RAPID COMMUNICATIONS

PHYSICAL REVIEW B 93, 241303(R) (2016)

Electronic structure near the Fermi level in the ferromagnetic semiconductor GaMnAs
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Clarification of the electronic structure near the Fermi level is important in understanding the origin of
ferromagnetism in the prototypical ferromagnetic semiconductor GaMnAs. Here, we perform ultrafast transient
reflectivity spectra measurement, which is a powerful tool for selective detection of absorption edges in GaMnAs.
The results show that the Fermi level of GaMnAs exists in the band gap. By using the Kramers-Kronig relation,
we find the Mn-induced electronic states around the Fermi level, confirming that the ferromagnetism is stabilized

by spin-polarized impurity-band holes.
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GaMnAs is a prototypical ferromagnetic semiconductor
that exhibits intriguing features originating from the interplay
between ferromagnetic and semiconducting properties [1,2].
Although GaMnAs is the most investigated ferromagnetic
semiconductor, its band structure and the origin of its
ferromagnetism are still under debate. Over the past few
years, the nature of the ferromagnetism of GaMnAs has been
widely studied, with significant focus on the position of the
Fermi level [3-16]. Recent experimental studies, including
resonant tunneling [3,4], magnetic circular dichroism [5,6],
and angle-resolved photoemission [7] experiments, concluded
that the Fermi level of GaMnAs exists in the Mn-induced
impurity band (IB) inside the band gap [8—12]. In this case, the
ferromagnetism of GaMnAs is thought to be stabilized by spin-
polarized IB holes [3,4,10]. There are also reports claiming that
the Fermi level exists in the valence band (VB) [1,13-16]. In
this case, the ferromagnetism would be induced by the itinerant
spin-polarized VB holes; this spin polarization is due to p-d
exchange interactions with localized d electrons [1]. Linear
optical spectroscopy (LOS), which observes the absorption or
transmission spectrum, has been widely used to investigate
the band structure of semiconductors. However, in the case of
GaMnAs, the LOS spectrum shows a broad peak at a photon
energy close to the band gap, due to the overlap of the IB and
the VB. Thus, it is difficult to determine the position of the
Fermi level using LOS [11,17].

Here, we investigate the electronic structure near the
Fermi level in GaMnAs through measurement of the transient
reflectivity spectrum (TRS). We suggest that the TRS provides
the effective means to determine the energy of the absorption
edges as explained below [18]. The band structure of GaAs is
schematically shown in Fig. 1(a). There is an absorption edge
E, corresponding to the optical transition from the top of the
VB to the bottom of the conduction band (CB) [Fig. 1(a)].
In GaMnAs, due to the Mn-induced IB, there is another
absorption edge Ep corresponding to the optical transition
from the Fermi level to the bottom of the CB [Fig. 1(b)].
We note that this band picture is supported by recent studies
of resonant tunneling spectroscopy and the angle-resolved
photoemission spectroscopy, in which researchers observed a
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sharp VB overlapped with the disordered and energetically
broad IB [3,4,7,19-23]. In TRS experiments on GaMnA:s,
photocarriers are generated in the CB, VB, and IB by the
illumination of a pump pulse, and the excited carriers relax
to the band edges and to the Fermi level in the time scale
of tens of picoseconds [24]. Thus, the transient reflectivity
signal after 100 ps directly represents the photocarriers that
are placed at the band edges and the Fermi level. The
TRS measurement is thus sensitive to the absorption edges.
Here, we analyze the signals using a model considering a
combination of band-gap renormalization (BGR) and band
filling (BF) [25,26]. Although a similar study was reported in
Ref. [16], the excitation fluence, and thus the accumulation
of photocarriers, was rather high; this can change the band
structure because the BGR and/or BF [27] are too strong.

In this Rapid Communication, we demonstrate TRS mea-
surements on a series of Gaj_,Mn,As samples, in which the
Mn concentration x is systematically varied from 0.1% to
6%. The pump pulse fluence was carefully chosen to avoid
the aforementioned high-excitation effect. Our measurements
show that the Fermi level is located in the band gap for all
Ga;_,Mn,As films examined in our study, and that there are
Mn-induced electronic states around the Fermi level. Thus, our
results support the IB conduction picture.

Time-resolved reflectivity measurements were performed
using a degenerate (single-color) pump-probe technique. An
80-MHz picosecond pulsed laser, with a time duration of
3 ps, was chosen as the light source. Using the picosecond
laser, a high energy resolution of 0.5 meV, which is much
higher than in the previous studies using femtosecond pulses
(~10 meV) [9,16], was achieved with a photodiode and a
simple lock-in technique [see Sec. A of the Supplemental
Material (SM) [28]]. The TRS was measured by changing
the wavelength of the source laser. In our measurements, the
fluences of the pump and probe pulses were 160 and 1 nJ/cm?,
respectively. The density of photocarriers in the GaMnAs
film was estimated to be 8 x 103 cm™3 by assuming that light
penetrates into the sample at a distance of 800 nm from the
surface. This photocarrier density is three orders of magnitude
smaller than that in the previous study (~10" cm~3) [16], thus
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FIG. 1. (a), (b) Schematic illustration of the band structures of
(a) GaAs and (b) GaMnAs with the optical transitions from the VB
to the CB (black arrows) and from the IB to the CB (red arrow). The
black dashed, red dashed-dotted, and black dashed-dotted horizontal
lines represent the energy of the bottom of the CB, Fermi level, and
the top of the VB, respectively. The gray region represents the IB
region. (c), (e) Schematic absorption spectra; energy spectra of «
(black solid curve), apgr (green dotted curve), and agp g (Orange
dashed curve) associated with the optical transitions (c) from the VB
to the CB and (e) from the IB to the CB. (d), (f) Calculated AR/R
spectrum associated with the optical transitions (d) from the VB to
the CB and (f) from the IB to the CB.

allowing accurate analysis and estimations (see Sec. D of the
SM [28]). The photoinduced change in the reflectivity (AR)
divided by static reflectivity R,(AR/R), was detected with an
accuracy of ~107*, using a lock-in technique as a function of
the delay time ¢ between the pump and probe pulses. Both the
pump and probe pulses were linearly polarized.

For the pump-probe measurements, we used four
Ga;_,Mn,As films (x =0.1%, 1%, 3%, and 6%) with
thicknesses of 20 nm. The GaMnAs layer was grown on a
100-nm-thick GaAs buffer layer on a semi-insulating (SI)
GaAs (001) substrate by low-temperature molecular-beam
epitaxy. The Gag g99Mng oo1 As film was paramagnetic; all other
GaMnAs samples were ferromagnetic. The Curie temperatures
of the ferromagnetic GaggoMngojAs, Gago7Mngg3As, and
Gay.94Mng o6 As films were 13, 38, and 110 K, respectively.

In this study, we investigated the electronic structure near
the Fermi level of GaMnAs in the following scenario. In
GaMnAs, there are absorption edges E,; and Ef, as shown in
Fig. 1(b). Reflecting the photon energy (E) dependence of the
density of states of the VB and IB, the intrinsic absorption («)
spectrum associated with the transition from the VB to the CB
is parabolic [black curve in Fig. 1(c)], while that associated
with the transition from the IB to the CB is step-like near
E = EF [black curve in Fig. 1(e)] (more details can be found
in Sec. B in the SM [28]). The photogenerated holes excited
by pump-pulse illumination gradually relax to the top of the
VB or to the Fermi level by emitting optical and acoustic
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FIG. 2. (a), (b) Time evolution of AR/R (solid curves) as a
function of the photon energy E measured at 5 K (a) for SI GaAs
and (b) for GagosMngsAs. The estimated E, and Er positions are
indicated by the black and red arrows.

phonons on a time scale within ~100 ps [24]. Then, the
photogenerated carriers induce two effects on the intrinsic
absorption spectrum «-E; one is the reduction of E, via
BGR [see aggr — E in Figs. 1(c) and 1(e)], and the other
is the suppression of absorption due to state filling, i.e., BF.
These two effects change the absorption [see agp ggr — E in
Figs. 1(c) and 1(e)] [25,27] and AR (see Sec. B of the SM [28]).
Here, we define A as @ — agp ggr- The AR/ R spectrum can
be derived from the Aw spectrum using the Kramers-Kronig

relationship given by

AR ch_ [ A«

— X —P/ ————dEFE/, 1)

R 7 Jo E?*—E?

where c is the speed of light in vacuum, and P denotes the
Cauchy principal value of the integral. The calculated AR/R
spectra from Figs. 1(c) and 1(e) are shown in Figs. 1(d)
and 1(f), respectively. We see that the AR/R spectra have a
dip at the intrinsic absorption edge (E; or Ef). By comparing
the model calculation with the experimental results, we
determined E, and Ef for all samples used in this study, as
described later. Note that we can neglect the diffusion effect
of holes in our measurement time scale (~150 ps) due to the
low mobility of holes in GaMnAs (see Sec. E of the SM [28]).

To confirm that the AR/R signals are enhanced near
the absorption edges due to transient photocarriers, we first
measured the time evolution of the light-induced reflectivity
for the SI GaAs substrate [Fig. 2(a)] and the Gag 94Mng gsAs
sample [Fig. 2(b)] as a function of E at 5 K. We see that AR/R
signals appear near the absorption edges E, (black arrows) and
Er (red arrow) just after pump-pulse illumination, and that the
AR/R signals disappear over a nanosecond time scale. These
features can be attributed to the generation and recombination
dynamics of photocarriers trapped at Asg, antisites and holes
at the VB edge and/or Fermi level [29].

To determine Ep and E, from the experimental AR/R
spectra measured at 5 K and at t+ = 166 ps [plotted data in
Fig. 3(c)], we analyzed these A R/ R spectra with Eq. (1) [solid
curves in Fig. 3(c)]. As a result of the fitting, we derived the
absorption spectra shown in Fig. 3(a) and Ao = agp ggr — o
shown in Fig. 3(b) for x = 6%. We clearly see absorpﬁon at E
ranging from Ef to E, [see the black solid curve in Fig. 3(a)
and Sec. C in the SM [28] for other samples]. This is evidence
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FIG. 3. (a) Absorption («) spectra derived from the analysis of
the TRS for Gag 94Mng gsAs (black curve). This is composed of the
optical transitions from the IB to the CB (E > EF) and from the VB to
the CB (E > E,). The absorption spectrum when assuming that only
the BGR occurs is shown by the (green) dotted curve. It is changed to
the one shown by the (orange) dashed curve due to the BF in addition
to the BGR. (b) A« spectrum obtained for the GaggsMng gcAs film.
(c) AR/R spectra measured at 5 K for the SI GaAs substrate and for
the Ga;_,Mn, As films (x = 0.1%, 1%, 3%, and 6%) at t = 166 ps
(plotted data). The solid curves are the fitting curves.

of the presence of the IB inside the band gap in GaMnAs. In
Fig. 3(c), EF (red arrows) has a lower energy than E, (black
arrows) for all x. This indicates that the Fermi level exists in
the band gap for all x.

Figure 4 shows the x dependence of the energy difference
Egirr between the Fermi level and the top of the VB [see
Fig. 1(b)] obtained from the data shown in Fig. 3(c). We
found that E g increases with increasing x, as shown by the
red diamonds in Fig. 4. These results are consistent with the
data obtained by the resonant tunneling study in the region of
x > 1% (blue circles in Fig. 4) [4] that revealed anomalous
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FIG. 4. x dependence of Egy (red diamonds). The blue solid
circles are the values reported in Ref. [4].

behavior of the Fermi level around x = 1%; Egi decreases
in the region of x < 1%, while Egy increases in the region
of x > 1% [4]. The reason for the difference in Eg when
x < 1% between this work and Ref. [4] may be explained by
the following scenario. When x < 1%, GaMnAs is insulating,
and holes are localized near the Mn atoms. Thus, the optical
transition probability from the localized impurity states to the
CB is small, due to the small wave-function overlap between
the localized photoholes and the photoelectrons. This leads
to the small signal for x = 0.1% [Fig. 3(c)] and may make
the correct derivation of the fitting parameters difficult. In the
region of x > 1%, the values of Eg obtained in our study are
slightly smaller than those obtained in previous reports [3,4].
This difference may be caused by the screening effect of the
potential of the Mn atoms on photoexcited carriers or the small
overestimation of Egi in the resonant tunneling study due to
series resistance. The most important feature of our results
is that our TRS measurements successfully reproduced the
anomalous behavior of the Fermi level when x > 1%.

In summary, we studied the electronic structure near the
Fermi level in GaMnAs by measuring the TRS using a
low pump power (160nJ/cm?) at a high energy resolution
(~0.5 meV). The data show light-induced changes in the
reflectivity spectra, attributed to BGR and BF. We reproduced
the observed AR/ R spectra in a calculation based on our band
structure model, and found that the Fermi level is located in
the band gap. We found Mn-induced electronic states near the
Fermi level inside the band gap in all GaMnAs films studied
here. This confirms that spin-polarized IB holes stabilize the
ferromagnetism in GaMnAs.
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