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Electronic structure of Ga;_,Mn,As probed by four-wave mixing spectroscopy
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Four-wave mixing experiments on GaMnAs indicate an increase in the optical response near the band gap
with increasing Mn concentration. These findings are attributed to (s,p)-d hybridization, which leads to an
enhancement in the density of states in the valence band. Our experiments show that the nonlinearity of the
four-wave mixing technique provides a highly sensitive probe for Mn-related changes in the electronic structure

of GaMnAs.
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The III-V diluted magnetic semiconductors (DMS) exhibit
a unique combination of semiconducting and ferromagnetic
properties, offering the ability to control magnetic charac-
teristics through modification of the carrier density.'"® This
feature makes DMS materials of interest for developing
semiconductor-based magneto-sensitive electronic and pho-
tonic devices that would exploit the spin degree of freedom.”!6
Of the various DMS systems under study, GaMnAs has
become the prototype material, with a considerable body of
work over the past decade providing the foundation for a
general picture of ferromagnetism in the III-V DMS. The
ability to tailor the growth conditions and optimize post-growth
annealing procedures has led to continual improvements in
T, for GaMnAs, reaching close to 200 K for Mn densities
""10%.17719

Despite these experimental advances, the theoretical under-
standing of the band structure and the underlying ferromag-
netic interactions is still evolving, due in part to the complexity
of treating (s,p)-d hybridization, localization effects, and
Coulomb interactions in the presence of disorder.’*?® An
ongoing debate concerning the location of the Fermi level,
which may lie within the p-type valence band or within
an impurity band with primarily d character, has critical
implications regarding the nature of transport and ferromag-
netic order in this system.???42327-32 Results of linear optical
spectroscopy experiments have provided crucial input into this
debate, as well as illuminating the fundamental properties
of GaMnAs.?!>>?7-35 For instance, an absorption feature
around 200 meV has provided a possible means to distinguish
between valence band and impurity band models,” although
sample-to-sample variations have complicated the interpreta-
tion of experimental results.”> Magnetic circular dichroism
and spectroscopic ellipsometry studies have also provided
information regarding the sign (antiferromagnetic) and wave-
vector dependence of the p-d exchange interaction.?’-30-31:33-37

Four-wave mixing spectroscopy provides another tool to
investigate the electronic structure of GaMnAs. In this nonlin-
ear optical technique, two incident optical pulses with wave
vectors k; and k, together generate a third-order nonlinear
optical polarization that emits light with wave vector 2k,-
k1. The spectral content of this emission, together with its
dependence on the time delay between the two exciting laser
pulses, provides information regarding the density and nature
of the electronic transitions, interactions within the excited

1098-0121/2011/84(12)/121202(5)

121202-1

PACS number(s): 75.50.Pp, 78.47.J—, 78.47.nj

carrier system, and the coherence decay time.>®* Four-wave
mixing experiments are expected to provide a sensitive probe
of Mn-related features in the electronic structure of III-Mn-V
semiconductors, including the prevalence of defect-to-band
transitions?”** and the influence of (s,p)-d hybridization on
the valence states.>*?® This sensitivity is tied to the nonlinearity
of the technique, as the four-wave mixing polarization is
proportional to the cube of the energy-dependent dipole matrix
element. For example, four-wave mixing experiments have
revealed the relative strength of exciton and band-to-band
contributions in nonmagnetic Ge, GaAs, and [nP,39:40.43

Here we report measurements of the four-wave mixing
response of a family of Ga;_,Mn, As structures with x in the
range 0 to 0.1%. The properties of GaMnAs in the low x limit
have been the subject of several recent works as this regime
provides a window into the electronic properties of Mn point
defects and the effects of (s,p)-d hybridization.?>2>*->! Our
experiments indicate a strong increase in the optical response
above the fundamental band gap with the addition of Mn with
x as low as 0.005%. We attribute this observation to an increase
in the density of states near the valence band edge caused by
hybridization between the d levels of the Mng, and the p
states of the host GaAs crystal, as predicted theoretically.?
Mn-induced states near the valence band maximum were
seen in angle-resolved photoemission,’> however the energy
resolution was relatively low (~100 meV). A broad increase
in the optical response of GaMnAs in the vicinity of the
band gap with the addition of Mn has also been observed
in absorption and ellipsometry experiments,”’-* although
a strong absorption tail characteristic of low-temperature
grown GaAs and GaMnAs masks any Mn-related features
near the fundamental band gap in linear spectroscopy.’® Our
experiments indicate that the absorption tail provides only a
weak contribution to the four-wave mixing spectrum due to
the difference in the dipole transitions strengths for defect-to-
band and band-to-band absorption channels. This sensitivity,
which is afforded by the nonlinearity of the technique used
here, has allowed us to observe clear optical signatures of
(s,p)-d hybridization, providing new insight into the electronic
structure of GaMnAs.

The samples for this work were grown by molecular
beam epitaxy and consist of 800 nm of Ga;_,Mn,As grown
on top of a 175 nm Aly,;Gagp73As stop etch layer on a
semi-insulating GaAs substrate. The samples were glued face
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TABLE 1. Summary of characteristics of Ga;_,Mn,As samples
for four-wave mixing experiments. HT (LT) indicates growth at high
(low) substrate temperature. The Mn concentration was determined
by secondary ion mass spectrometry.>*

Sample Growth temperature x(%)
HT GaAs 600 0

LT GaAs 250 0

LT GaMnAs 250 0.005
LT GaMnAs 250 0.045
LT GaMnAs 250 0.100
HT GaMnAs* 600 0.100

“The Mn content in the HT GaMnAs sample is an upper estimate
only, as discussed in the text.

down to c-cut sapphire windows, and the substrates were
removed using mechanical polishing followed by wet etching
in order to enable experiments in the transmission geometry.
The substrate growth temperature and Mn concentration for
the samples studied here are listed in Table I. The Mn
content for the single GaMnAs sample grown at 600°C
is only an estimate as the Mn will exist in a combina-
tion of Mn point defects and precipitates. The thickness
of the GaMnAs layer was chosen to provide a sufficient
four-wave mixing signal without introducing propagation
effects.

The linear absorption spectra for the samples described in
Table I are shown in Fig. 1(a). These measurements were made
using a continuous-wave white light source (Ocean Optics
LS-1). The absorption coefficient was extracted from the raw
transmission data using a self-consistent model incorporating
multiple reflections in the sample layer. Weak residual Fabry
Perot oscillations persist for low photon energies, but do not
obscure the dominant trends in Fig. 1(a). The two samples
grown at 600°C exhibit a clear excitonic peak and a sharp band
edge response, as expected since the elevated temperature of
the substrate during growth results in a low density of defects.
The exciton absorption peak in HT GaMnAs is observed
to be red shifted by 2.5 meV relative to HT GaAs. We
attribute this shift to the dominant emission of excitons bound
to Mn-related defects. In contrast, no exciton is visible in
any of the low-temperature-grown samples, and there is a
substantial absorption below the band gap. Smearing of the
band edge features with low temperature growth is due to
excess arsenic, an effect that has been well studied in LT
GaAs.>> Excess arsenic leads to the formation of band tail
states associated with local potential fluctuations®>°® and a
deep donor band due to Asg, antisite defects,”®>* both of
which lead to absorption pathways for photon energies below
the band gap of HT GaAs. The absorption tail is largest in the
LT GaAs sample, as expected because the Asg, mid-gap donor
band will be occupied, leading to strong linear absorption
from the mid-gap band to the conduction band. In the LT
GaMnAs samples, compensation due to the Mng, acceptors
reduces this absorption channel relative to LT GaAs.?® For
increasing Mn concentration, the absorption tail increases in
the LT GaMnAs samples, reflecting the increasing degree of
Mn-related local potential fluctuations and associated band
tailing.
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FIG. 1. (Color online) Results of linear transmission experiments
at 10 K. The laser spectrum for the 20-fs pulses used in the four-wave
mixing experiments is indicated by the filled circles. (b) Schematic
diagram of the four-wave mixing apparatus.

Spectrally-resolved four-wave mixing experiments were
carried out in the two-pulse self-diffraction geometry, as shown
schematically in Fig. 1(b). The optical source is a mode-locked
Ti:Sapphire oscillator, producing pulses with a center photon
energy of 1.55 eV. A prism compressor was integrated into the
optical setup to compensate for dispersion, providing a pulse
duration at the sample position of 20 fs, detected using the
zero background autocorrelation signal at an equivalent focus.
The laser pulse spectrum, which is broad enough to overlap
the band edge region as well as the absorption tail, is shown
in Fig. 1(a) by the filled circles. The four-wave mixing signal
was spectrally resolved using a monochromator and detected
using a photomultiplier tube. The spectral sensitivity of the
entire setup was calibrated using the white light source. The
pulse delay (t) was varied using the rapid scan approach,
with a retroreflector mounted to the cone of a woofer speaker.
The zero delay position was determined by simultaneously
detecting the four-wave mixing signal along 2k |-k, and 2k,-k 1,
which form a mirror image about T = 0.** The density of
electron-hole pairs excited by the laser pulse was estimated
using the incident and transmitted powers through the sample
to be 6 x 10'® cm™3. The optical density of the samples is
0.2, indicating that propagation effects may be neglected.’’
The sample was held at 10 K in a liquid helium flow-through
cryostat for all measurements.

The results of four-wave mixing measurements on
the HT GaAs reference sample are shown in Fig. 2(a).
The signal is strongly dominated by the optical response
of the exciton, which exhibits a spectrally narrow peak
centered at zero time delay. This signal decays very rapidly
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FIG. 2. (Color online) Results of spectrally-resolved four-wave
mixing experiments at 10 K on the samples described in Table I. The
contour scale indicates the amplitude of the four-wave mixing signal,
which is equal for all LT samples within the experimental uncertainty.
The maximum contour scale for the two HT samples is much larger:
by a factor of 20 for HT GaAs in (a) and by a factor of 12 for HT
GaMnAs in (b).

versus delay, with a decay time that is comparable to the
laser pulse duration. A weak response from the valence to
conduction band transitions is also observed on the high
energy side of the exciton. The continuum response peaks
at positive time delay and decays more slowly than the
exciton response. These general characteristics were observed
in earlier experiments on high-temperature-grown GaAs, Ge,
and InP.*>%3 The interband response is characteristic of an
inhomogeneously-broadened transition,’>®! while the exciton
signal is dominated by an interaction-induced nonlinearity
related to exciton-carrier scattering.*'*3 As seen in Fig. 2(b),
HT GaMnAs exhibits a similar four-wave mixing response
to HT GaAs, reflecting the clean band structure in this
sample. Faster dephasing kinetics in the HT GaMnAs sample
causes the interband contribution to peak closer to zero
delay than in HT GaAs,* likely reflecting carrier scattering
with the Mn impurities.®”> The signal characteristics change
qualitatively when the structure is grown at low temperature:
For all of the samples in Figs. 2(c)-2(f), an additional signal
component appears below the band gap. With increasing x,
the four-wave mixing response of LT-GaMnAs progressively
broadens to the high energy side. Measurements for a range of
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FIG. 3. (Color online) (a) Four-wave mixing spectra at 10 K taken
at zero pulse delay. (b) The laser excitation spectrum.

excited carrier density indicate some evidence of saturation
at the exciton in the HT-GaAs response, likely reflecting
screening of the exciton-carrier scattering coefficient.*! For the
continuum response of HT GaAs at higher photon energies,
and for data at all energies in all other samples, the power
dependence indicates that the nonlinear response is in the x®
regime.

These trends may be seen more clearly in Fig. 3, which
shows the four-wave mixing spectrum at zero delay. The sharp
peak at the exciton is dominant in the optical response for
HT GaAs and HT GaMnAs. A 2.5 meV red shift is observed
for the HT GaMnAs exciton response, consistent with the
linear absorption data in Fig. 1(a). The exciton peak in HT
GaMnAs is also broader than that in HT GaAs (11 meV
compared to 8 meV in HT GaAs), consistent with an increased
dephasing rate due to scattering with Mn-related defects. Since
the peak of the signal due to the interband transitions occurs
closer to zero delay in the HT GaMnAs sample than in HT
GaAs, it may be seen in the zero delay spectrum for HT
GaMnAs as the small peak on the high energy side of the
exciton. A low energy shoulder appears in all of the samples
grown at low temperatures, with a similar spectral shape and
strength across the samples. The four-wave mixing response
remains peaked at the exciton energy for both the LT GaAs
sample and the sample with the lowest Mn concentration
(x = 0.005%), although the latter signal is considerably
broader and assymetric to the high-energy side. For higher
x, the peak broadens further, and the peak center shifts to
higher photon energies.

As the low energy shoulder is present for all samples grown
at low temperature, it is not tied to the Mn doping. We attribute
this shoulder to the nonlinear optical response of band tail
states induced by local potential fluctuations, as the associated
optical transitions are expected to be similar in strength to
the interband transitions. Optical transitions between the
Asg, mid-gap donor band and the conduction band provide
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an additional absorption channel for the photon energies
investigated here, however these transitions are expected to
generate a broad, featureless response, with a spectral shape
similar to the laser spectrum, in contrast to the observations in
Fig. 3. The absence of a significant four-wave mixing response
associated with these defect-to-band transitions indicates that
the matrix element of the dipole operator associated with
these transitions is small compared to that for the interband
transitions. This conclusion is consistent with findings in
p-type GaAs, where no response associated with the acceptor-
deionization band was observed even up to 120 K.® Differ-
ences in transition strength for various signal contributions
are amplified in nonlinear optical experiments like four-wave
mixing spectroscopy because the source polarization in the
experiments is proportional to the cube of the dipole matrix
element for the transition.

The 3d orbitals of the Mng, substitutional impurity hy-
bridize with the p orbitals of the As atoms. This (s,p)-d
hybridization is the origin of the strong exchange coupling be-
tween the hole and the Mn local moments responsible for ferro-
magnetic order. The bound Mn acceptor level located 110 meV
above the valence band edge has been well characterized using
infrared absorption spectroscopy.**%* Much less is known
about the influence of (s, p)-d hybridization on the delocalized
valence states. In angle-resolved photoemission experiments,
an increase in the emission intensity was observed for energies
between the Fermi energy and 0.5 eV below.’> This was
attributed to states induced by Mn near the valence band
maximum, although the energy resolution in those experiments
was limited to ~100 meV. Using a local tight-binding model,
Tang and Flatté predicted a strong enhancement in the valence
band density of states due to hybridization extending from
the band edge to more than 1 eV below.”® The blue shift and
broadening we observe is consistent with an increased optical
response associated with the interband transitions induced
by an increase in the valence band density of states. We
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therefore attribute these observations to signatures of (s,p)-d
hybridization. No such signatures have been observed in
linear absorption experiments due to the dominant absorption
contributions of band tail states and transitions involving the
Asg, impurity band.’* Band edge smearing prevented even
the observation of a critical point at the band gap in GaMnAs
in spectroscopic ellipsometry experiments.”’ The contrast in
sensitivity of linear and nonlinear spectroscopy is evident
from a comparison of the evolution of the spectrum with x
in Figs. 1(a) and 3: The four-wave mixing signal exhibits
a gradual evolution as x increases, whereas no qualitative
difference is observed in the linear absorption data for any
of the low-temperature grown samples. Our ability to observe
clear effects of (s,p)-d hybridization in four-wave mixing
experiments is tied to the nonlinearity of the technique and
the associated enhancement in sensitivity to fine features in
the optical joint density of states.

In conclusion, we have studied the nonlinear optical
response of GaMnAs using femtosecond four-wave mixing
spectroscopy. Our experiments indicate a distinct reshaping
of the four-wave mixing spectrum with the addition of
Mn, corresponding to an increase in the optical response
above the band gap. We attribute these observations to the
effects of (s,p)-d hybridization on the valence band states.
Our results show that four-wave mixing techniques provide
increased sensitivity to Mn-related changes in the electronic
structure for states in the vicinity of the band gap when
compared to traditional linear spectroscopy experiments. Our
findings provide new insight into the fundamental properties
of GaMnAs.
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