nature .
materials

ARTICLES

PUBLISHED ONLINE: 14 OCTOBER 2012 | DOI: 10.1038/NMAT3450

Bulk electronic structure of the dilute magnetic
semiconductor Ga;_,Mn,As through hard X-ray
angle-resolved photoemission

A. X. Gray"?3*, J, Minar%, S. Ueda®, P. R. Stone?®, Y. Yamashita®, J. Fuijii’, J. Braun?, L. Plucinski®,
C. M. Schneider?®, G. Panaccione’, H. Ebert*, O. D. Dubon?®, K. Kobayashi® and C. S. Fadley"?

A detailed understanding of the origin of the magnetism in dilute magnetic semiconductors is crucial to their development for
applications. Using hard X-ray angle-resolved photoemission (HARPES) at 3.2 keV, we investigate the bulk electronic structure
of the prototypical dilute magnetic semiconductor Gag o;Mng o3As, and the reference undoped GaAs. The data are compared
to theory based on the coherent potential approximation and fully relativistic one-step-model photoemission calculations
including matrix-element effects. Distinct differences are found between angle-resolved, as well as angle-integrated, valence
spectra of Gag o7Mng o3As and GaAs, and these are in good agreement with theory. Direct observation of Mn-induced states
between the GaAs valence-band maximum and the Fermi level, centred about 400 meV below this level, as well as changes
throughout the full valence-level energy range, indicates that ferromagnetism in Ga;_,Mn,As must be considered to arise from
both p-d exchange and double exchange, thus providing a more unifying picture of this controversial material.

Ga,_,Mn,As has been known for some time'=, controversy

still remains as to its electronic structure and the nature
of the states producing ferromagnetic coupling*'¢. Two extreme
limits have been discussed for explaining ferromagnetism in these
materials: that Mn strongly hybridizes with the GaAs valence
bands and induces hole doping and magnetism through p—d
exchange*”, or that Mn induces states that are split off from
the valence band, and lie as an impurity band somewhere in the
bandgap about 30-100 meV above the valence band maximum
(VBM) leading to ferromagnetism through a double-exchange
mechanism®*'>. For example, very recent studies by resonant
tunnelling spectroscopy and by a combination of ion scattering
and X-ray techniques have concluded that such impurity bands
control the interaction and can be tuned by varying dopant
levels'*'>. However, a recent theoretical overview suggests that both
mechanisms can be active, particularly for Ga,_,Mn,As among the
dilute magnetic semiconductors'®.

An essential element for better understanding the nature of
the ferromagnetism in such dilute magnetic semiconductors is
thus the direct measurement of the bulk valence electronic states,
which, in principle, might be accessible by X-ray photoemission
spectroscopy. However, a difficulty in obtaining such a direct
measurement by conventional soft X-ray photoemission, which is
very surface sensitive, has been that the preparation of the surface
often destroys the crystallinity in the first few layers, and may
also distort its stoichiometry. More specifically, etching of the
sample, which has been widely accepted as an adequate surface

Q Ithough the dilute ferromagnetic semiconductor system

preparation method'”'®, may not preserve the original structure
and composition of the surface layers. Conventional angle-resolved
photoemission spectroscopy (ARPES) with even lower photon
energies of ~20-100 €V has been applied to this system'®, but at
these energies, the measurement is even more surface sensitive
owing to the short electron inelastic mean-free paths of about
3-6A (refs 20,21). Such shallow probing depths can lead to
measurements for which surface effects dominate the spectra, and
the true bulk electronic properties remain uncertain. There is thus
a growing interest in performing ARPES measurements in the
kiloelectronvolt*? or even multi-kiloelectronvolt energy regime?,
to more quantitatively probe the true bulk properties of such
materials. Hard X-ray ARPES (HARPES) has in fact recently
been demonstrated in a study of the bulk electronic properties of
W and GaAs using synchrotron radiation with photon energies
of 6.0 and 3.2keV, respectively”. In this study, we present a
first true application of HARPES to investigate the electronic
structure of Ga;_,Mn,As with x =0.03 and a Curie temperature
of ~100K, as compared with that of pure GaAs. The experimental
results are compared with the results of fully relativistic one-step
model calculations for photoemission that include matrix-element
effects and the alloy composition using the coherent potential
approximation*? (CPA).

The synthesis of our sample is described in the Methods,
along with some details of our HARPES experimental procedure.
The HARPES measurements were performed at a photon energy
of 3.2keV and 20K, a temperature that is well below the
Curie temperature of our sample of ~100K. Sample cooling is
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Figure 1| HARPES measurements and one-step theory for bulk GaAs and Gag 97Mng o03As. a,b, Results of one-step HARPES calculations for GaAs (a)
and Gagp.97Mno.03As (b). ¢,d, Experimental HARPES data obtained for GaAs (¢) and Gag.g97Mng 03As (d). e f, HARPES results for a mostly As 4s band at
~11eV binding energy that is more core-like for the two materials, and exhibits similar characteristic XPD modulations for both. In ¢ and d, the approximate

positions of the repeated I" points are indicated. VB, valence band.

also necessitated by the fact that, as discussed elsewhere’>*, at
higher energies and higher temperatures, spectral contributions
due to phonon-assisted non-direct transitions smear out and
suppress the dispersive direct-transition features associated with the
band structure’®?. Such Brillouin-zone averaging thus limits the
specification of the initial photoelectron wave vector, and is a key
consideration in any HARPES experiment. At high enough photon
energies and/or temperatures, this effect leads to the so-called X-ray
photoemission spectroscopy (XPS) limit?, in which measurement
yields what is approximately a matrix-element weighted density
of states (MEW-DOS) whose angular distributions now show
X-ray photoelectron diffraction (XPD) effects”®. As a further
approximation, atomic differential cross-sections can be used to
weight element-projected DOS, as we discuss briefly below. The
extent of the phonon smearing can be approximately quantified
using a photoemission Debye—Waller factor, which predicts the
fraction of the direct transitions in a solid for a given photon energy
and temperature, and is given by W (T) = exp[—(1/3)g5 (U*(T))],
where g is the magnitude of the bulk reciprocal-lattice vector
involved in the direct transitions for a given photon energy
and (U*(T)) is the three-dimensional mean-squared vibrational
displacement for a given temperature’*2. Therefore, even at high
photon energies, the effects of phonon smearing can be mitigated
by means of cooling the sample to low temperatures. As an
example, at a photon energy of 3.2keV and sample temperature
of 300K, the fraction of direct transitions in GaAs is estimated to
be less than 5%, which means that over 95% of the angle-resolved
photoemission signal is going to be influenced by phonon smearing
and spectra will be dominated by MEW-DOS features. However, by
cryogenically cooling the sample to 20 K, we increase the fraction of
direct transitions in the solid to over 30% (ref. 22), which should
result in a clearer definition of the dispersive bands on top of the
DOS-like background, therefore enabling a bulk band-structure

study of GaAs and Gagg;Mngg;As, as demonstrated already for
undoped GaAs (ref. 23).

The reciprocal-space geometry of the experiment is shown in
Figure 1b of ref. 23, in an extended Brillouin-zone picture. The
final state is assumed in this picture to be a free electron, a very
good assumption for this high 3.2keV energy. The magnitude of
the final photoelectron wave vector k¢ can be calculated using
Eg(ks) ~ h*k2 /2m,, where E; is the electron kinetic energy inside the
surface and m, is the electron mass. As the dipole approximation
no longer fully holds in the hard X-ray regime*»*, the magnitude
and direction of the final photoelectron wave vector k¢ have to be
adjusted by the photon wave vector —k,, according to the simple
wave vector conservation equation k; = k;—ky, — gpe. As a result of
taking the photon momentum into account, the central location of
our angular measurement window in the extended Brillouin zone
shifts for our geometry by 3.0° in the direction perpendicular to
k¢, because of the 90° angle between the photon incidence and the
photoemission direction, and ends up near the I' point. In our
particular case, the detector spans ~ 15° of the arc, so that our
measurement, centred approximately at the I" point in the Brillouin
zone, traverses the distance from I' to K to U to X about three
times. Thus, a single HARPES detector image will show several
cross-sections of the Brillouin zone?*%.

In Fig.1 we compare the results of fully relativistic one-
step theory of photoemission calculations that include matrix-
element effects for GaAs in Fig. 1a and Gagy;Mngg;As in Fig. 1b
to the corresponding experimental valence-band HARPES data
in Fig. 1¢,d, respectively. The experimental valence-band spectra
have been normalized by energy- and angle-averaged curves to
minimize the effects of DOS and XPD modulations across the
detector image, as discussed elsewhere?>*. Such normalization is
expected to remove the constant-angle (MEW-DOS) and constant-
energy (XPD) modulations from the detector image, thus optimally
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Figure 2 | One-step theory spectral functions for GaAs and
Gag.07Mno g3As. a,b, Spectral functions (band structures) used for the
HARPES simulations and calculated for GaAs (a) and Gag.g7Mng.03As (b).

emphasizing the dispersive bands (A. Bostwick and E. Rotenberg,
private communication). The calculations agree very well with the
experimental data. As expected from the extended Brillouin-zone
picture”, the I'-K/U-X-K/U-T region is repeated about three
times in the detector image, which spans about 15° of the arc
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traversed by the vector k¢ —ky,. The first major difference between
the GaAs and Gay¢;Mny g3As electronic structures observed in the
experiment and confirmed by the theory is the smearing of the band
features in Gayg;Mngg3As as compared with GaAs: this is at least
partly due to the presence of the Mn impurities that disturb the
long-range translational order of the host GaAs crystal. Figure 2a,b
also shows this very clearly from a theoretical perspective, in
comparing the predicted spectral function of GaAs with that
of Gago;Mngg3As, as calculated within CPA. The calculations
for Gagg;Mng3As are considerably broadened over the entire
Brillouin zone, as compared with the clean and sharp dispersive
bands for pure GaAs.

Consistent with previous HARPES measurements of GaAs
(ref. 23), we observe a lack of dispersion for a feature at ~11-12 eV
below the VBM, for both GaAs and Ga, ¢;Mny o3As (Fig. le,f). This
band is largely As 4s in character and thus highly localized; thus,
its angular distribution is more core-like and exhibits intensity
modulations with detector angle that are characteristic of core-
level XPD; these are essentially identical in form for both GaAs
and Gag ¢y Mny 3As, as expected because XPD will probe only the
local atomic structure around As, which is little perturbed by the
presence of the Mn dopant.

In Fig. 3, we now compare the experimental angle-integrated
valence-band spectra for GaAs and Gagyy;Mngo;As from Fig. 1c,d
to analogous theoretical spectra obtained using the one-step CPA
calculations, which included a complete angle integration. Such
angle-integration should lead to results reflecting the MEW-DOS.
The experimental valence-band spectra were normalized to the
intensities of the As 3s core levels, which should be the same
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Figure 3 | Angle-integrated valence-band spectra for GaAs and Gag.97Mng_03As. a, Experimental angle-integrated valence-band spectra for GaAs and
Gap.g7Mng.03As. b, Theoretical spectra obtained using one-step theory calculations. ¢,d, Intensity difference spectra between Gag.97Mng 03As and GaAs
for the experimental data (¢) and the one-step theory results (d). The theoretical difference has been multiplied by 2.2 to permit more direct comparison

with experiment.
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Figure 4 | Analysis of the near-Fermi-edge region in the HARPES data. a, A blow-up of the angle-integrated GaAs and GaMnAs spectra and difference
over the 1.0 eV interval spanning the —0.2 — 0.8 binding energy shown in Fig. 3a. b,c, Angle-resolved data as a function of detector angle over the same
energy range as shown in a, for both materials. Fine structure features are noted by ii” and i’ for GaAs and i, ii, iii and iv for Gag.g7Mng.03As.

d-h, Angle-resolved data integrated over the successive 0.2 eV binding energy intervals of a-¢, with the black curves for GaAs and the red curves for
Gap.97Mng.03As. Again, the approximate positions of repeated I points are indicated.

for both GaAs and Gag o7 Mny g3As, because the As atoms are not
substituted by Mn during the implantation. All of the major features
in the experimental spectra (Fig. 3a) are well reproduced by the
theory (Fig. 3b), with the exception of the overestimated relative
intensity and sharpness of the features at 6.5 eV and 11 eV in theory,
which is probably caused in experiment by the combined effects
of total experimental resolution (including decreased lifetime
as the binding energy increases), and residual disorder-induced
broadening, as seen recently in a CrAl alloy™.

We also show intensity difference plots (Gagg;Mng o3 As—GaAs)
in Fig. 3, with expanded views in Fig. 3c,d. The raw theoretical
difference spectrum in Fig. 3d, shown with black dots, exhibits fine
peaks with widths that are much smaller than the instrumental
resolution (250 meV). Therefore, for a fair comparison, we also
show in Fig. 3d, as the solid blue curve, a theoretical difference
for which a Gaussian broadening of 250meV is applied to
approximately account for the total instrumental resolution. We
have also labelled the main features in the difference plots 1-5
(experiment) and 1'-5" (theory). Theoretical results for binding
energies above 0 eV are dimmed, because equivalent experimental
data do not exist for these unoccupied states. In general, there
is excellent agreement between experiment and theory for these
difference plots, with all of features 1-5 showing theoretical
counterparts 1’-5'. Although the theoretical differences are smaller
by about a factor of 2.2, this could well be due to less angular
averaging over our detector window as compared with the complete
averaging in theory, and the degree of agreement nonetheless
indicates an accurate and consistent theoretical description of the
valence electronic structure of this dilute magnetic semiconductor.
These results thus also indicate that Mn induces subtle changes
in the electronic structure, including peak shifts and changes in
shape, over the entire valence manifold, including even the more
localized As 4s-dominated band associated with peaks 5 and 5'. Such
peak shifts have in fact been discussed in a previous local density
approximation (LDA) study’'.

However, the most striking feature of these experimental data,
which is also confirmed by the calculations, is the emergence of
features 1 and 1" above the VBM, which provide a clear signature of
the Mn-induced states that are thought in the impurity-band model
to be responsible for the magnetic coupling. This finding is also
consistent with the more surface-sensitive previous ARPES study,
which identified a rather flat band at about 0.2 eV below the Fermi
energy'?. The full-width at half-maximum of experimental feature

1 is 350 meV, which implies through square addition involving the
250 meV experimental resolution that its inherent width is about
240 meV, and thus significantly above the 30-100 meV separation
proposed in some discussions of the impurity-band model (for
example, ref. 14). This region 1 in experiment is shown in a
magnified version in Fig. 4a, again with the difference in blue. To
further investigate this near-Fermi-level region for experiment in
an angle-resolved representation, we have divided the 1-eV-wide
region between —0.2 (above Ep) and +0.8 eV in Fig. 4a, which is
shown in angle-resolved form in Fig. 4b,c for the two materials,
into five equal 0.2 eV sections labelled d-h and examined them
for both GaAs and Gag, o;Mn, o3As. Intensities have as before been
normalized to As 3s. First, one notices from Fig. 4b,c that the
presence of Mn induces intensity in the angle-resolved spectra
that is 0.2-0.3eV above that for GaAs, and that this intensity
shows a different dispersion, being not only broader, but with
additional and different features labelled i (weaker), ii, iii and
iv that are different from ii’ and iii’ for GaAs. Integrating the
intensity over angle in each of the five energy intervals leads to
the curves for the two materials shown in Fig. 4d-h. The onset of
photoemission intensity due to the Mn states is evident in Fig. 4e
corresponding to the binding-energy range between 0 and 0.2 eV.
The Mn-derived feature continues to grow over the binding-energy
range between 0.2 and 0.6 eV, as shown in Fig. 4¢g—f. Finally, in
Fig. 4h, the angle-integrated photoemission intensities for GaAs
and Gag 97Mn o3As reach comparable values in the binding-energy
range between 0.6 and 0.8 ¢V, as is also evident from the near-zero
difference value in Fig. 4a; however, there is still a difference in
the features ii’ and iii’ and i, ii, iii and iv that are observed. Also,
as noted above, the angle-resolved spectra in the binding-energy
range shown in Fig. 4g,h still exhibit major differences, with sharper
and stronger GaAs bands, and smeared-out Gagy;Mngg3As bands
nevertheless still dominating the regions between the GaAs bands
owing to the presence of the Mn-induced states. It is important to
note that neither the angle-integrated spectra nor the angle-resolved
HARPES maps show any kind of clear separation or even intensity
drop near Ep that would indicate the presence of a gap between
the valence bands and a Mn impurity band", even if we allow
for the present experimental energy resolution of ~250 meV, as
discussed above in connection with feature 1. This clearly indicates
that the tail of the impurity band is merged with the GaAs valence
bands, as for example suggested in refs 4-7, including experimental
results from d.c. transport and optical properties measurements
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Figure 5 | GaAs and Gag.97Mng o3 As theoretical DOS. a,b, Calculated spin-resolved element- and orbital-projected DOS for Gag.o7Mng o3As, with Ga,
As and Mn contributions indicated. ¢,d, Calculated spin-resolved projected DOS for Mn alone in Gag.9g7Mng.03As, with s, p and d contributions indicated.

in ref. 4, although not by a recent resonant tunnelling study’*.
On the other hand, our results are qualitatively consistent with
another recent study, in providing evidence for Mn-induced states
overlapping the Fermi level'®.

As a final point, we turn again to theory, and in Fig. 5 show DOS
for ferromagnetically ordered Gagg;Mngg;As calculated using the
same CPA LDA model as for the one-step photoemission process of
Figs 1a,b, 2 and 3b,d. Results are shown for both spin-up (Fig. 5a,c)
and spin-down (Fig. 5b,d), and the different Mn components are
shown on an expanded scale in Fig. 5¢,d, with the results in Fig. 5¢,d
for Mn 3d also being in excellent agreement with a previous LDA
study for the lower-binding energy region®'. These results make
it clear that Mn 3d, almost entirely spin-up in the ferromagnetic
state, contributes significantly to the electronic structure from the
Fermi level (where it is ~20%, with ~60% contribution from Ga
and ~20% from As) to about 4 eV binding energy, with the spin-up
contribution of course lying at higher binding energies owing to
the assumed ferromagnetic state. Further considering the relative
atomic photoelectric cross-sections per electron for Mn 3d, Mn
4s, Ga 4p and As 4p (ref. 32), which are in a ratio 1.0:5.2:5.4:6.4,
respectively, further indicates that our peak 1 should predominantly
reflect Mn 3d 4 4s and Ga 4p contributions. Improving on the
electronic structure model by incorporating a correlation correction
using LDA + U is expected to increase the binding energies of the 3d
states”®, enhancing the degree of overlap of the Mn impurity bands
with the GaAs valence bands.

We have used HARPES to study the differences between the
bulk electronic structures of a parent semiconductor GaAs and a
dilute ferromagnetic semiconductor derived from it, Ga;_,Mn,As
with x = 0.03. Clear differences between the electronic structures of
GaAs and Gag 9;Mny g3 As were observed, including smearing of the
sharp band features, changes throughout the entire valence-band

manifold, and the appearance of extra intensity at the VBM that
extends up to the Fermi level. These changes are furthermore in
excellent agreement with one-step photoemission theory. A further
analysis of angle-resolved data near the VBM indicates additional
states induced by Mn over roughly 0-0.4 eV binding energy. Finally,
element- and orbital-projected DOS calculations are consistent
with theory in showing significant Mn contributions over the
0—4 eV binding energy, and particularly near Eg. Our results thus
strongly favour a model of Ga;_,Mn,As in which there is no gap
between the Mn-induced impurity band and the GaAs valence
bands, with this band being centred about 400 meV below and
weakly overlapping the Fermi level, and by implication suggest that
the magnetism originates from the coexistence of the two different
mechanisms discussed in previous papers—double exchange and
p—d exchange, as recently suggested on the basis of theory'®.

Methods

Ga;_Mn,As was synthesized using a combination of ion implantation and
pulsed-laser melting, details of which can be found elsewhere**. Briefly, 50 keV
Mn™ ions were implanted into a piece of semi-insulating GaAs(001) wafer to a
dose of 1.5 x 10" cm™2, followed by irradiation with a single pulse from a KrF
(1 =248 nm) excimer laser at a fluence of ~ 0.3 ] cm ™. Samples were etched in
concentrated HCI for 20 min to remove a very thin highly defective surface layer
as well as any surface oxide phases®*. These processing conditions give rise to a
Ga;_Mn,As film that is approximately 100 nm thick and with x ~0.03 (ref. 37).
Temperature-dependent magnetization measurements in a superconducting
quantum interference device magnetometer indicate that the Curie temperature
(T¢) of the Ga,_Mn,As film is ~100 K. Before the HARPES measurements the
samples were again briefly etched in concentrated HCI and immediately placed
under vacuum to minimize the effects of Mn-related oxides, which have previously
been shown to interfere with electron-yield-based X-ray spectroscopy™.

The HARPES measurements were performed at undulator beamline BL15XU
(ref. 38) of the SPring-8 facility. The photon energy was set to 3,241.2eV. At
this energy, the inelastic mean-free path of Gagg;Mny 3As is estimated to be
~57 A (refs 20,21), and the measurement should thus be ~10-20 times more
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bulk sensitive compared with conventional ARPES in the 20-100 eV range". The
experimental geometry is shown in Figure 2 of ref. 23. The angle of incidence was
fixed at 2° as measured from the sample surface, and the photoelectron take-off
angle was fixed at 90° with respect to the X-ray incidence angle, or equivalently
at 2° as measured from the sample normal. The photoemitted electrons were
analysed for their kinetic energy and angle of emission using a VG Scienta R4000
hemispherical analyser. The experimental energy resolution was determined to be
~250 meV, using a Au Fermi edge measurement.

The fully relativistic one-step model of photoemission calculations is based on
the multiple scattering KKR band structure method?>*.

Received 31 October 2011; accepted 10 September 2012;
published online 14 October 2012
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