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Diluted ferromagnetic semiconductors combining ferromagnetic and semiconducting properties in one ma-
terial provide numerous new functionalities, attractive for basic studies and potentially useful for novel device
applications. The tailoring of the electronic structure in analogy to conventional semiconductors has yet to be
explored. Here, we demonstrate the conservation of broken inversion symmetry and band structure tailoring
for high-quality molecular-beam-epitaxy-grown (In,Ga,Mn)As films with 3% In plus 2.5% or 5.6% Mn using
hard-x-ray photoelectron diftraction (hXPD) and momentum microscopy. Photon energies of 3—5 keV ensure that
the results are not corrupted by surface effects, which are known to be strong in semiconductors. The missing
inversion center of the GaAs host lattice leads to fingerprint-like hXPD signatures of As and Ga sites. For both
concentrations, Mn predominantly occupies Ga substitutional sites. Momentum microscopy reveals a shift of the
chemical potential with increasing Mn doping and a highly dispersing band, crossing the Fermi level for high
Mn concentration. The Mn doping induces a pronounced modification of the spin-orbit split-off band.
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I. INTRODUCTION

Diluted ferromagnetic semiconductors (DFSs) have at-
tracted persistent research interest over the past two decades
due to the unique combination of ferromagnetism and semi-
conducting properties in one material [1]. The prototypical
DFS (Ga,Mn)As has a remarkably high Curie temperature
(close to 200 K) [2—4] and served as a testing ground for a
number of spintronic devices exploiting spin orientation of
charge carriers. Exploiting the unique options of controlling
magnetic properties in DFS by light exposure [5], temperature
[6], electrostatic gating [7], pressure [8,9], or doping [10],
several types of spintronic devices have been proposed and
experimentally realized [11].

So far there is no commonly accepted explanation for the
origin of the transition from a paramagnetic semiconduct-
ing state with localized charge carriers to the metallic state
with delocalized carriers in ferromagnetic (Ga,Mn)As with
increasing Mn content [12—15]. Essentially, two models have
been proposed to explain the origin of ferromagnetism: the
mean-field Zener model [16,17] based on the hybridization
of Mn states with the GaAs host bands, and the impu-
rity band model considering the appearance of localized
Mn impurity states above the GaAs valence-band maxi-
mum [18-20]. Hard-x-ray angular-resolved photoemission
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spectroscopy (HARPES) [21] and high-resolution ARPES
data presented in Ref. [22] reconcile both pictures proposing
the coexistence of the two different mechanisms. Exploring
the origin of ferromagnetism and the dopant-related changes
of the band structure in highly doped DFS would represent
an important advance in the understanding of this material
class [23].

In this article, we focus on (In,Ga,Mn)As offering ad-
ditional degrees of freedom: The ability of the parent
compound (Ga,Mn)As to form quaternary (Ga,Mn)(Bi,As),
(In,Ga,Mn)As, and pentanary (In,Ga,Mn)(Bi,As) compounds
with a high structural perfection [24,25] offers a com-
plementary experimental path to pinpoint the origin of
ferromagnetism. The multicomponent compounds preserve
ferromagnetism with the relatively high Curie temperature of
(Ga,Mn)As, while enabling a substantial band structure mod-
ification (by a replacement of As by Bi) and creation of local
strain (by a replacement of Ga by In). Increasing the In con-
tent decreases the band gap of the (In,Ga,Mn)As quaternary
semiconductor (from about 1.5 to 0.4 eV for In compositions
between 0% and 100%, respectively) and affects the magnetic
easy axis direction [26]. In addition, a range of unusual mag-
netic effects have been reported for (In,Ga,Mn)As [27-33].

Previous photoemission investigations of DFS mainly
focused on surface-sensitive methods, while structural
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characterization involves bulk-sensitive diffraction methods,
which are usually, due to Friedel’s law, not sensitive to in-
version asymmetric structures. In the high-doping regime, the
dopant site in the host lattice is discussed controversially, and
the influence of the Mn content on the band structure is still an
open question. Thus, a key experiment for an improved under-
standing of ferromagnetism in DFS is to combine structural
and electronic characterization methods probing the identical
sample volume.

We perform hard-x-ray photoelectron diffraction (hXPD)
combined with HARPES for (In,Ga,Mn)As thin films with
different Mn concentrations for photon energies up to 5.1 keV
[34,35]. The high kinetic energy of photoelectrons offers a
large information depth. Thus, one avoids surface cleaning
with the risk of decomposing the surface area. Furthermore,
no corroborations of the photoelectron signal by surface
states can occur. hXPD gains information about the geomet-
rical structure of the photoemitting atomic layers, surface
reconstruction, and relaxations. In particular, we gain infor-
mation on the integrity of inversion-asymmetric zinc-blende
structure independent of the doping level. Moreover, hXPD
confirms that the majority of Mn dopants occupy substitu-
tional Ga sites. HARPES reveals the bulk band structure in
the same sampled volume as the structural information. The
HARPES results reveal a downward shift of the chemical
potential with increasing Mn concentration. A highly dispers-
ing band crosses the Fermi level for high Mn concentration.
The split-off band shows significant modifications for high
Mn concentration. We discuss implications of the photoe-
mission results on the explanation of ferromagnetism in DFS
materials.

II. EXPERIMENT

A. Sample preparation

A series of (In,Ga,Mn)As thin-film samples has been pre-
pared by low-temperature molecular-beam epitaxy (MBE)
with an In content of 3% and a Mn content x ranging
from 0 [(In,Ga)As reference layer] to 5.6%. 30-nm-thick
(In,Ga,Mn)As epitaxial layers have been grown at ~230°C
on GaAs (001) semi-insulating substrates with a prede-
posited fully relaxed 0.8-pum-thick Ingg75GagorsAs buffer
layer. The buffer layer removes the compressive strain in
the top (In,Ga,Mn)As layer, as revealed by photoreflectance
studies of the fundamental optical properties of (Ga,Mn)As
epitaxial films [36,37]. Tailoring the substrate temperature
depending on the intentional Mn content has enabled us to
maximize the concentration of substitutional Mn (i.e., assum-
ing the Ga lattice position in GaAs), Mng,,, incorporated into
the InGaAs matrix, and to reduce the Asg, (antisites) and Mn;
defect concentration. The MBE growth has been optimized
via the As; flux, i.e., with an As,/(Ga+Mn) flux ratio close to
the stoichiometric one, as carefully set during the preceding
growth of test/calibration samples. For photoemission studies,
the (In,Ga,Mn)As layers have been grown on p-type conduc-
tive substrates to prevent charging effects. The high degree
of perfection of a two-dimensional layer-by-layer growth of
(In,Ga,Mn)As has been confirmed by reflection high-energy
electron diffraction intensity oscillations, usually observed up
to the very end of the growth of 30-nm-thick films [38].

B. Characterization of hole densities and magnetic properties

Micro-Raman spectroscopy was employed to estimate the
hole densities in the (In,Ga,Mn)As films. The micro-Raman
measurements were performed using an inVia Reflex Ra-
man microscope (Renishaw) at room temperature with the
514.5 nm argon ion laser line as an excitation source in
backscattering configuration from the (001) surfaces of the
(In,Ga)As reference and the two (In,Ga,Mn)As films.

Magnetic properties and the Curie temperature (7¢) val-
ues for the (In,Ga,Mn)As films were determined using both
magnetic-field- and temperature-dependent SQUID magne-
tometry. Customary cut long Si strips facilitate sample
support in the magnetometer chamber [39]. All the data pre-
sented here have their relevant diamagnetic contributions of
the substrate evaluated at room temperature and subtracted
adequately.

C. Combination of bulk valence-band mapping
and photoelectron diffraction in one experiment

A key element of the present approach is the possibility
to switch between full-field imaging HARPES, yielding the
valence-band dispersions in the bulk, and hXPD, yielding
structural information. The experiment has been performed
at beamline P22 [40] of the Synchrotron source Petra III
(DESY, Hamburg), belonging to the hard-x-ray beamlines
with the highest brilliance worldwide. The instrument has
been described in detail in [41]. The three-dimensional (3D)
recording architecture (full-field k, — ky imaging combined
with time-of-flight energy recording) overcomes the inten-
sity/resolution problem of HARPES. Moreover, full-field
imaging allows the removal of the strong hXPD-modulations
in valence-band k-distributions [42]. A multiplicative correc-
tion is applied using core-level hXPD patterns recorded at
the same kinetic energy that eliminates the modulations [34].
Hard-x-ray k-microscopy allows tomographic imaging of the
4D spectral-density function p (Ep,k ), tuning the third mo-
mentum coordinate k, by variation of the photon energy [35].

A simplified view of the instrument is shown in the Sup-
plemental Material, Fig. S1 [43]. The achromatic momentum
image (reciprocal image formed in the back-focal plane of the
lens) is zoomed to the desired size by a lens stack and recorded
by a delay-line detector (DLD). A low-energy drift section
serves as an energy-dispersing element. The measurements
were performed with the characteristic parameters: k-field
diameter ~10 A~!, k-resolution down to 0.025A~! (0.034°
angular resolution), kinetic energy up to 7 keV, time-of-flight
energy resolution ~40 meV (measured at v = 6 keV pho-
ton energy), and photon bandwidth 330 meV (for 3300 eV)
for the Si(111) monochromator crystal; for details, see
Ref. [41].

III. RESULTS AND DISCUSSION

A. Hole concentrations

The results of micro-Raman scattering spectroscopy re-
veals that the longitudinal-optical (LO) phonon mode couples
with the hole-gas-related plasmon, forming the so-called cou-
pled plasmon-LO-phonon mode (CPPM) for (In,Ga,Mn)As.
However, we do not observe this feature in the spectra of
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FIG. 1. Main panel: Temperature dependence of the magneti-
zation M in an (In,Ga,Mn)As film with 5.6% Mn. The sample
is initially field-cooled (FC) in a magnetic field of H =1 kOe
(squares), and after quenching the field the thermoremanent magneti-
zation (TRM) is recorded during warming (circles). The temperature
at which TRM vanishes indicates the Curie temperature (7¢). Ts
indicates the spin reorientation transition between uniaxial (above
Ts) and biaxial (below Ts) in-plane magnetic anisotropies [48]. Inset:
Hysteresis curves at 2 and 10 K. All measurements are performed
with H applied in-plane along the [—110] uniaxial easy axis. M is
expressed with respect to the saturation value Mg = M (2 K, 1 kOe).

the reference (In,Ga)As layers. In this case, only a strong
LO-phonon line and a very weak (symmetry-forbidden)
transverse-optical (TO) phonon line located around 290 and
260 cm™!, respectively, are observed.

From micro-Raman spectra, the hole concentrations have
been estimated to be about 10! and 10*° cm~ in the films
with 2.5% and 5.6% Mn content, respectively [44,45]. The
obtained results suggest that, similarly to (Ga,Mn)As [44],
the (In,Ga,Mn)As film with 2.5% Mn shows properties of
an insulator-like material whereas the film with 5.6% Mn is
similar to a metallic one [46].

It is well known that an As excess—mainly in the form
of arsenic antisites, Asg,—occurs at low-temperature MBE
growth conditions. Asg, antisites act as deep double donors
and lead to an n-type hopping conductivity in LT-GaAs. Simi-
larly, very diluted (In,Ga,Mn)As is n-type, too. The threshold
Mn concentration between n- and p-type conduction depends
on the actual concentration of Asg, donors and therefore on
the actual MBE chamber set up and the growth conditions
[47]. With further increase of Mn concentration, the CPPM
mode starts to dominate the spectra, simultaneously with its
energy shifted toward the TO-phonon line. This is the direct
indication of an increasing hole density with increasing x,
which can be quantified from the full line-shape fitting [46].

B. Magnetic properties

Figure 1 reveals the ferromagnetic behavior with a non-
vanishing remnant magnetization and open hysteresis loops
M(H) of the x =5.6% (In,Ga,Mn)As film at low temper-
atures. Further measurements (not shown here) reveal an
in-plane [—110] easy axis, a characteristic feature ubiqui-
tously met in (Ga,Mn)As films [48]. We determine 7¢ in

this sample from the temperature dependence of the remnant
magnetization (TRM) measured along this easy direction. The
established magnitude of 7c = 30 K is typical for nonan-
nealed (Ga,Mn)As films [24]. A small inflection point at
around 7 = 23 K and a rounded shape of both M(H) loops
(both are measured below 7Ty) indicate a spin reorientation
transition due to a change from the in-plane uniaxial to
an in-plane biaxial magnetic anisotropy, taking place at Tg
[49]. SQUID magnetometry has revealed a nonferromagnetic
character of the 2.5% Mn-doped (In,Ga,Mn)As layers. It is
understood that due to the smaller x the free hole concen-
tration is too low to induce a long-range ferromagnetic order
above 2 K. This suggestion is supported by the micro-Raman
measurements, which reveal that the hole concentration in this

layer is below 10! cm 3.

C. Recording hXPD signatures of Ga and As sites exploiting
the noncentrosymmetry of (In,Ga,Mn)As

Photoelectron diffraction patterns have been recorded at
final-state energies of ~3.31 and 5.11 keV, and the results are
shown in Figs. 2 and 3, respectively. The final-state energy
is the kinetic energy of the photoelectrons in the crystal (see
[35]), being the relevant quantity for the diffraction dynamics.
To have exactly the same kinetic energies and identical mo-
mentum scales for the Ga and As diffractograms, the photon
energies are tuned to the values given in the figure captions.

The patterns consist of a pronounced system of Kikuchi
bands and lines with a rich fine structure. The experimental
and theoretical diffractograms show a one-to-one agreement
of the overall structure, the widths of the observed bands,
and the positions of the lines. Differences occur only in the
relative intensities. Eye-catching features are the vertical and
horizontal Kikuchi bands of {110}-type, with their bright
crossing region in the center. The width of this band is given
by the reciprocal lattice vector |Gyjo| = 3.14 A~!. Another
general feature is the system of dark lines throughout the
entire pattern. The diameter of the field of view for 5.11 keV
(Fig. 3) is 16 A~!, corresponding to a polar angular range of
only +/ — 13°. All patterns exhibit a horizontal and a vertical
mirror plane, parallel to the [110] and [1-10] directions.

Figure 2 shows the results for the final-state energy of
3.31 keV. Close inspection of the Ga (a), (b) and As (c),
(d) diffractograms reveals systematic differences, both in the
measured and calculated patterns. Arrows with numbers mark
characteristic features. As eye-catching signatures, we find
two arcs (1) in dark gray, running from left to right for Ga and
from top to bottom for As (1"). These arcs (1) and (1’) appear
in the calculations (b,d) in the same orientations as in the
experiment, i.e., rotated by 90° with respect to each other. This
is a clear hint on the different orientation of the coordination
tetrahedron; see the sketch in Fig. 2(g). A second fingerprint
are bright horseshoe-shaped features (2,2) appearing in the
four diagonal directions, which touch the arcs close to the
rim of the field-of-view. The horseshoes are oriented close
to horizontal for Ga (a), (b) and close to vertical for As (c),
(d). Another characteristic are the faint dark crosses (3,3)
in the center of the diffractograms (a)—(d). The larger angle
> 90° (marked) is on top (bottom) for Ga (a), (b) and the left
(right) side for As (c), (d). We find an excellent agreement
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Ga 3d
(a)

As 3d

As 3d/Ga 3d
ratio images

FIG. 2. Measured (a), (c) and calculated (b), (d) diffraction patterns of photoelectrons from the Ga 3ds;, and As 3 ds;, core levels at a
kinetic energy of 3.31 keV. Data were recorded for a GaAs (001) thin film doped with 3% In and 2.5% Mn; experimental patterns are twofold
symmetrized. Identical Ey;, was set by tuning the photon energy to 3317 eV for Ga (a) and to 3340 eV for As (c). (e), (f) Ratio images of the
As- and Ga-diffractograms, emphasizing the differences originating from the missing inversion center of the zinc-blende-type lattice. (g) GaAs
unit cell with indicated tetrahedral coordination of the Ga®>* and As®~ ions. Note that all Ga- and As-tetrahedra are rotated by 90° with respect

to each other.

between experiment and theory. The lower resolution in the
experimental patterns might indicate a smaller experimental
coherence length due to a smaller inelastic mean free path
than assumed for the calculation (cf. Fig. 3 in [50]). Further
differences show up in relative intensities, as was found in our
previous experiment on graphite (cf. Fig. 5 in [49]). These

Ga 3d

3+
Ga \/‘s ¢ \L
Cl X
P Exp 8
En=511keV] o 2728 9 10
As 3d

measurements have been performed for the In- and Mn-doped
samples.

The differences in the diffractograms for As and Ga emitter
atoms can be emphasized by means of ratio images, derived
via pixel-by-pixel division of the As (c) and Ga patterns (a).
Experimental and theoretical ratio images are shown in (e)

As 3d/Ga 3d
ratio images

.

>,

()

3-

Theo:

FIG. 3. Measured (a), (c) and calculated (b), (d) Ga 3ds;, and As 3ds, core-level photoelectron diffraction patterns at a kinetic energy of
5.11 keV. (e), (f) Measured and calculated ratio images of the As- and Ga-diffractograms. Like Fig. 2 for a GaAs (001) thin film doped with
3% In and 2.5% Mn, but for a kinetic energy of 5.11 keV, set by tuning the photon energy to 5117 eV for Ga 3d (a) and to 5140 eV for As (c).
The inner part of pattern (c), marked by a square, is shown with different gray level in order to avoid intensity saturation. X marks small dark

detector artefacts.
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Ga 3d/As 3d
ratio images

Gazg Ew=331keV

Sample 1
2.5% Mn

Sample 2
5.6% Mn

FIG. 4. Measured Ga 3ds,, and As 3ds,, core-level photoelectron
diffractograms and corresponding ratio images for sample 1 with
2.5% Mn (a)—(c) and sample 2 with 5.6% Mn (d)—(f) for a kinetic
energy of 3.31 keV. In the ratio images, outer regions with significant
distortions have been cropped, leading to the elliptical shape.

and (f), respectively. Indeed, the characteristic differences are
strongly enhanced. In particular, the horseshoe features show
up very pronounced in bright (2) and dark dotted lines (2'),
dark because the As pattern is in the denominator. Analo-
gously, the arcs appear as rows of bright (1’) and dark dots (1)
that originate in corresponding rows of dots at the outer side
of the arcs in (a)—(d). Experimental (e) and theoretical ratio
images (f) agree very well in all main features. Differences in
details are mostly due to the lower resolution of the experi-
ment because of pixel noise and different relative intensities.

Figure 3 shows the analogous results for the final-state
energy of 5.11 keV. Due to the different photoelectron wave-
length, the patterns are markedly different from those in
Fig. 2. In the Ga-diffractograms (a), (b) we recognize sixfold
stars (1) above and below the center, bright spots (2) in four
horseshoe-shaped features along the diagonal directions, four
bright stripes (3) at the left and right rims, and two V-shaped
structures (4) with bright spots at their tips (5) left and right
of the center. The As-diffractograms (c,d) show four bright
spots (2') in differently oriented horseshoes, four bright stripes
(3') at the upper and lower rim, and two V-shaped patterns
(4') with bright spots (5") above and below the center. As for
3.31 keV, all As features appear rotated by 90° in comparison
with Ga. In Fig. 5(c), the sixfold stars are not present; instead,
we observe a diamond-shaped field with inner fine structure
(6). This diamond feature appears in the calculation (d) as
well, but its inner fine structure looks somewhat different.

Figures 3(e) and 3(f) show the As 3d/Ga 3d ratio images.
The experimental ratio image (e) shows a rich fine structure
of narrow bright and dark lines, which agree perfectly well
with the calculated ratio image (f). Note, e.g., the dark (7) and
bright crosses (8), as well as the tilted bright (9) and dark lines
(10). Crosses (7,8) and tilted lines (9,10) are again rotated by
90 ° with respect to each other. The bright spots (2) in (a) and
(2) in (c) appear as four characteristic dark-bright features
(2,2") in (e) and (f).

Ratio images like those in Figs. 3(e) and 4(e) offer a sim-
ple way to eliminate experimental artefacts. Inhomogeneities
such as uneven illumination of the field of view, effects of

distortions due to the electron optics, or local sensitivity vari-
ations of the detector cancel, because these are present in
both images (a), (c). Hence, many fine details are emphasized,
exploiting the high resolution of the microscope. The compar-
ison of Figs. 4(e) and 4(f) demonstrates again the one-to-one
correspondence of all Kikuchi lines. Actually, this result is
not surprising because it is analogous to a Laue diffraction
pattern, where the spot positions are solely determined by
the reciprocal lattice. Here, each Kikuchi line represents a
reciprocal-lattice vector (corresponding to a set of lattice
planes). Laue spots and Kikuchi lines are both manifestations
of the metric of the reciprocal lattice.

Figure 4 shows a comparison of results taken at identi-
cal final-state energies of 3.31 keV and identical settings of
the microscope for two samples with different Mn content,
2.5% (top row) and 5.6% (bottom row). Comparison of the
diffractograms (a), (b), (d), (e) and ratio images (c), (f) shows
that all signatures discussed in Fig. 2 are present for both
dopant contents. In addition, we have marked the large horse-
shoes (3,3") with a central cross and a dark triangle. The pair
of horseshoes is oriented vertically for Ga and horizontally
for As.

In the ratio images (c), (), arc 1 from the Ga patterns shows
up as a chain of bright spots, and arc 1’ from the As patterns
appears as a chain of dark spots. Analogously, the horseshoes
2 and 2’ appear bright and dark in (c), (f). The elliptical outer
shape results from cropping of distorted regions. The patterns
in the second row appear slightly more blurred in comparison
with the first row. This can be attributed to a higher degree of
disorder due to the larger Mn content. Moreover, the central
regions in the ratio images (c), (f) show significant differences.
This may point to increased lattice distortions with increasing
Mn content. Distortions on a larger scale in real space show
up in the central region in reciprocal space.

D. Analysis of the sites of the dopants in the host lattice

The previous section has shown that the Ga and As sites
in the GaAs lattice have fingerprint-like signatures of their
Kikuchi patterns. The missing inversion symmetry allows an
unambiguous assignment of substitutional sites, provided the
kinetic energy of the core-level electrons of the dopant is
tuned to exactly the same value as used for the reference
diffractograms [51]. The question is, however, whether con-
centrations in the percent range provide a sufficient signal for
an assignment. The results can be compared with previous
work dealing with the location of Mn sites [52-55].

Figure 5 shows the diffraction patterns of the four con-
stituents measured at the final-state energy of 3.31 keV. Dotted
lines and numbers mark characteristic features. Inspection of
the Mn 3d hXPD pattern (c) reveals that the arc (1) runs
from left to right, and the horseshoe with a center cross is
visible on the top and bottom. This is the signature of the
Ga substitutional site, in agreement with previous work. Due
to the small signal-to-noise ratio of the core-level spectrum,
contrast and resolution are reduced in comparison with the
main constituents. The pattern had to be smoothed in order
to remove statistical noise. The In 3d pattern shows only a
very weak contrast, which is not sufficient for an unambiguous
assignment of the Ga site.
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E., = 3.31 keV

In3d,,

Mn 3d.,

FIG. 5. (a)-(d) Hard-x-ray diffraction patterns of photoelectrons from Ga 3ds,>, As 3ds;,, Mn 3ds),, In 3ds;, of the (In,Ga,Mn)As thin
film with nominal doping of 3% and 5.6% of In and Mn, respectively. The kinetic energy is set to 3.31 keV by tuning the photon energies
to hv = 3317, 3340, 3355, and 3342 eV for (a), (b), (c), and (d). (e)—(h) Kikuchi diffraction calculation for Mn atoms on Ga (e) and As sites
(f) as well as for Mn atoms on tetrahedral (g) and hexagonal interstitial sites (h), all for Ey;,, = 3.31 keV. Dotted lines and numbers mark
characteristic features; the dashed circles in (g), (h) denote the field-of-view of (a)—(f).

The second row of Fig. 5 shows calculated Kikuchi diffrac-
tograms for Mn atoms on Ga (e) and As sites (f), which are
identical to the Ga and As patterns at the same final-state
energy. The signatures are in accordance with the experimen-
tal patterns (a), (b). They show the same orientation of arcs
(1) for Ga and (1’) for As, of the small horseshoes along
the diagonal (2,2"), and of the larger horseshoes with a cross
(3,3’). Incorporation of Mn on the substitutional Ga sites is
also evident from the comparison of (c) and (e).

Since they have been discussed as possible Mn sites, we
also calculated the Kikuchi fingerprints of Mn atoms on tetra-
hedral and hexagonal interstitial sites. Mn on interstitial sites
in the GaAs lattice has been analyzed theoretically by Bli-
nowski and Kacman [56] and Mahadevan and Zunger [51].
Indications for such sites have been found by NEXAFS [57],
Rutherford backscattering [52], and electron spin resonance
(ESR) [58].

Along with the two types of interstitials with tetragonal
and hexagonal symmetry in the zinc-blende lattice, there are
two nonequivalent tetrahedral interstitial sites with different
Kikuchi patterns. The tetrahedral interstitials can be coor-
dinated to either four As or four Ga atoms. If the dopant
atoms would occupy energetically identical sites statistically,
the observed Kikuchi patterns would be the average of the
two equivalent sites. Calculations revealed, however, that the
tetrahedral interstitial site coordinated by As is more stable
than that coordinated by Ga. This would induce a dissym-
metry in the occupation number. For this reason, we have
calculated the Kikuchi fingerprints of both types of interstitial
sites separately. A detailed discussion of the site-specificity of
Kikuchi patterns is given in [50].

The calculated hXPD patterns of Mn on tetrahedral and
hexagonal interstitial sites are shown in Figs. 5(g) and 5(h),
respectively. The hexagonal site is characterized by dark

diagonal Kikuchi bands of {001}-type that cross the hori-
zontal {011}-band. The crossing region appears very dark.
This is not compatible with the bright center region of the
measured diffractogram (c). The tetrahedral interstitial (g)
shows a bright center region but the rest of the pattern does not
resemble the experimental pattern (c). For instance, the four
large dark spots at the corners of the central bright rectangle
in (c) are a prominent feature in the calculation for the Ga site
(e) but are very weak in the interstitial calculation (g). From
the comparison of experimental and calculated patterns, we
conclude that Mn predominantly occupies substitutional Ga
sites, even in the hyperdoping regime.

The impressive agreement of Bloch-wave theory with ex-
periment in Figs. 2, 3, and 4 as well as for graphite [49]
and Si [50] bears an important message. For such materials
with low scattering factors [59], Bragg reflection at sets of
lattice planes is a fast and effective model to analyze and
interpret hXPD patterns. The computational efficiency of the
k-space description by the Bloch-wave approach lies in the
small number (~100) of Fourier components (corresponding
to sets of lattice planes) that need to be considered. It is
clear, though, that real-space (i.e., cluster-type) calculations in
principle yield identical results if fully converged, as proven
by comparative calculations in [60]. Modeling a detail-rich
Kikuchi-pattern like those in Figs. 2 and 3 in a cluster-type
calculation would demand including ~10° coherent scatter-
ers, which constitutes a major computational challenge. On
the other hand, cluster calculations do not assume long-range
periodicity, which is crucial for Kikuchi diffraction. Hence,
cluster codes are sensitive to the local arrangement close to
the emitter atom and can easily calculate adsorbates on the
surface.

To summarize, the hXPD analysis of the site of the
Mn atoms, being responsible for the ferromagnetism of
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FIG. 6. Momentum distributions / (k, k,) of photoelectrons from (In,Ga,Mn)As (001) measured at a kinetic energy of 3.3 keV (T' = 25 K).
(a) Constant-energy section of the as-measured valence-band distribution at a binding energy of Eg = 1 eV, dominated by the Kikuchi pattern
signature originating from valence-band photoelectron diffraction. (b) Kikuchi pattern of photoelectrons from the As 3d core-level. (c) Valence-
band distribution with diffraction eliminated by multiplicative correction, i.e., pixel-by-pixel division of patterns (a) and (b). Now the bulk
valence bands in ~12 Brillouin zones (BZs), arranged in a square array, are clearly visible. (d) Close-up view of one BZ with marked zone

boundary and high-symmetry points I, X, and K.

(In,Ga,Mn)As, was performed for the low- and high-doping
regime. In the high-doping regime, the influence of the Mn
content on the band structure is still an open question, and
the dopant site in the host lattice is discussed intensely
and controversially. Due to its noncentrosymmetric struc-
ture, the zinc-blende lattice of GaAs offers the possibility
to distinguish the Ga and As sites via an hXPD analysis. In
conventional Laue diffraction and Kikuchi diffraction (e.g., in
a scanning electron microscope), the missing inversion center
is invisible due to Friedel’s law. Prior to the present work, it
was unclear whether core-level photoelectron Kikuchi diffrac-
tion would make the missing inversion center visible. These
site-specific Kikuchi patterns at identical kinetic energies are
used as reference fingerprints for substitutional dopant sites.
Tetrahedral and hexagonal interstitial sites are identified em-
ploying simulated Kikuchi patterns, exploiting their proven
one-to-one correspondence with experiment [49,50].

E. Influence of Mn concentration on the bulk spectral function

Band mapping with hard x-rays is hampered by a
strong contribution of valence-band photoelectron diffraction
[34,42], which can be largely eliminated by multiplicative
correction using a core-level diffraction pattern recorded at
the identical kinetic energy. Thanks to time-of-flight record-
ing, single counting events are accumulated in I (Eg, ky, k)
histogram arrays. Such arrays allow a posteriori analysis of
kx — ky sections at any desired energy or Eg — kj sections
in any direction in k-space. Since the Debye-Waller factor is
relevant at such high energies, the patterns have been recorded
at a sample temperature of 25 K. Figure 6 shows what this
diffraction correction looks like for the title compound. The
as-measured valence-band pattern (a) looks very similar to the
As 3d core-level diffractogram (b). Note that (a) shows one
energy from a 3D data array of several eV width. The energy
resolution is defined by the photon bandwidth of 330 meV at
this photon energy (3.3 keV).

In the pixel-by-pixel ratio image (c), the intensity modula-
tion by the Kikuchi pattern is eliminated, uncovering the true
valence-band features. The k-field-of-view comprises many
(~12) Brillouin zones (BZs) in a square array, originating
from the section of the final-state energy isosphere with the
periodic pattern of [001]-oriented BZs comprising all band

features in 3D k-space at the given final-state energy. In
valence-band photoelectron diffraction, the final-state energy
(here 3.3 ke V) governs the diffraction dynamics because it de-
fines the photoelectron wavelength. The binding energy (here
1 eV) is not less important, because it defines on which energy
isosurface (one of which is the Fermi surface) the diffraction
condition is fulfilled; for details, see [42]. Figure 6(d) shows
a detail of the band features, the central BZ with the contour
of the BZ boundary and the high-symmetry points I", X, and
K being marked. The pattern is dominated by an intense band
centered around the I'-point, a weaker band close to I", and
bright features at the periphery of the pattern in the diagonal
I'-K directions.

The k-space metric is visible both in the width of the
Kikuchi bands in (a), (b) and in the distance of equivalent
points of the band structure in (c). Given the lattice constant
of a = 5.6533 A, the width of the band is |Gy19| = 3.14 A1,
and the distance between I' and X along the image diagonal
is |Gi10]/24/2 = 1L.11 A,

Figure 7 shows the photoemission distribution for the
photon energy of 3300 eV. This energy has been chosen to
cut the three-dimensional Brillouin zone in the I'-X-K plane
[Fig. 7(a)], assuming a free-electron final-state model. Pre-
vious work has shown that this approximation is valid at
such high energies [35,41]. Variation of the photon energy
shows that the photoemission intensity at Er and at the I
point is highest at 3.3 keV, confirming the probed section of
momentum-space.

In Fig. 7(b), energy-dispersive spectra measured in the
vicinity of the I'-point are displayed for (In,Ga)As with 2.5%
and 5.6% Mn doping. The spectral weight at Er increases with
increasing Mn doping, which is in agreement with previous
results [61-63,21]. The position of the chemical potential is
referenced to a metallic Co,MnSi sample measured prior to
the present measurements with identical settings. For the 5.6%
Mn-doped sample, no band dispersion is visible above this
energy. Therefore, this energy level represents an upper limit
for Er. For both Mn concentrations of 2.5% and 5.6% one
observes the valence-band dispersions of the light-hole (LH)
and split-off band (SO) for both high symmetry directions I'-X
and I'-K as shown in Figs. 7(c)-7(f). The heavy-hole (HH)
band is barely visible at these high energies, in agreement
with [21]. Figures 7(g)-7(r) display the intensity distributions
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FIG. 7. Valence-band dispersion of Mn-doped (In,Ga)As. (a) Bulk Brillouin zone of (In,Ga)As with the indicated I"-X-K plane probed by
momentum microscopy with a photon energy of 3.300 eV. (b) Comparison of raw ARPES spectra around the I" point [integrated over a circle
with diameter 0.2 A~! centered at the I" point, red sphere in (a)] for (In,Ga,Mn)As thin films with nominal doping of 2.5% and 5.6% Mn and
for a metallic Co,MnSi reference sample. The intensity is normalized at Eg = 1.5 eV. (c), (d) Eg vs k;; along the I'-X (c) and I'-K direction (d)
for 2.5% Mn-doping. The displayed photoemission intensity distribution is normalized to the average intensity of a constant energy k, — ky
map and the background is subtracted. (e), (f) Similar data for Mn doping of 5.6%; the horizontal stripes in the top regions of (c)—(f) are
shown with different contrast to enhance the dynamic range. Parts (g)—(1) show the corresponding k, — k, sections at selected binding energies
for 2.5% Mn doping. (m)—(r) Similar data for Mn doping of 5.6%. HH, LH, and SO denote the heavy-hole, light-hole, and split-off bands,

respectively.

as constant energy plots for both samples as a function of
in-plane wave vector at selected energy slices revealing the
dispersion of the LH and SO bands. The constant energy
contours of the LH and SO bands show a circular shape for
binding energies smaller than 1 eV. For larger binding energy,
the LH band becomes fourfold distorted, whereas the SO band
retains its circular shape.

Figure 8 shows a comparison of the experimental band
dispersions with the tight-binding calculation for pristine
GaAs at the I'-X-K plane taken from Ref. [60]. The po-
sition of the LH and SO bands in the experimental Ep
versus k), data has been determined from the maxima in

the momentum distribution curves (minima in the second
derivative). We rigidly shifted the calculated data on the en-
ergy scale to fit the experimental data. In the case of 2.5%
Mn doping, the experimental data are compatible with the
valence-band maximum positioned at Ep [Fig. 8(a)]. For
5.6% Mn doping, we observe the dispersing LH band up to
the Fermi level, and the valence-band maximum lies above
Ep. Using the tight-binding model of Ref. [60] for extrap-
olation, the valence-band maximum lies 250 meV above
the Fermi level. The spin-orbit-induced energy splitting of
the split-off band appears larger than the value of AEgo =
0.34 eV for pristine GaAs [64]. This can be partly explained
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FIG. 8. Valence-band dispersion of Mn-doped (In,Ga)As for
2.5% (a) and 5.6% (b) Mn doping. The red open circles (blue open
triangles) indicate minima of the second derivative of momentum
distribution curves for the split-off band SO (light-hole band LH).
The red (light blue) solid lines represent a tight-binding calculation
for pristine GaAs (taken from Ref. [60]), rigidly shifted to match the
experimental LH positions.

by the In content. For InAs, a value of AEgo = 0.4 eV
has been reported [63]. Within the binding energy range from
2 to 3 eV, the SO band shows a deviation from the linear dis-
persion calculated by the tight-binding method that increases
with increasing Mn doping level.

To disclose less obvious band deformations, Fig. 9(a)
shows a pair of intensity profiles along the I'-K-X direction
at selected binding energies. We chose the energies such that
the in-plane momenta of the LH band (Akry) are the same
for both Mn dopings. Then, the in-plane momentum of the
SO band (Aksp) for 5.6% doping is clearly smaller than in
the case of 2.5% doping. Figure 9(b) reveals how this dif-
ference in parallel momentum develops along the bands in
the binding energy range 1.5-3.5 eV. At larger momentum
values (larger binding energy), both datasets show a linear
change of Akgo with Akpy. Akso is smaller for the 5.6% Mn-
doping by 0.1 A~" with respect to 2.5% doping. This smaller
momentum translates into a rigid shift of the SO band with
respect to the LH band to higher binding energy by 0.8 eV.
For smaller parallel momentum (smaller binding energy), the
two datasets merge within error limits. A similar plot reported
for Mn-doped GaAs [22] reveals a smaller difference between
GaAs and Mn-doped (3%) GaAs, with Akgp being slightly
larger for the Mn-doped case in the lower binding energy
range. Thus, Fig. 9 shows that the Mn-doping modifies the
bulk band structure of pristine (InGa)As in a nontrivial way.

In classical models, the split-off energy results from a
combination of spin-orbit coupling and crystal field. At the
I'-point, the band states are often described in an atomiclike
picture, where the HH- and LH-states correspond to hole
states with quantum numbers p3,;|m;| = 3/2 and p32|m;| =
1/2, respectively. These two states are split by the crystal
field. In this picture, the SO state corresponds to a py,, hole
state, which is spherically symmetric. The observed shift with
increasing Mn content thus cannot be explained in a single
electron picture, because the Mn does not increase the spin-
orbit interaction nor does it substantially change the crystal
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FIG. 9. (a) Intensity profiles extracted at the indicated binding
energy values for (In,Ga)As doped with 2.5% and 5.6% Mn, re-
spectively. (b) The parallel momentum of the SO band (kso) as a
function of the corresponding momentum of the LH band (k_y) for
the two samples. The black dashed and full lines are linear fits to the
data for kuy < 0.6 A" (2.5%) and ky < 0.55 A7 (5.6%). The red
dotted line represents the tight-binding result.

field. The partial replacement of Ga with In increases the
average nuclear charge Z and hence increases the split-off
energy with respect to pure GaAs [63]. The replacement of Ga
with Mn instead lowers the average Z-value, and one would
have expected a reduced split-off energy with increasing Mn
content, in contrast to our experimental observation. Hence,
tight-binding or effective potential models cannot explain the
origin of the band modifications.

In the following, we discuss the Mn-induced changes of
the band structure. Thanks to the high kinetic energy of
~3.3 keV, the experiment probes the bulk band structure of the
samples with an information depth of about 10 nm. The con-
tribution of the surface region to the total signal is negligible,
thus avoiding surface-related effects like the interface band
bending caused by surface impurity states. For the high carrier
concentrations of the samples investigated here, and consider-
ing the low temperature of the measurement, the space-charge
region can extend only 1-2 nm into the bulk of the sample.
This information is important for the following discussion of
the band positions.

Mn** ions on Ga sites act as strong acceptors, because
their acceptor states are more localized than the hydrogenic-
like acceptor states in p-doped GaAs (e.g., Zn-doped). The
more localized character results in higher critical carrier
density of the metal-insulator transition in Mn-doped GaAs
(~10® cm~?). For Mn concentrations beyond the metal-
insulator transition (~1.6%), the Mn acceptor levels define

075107-9



K. MEDJANIK et al.

PHYSICAL REVIEW B 103, 075107 (2021)

the position of the Fermi level, which then shifts below the
valence-band maximum.

The observed band structure remains largely persistent
even for high Mn concentrations, indicating the presence of
mobile holes residing in a nearly unperturbed valence band of
the GaAs host. These mobile holes are essential for the p-d
Zener model of ferromagnetism discussed for diluted mag-
netic semiconductors. In contrast, the alternatively discussed
model for ferromagnetism considers localized Mn impurity
states above the GaAs Fermi level, carrying a localized mag-
netic moment that couples via indirect exchange interaction
with the conduction holes. The latter model requires that the
Fermi level stays fixed at the valence-band maximum. This
scenario can be excluded by the present measurements, in
agreement with previous work [21,22].

We can directly compare our experimental results with
recent work. Reference [60] reports ARPES data measured
with 21 eV excitation for GaAs doped with 3% Mn. The pho-
toemission intensity decreases near the chemical potential, not
allowing for a direct detection of the valence-band maximum.
Comparing their data with a tight-binding model for pure
GaAs, the authors extrapolate that the Fermi level crosses the
valence band below its maximum in the case of ferromagnetic
Mn-doped GaAs. An alternative interpretation of the same
ARPES data has been given in Refs. [19,20] arguing that the
impurity band model with the valence-band maximum below
the chemical potential would also be consistent with the data.
Reference [22], using 25 eV synchrotron radiation, found that
Mn concentrations above 1% induce a highly dispersive band
that reaches the Fermi level and extends into the gap region
of GaAs, i.e., its maximum lies above the valence-band maxi-
mum. Yet, the highly dispersive band does not explain the high
charge-carrier density found in DFS, and the authors conclude
that localized Mn states are formed in parallel with the highly
dispersive band. This debate is partly related to the surface
sensitivity of the above-mentioned experiments, requiring the
assumption that bulk properties are detected.

In our case, the high kinetic energy suppresses photoe-
mission yield from surface states or any other surface-related
band modifications. For the case of the ferromagnetic sample
(5.6% Mn), we observe the dispersive LH valence band up
to the chemical potential with a finite parallel momentum
of 0.1 A=!. This finding cannot be interpreted with a picture
where all dispersing bands lie below the chemical potential.
Our experimental data are in qualitative agreement with those
of Refs. [60,22]. A quantitative agreement cannot be expected
since we investigated a different host material. The limited
energy resolution does not allow us to distinguish the subtle
difference of whether the dispersive band crossing the chemi-
cal potential is Mn-induced or Mn-derived. Yet, we do observe
a fuzzy broadening and high intensity of the photoemission
signal at the chemical potential, which would be compatible
with the occurrence of additional localized Mn states in this
region.

In the case of the SO band, we find a particularly strong
band modification in the binding energy range between 2 and
3 eV along the [110] in-plane direction (I"-K-X). This finding
is in rough agreement with the spectral function calculated
by many-body theory [dynamical mean field theory (DMFT)]
[21] for the case of Mn-doped GaAs. This might be taken

as a hint that the observed band modifications with respect
to, e.g., tight-binding calculations require many-body theory,
including the effects of the dopant-induced hole gas [22].

IV. SUMMARY AND CONCLUSIONS

The investigation of the tailoring of the electronic structure
in diluted magnetic semiconductors in analogy to conven-
tional semiconductors represents an experimental challenge,
because local structural order may vary and conventional
ARPES with low photon energy excitation probes only the
topmost atomic layers. Therefore, we applied hXPD and
HARPES to demonstrate the conservation of the broken
inversion symmetry and the band structure tailoring for high-
quality MBE-grown (In,Ga,Mn)As films with 3% In plus
2.5% or 5.6% Mn. Hard-x-ray excitation provides the neces-
sary bulk sensitivity to avoid surface-induced band structure
corruptions. HARPES and hXPD probe identical sample vol-
umes and identical depth profiles, thus ensuring that the
probed volume is the same for the geometric and electronic
information.

For the determination of the site-specific atomic order
using hXPD, selected core levels of the constituents are ad-
dressed via tuning of the photon energy. Simulated hXPD
patterns using the Bloch-wave method show a one-to-one
correspondence with the experimental results and allow us to
predict the specific signatures of different dopant sites. For
samples with 2.5% and 5.6% Mn content, the Kikuchi patterns
confirm that Mn predominantly occupies substitutional Ga
sites.

The bulk electronic structure of the (In,Ga,Mn)As films
results from the spectral function /(Eg, ky, ky) in the valence-
band region as measured using HARPES. HARPES reveals
that a strongly dispersing band crosses the Fermi energy in
the highly doped sample. This is a consequence of the high
concentration of Mn-induced itinerant holes residing in the
valence band of the III-V semiconductor host. This result is
not in agreement with a pure impurity band model. In agree-
ment with previous studies, we find an increased density of
states near the Fermi level for higher doping levels, which one
may attribute to additional localized Mn states. In addition to a
shift of the chemical potential with increasing Mn-doping, we
find pronounced band modifications, particularly in the case
of the split-off band.
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