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We study the spectral shape and the magnetic field induced polarization of hot-electron photoluminescence
from the diluted magnetic semiconductor 共Ga, Mn兲As. It is demonstrated that the holes occupy predominantly
the impurity band and not the valence band as required for the Rudermann-Kittel-Kasuya-Yosida-type exchange interaction. We show that the ground state of the impurity band is split by uniaxial stress or electric
fields into F = ± 1 states of antiferromagnetically coupled Mn ions 共J = 5 / 2兲 and valence band holes 共J = 3 / 2兲.
The polarization of the impurity band holes in a magnetic field is strongly enhanced by antiferromagnetic
exchange interaction with Mn ions and saturates at a value much lower than predicted by Rudermann-KittelKasuya-Yosida-like models. The temperature dependence of the hole polarization shows that the ferromagnetic
and paramagnetic phases coexist in the whole temperature range below Curie temperature. This observation
rather supports percolation based theories of ferromagnetism in 共Ga, Mn兲As diluted magnetic semiconductor.
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I. INTRODUCTION

The discovery of ferromagnetism in the 共Ga, Mn兲As diluted magnetic semiconductor1 共DMS兲 has attracted considerable attention in this material as an important candidate for
modeling and realizing semiconducting spintronics
devices.2,3 The introduction of Mn in GaAs gives rise to
acceptors with strong antiferromagnetic exchange between
electrons of the Mn 3d5 shell and bound valence band
hole.4–7 The holes produced by the acceptors are believed
mediate ferromagnetism. The effect of magnetic Mn ions on
the transport of free carriers as well as the reverse effect of
spin polarized photogenerated carriers on ferromagnetically
coupled Mn 3d spins has been observed in several
experiments.1,8–10 These experiments suggest a mutual influence of magnetic ions and free carriers. However, in spite of
a great deal of theoretical activities11–19,28 there is no complete understanding of the origin of ferromagnetism in this
material system. Most frequently, the origin of ferromagnetism in this material has been described by a mean-field
Zener model based on a Rudermann-Kittel-Kasuya-Yosida共RKKY-兲 type exchange interaction.11,15 This approach implies that the Fermi surface exists, i.e., that the chemical
potential lies in the valence band. Furthermore, disorder is
neglected altogether. However, the observations of hopping
mechanism of conductivity in transport,20 far infrared
absorption,21 angle resolved photoemission,22 hot electron
photoluminescence 共HPL兲,23 and scanning tunneling
microscopy24,25 as well as theoretical studies26 demonstrated
that the holes are localized in the impurity band. In this case,
the description of the ferromagnetism by the percolation of
bound magnetic polarons is more appropriate, as this theory
assumes that holes are pinned down with a localization
length Ll in the impurity band due to disorder, which it thus
includes at its most fundamental level.27,28
Therefore, the knowledge of the hole states 共mobile or
localized兲 and the Fermi energy are important to distinguish
between different theoretical approaches. Furthermore, in
view of the application of 共Ga, Mn兲As DMSs as spin polarized injector in spintronic devices, the important question
1098-0121/2006/73共23兲/235208共9兲

arises about the degree of hole spin polarization as a function
of sample magnetization.
In this paper, we present a study of the hole polarization
in a wide range of temperatures in 共Ga, Mn兲As DMSs by
means of hot-electron photoluminescence 共HPL兲.29,30 This
technique has been successfully used to identify the antiferromagnetic nature of the exchange interaction between the
3d inner shell of the Mn ions with valence band holes in
Mn-doped GaAs.4 The HPL spectrum and its circular polarization in a magnetic field provide information on the acceptor binding energy and the polarization of holes bound to
single Mn acceptors or in the acceptor impurity band. Here,
our study of the HPL spectra demonstrates that the valence
band holes in 共Ga, Mn兲As DMSs occupy predominantly the
Mn acceptor impurity band even for the highest Mn concentration. They can therefore not play the role of a Fermi sea in
the RKKY-like exchange interaction. Furthermore, our study
of the HPL polarization indicates that random strong stress or
electric fields existing in 共Ga, Mn兲As DMSs remove the
threefold degeneracy of the F = 1 ground state 共antiferromagnetically coupled 3d5 electrons of Mn ions and valence band
holes兲 and leads to two F = 0 and F = ± 1 sublevels, with the
latter being the ground state. The temperature activated transition into the spin unpolarized state F = 0 can thus determine
the Curie temperature of this DMS. At low temperatures we
observe an abrupt decrease of the hole polarization which we
attribute to the further splitting of the F = ± 1 sublevels to
F = + 1 and F = −1 components due to the cubic symmetry. In
all 共Ga, Mn兲As samples studied here we find a coexistence of
the ferromagnetic and the paramagnetic phase below the Curie temperature.
II. SAMPLES AND EXPERIMENT

The samples for the present study were grown by
molecular-beam epitaxy on GaAs共001兲 substrates 共semiinsulating, Si or Zn doped兲. Prior to the 共Ga, Mn兲As deposition, a
GaAs buffer layer was grown at 600 ° C. The substrate was
then cooled to 250– 300 ° C for the growth of 500– 1000 nm
of 共Ga, Mn兲As. The growth rate was typically
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TABLE I. Parameters of the GaAs: Mn and Ga1−xMnxAs DMS
samples used in this work: Mn content x as well as paramagnetic
共PM兲 or ferromagnetic 共FM兲 type of magnetism and Curie temperature TC measured by SQUID.
Sample

Mn content

Magnetic state

TC 共K兲

R1
R2
A1
B1
B2

2.2⫻ 10−5
6.8⫻ 10−5
6.0⫻ 10−3
4.3⫻ 10−2
4.0⫻ 10−2

PM
PM
PM
FM
FM

55
35

4 – 10 nm/ min, and the As4 / Ga beam-equivalent-pressure ratio was 25–50. Several different Ga1−xMnxAs layers with
0.006ⱕ x ⱕ 0.05 were studied. The Mn concentration was
obtained from the lattice constant of the 共Ga, Mn兲As layer
determined by high-resolution x-ray diffraction. In addition,
a Mn-doped 1000 nm thick GaAs layer 共5 ⫻ 1017 cm−3兲
grown at 560 ° C was used as reference sample R1.
Superconducting-quantum-interference-device
共SQUID兲
measurements were carried out in the temperature range
from 5 to 400 K to investigate the macroscopic magnetic
properties of the samples and to confirm the absence of
MnAs nanoclusters. The parameters of the samples are summarized in Table I.
For excitation of HPL, we used the lines of He-Ne
共632.8 nm兲, Kr 共676.4 nm兲, and Ar 共488 nm兲 ion lasers. The
laser power densities focused on the sample were varied in
the range from 5 to 50 W cm−2. The photoluminescence 共PL兲
spectra were dispersed either by a DILOR spectrograph and
detected by a charge-coupled device array or by a JobinYvon U-1000 monochromator equipped with a cooled GaAs
photomultiplier. The experiments were carried out in the
temperature range 4 – 300 K in a continuous He-flow cryostat
and in magnetic fields up to 12 T, either in the backscattering
Faraday or in Voigt geometry. In Faraday geometry the circular polarization of the HPL was measured using a photoelastic modulator. The degree of circular polarization was
defined by the common expression c = 共I+ − I−兲 / 共I+ + I−兲,
where I+ and I− are the intensities of the components of the
luminescence with + and − polarization, respectively.
In the Voigt geometry we measured the linearly polarized
HPL under unpolarized excitation. In this case, I储 and I⬜
denote the intensities measured for the polarization axis of
the emitted light parallel or perpendicular to B, respectively.
The degree of linear polarization was defined by l = 共I储
− I⬜兲 / 共I储 + I⬜兲. l was measured for two orientations of the
magnetic field, i.e., either B 储 关110兴 or B ⬜ 关110兴.
III. RESULTS AND DISCUSSION
A. HPL spectra

In Fig. 1 we show the HPL spectra obtained from three
Ga1−xMnxAs 共2 ⫻ 10−5 ⱕ x ⱕ 0.04兲 samples under excitation
by a He-Ne laser 共បex = 1.96 eV兲 and at a temperature of
T = 5 K. The reference sample R1 shows near-band gap pho-

FIG. 1. HPL spectra of samples R1, A1, and B1 excited with
បex = 1.96 eV at T = 5 K. The arrows labeled as “0” and “1LO”
indicate the energy for recombination of electrons from the point of
generation and after emission of one LO phonon, respectively. The
recombination of equilibrium electrons with holes bound to Mn
acceptor is marked by the arrow e-A°Mn. Peaks labeled as “1” and
“2” are the first and second LO replica of the e-A°Mn band. The PL
band related to the recombination of holes in the spin-orbit split-off
band with the Mn double donor is labeled as EG + ⌬. The inset
shows the HPL spectrum 共solid line兲 and its linear polarization 共under linearly polarized excitation兲 for sample A1.

toluminescence due to recombination of equilibrium photoexcited free electrons with holes bound to neutral Mn acceptors 共e-A ° 兲 centered at 1.411 eV.31 Two phonon assisted
replicas of the e-A° line are marked by the arrows “1” and
“2.” The superimposed sharp lines centered at 1.518, 1.495,
and 1.46 eV were detected in all samples studied and correspond to the band gap PL from the substrate 共exciton, acceptor, and phonon assisted acceptor lines, respectively兲. The
intensity of all substrate related PL lines strongly decreases
with increasing excitation energy due to decrease of the photon penetration depth.
Figure 2 shows the HPL spectra of the samples R1, A1,
and B1 obtained with excitation by a He-Cd laser 共បex
= 3.815 eV兲, for which the penetration depth is smaller than
the layer thickness. The high-energy tail 共in each spectrum of
Fig. 1兲, which spreads up to the laser excitation energy, is
related to hot electron photoluminescence.4 At low temperatures the HPL spectrum in acceptor doped GaAs originates
from the following processes 关see Fig. 3共a兲兴.
Under cw excitation laser photons excite electrons from
the heavy-hole 共HH兲 subband into the conduction band 关in
the following we will discuss only this channel of excitation
because of the larger density of states in this subband compared with the light-hole 共LH兲 subband兴. The electrons subsequently relax toward the ⌫ band minimum by emission of
LO phonons in moderately doped samples or electron-hole
scattering in heavily doped ones. The radiative recombination of these nonequilibrium electrons with acceptor-bound
holes 共A ° 兲 then leads to the HPL spectrum, which spreads
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FIG. 2. HPL spectra of samples R1, A1, and B1 excited with
បex = 3.815 eV at T = 5 K. Only sample R1 shows intensive and
pronounced band gap PL related to the Mn acceptor e-A°Mn and the
acceptor bound exciton X.

from the point of creation 共marked as “0” on the high energy
side of the spectra兲 to about the bottom of the conduction
band.29,32 The electrons recombining from the bottom of the
⌫ point contribute to the band gap 共e-A ° 兲 PL with the intensity I ⬀ nr / r, where nr and r are the nonradiative and radiative lifetime, respectively. The hot electron energy relaxation time is typically much shorter than the radiative
recombination
time
共LO-phonon
emission
time
LO ⬃ 10−13兲.32 Therefore, the HPL intensity I ⬀ LO / r is generally much weaker than the band gap PL as seen in the
spectrum obtained from the moderately Mn-doped sample
R1. However, as long as nr  LO, the HPL is not affected
by nonradiative recombination.
The high-energy PL tail detected in samples A1 and B1
共Fig. 1兲, which belong to the DMS regime, is also assigned

FIG. 3. 共a兲 Schematic of HPL spectroscopy. The vertical arrow
on the right shows excitation of the electrons from the heavy-hole
valence band to the conduction band. The luminescence transitions
from the point of creation and after emission of 1LO phonons are
indicated by vertical arrows pointing down. The horizontal dashed
line on the right presents monoenergetic distribution of the acceptor
states in doping regime. The energy distribution of impurity band
states in the DMS case is shown on the left. 共b兲 The origin of the
EG + ⌬ band in GaAs: Mn. The vertical arrows pointing up and
down show excitation and recombination channels, respectively.
The horizontal dashed line shows the interstitial Mn double-donor
state.

FIG. 4. HPL spectra of 共Ga, Mn兲As for samples of type A1 共a兲,
and B1 共b兲 excited with បex = 1.833 eV, បex = 1.96 eV, and
បex = 2.54 eV at T = 77 K. The vertical arrows indicate the energy
of the exciting laser lines.

to HPL. However, in heavily doped GaAs such a PL tail can
appear also due to either a Burstein-Moss-like shift of the
emission to higher energies or indirect optical transitions induced by disorder in the low-temperature grown 共Ga, Mn兲As
DMS. Our detailed study of the HPL spectra and their polarization properties rules out both of these possibilities. We
found that in doped 共R1兲 as well as in DMS samples 共A1 and
B1兲 the HPL is linearly/circularly polarized under linearly/
circularly polarized excitation. In the onset we measured linear 共l = 0.22– 0.26兲 and circular 共c = 0.3兲 polarizations of
the DMS samples which are close to those observed in GaAs
samples doped by Mn 共R1兲 or other shallow acceptors 共C,
Be, Zn兲.4,32 As in GaAs doped with C, Be, or Zn 共Ref. 32兲.
the linear polarization in DMS samples tends to zero when
the electron kinetic energy goes to zero 共see, e.g., the solid
circles for sample A1 in the inset in Fig. 1兲. It was demonstrated in Ref. 33 that the linear and circular polarization of
HPL is determined by the selection rules for direct interband
optical transitions in III-V semiconductors. This leads to the
conclusion that the HPL from these DMS samples is also
related to direct transitions, and disorder-induced indirect
transitions can be ruled out.
Another important signature of HPL is demonstrated in
Fig. 4, which presents the HPL spectra of the two samples
A1 and B1 obtained with different excitation energies
共បex = 1.833, 1.959, and 2.54 eV兲. Contrary to the PL related to the Burstein-Moss effect, where the high-energy cutoff is fixed and determined by the Fermi energy, the onset
“0” of the HPL spectra shifts to higher energies with increasing excitation energy, in accordance with the scheme for the
optical transitions depicted in Fig. 3共a兲.
The increase of the Mn content up to 1% in lowtemperature grown 共Ga, Mn兲As strongly modifies the band
gap as well as the HPL. First, instead of an intense and well
defined 共e-A ° 兲 PL line, the DMS samples show weak and
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broad PL signals or none at all in the near band gap region
共see the spectra of samples A1 and B1 in Fig. 2兲. The strong
suppression of the band gap PL is related to nonradiative
centers generated during the growth of 共Ga, Mn兲As under the
required low-temperature conditions resulting in a nonradiative lifetime of nr ⬃ 10−13 – 10−12 s.34,35 The cascade of recombination acts from the onset of the HPL down to the
band edge depletes the number of electrons available for further recombination at the band edge. Quantitatively, the ratio
between the intensity of two successive recombination acts is
Ii+1 / Ii = 1 / 共1 + LO / eff兲 with 1 / eff = 1 / r + 1 / nr. When eff
becomes comparable to LO, the intensity thus drops exponentially with decreasing energy as observed experimentally
for sample B1 in Fig. 2. The intensity ratio between the band
gap PL and the first HPL peak 共“0”兲 is given by IBE / IHPL
= 共eff / LO兲关1 / 共1 + LO / eff兲兴n−1 for n LO phonons relaxing
from the onset “0” down to the band edge. For electrons with
a kinetic energy lower than that of an LO phonon, relaxation
occurs via emission of acoustic phonons and thus slows
down significantly. In this case the effect of nonradiative
recombination on the band gap PL is even stronger than outlined above, which explains the absence of any appreciable
band gap PL for sample B1 in Fig. 2. These considerations
clearly show that in the presence of strong nonradiative recombination the density n共兲 of recombining hot electrons
decreases when their kinetic energy tends to zero.
Simultaneously, the high Mn concentration in the
共Ga, Mn兲As DMS samples strongly modifies the HPL shape
and shifts its onset to higher energies in comparison to the
doping regime 共see Fig. 1兲. Two reasons are responsible for
this HPL transformation. First, in contrast to the case of
electron-LO-phonon scattering characteristic for the moderately doped sample R1, the energy loss in DMS due to
e-A° and e-HH scattering processes is not well defined.
Therefore, the HPL spectrum with oscillating intensity transforms into an unstructured spectrum. Second, and more important, is the formation of an impurity band in the DMS
regime. Indeed, when the Mn concentration increases, the
monoenergetic Mn acceptor level spreads into an impurity
band, which can even merge with the valence band 关see Fig.
3共a兲兴. The onset of the HPL spectrum 0 on the energy scale is
determined for monoenergetic acceptors by the simple expression
ប 0 = ប ex − EA − HH ,

共1兲

where បex is the excitation energy, EA is the acceptor binding energy, and HH is the kinetic energy of heavy holes
determined by the dispersion of the HH band. For excitation
with the He-Ne laser បex = 1.959 eV we obtain 共HH
= 0.038 eV兲.30 The broadening of the acceptor level and the
impurity band formation leads to a shift of the HPL onset 0
towards the excitation energy. The effective energy gap between the impurity band and the valence band can thus directly be measured. In the reference sample R1 with pronounced LO-phonon oscillations the estimated binding
energy of the Mn acceptor is EA = 122 meV,36 which is close
to the measured value of Ref. 31 and agrees with the result of
our band-gap PL measurements. In the DMS samples A1 and

FIG. 5. HPL spectra of 共Ga, Mn兲As of samples R1 and A1 共a兲,
and B1 共b兲 excited with បex = 1.96 eV at three different temperatures. The vertical arrows indicate the energy position of the laser
line.

B1 the HPL spectra are unstructured, making the determination of their onset more ambiguous. A rough estimate shows
that the energy gap between the impurity band and the top of
the valence band is about ⌬ ⬃ 0.03 eV in the 共Ga, Mn兲As
sample with the highest Mn concentration 共x = 0.043兲.
The existence of a noticeable gap between the impurity
band and the valence band top is also supported by our studies of the influence of the sample temperature on the HPL
spectrum. At higher temperatures, free holes appear in the
valence band due to thermal activation from the impurity
band. The density of free holes depends on the temperature
as well as on the effective energy gap between impurity and
valence band. At high temperature, these holes are distributed in energy according to Maxwell’s law and their kinetic
energy in the valence band is HH ⬃ kT. Therefore, electrons
from the point of creation can recombine with free holes in
the valence band due to vertical transitions. This channel of
recombination manifests itself as a weak HPL signal near the
excitation laser line. In the reference sample R1 with the
largest acceptor binding energy, this e-HH transition appears
in the HPL spectra only at room temperature 共see Fig. 5兲. In
the DMS sample A1 共Fig. 5兲 the direct e-HH transition is
possible only at T = 190 K while in sample B1 关Fig. 4共b兲兴 this
transition can be detected in the HPL spectrum already at
T = 77 K.
The analysis of the HPL spectra obtained from the reference and the DMS samples demonstrates that in a wide range
of Mn concentration the valence band holes in 共Ga, Mn兲As
are either bound to Mn acceptors or localized in the impurity
band and are thus far from degeneracy as assumed in the
RKKY based theory.15 Our conclusion agrees with previous
results obtained by far infrared 共FIR兲 absorption spectroscopy from 共Ga, Mn兲As DMS samples 共x = 0.034 and 0.05兲.21
In this work, a broad FIR absorption peak at an energy close
to the single Mn acceptor binding energy was ascribed to
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transitions from the valence band to localized Mn impurity
states.
The broad band centered at 1.86 eV 共labeled as EG + ⌬ in
Fig. 1兲 is observed in the R1 sample only at near-resonant
excitation with a photon energy of either 1.96 or 1.92 eV and
is related to the recombination of free or donor-bound electrons with photocreated holes excited in the spin-orbit splitoff valence band 关see Fig. 3共b兲兴. This assumption is supported by the total circular polarization of this band observed
under circularly polarized excitation.37 The fact that this line
shows a superlinear dependence on the excitation power density means that the recombination takes place via donors,
which are partially compensated by acceptors. It is important
to note that this line has never been observed in moderately
or heavily acceptor doped GaAs with Zn, C, or Be.32 Therefore we conjecture that the appearance of this band in Mn
doped GaAs is due to interstitial Mn which acts as a double
donor in GaAs.38 In DMS samples this line is absent which
indicates the total compensation of interstitial Mn donors in
this material.
B. Polarization of HPL in a magnetic field
1. HPL polarization in Faraday geometry

The properties of HPL provide a unique possibility to
study the effect of a magnetic field on the hole polarization
in the impurity band. Indeed, the energy relaxation time of
hot electrons is much shorter than any possible spin relaxation time. The spins of hot electrons recombining with equilibrium holes bound to an acceptor or in the impurity/valence
band are therefore not oriented by the external magnetic field
and do not contribute to the circular polarization of the HPL.
The magnetic field induced circular polarization of the HPL
is thus exclusively related to the magnetization of impurity
holes.4
In Fig. 6共a兲 we present the polarization curves measured
at the HPL onset for samples R1, A1, and B1. Note that the
polarization curves do not depend on energy in the entire
HPL spectral range. The solid triangles in the figure represent the magnetization curve measured for sample R1 and
reproduce the results of Ref. 4. This dependence can be well
fitted 共solid line兲 by a model assuming that the holes bound
to Mn acceptors antiferromagnetically couple with 3d5 electrons of the inner Mn shell.4,39 The exchange energy, the
stress induced splitting of the ground state, and the acceptor
g factor, as determined in Ref. 40, amount to ⌬ = 2.2 meV,
␦ ⱕ 1 meV, and gA = 2.74, respectively. For these parameters
共⌬ ⬎ ␦兲 the theory developed in Ref. 39 predicts a saturation
of the polarization at c = 0.504. The data of Fig. 6共a兲 show
that the transition from the doping regime 共sample R1兲 to the
DMS 共samples A1-PM and B1-FM兲 is accompanied by a
decrease of the saturation polarization and a decrease of the
saturating magnetic field. This decrease of the hole polarization in the ferromagnetic B1 sample is in sharp contrast to
the theoretical mean-field Zener model based on a RKKYlike exchange interaction, which predicts a hole liquid polarization up to 0.7–0.9.15 We believe that this decrease of the
polarization in a saturating field can be understood by a
model assuming that the Mn acceptors 共impurity band兲 un-

FIG. 6. Magnetic field dependencies of the HPL circular polarization: 共a兲 measured in Faraday geometry at a temperature T
= 5 K in samples R1 共solid triangles兲, A1 共open squares兲, and B1
共solid circles兲. The solid line is a fit according to Ref. 39 for sample
R1. The dashed line presents the expected c共B兲 for isolated Mn
acceptors in the limit of strong stress 关see Eq. 共2兲兴 共b兲 measured in
Faraday geometry at different temperatures in sample B1. The solid
line is a fit using Eqs. 共2兲 and 共3兲.

dergo a strong effect of stress 共or electric兲 fields, i.e.,
兩␦ 兩  kT , gABB. On the other hand, we have demonstrated
by Raman scattering41 that the exchange energy ⌬ is not
sensitive to the impurity band formation at least for x
ⱕ 0.01. The local stress splits the ground state of the acceptors 共F = 1兲 in two sublevels with F = ± 1 and F = 0 projections on the stress. In this case the magnetic field dependence
of the circular polarization reads39

c共B兲 =

18
35

冕

1

0

冉

y tanh

冊

ygABBeff
dy,
kT

共2兲

where y = cos共兲, and  is the angle between magnetic field
and stress direction. Expression 共2兲 assumes an average over
random orientations 共spherical or cubic兲 of stress, and in a
saturating magnetic field it gives the polarization c共⬁兲
= 0.257 at ␦ ⬎ 0 and c共⬁兲 = 0 at ␦ ⬍ 0. The finding that the
HPL polarization in the DMS tends to the theoretical limit in
a high magnetic field means that the ground state of the
impurity band is formed by a stress split state with angular
momentum projection F = ± 1 共the F = 0 state does not contribute to the magnetization兲. This assumption is supported
by a recent study of the ferromagnetic resonance42 which
revealed that the cubic anisotropy fields are very large in
共Ga, Mn兲As 共of the order of 2000 G兲. On the other hand, the
splitting of the F = 1 Mn acceptor state can also be induced
by the strong electric field of ionized Mn acceptors or donors.
The polarization curves of the paramagnetic 共A1兲 as well
as the ferromagnetic 共B1兲 samples differ from that predicted
by Eq. 共2兲 关see dashed line in Fig. 6共a兲 plotted for Beff = B and
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T = 5 K兴. For sample B1 关see Fig. 6共b兲兴 we can distinguish
two magnetic field regimes in the temperature range T
= 5 – 60 K. First, a very fast HPL polarization increase at B
= 0 – 0.5 T is observed and then the polarization slows down
and tends to the theoretical limit at fields higher than B
= 10 T. Such a behavior of the polarization indicates that the
ferromagnetic sample is microscopically not uniform 共see
discussion below兲 and contains paramagnetic regions 共slow
polarization兲 as well as ferromagnetic regions 共fast polarization兲. An increase of the sample temperature destroys the
ferromagnetic phase and thus increases the contribution of
the paramagnetic phase to the observed HPL polarization. At
temperatures above 90 K the magnetic field dependence of
the polarization can be well approximated by Eq. 共2兲 with an
effective magnetic field Beff 关see solid line in Fig. 6共a兲兴
which is the sum of the external field 共B兲 and the exchange
field induced by the Mn ions
Beff = B +

冉

冊

gBSB
N0␤xS
B5/2
,
g A B
kT

共3兲

where g = 2 is the g factor of the Mn ion, N0␤ is the p-d
exchange constant, x is the Mn concentration, and BS共B , T兲 is
the Brillouin function. At low temperatures 共T ⱕ 50 K兲 the
polarization in a magnetic field tends to saturate much faster
than one can expect for the effective field given by Eq. 共3兲.
Note, however, that even in the paramagnetic sample A1 the
polarization 关see Fig. 6共a兲兴 shows a more complicated behavior than that expected for Beff given by Eq. 共3兲. This means
that the Zeeman splitting of the impurity band at low temperatures is enhanced by the ferromagnetic ordering of the
Mn ions. The effective magnetic field acting on the impurity
band in the ferromagnetic phase is much stronger than the
external field and is proportional to the sample magnetization
Beff = M共B , T兲, where  is the Weiss constant and M共B , T兲 is
the sample magnetization. The magnetization of the sample
in the direction of magnetic field 共applied perpendicular to
the sample layer兲 is proportional to the spontaneous magnetization, whose easy axis in 共Ga, Mn兲As lies in the layer
plane.1,10,42 Therefore, the circular polarization c共B兲 in the
low field limit can be represented as

c共B兲 ⬀ sc

gBM s2共T兲B
gBM共B,T兲
= sc
,
kT
2KukT

共4兲

where M s is the spontaneous magnetization, sc = 18/ 35, and
Ku is the in-plane uniaxial anisotropy constant.
The temperature dependence of the spontaneous magnetization M s共T兲 and the Curie temperature of the ferromagnetic
transition can be determined from the field dependence of the
circular polarization presented in Fig. 6共a兲 for different temperatures. In the high temperature limit the series expansion
of Eq. 共2兲 together with Eq. 共3兲 or 共4兲 gives three different
types of behavior of the T关d共B兲 / dB兴T value 共polarization
rate兲 on temperature as shown in Fig. 7. For single Mn acceptors 共doping regime兲 the value T关d共B兲 / dB兴T = const does
not depend on temperature in an external magnetic field 共see
dotted line in Fig. 7兲. In the paramagnetic phase of DMS the
impurity band polarization is given by the double Brillouin
function 关Eqs. 共2兲 and 共3兲兴, therefore T关d共B兲 / dB兴T ⬀ 1 / T

FIG. 7. Temperature dependence of the polarization rate
T共d共B兲 / dB兲T for the two ferromagnetic samples B2 共open circles,
TC = 35 K兲 and B1 共solid circles, TC = 55 K兲. The dashed lines represent the fit of Td / dB for samples B2 and B1 in the paramagnetic
phase, while the solid lines show the expected behavior of
T共d共B兲 / dB兲T in the ferromagnetic phase using a simple mean-field
approximation. The dotted line corresponds to single Mn acceptors.

共dashed lines in Fig. 7兲. In the ferromagnetic phase we find
T关d共B兲 / dB兴T ⬀ M s共T兲2 / Ku共T兲 in accordance with Eq. 共4兲.
The solid line in Fig. 7 represents the square of the spontaneous magnetization calculated in the frame of a simple
mean field model using the Brillouin function with S = 5 / 2.
The solid and open circles in Fig. 7 show the dependence of
the polarization rate T关d共B兲 / dB兴T on temperature for the
ferromagnetic samples B1 and B2. The magnetization curves
of both samples show clearly the transition from the ferromagnetic to the paramagnetic phase at the Curie temperature
marked by arrows in Fig. 7.
Above the Curie temperature the value of T关d共B兲 / dB兴T
is proportional to the paramagnetic magnetization 共M兲 of the
sample and thus follows the Curie-Weiss law
T关d共B兲 / dB兴T ⬀ M ⬀ C / 共T − TC兲 共dashed curves in Fig. 7兲.
The Curie temperatures determined by the fit of the sample
magnetization in the paramagnetic phase are in good agreement with those measured by SQUID. Below the Curie temperature one would expect a saturation of the spontaneous
magnetization with decreasing temperature, as illustrated by
the solid curve obtained in a simple mean field model. Contrary to this expectation the spontaneous magnetization
shows an abrupt decrease at temperatures below 10 K. This
polarization decrease can be related to the transition into an
antiferromagnetic state of some neighboring Mn ions. Such
an antiferromagnetic ordering could lead to the decrease of
the total magnetization of the sample, which, however, was
not observed in our SQUID measurements. Therefore we
conjecture that the polarization decrease at T ⱕ 10 K is induced by a splitting of the F = ± 1 state. The cubic symmetry
indeed removes the twofold degeneracy of the ground F = 1
impurity band state. This effect could manifest itself in the
polarization as an effective temperature increase at T ⱕ ␦4
and gABB  ␦4, where ␦4 is the splitting of the F = 1 state in
two sublevels.39 Contrary to the holes localized in the impurity band, the monotonic saturation of spin polarization with
temperature decrease was predicted for free holes in the
whole temperatures range below TC.28
A careful analysis of the magnetization curves measured
at various temperatures on different ferromagnetic samples
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FIG. 8. Fit of magnetic field dependencies of the HPL circular
polarization measured in Faraday geometry in the two-phase model
for samples B1. The fits of the data of sample B1 for T = 20 K 共solid
squares兲 and T = 40 K are presented by dash-dotted and solid lines,
respectively. The fit for T = 40 K 共solid line兲 is deconvoluted on
paramagnetic and ferromagnetic phases, presented by dotted and
dashed lines, respectively.

FIG. 9. Temperature dependence of the HPL intensity of
samples A1 共a兲, B2 共b兲, and B1 共c兲 measured at an energy of
1.77 eV and under excitation with បex = 1.96 eV. The vertical arrows indicate the Curie temperature TC measured by SQUID.

关see Fig. 6共b兲 for sample B1兴 leads to the important conclusion that the ferromagnetic and the paramagnetic phases coexist below the Curie temperature as they do in the polaronpercolation theory.28 To support this conclusion we fit the
experimental polarization curves using a two-phase model.
In this model we assume that the magnetic field dependence
of the HPL polarization for both the ferromagnetic and the
paramagnetic phases is given by Eq. 共2兲. In this expression
the temperature dependence of the effective magnetic field
acting on holes is represented by Eq. 共3兲 for the paramagnetic phase. In the ferromagnetic phase the temperature dependence of the effective field comes through the temperature dependence of the spontaneous magnetization of the
sample 关Beff = M共B , T兲 = M s2共T兲B / 2Ku兴, which is represented for sample B1 by the solid line in Fig. 7. With these
assumptions the magnetic field dependence of the HPL polarization on temperature can be represented in the following
form:

共B,T兲 = 共T兲PM共B,T兲 + 关1 − 共T兲兴FM共B,T兲,

共5兲

where PM共B , T兲 and FM共B , T兲 are the polarization of the
paramagnetic and ferromagnetic phases of the sample, and
共T兲 and 关1 − 共T兲兴 are the fraction of the paramagnetic and
the ferromagnetic phases, respectively.
The result of this fit for T = 40 K is shown in Fig. 8 by the
solid line. The best fit for this temperature is achieved for a
mixture of 30% paramagnetic 共dotted line in Fig. 8兲 and 70%
ferromagnetic 共dashed line in Fig. 8兲 phases. The contribution of the FM and PM phases varies with temperature. The
best fit for T = 20 K 共shown by the dash-dotted line in Fig. 8兲
is obtained for  = 0.15. In this simple two-phase model we
have assumed that the entire ferromagnetic phase can be described by a fixed Curie temperature of TC = 55 K. However,
in real DMS samples the situation is more complex because
the volume occupied by Mn ions and their density as well as
its TC is not well defined in the ferromagnetic phase. Therefore, the fit of the polarization curve can be improved by

taking into account the real distribution of these parameters.
Nevertheless, even this simple model unambiguously demonstrates the coexistence of different magnetic phases in
共Ga, Mn兲As DMS.
This finding is furthermore supported by the temperature
dependence of the HPL intensity as shown in Fig. 9 for the
paramagnetic 共A1兲 and two ferromagnetic 共B1兲 and 共B2兲
DMS samples. The HPL intensity decreases monotonically
with temperature increase for sample A1, while a nonmonotonic behavior is observed for samples B1 and B2. For
sample A1, the monotonous decrease of the HPL intensity
with temperature increase is related to the excitation of holes
from the impurity band into the valence band. In contrast, the
two ferromagnetic samples exhibit a pronounced maximum
at a temperature exceeding the Curie temperature 共marked by
arrows in Fig. 9兲 with a subsequent intensity decrease. This
behavior can be understood in the frame of the polaronpercolation theory.27,28 At zero temperature, the infinite cluster formed by overlapping bound magnetic polarons occupies
the entire volume for ferromagnetic samples. With increasing
temperature the fraction of the volume occupied by the infinite cluster decreases to zero at T = TC, while the fractions of
finite clusters and isolated localized states increase with temperature. Both of these latter states are predicted to coexist at
temperatures exceeding TC. Holes localized in finite clusters
experience strong exchange and Coulomb interaction with
the surrounding Mn ions. The radiative recombination of
holes in these clusters is less probable compared to that of
holes in isolated states, because recombining electrons experience a repulsive potential from the negatively charged Mn
ions surrounding the hole. Thus, the maximum in the HPL
intensity is caused by the thermal excitation of holes from
clusters to isolated states in the impurity band which possess
a higher radiative rate. At even higher temperatures, the HPL
intensity decreases as now holes are thermally excited from
all states into the valence band. The fact that the maximum
of the HPL intensity is reached for temperatures far exceeding the Curie temperature signifies that a significant volume
fraction of the sample is occupied by finite clusters, in agreement with the prediction in Ref. 28.
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B1. As expected, the HPL polarization for the up-sweep of
the magnetic field 共solid circles兲 resembles the magnetization
curve of the virgin sample 共cooled down without external
magnetic field兲 starting with zero polarization. After the
down-sweep of the magnetic field, a finite HPL polarization
remains at zero magnetic field. The finite zero-field polarization corresponds to the remanent magnetization and reveals
the expected hysteresis behavior. This observation evidences
that the HPL polarization in the FM sample B1 is indeed
governed by the magnetization with the easy axis lying the
sample plane.
IV. CONCLUSIONS

FIG. 10. HPL linear polarization measured in Voigt geometry at
a temperature T = 5 K in sample B1 for an up-sweep 共solid circles兲
and down-sweep 共open circles兲 of the external magnetic field.
2. HPL polarization in Voigt geometry

It was found in previous studies 共see, e.g., Refs. 1 and
42兲, that the magnetic easy axis in 共Ga, Mn兲As grown on
GaAs共001兲 substrates lies in the plane of the layer. A similar
behavior of magnetization was found in our FM samples,
which is demonstrated by the hysteresis loops in SQUID
measurements in B 储 关110兴 geometry. For studying the inplane magnetization, the Voigt geometry is the appropriate
magneto-optical configuration. In this geometry, the degree
of linear polarization is a measure for the orientation of Zeeman orbits with respect to the quantization 共reference兲 axis
defined by the external magnetic field. In our case, the HPL
measured perpendicular to the sample plane is linearly polarized either parallel or perpendicular to the external magnetic
field.
The measurements in Faraday geometry 共see Fig. 6兲 revealed that the HPL polarization in sample B1 follows the
magnetization curve 关Beff = M共B , T兲兴 at low temperatures.
Consequently, we expect to observe the hysteresis behavior
of the magnetization in Voigt geometry, since now the easy
axis of magnetization and the external magnetic field lie in
the same plane 共in contrast to the measurements in Faraday
geometry兲. Please note that the sign of the linear polarization
is not expected to change when the direction of the magnetic
field is reversed. The absolute value of the linear polarization, in general, differs from that of the circular polarization
observed in Faraday geometry.
Figure 10 shows the dependence of the HPL linear polarization on a magnetic field in B 储 关110兴 geometry for sample

In this paper we have studied the polarization of the HPL
spectra of paramagnetic and ferromagnetic 共Ga, Mn兲As alloys grown on GaAs substrates by low-temperature MBE.
We demonstrated that, even for layers with high Mn content,
the holes occupy predominantly the impurity band and not
the valence band as required for the RKKY-like exchange
interaction.
Our results have shown, further, that the ground F = 1 state
of the Mn acceptors undergoes a strong random stress or
electric field induced splitting into unpolarized F = 0 and polarized F = ± 1 states, the latter being the ground state of the
impurity band. The cubic symmetry removes further the twofold degeneracy of the F = ± 1 state. The temperature activated transition from the ground state F = ± 1 into the unpolarized state 共F = 0兲 can thus determine the Curie temperature
in the model based on carrier-mediated ferromagnetism in
共Ga, Mn兲As.
It is found that FM and PM phases contribute to the HPL
polarization in the whole temperature range below TC in all
共x ⬃ 0.008– 0.043兲 samples studied. This means that
共Ga, Mn兲As is microscopically not uniform and contains
paramagnetic as well as ferromagnetic regions. The ferromagnetic and paramagnetic phases are found to coexist below TC even in the nominally ferromagnetic samples. In the
ferromagnetic sample the contribution of FM in the HPL
polarization dominates only at very low temperatures when
the ferromagnetic phase spreads over all the sample. This
observation supports percolation based theories of ferromagnetism in 共Ga, Mn兲As DMS.
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