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Abstract We have carried out mid-infrared magneto-optical
studies of Gaj_,Mn,As films grown using two different
techniques: low temperature molecular beam epitaxy (LT-
MBE) and a combination of ion-implantation and pulsed
laser melting (II-PLM). The second method is a high tem-
perature growth technique which minimizes the formation
of Mn interstitials. Both samples exhibit a ferromagnetic
response with similar Curie temperatures (7c). The sam-
ples show qualitatively similar behavior in below bandgap
Faraday and Kerr measurements, which probe the valence
band structure of the materials. This suggests that the same
mid-infrared transitions are dominating the magneto-optical
response of both samples.
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1 Introduction

GaMnAs is the most studied III-V diluted magnetic semi-
conductor. However, the detailed band structure is not
known and different experiments suggest different scenarios
(see [1] for a recent review). This is in part due to the fact
that the sample properties depend strongly on the growth
and post-growth processes. For example, samples with the
same magnetic ion concentrations and carrier density can
have very different Curie temperatures.

It is acknowledged that the ferromagnetic exchange in
GaMnAs is mediated by p-type carriers. The Mn dopants
substitute for the cation site and supply a local magnetic
moment, as well as acting as an acceptor providing holes
that mediate the ferromagnetic order. However, Mn atoms
can also act as double donors in interstitial sites, compen-
sating p-type carriers and coupling antiferromagnetically
with neighboring substitutional Mn atoms [2]. Other disor-
der effects are also present, notably As antisites, which were
shown to strongly influence the magnetization.

Magneto-optical measurements (Magnetic Circular Di-
chroism and Kerr Effect) [3—0] at energies above the con-
duction band have been used to obtain information on the
hole mediated exchange interaction between Mn ions, the
spin-split bands, the magnetic anisotropies, and the presence
of segregated second phases. Since they are the direct conse-
quence of the giant spin splitting of the semiconductor band
structure, these measurements showed that ferromagnetism
is an inherent property of the zinc blende structure, and their
features can be explained in terms of transitions between va-
lence band and conduction band states assuming the Fermi
level lies in the valence band and a dispersionless level is
superimposed in the conduction band.

On the other hand, transmission and reflection measure-
ments [7] at energies below the band gap, showed infrared
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absorption energies shifting with carrier density in a way
that suggests the presence of an impurity band formed by
Mn acceptors.

Since the concentration of donor and acceptor dopants
determines the population of ionized defects and thus influ-
ences the Fermi level, in this paper, we look at two samples
grown by two different methods with different disorder ef-
fects, especially in the interstitial Mn concentrations.

2 Samples

One sample is a 50 nm thick GaMnAs film grown by low-
temperature molecular beam epitaxy (LT-MBE) on a GaAs
substrate (x = 0.05). The hole concentration of 2.5 x 10%°
cm ™3 is determined through DC Hall effect measurements
at fields up to 9 T and at a temperature of 4 K. This hole
density is estimated to be within 30% of the value that would
be extracted from high field (30 T) measurements.

The other sample is grown by a combination of ion-
implantation and pulsed laser melting (II-PLM) [8]. A semi-
insulating GaAs wafer was implanted with Mn ions and
then irradiated with a KrF laser causing the implanted layer
to melt and crystallize upon solidification. Secondary ion
mass spectrometry measurements indicate that the peak of
the Mn distribution (which dominates the film properties)
is about x = 0.08, while ion beam analysis (Rutherford
Backscattering Spectrometry/particle induced X-ray emis-
sion, RBS/PIXE) indicates that ~80% of Mn is substitu-
tional on Ga sites, reducing the effective Mn concentration
to x = 0.056. The film effective thickness is about 50 nm.
DC Hall effect measurements imply a hole concentration of
4.3 x 10?0 ¢cm—3, and SQUID measurements a Tc of 95 K.
Unlike as-grown MBE films, Ga;_,Mn,As formed by II-
PLM do not contain Mn at interstitial sites; instead, non-
substitutional Mn atoms are found to be randomly located,
perhaps as Mn clusters [8]. Importantly, no evidence of fer-
romagnetism with 7¢ above 300 K is found in II-PLM sam-
ples, indicating that the ferromagnetic properties are not due
to 2nd phases such as MnAs or Ga,Mn,.

3 Experimental Technique

We are reporting Kerr and Faraday measurements in the
1-11 pm (1165-115 meV) range, which characterizes the
valence band structure. In this critical wavelength range, free
carrier Faraday-rotation is a well known technique for the
determination of the carrier effective mass of semiconduc-
tors [9] and metals [10]. In p-type GaAs, features associated
with transitions between Zeeman split valence sub-bands
can be seen in this energy range [11]. For GaMnAs, our the-
oretical calculations predict strong features due to free holes
and transitions between spin-split valence sub-bands [12].
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A key advantage of Faraday and Kerr measurements over
conventional transmission and reflection measurements is
that they also are sensitive to the off-diagonal conductiv-
ity oy, and thus can be used to determine all components of
the magneto-optical conductivity tensor [13]. Furthermore,
Faraday and Kerr signals follow the hysteretic behavior of
the magnetization, thus allowing the separation of ferromag-
netic effects from the paramagnetic response of the substrate
or the film.

The Faraday and Kerr angles are measured with a modu-
lation technique using different laser sources [13, 14]. Lin-
early polarized laser light illuminates the surface of the sam-
ple at near-normal incidence, and splits into a reflected and
refracted beam. The refracted and reflected beams become
elliptically polarized with the major axis rotated with respect
to the incident linear laser polarization. The real (imaginary)
part of the Faraday angle 6 represents the rotation (ellip-
ticity) of the transmitted polarization. In transmission mea-
surements, the rotation of the polarization is due to the film’s
dispersive properties for circularly polarized light while the
ellipticity is due to extinction properties. Similarly, the com-
plex Kerr angle 6k describes the polarization of reflected
light.

4 Results

Unlike the longitudinal infrared conductivity oy, which in
Gaj_;Mn, As is dominated by a single broad absorption
peak near 250 meV [7, 12, 15] infrared Faraday and Kerr
spectra show several features, including sign changes. This
additional structure is mainly due to the fact that Faraday
and Kerr measurements, which are proportional to the Hall
conductivity oyy, are sensitive to the difference in the sam-
ple’s optical response for left and right circularly polarized
light whereas o, measurements probe the sum of the op-
tical responses for these two polarization modes. In Figs. 1
and 2, we plot the Faraday and Kerr spectra, respectively,
for the two samples. The values are measured at 10 K and
correspond to the magnetization fully saturated. The para-
magnetic component was subtracted. The sign convention
used is discussed in [13].

In Fig. 1, we have plotted the Faraday rotation Re(6f) (a)
and ellipticity Im(6g) (b) for the two samples as a func-
tion of photon energy. As can be seen in Fig. 1a, for both
samples Re(fr) peaks near 300 meV, changes sign around
600 meV, and reaches a minimum near 800 meV before
heading back toward positive values and a second peak near
900-1000 meV. The amplitude of Re(ff) is approximately
a factor of two larger for the II-PLM, which also shows a
much sharper second peak near 900 meV. In Fig. 1b, the
Im(6F), which is related to the films’ circular dichroism, has
a single peak near 700 meV that is flanked by two dips,
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Fig. 1 a Faraday rotation, and b ellipticity for both the LT-MBE and
II-PLM GaMnAs samples as a function of laser frequency. Lines are
guides to the eye

one near 500 meV and the other near 900 meV. Im(6F) goes
through four sign changes in the 100-1200 meV range. Al-
though the magnitude of Im(6F) is significantly larger for the
II-PLM sample, the qualitative behavior for the two samples
is remarkably similar.

Figure 2 shows the Kerr rotation Re(6k) (a) and el-
lipticity Im(fk) (b) for the two samples as a function of
photon energy. Except for a reversed sign, the behavior of
Re(fk) in Fig. 2a is qualitatively similar to that of Re(6f)
in Fig. la. Re(fk) dips near 300 meV, approaches positive
values, changing sign near 800 meV for the II-PLM sample.
Both samples show a weaker dip in Re(fk) near 900 meV
and it appears that Re(6k) for the MBE sample will become
positive above 1200 meV. Except for a reversed sign, the be-
havior of Im(6k) is very similar to that of Im(6p). Again, the
Im(fk) spectra for the two samples are qualitatively very
similar, with the II-PLM sample showing a stronger sig-
nal.

Although not shown in Figs. 1 and 2, sign changes in
both Or and Ok can be induced at a fixed photon energy by
changing temperature. This will be explored in greater depth
both experimentally and theoretically in future work.
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Fig. 2 a Kerr rotation, and b ellipticity for both the LT-MBE and
II-PLM GaMnAs samples as a function of laser frequency. Lines are
guides to the eye

5 Discussion

We now discuss the results within the framework of model
calculations [12] based on the itinerant holes assumption,
which appears to account for most of the features observed.
We start with the ellipticity Im(6) (Figs. 1b and 2b), which
in transmission is equivalent to magnetic circular dichro-
ism. The ellipticity data shows strong resonance behavior,
suggesting that multiple transitions from the Fermi level

to higher lying states are involved. Eight band k -p effec-
tive Hamiltonian calculations suggest that the low energy
spectrum is due to transitions between the spin-slit valence
bands: light hole and heavy hole bands and spin-orbit band
to heavy and light hole bands at about 500 meV. Above
800 meV, features associated with the valence band to con-
duction band appear. Theoretical calculations predict a shift
to higher energy of this peak with decreasing hole concen-
trations due to band narrowing effects. The introduction of
defect impurity levels (due to As antisites or Mn intersti-
tials or segregation effects) in the band gap in a ten band
model causes strong changes in the calculated ellipticity (see
Fig. 7 in [12]). First, a sign change at low energy below
200 meV appears, which is consistent with the experimental
results (Figs. 1b and 2b). Also, the low energy peak shifts to
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higher energy while the 1 eV energy peak shifts to low en-
ergy. This is due to the fact that the ellipticity signal is con-
centrated around the valence-conduction-band transition for
the eight-band model while it is around the valence-defect-
band transition for the ten-band calculation. The experimen-
tal findings are in qualitative agreement with these calcula-
tions showing the importance of deep defect impurities lev-
els in these magneto-optical measurements.

The Faraday and Kerr rotation data in Figs. la and 2a
show a peak at about 250 meV, a sign change at about
600 meV and a feature at 800 meV, all of which are con-
sistent with the band calculations [12].

6 Conclusion

In spite of the fundamentally different growth techniques of
the two samples, the infrared Faraday and Kerr spectra show
a remarkable similarity, suggesting that the same transitions
are dominating the magneto-optical response at these ener-
gies, which are characteristic of the valence band structure.
The rich structure that is revealed by infrared Faraday and
Kerr measurements opens the possibility of new, more de-
tailed tests of theoretical models. The presence of the deep
impurity states in the band gap are necessary in order to ac-
count for the Faraday and Kerr features that are observed
in the near infrared region (~1000 meV). A more system-
atic analysis in which the carrier doping is changed in a sin-
gle sample, either by annealing or electrical gating is under
way. We also are exploring the carrier density dependence
by studying a series of samples which are intentionally com-
pensated with donors. Although this work has focused on
low temperature measurements, the temperature dependence
of the infrared Faraday and Kerr effect is interesting, ex-
hibiting sign changes at fixed photon energy. Combining the
energy, temperature, and carrier density dependence of the
Faraday and Kerr signals in a detailed comparison with the-
oretical predictions promises to give a more reliable picture
of the nature of the ferromagnetism in this complex material.
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