+2.3 eV� for the sample with x=0.014, which has
the highest hole concentration. With the decrease of carrier
concentration N0� is diminished correspondingly �N0�
= +0.9 eV; see Table II for x=0.03 and p=9.5�1018 cm−3�.
Linearly extrapolating the logarithmic scale of the concentra-
tion to p=1017 cm−3 �nominally undoped GaMnAs�, the ki-
netic antiferromagnetic exchange N0�=−2.36 eV is restored,
which is twice that of II-VI DMS’s.

Since the magneto-optical effects depend on transitions
from levels of different exchange splittings �and varying
signs�, the Kerr rotation and MCD must not necessarily scale
with magnetization as measured by SQUID magnetometry.
Indeed, the magnitudes of Kerr rotation for the x=0.014 and
x=0.03 samples are of comparable size �Figs. 10�a� and
11�a�� in spite of a more than twofold increase of Mn con-
centration. Most stringent is the nonreversed sign of the spin-
orbit spin-split level �SO�, which appears not to be influ-
enced by hybridization with the hole carriers, since the Fermi
level is only degenerate with the HH and LH bands. Thus,
the SO splitting keeps the sign as that of the II-VI DMS.
Apart from such sign reversal the survival of the DMS ap-
proach is clearly manifested by the success of our fits to the
Kerr rotation and MCD spectra. The role of strain in the
Ga1−xMnxAs epilayers is not taken into account explicitly,
but it is implicitly responsible for the distinct hysteresis split-
tings �Fig. 5� as a function of temperature, because the mag-
netocrystalline anisotropy is determined by strain, by the
hole concentration, and by the temperature, as well as by the
mutual spin-orbit coupling between the carriers, the lattice,
and the magnetic moments of manganese ions.

B. Sign of N0�

Although in most of the literature on GaMnAs an antifer-
romagnetic exchange interaction is assumed between the

TABLE II. Parameters used for fitting to experimental data in Fig. 9 �for x=0.014� and in Fig. 10 �for x=0.03�.

Sample
GaMnAs

Hole
concentration
p �1019 cm−3�

Gap
energy
Eg �eV�

Split-off
energy �SO�

�0 �eV�

Exchange
energy �C�
�N0 �eV�

Exchange
energy �HH�

�N0 �eV�

Mn-spin
average

	SZ


x=0.014 6.7 1.57 0.37 0.22 +2.3 2.5

x=0.03 0.95 1.50 0.29 0.29 +0.90 2.5

Sample
GaMnAs ��

Oscillator strength
��eV�3/2�

Damping
�meV�

fHH fLH fSO �HH �LH �SO

x=0.014 18.6 8.5 0.4 6.8 30 20 40

x=0.03 11.8 5.4 0.7 12.2 75 40 85
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valence-band holes and the Mn++ moments—as is the case
for diluted magnetic II-VI DMS’s—the sign of N0� has
never been unambiguously established. In fact various au-
thors have reported widely differing results for this param-
eter, varying in value and/or the sign over the range from
+2.5 eV �ferromagnetic exchange� �Refs. 28–30� to −1.2 eV
�antiferromagnetic exchange� �Refs. 11, 31, and 32�. Our re-
sults strongly favor the ferromagnetic exchange interaction,
resulting in a level order as plotted in Fig. 6—opposite to
that observed in II-Mn-VI DMS’s. There are several reasons
for this order reversal.

�i� We observe the signs of the Kerr rotation in GaMnAs
and CdMnTe to be different. This can either be caused by
different signs of N0� or by a strong Moss-Burstein shift in
the heavily doped GaMnAs, explicitly treated by Szczytko et
al. for samples with x	0.03.13 However, also bulk GaMnAs
material with considerably lower Mn concentration �in which
a sizable Moss-Burstein shift can certainly be neglected� ex-
hibits a Faraday rotation opposite in sign from CdMnTe �see
Fig. 7�. This is in accordance with an earlier work of Szc-
zytko et al.28 for bulk GaMnAs �x=0.000 22�. Calculation of
magneto-optic transitions in the parabolic band model indi-
cates that a Moss-Burstein-induced change of level ordering
occurs only for hole concentrations above p=1�1020 cm−3

�i.e., when the hole Fermi level EF	100 meV�. The Fermi
energies of our samples are 76 meV �for x=0.014� and
21 meV �for x=0.03�. Also from anomalous Hall effect mea-
surements we estimate the carrier concentration of our
samples to be below the threshold concentration for EF
�100 meV. We can therefore rule out the Moss-Burstein
shift as the cause for the observed sign reversal.

�ii� The most striking evidence for the reversed level or-
dering in the valence band stems from the comparison of
experimental data with model calculations in which both fer-
romagnetic and antiferromagnetic exchange in the valence
band are plotted. The dashed lines in Figs. 9 and 10 are
calculated with the level ordering according to antiferromag-
netic �II-VI-DMS-like� exchange. Clearly there is in that
case no agreement with the experimental data. In fact there
does not exist any set of parameters �even drastic steps, such
as a change of the fundamental energy gap� which can de-
scribe the experimental results correctly with antiferromag-
netic level ordering. The solid lines calculated for ferromag-
netic exchange, on the other hand, do show all the features
present in the experimental data.

�iii� The main reason for the change of the exchange in-
teraction in III-V-based dilute magnetic semiconductors is
the alteration of the kinetic exchange between the Mn accep-
tor and the hole carrier states. In GaMnAs the trivalent bond
of Ga is replaced by the divalent Mn++, which becomes a d4

level to maintain neutrality. This magnetic impurity attracts
an �eventually tightly bound� electron from the valence band,
thus forming the stable d5 half-filled shell of Mn and releas-
ing a hole in the valence band. Such an A− center by itself
can capture the loosely bound hole �thus forming an A0 cen-
ter�. The interplay and balance between A− and A0 centers
controls the on-site exchange interaction to be either ferro-
magnetic �N0�	0� for A0 or antiferromagnetic �N0��0� for
A−. One must infer that the A0 centers prevail in our
samples—a reasonable assumption when the hole concentra-

tion is sufficiently low to avoid ionization of the loosely
bound holes due to screening of the Coulomb interaction.

Finally we comment on the consistency of our fitted hole-
manganese exchange parameter N0� with calculations of the
Curie temperature in the mean-field and virtual-crystal ap-
proximation, as outlined recently by Brey and
Gomez-Santos:27

kBTC = 1/�3
0�S2�Jpd/g
B�2�PxN0 � 1.38 � 107�P �K� .

�17�

From Eq. �17� it can be seen that only the modulus of the
exchange parameter Jpd �but not its sign� can be derived from
a measurement of the Curie temperature TC. The numerical
value obtained in Eq. �17� is valid for �Jpd�=�
=0.1035 eV nm3 �according to N0�=2.3 eV�, x=0.014, and
N0=2.21�1022 cm−3. �P denotes the Pauli spin susceptibil-
ity of the holes �HH-hole spin moment jPs with j=3/2 and
spin polarization Ps�, which can be expressed in the degen-
erate case �large carrier concentration p=6.7�1019 cm−3,
EF=76 meV� as

�P = 
0g2
B
2 j�j + 1�Ps

2�3/2�p/EF

� 1.34 � 10−5Ps
2 for p = 6.7 � 1019 cm−3. �18�

Combining both Eqs. �17� and �18� one obtains for TC
�40 K a spin polarization Ps=0.46. This reasonable esti-
mate in turn justifies the mean-field and virtual-crystal ap-
proximation, which has been taken as the basis for our the-
oretical DMS model.

Finally, the order of the oscillator strength for the HH
→CB transitions has to be revisited, since the terminating
interband transition level in the conduction band is disper-
sionless. An analytic expression for the oscillator strength in
the parabolic band model is

f =
e2
3/2

2��0m0
2�

�	CB�p�HH
�2, �19�

where �	CB�p�HH
�2 is the dipole matrix element and 

=0.0695m0 denotes the reduced density-of-states �DOS�
mass derived from the CB and HH band-edge masses 
CB
=0.08m0 and 
HH=0.53m0, respectively. In the case of a
dispersionless CB level we replace 
CB by 
CB=�, which
gives 
=
HH=0.53m0, considerably larger than the value

=0.0695m0 obtained for a dispersive conduction band.
Thus the oscillator strength is expected to be considerably
higher in the present case than for GaAs �f =2.46 eV3/2�. Our
fits �f =8.5 eV3/2� to the magneto-optical spectra confirm an
increase of the density-of-states mass from 
=0.0695m0 to

=0.16m0 which corresponds to 30% of the heavy-hole
mass.

V. CONCLUSION

Magneto-optical Kerr rotation and magnetic circular di-
chroism have been used as tools for investigating thin layers
of the ferromagnetic semiconductor GaMnAs on GaAs sub-
strates. We used two samples in this investigation that were
sufficiently diverse with respect to their Curie temperatures
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and the orientations of their easy axes of magnetization, as
well as the concentrations of both magnetic ions and holes,
to experimentally demonstrate the versatility of our analytic
model for the interband dielectric function, which explicitly
takes into account the Moss-Burstein shift. The model is con-
venient, in that it allows for a simultaneous calculation of the
wavelength-dependent Kerr rotation and Kerr ellipticity for
various hole concentrations. The excellent agreement be-
tween magneto-optical and SQUID magnetization data at
temperatures far below the Curie temperature provides
strong support that the mean-field exchange interaction
model adopted from II-VI-based diluted magnetic semicon-
ductors provides a correct description for the problem at
hand. However, the model indicates that the angular momen-
tum level sequence in the depopulated spin-split valence
band is reversed with respect to the II-VI-based DMS’s. Fur-
thermore, deviations of the temperature dependences of satu-
ration magnetization from the mean-field behavior indicate
the presence of a strong correlation between the free holes
and the manganese spins. The six-band Luttinger-Kohn
�k� · p��-band model is sufficiently accurate to reconcile theory
with experiment without the need to invoke extensive com-
putational efforts and without requiring significant departure
in values of band parameters from those of the parent GaAs,
particularly of oscillator strengths and energy gaps. This lat-
ter claim �to keep the energy gap near the GaAs value� could,
however, only be satisfied by assuming that the transitions
determining the magneto-optical effects of interest involve a
dispersion-less level in the conduction band regime instead
of a GaAs-like parabolic band dispersion. Recent theoretical
works predict such a level mediated by exchange interaction
of spin-polarized electrons with manganese ions.

In the magneto-optical experiments described herein a
saturating magnetic field was applied perpendicular to the
film plane, in order to obtain the highest possible values of
the Kerr effect due to the polar geometry. The values of the
exchange splitting parameters N0�=0.22–0.29 eV and N0�
adjusted to +2.3 eV �for x=0.014, p=6.7�1019 cm−3� and
+0.9 eV �for x=0.03, p=9.5�1018 cm−3�, respectively, fur-
ther serve to substantiate the validity of the DMS mean-field
picture.

In summary, the model presented here is not intended to
provide a complete description of linear magneto-optical ef-
fects in ferromagnetic III-V-based semiconductors �e.g., it
does not take into account band structure properties beyond
the parabolic limit�, but we have demonstrated it to be a
manageable tool for simulating the polar Kerr and magnetic
circular dichroism spectra over a rather wide range of photon
frequencies not only qualitatively, but with reasonable quan-
titative accuracy.
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APPENDIX: DERIVATION OF THE INTERBAND
DIELECTRIC FUNCTION FOR PARABOLIC ENERGY

BANDS IN THE PRESENCE OF A HIGH CARRIER
CONCENTRATION

From Adachi �see Ref. 24� we adopt the formula for the
absorptive part of the interband dielectric function:

�2��� =
f

����2
��� − Eg ��� 	 Eg� . �A1�

The electric-dipole oscillator strength f depends primarily
on the 3

2 power of the joint-density-of-states mass—i.e., the
reduced mass between the conduction- and valence-band ef-
fective masses �mc /m0=0.067, mHH /m0=0.5, mLH /m0

=0.086 for GaAs�. The most relevant dependence is the
square root of the photon frequency �, which must exceed
the energy gap Eg for interband transitions. Formula �A1� is
correct for sharp energy band states and an empty conduction
band.

In the case of a filled band the interband transition starts
at a larger energy than the energy gap:

�� 	 Eg + EF. �A2�

The Fermi energy �EF� is either the population level of
electrons in the conduction band or the depopulation level
�i.e., the population level of holes� in the valence band. In
this special case of unbroadened band levels the KK trans-
formation can be performed analytically to obtain the disper-
sive part ��1� of the dielectric function. We find �using
�2�−��=−�2���� that

�1��� − �� =
1

�
P�

−�

+� �2����
�� − �

d��

=
1

�
�

�g+�F

� �2����
�� + �

d�� +
1

�
�

�g+�F

� �2����
�� − �

d� .

�A3�

Since the absorption �2 below Eg+EF is zero, we have
replaced the lower limit of integration �=0� in the last expres-
sion of Eq. �A3� by Eg+EF. After a lengthy calculation �us-
ing the substitution ���−Eg=x and partial fraction decom-
position�, the following expression for the dispersive part of
the interband dielectric function is obtained:
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�1��� − �� = 2f
�Eg

����2�1 −
2

�
arctan�EF

Eg
�

− f
�Eg

����2�1 +
��

Eg
�1 −

2

�
arctan� EF

Eg + ��
�

− f
�Eg

����2�1 −
��

Eg
�1

−
2

�
arctan� EF

Eg − ��
� . �A4�

For the case of empty bands �EF=0� we retain the formula
given by Adachi �see Ref. 24�:

�1��� − �� = f
�Eg

����2�2 −�1 +
��

Eg
−�1 −

��

Eg
 .

�A5�
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