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The contribution of the Mn 3d states to the valence band of Ga0.98Mn0.02Sb, an important factor
determining the properties of this system, including the mechanism responsible for the magnetic char-
acteristics, has been revealed by photoelectron spectroscopy. The resonant photoemission experiment,
carried out for photon energies close to the Mn 3d→ 3p excitation, allowed us to identify the spectral
feature corresponding to emission from the Mn 3d states. The scanning of the valence band along
the [100] direction of the Brillouin zone, by the angle-resolved photoemission experiment, showed
that these states contributed to a dispersionless structure at the binding energy of 3.6 eV (with re-
spect to the Fermi energy). The revealed shape of the Mn 3d contribution is consistent with the
supposition that the p–d exchange interaction prevails as a mechanism supporting ferromagnetism
in Ga1−xMnxSb.
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1. Introduction

A permanent intense interest in technology and
properties of Ga1−xMnxAs and related solid solu-
tions is another, recent proof of the imperishable
topicality of the concept of semimagnetic semicon-
ductors or diluted magnetic semiconductors (DMS).
Since the first experimental evidence for the molec-
ular beam epitaxy (MBE) growth of III–V-based
DMSs [1], such materials are in the focus of intense
investigations, motivated by both curiosity-driven
basic research and possible applications. Wide ap-
plication of III–V-based DMSs in everyday electron-
ics is still hindered by their relatively low Curie
temperatures (TC achieved for Ga1−xMnxAs nanos-
tructures equals 200 K [2]), although some con-
cepts of spintronic devices based on them have
been demonstrated [3, 4]. Those concepts were
based on a combination of ferromagnetic charac-
teristics and electronic properties of semiconduc-
tors manifesting themselves in III–V-based DMSs.
Therefore, physical mechanisms leading to the fer-
romagnetic ordering of local moments of Mn atoms
are among the most important issues still dis-
cussed in the context of the considered materi-
als. The double-exchange and p–d exchange inter-
actions are widely considered as two extreme mech-
anisms leading to the ferromagnetic order [5, 6].

According to the results of theoretical calculations,
they dominate in Ga1−xMnxN and Ga1−xMnxSb,
respectively. In Ga1−xMnxP and Ga1−xMnxAs,
both mechanisms coexist. The debate on the fac-
tors determining ferromagnetism in III–V DMSs
and on the ways to increase their TC is still
not over [7, 8].

The theoretical conclusions were confronted with
the results of suitable experiments, specifically for
Ga1−xMnxAs, a prototype ferromagnetic DMS.
In particular, various techniques of photoelectron
spectroscopy were used to reveal the Mn 3d-derived
contribution to the electronic band structure of
Ga1−xMnxAs. Hard X-ray photoemission spec-
troscopy was applied to find the difference between
the band structures of GaAs and Ga1−xMnxAs,
to reveal Mn-induced states above the GaAs va-
lence band maximum together with changes in
the whole valence band, and to conclude that
ferromagnetism in Ga1−xMnxAs appears due to
both double exchange and p–d exchange interac-
tions [9]. A conclusion that the hole transport
in an Mn-induced impurity band stabilizes fer-
romagnetism in Ga1−xMnxAs has been derived
from soft X-ray angle-resolved photoemission ex-
periments [10]. A precise low-temperature angle-
resolved photoemission study enabled accurate
determination of the Fermi level with respect to the
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top of the valence band of Ga1−xMnxAs [11]. The
obtained value for this parameter supported the p–d
Zener model of ferromagnetism. The Coulomb gap
at EF was also detected and ascribed to disorder-
induced carrier correlations. Subsequent very pre-
cise angle-resolved photoemission experiments [12]
proved that the band structure of the host crys-
tal was strongly modified by the presence of Mn in
a wide energy range. The observations confirmed
the location of the main Mn 3d peak at about
3 eV [13, 14]. An important finding was reveal-
ing a highly dispersive band above the valence
band maximum. The band was induced by Mn,
i.e, appeared because Mn impurities caused such
a change in the host valence band states. This find-
ing allowed for reconciling the p–d Zener model of
ferromagnetism in Ga1−xMnxAs with previous re-
sults of spectroscopic studies. The Bragg-reflection
standing-wave hard X-ray angle-resolved photoe-
mission spectroscopy was applied to compare the
band structure of GaAs and Ga1−xMnxAs, to con-
firm substitutional doping with Mn, and to reveal
the influence of Mn throughout the electronic band
structure [15].

Ga1−xMnxSb exhibits ferromagnetic properties
at relatively low temperatures (TC = 25 K [16])
and it has been investigated much less than
Ga1−xMnxAs but it still attracts interest due to the
opportunity to study the interactions of magnetic
ions with charge carriers in a host with anions chem-
ically different than in arsenides or due to the band
structure of Ga1−xMnxSb particularly suitable for
making a novel device (a ferromagnetic resonant in-
terband tunneling diode [17]). Our photoemission
study of the Ga1−xMnxSb band structure is moti-
vated by the suggestion, based on theoretical stud-
ies, that the p–d exchange interactions determine
ferromagnetism in this system [18, 19], and there-
fore we should be able to observe band structure
modifications related to this mechanism. Therefore,
we used resonant photoemission and angle-resolved
photoemission methods to reveal the Mn 3d-derived
contribution against a background of the host band
structure.

One of the most important aspects of any photoe-
mission experiment is the preparation of the sam-
ple surface. As III–V DMSs exist as epitaxial lay-
ers, atomically clean and ordered surfaces cannot
be made by cleavage. Any post-growth attempt to
clean the surface by sputtering or to remove cap-
ping by annealing would change the properties of
the sample. Therefore, some of the reported experi-
ments were carried out by bulk-sensitive photoemis-
sion techniques [9, 10, 15], the others [11–14] were
carried out for samples transferred under UHV con-
ditions directly from the MBE chamber to the pho-
toemission spectrometer. The advantages and dis-
advantages of those techniques were discussed in
detail in [12]. As the latter method undoubtedly
gives clean and intact surfaces, we follow the same
idea in the reported experiments.

2. Experimental details

The Ga1−xMnxSb layers with Mn contents of 2%
were grown on GaSb (100) substrates by molecu-
lar beam epitaxy at a low substrate temperature
of about 230◦C. The growth processes were carried
out in a KRYOVAK III–V MBE system equipped
with six individually shuttered effusion cells en-
abling epitaxy of a wide range of III–V compounds.
The MBE chamber was interlocked with a pho-
toelectron spectrometer of the beamline 41 in the
MAX-lab synchrotron radiation laboratory of Lund
University (Sweden). The MBE growth was mon-
itored in situ by reflection high energy electron
diffraction (RHEED). The two-dimensional diffrac-
tion patterns (streaks) and distinct RHEED oscil-
lations were observed throughout the growth of the
Ga1−xMnxSb layers up to their final thicknesses
(50 to 300 Å depending on the sample). No signs
of secondary phases (segregated MnSb nanocrys-
tals [20]) were detected on RHEED images after
the growth. The (100) surfaces of the layers ex-
hibited the low energy electron diffraction (LEED)
patterns corresponding to the asymmetric (1 × 3)
reconstruction. The absence of MnSb precipitates
in the investigated samples was also confirmed by
a comparative ex situ study (including the samples
containing the precipitates [20]) by scanning elec-
tron microscopy.

After the growth, the Ga0.98Mn0.02Sb samples
were transferred under UHV conditions directly
to the photoelectron spectrometer. The photoemis-
sion experiments were carried out at the beam-
line 41 at MAX-lab. The synchrotron radiation
beam from a bending magnet was monochroma-
tized in a toroidal grating monochromator (TGM).
The angular and energy distribution of photoelec-
trons was analyzed with an electrostatic spherical
sector analyzer. The overall energy resolution was
kept around 150 meV, and the angular resolution
was about 2◦. The origin of the binding energy scale
was set at the Fermi level (determined for a ref-
erence metal sample). The angle between the in-
coming photon beam and the normal to the sur-
face was kept at 45◦. The spectra were normal-
ized to the monochromator output and photon flux
variations.

The sets of photoemission spectra were collected
in the normal emission mode for the photon energy
ranges from 30 to 60 eV (in order to observe the
Mn 3p → 3d resonance) and from 50 to 106 eV (to
scan the band structure along the [100] direction).

3. Results and discussion

Figure 1a shows a set of photoemission spec-
tra acquired in the normal emission mode for
Ga0.98Mn0.02Sb (001) for the photon energy range
of 37–60 eV, covering the Mn 3p → 3d intra-ion
transition [21]. The analysis of intensities of the fea-
tures revealed in these spectra enabled us to use the
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resonant photoemission method to reveal the Mn 3d
contribution to the emission from the valence band
of the investigated system.

In a resonant photoemission experiment, the radi-
ation energy is tuned to intra-ion resonant electron
excitation, like 3p→ 3d for transition metal atoms,
and the relaxation of the excited ions leads to the
emission of electrons in a process
Mn 3p63d5+hν →

[
Mn 3p53d6

]∗ → Mn 3p63d4+e−,

(1)
where ∗ — excited state.

Quantum interference between the process in-
volving intra-ion excitation to discrete states and
the regular photoemission to continuum states with
free electrons

Mn 3p63d5 + hν → Mn 3p63d4 + e− (2)
leads to a Fano-type resonance [22]. It manifests it-
self in the enhancement of Mn 3d-related emission
for photon energies close to the Mn 3p → 3d tran-
sition. In particular, the intensity of the feature at
the binding energy of 3.6 eV, marked with a bro-
ken line in Fig. 1a, strongly depends on the photon
energy. This dependence is shown in Fig. 1b (dots)
together with the Fano resonance profile (full line)
described by

I (ω) = C
(ε− q)2

ε2 + 1
, (3)

where

ε =
hν − hν0

Γ
. (4)

The above formula (3) fits the experimental results
for hν0 = 50.2 eV, Γ = 2.8 eV, q = 1.1, with C as a
constant. The photon energy of 50.2 eV corresponds
very well to the Mn 3p→ 3d resonance [21].

A comparison of the spectra acquired at the res-
onance and anti-resonance photon energies (indi-
cated with arrows in Fig. 1b) enabled us to reveal
the Mn 3d-related contribution to the photoemis-
sion (see Fig. 1c). These spectra, for 47 and 52 eV
(drawn in blue and red, respectively, as shown in
Fig. 1c), are normalized with respect to the max-
imum at 1.6 eV, corresponding to the top valence
band of the system. The difference curve (∆I(E) =
I52 eV(E) − I47 eV(E)) (drawn in green) is a mea-
sure of the Mn 3d contribution to the emission from
the valence band of Ga0.98Mn0.02Sb. It has a strong
maximum corresponding to the feature manifesting
itself in the spectra at the binding energy of 3.6 eV
and a “satellite” extending down to about 10 eV.

A comparative theoretical study of the elec-
tronic structure of III–V DMSs, reported in [5],
showed that the evolution of the electronic band
structure from Ga1−xMnxN through Ga1−xMnxP,
Ga1−xMnxAs to Ga1−xMnxSb is consistent with
the relative energy positions of the Mn 3d states
and anion p states and results in a shift of the
Mn 3d contribution from an impurity band in
Ga1−xMnxN to a structure deep in the valence band
in Ga1−xMnxSb. In Ga1−xMnxP and Ga1−xMnxAs

Fig. 1. (a) A set of photoemission spectra acquired
in the normal emission mode for Ga0.98Mn0.02Sb
(001) for the photon energy range covering the
Mn 3p → 3d resonance. (b) The intensity of the
spectral feature at 3.6 eV (marked with a bro-
ken line in (a)) as a function of photon energy
fit with the Fano profile. The arrows indicate the
anti-resonance and resonance energies. (c) The res-
onance (red), anti-resonance (blue) spectra, and the
difference curve (∆I(E) = I52 eV(E) − I47 eV(E))
(green) shown as a measure of the Mn 3d contri-
bution to the emission from the valence band of
Ga0.98Mn0.02Sb.

an intermediate situation occurs. As a consequence,
it leads to switching the dominating mechanism of
ferromagnetism from double exchange to p–d ex-
change, from Ga1−xMnxN to Ga1−xMnxSb. There-
fore, the Mn 3d contribution revealed in our reso-
nant photoemission experiment seems to be consis-
tent with that prediction and also with the results
of the density of states of Ga1−xMnxSb calculations
by DFT [23].

Figure 2a shows a set of photoemission spec-
tra acquired in the normal emission mode for
Ga0.98Mn0.02Sb (001) for the photon energy increas-
ing from 50 to 106 eV. These spectra were collected
as a basis for the construction of the experimental
band structure diagram (Fig. 2b) in view of deter-
mining the energy position of the Mn 3d contribu-
tion with respect to the bands of the GaSb matrix.
The intensity of the Mn 3d contribution was rela-
tively stable for the energies well above the reso-
nance energy, so this feature did not obscure the
GaSb-related bands.

The energy positions of features resolved in the
spectra were transformed into the experimental
band structure diagram (along the Γ–X direction),
using the free-electron final state model. Therefore,
for the calculation of binding energies of bands and
corresponding values for the k vector, the following
formula was used

k⊥ =

√
2m

}2
(Ekin + V0)−G⊥. (5)
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Fig. 2. (a) A set of photoemission spectra acquired
in the normal emission mode for Ga0.98Mn0.02Sb
(001). (b) The experimental band structure diagram
along the Γ–X direction derived from the spectra
shown in (a).

The value for the inner potential of the crystal
V0 = 9.6 eV was determined by analysis of the cur-
vature of the experimental bands and their symme-
try along the k⊥ axis. The diagram shown in Fig. 2b
qualitatively corresponds to the results published
for GaSb [24]. The black full dots show the top va-
lence band while the heavy and light hole bands
are not resolved. Next, the spin–orbit split-off band
does not manifest itself clearly in the spectra. As re-
ported in [24], it did not appear close to the Γ and
X points. It could be revealed along the ∆ direction
only close to the centre spot between those high
symmetry points, for binding energies of 3–5 eV.
For Ga1−xMnxSb, Mn 3d (green full dots) strongly
contributes to this part of the diagram, and the
corresponding Mn 3d-related spectral feature may
obscure that of the spin–orbit split-off bulk band.
The nondispersive bands (black open dots) corre-
spond well to similar bands revealed for GaSb [24]
at the binding energies of 1.7 and 6.6 eV. They were
ascribed to indirect transitions or surface-related
states. The Mn 3d related nondispersive band oc-
curs at 3.6 eV and is discernible across the whole
Brillouin zone along the Γ–X direction.

4. Conclusions

Resonance and angle-resolved photoelectron
spectroscopies have been used to assess the con-
tribution of the Mn 3d states to the valence band
of MBE-grown Ga0.98Mn0.02Sb, an important fac-
tor determining the properties of this system, in-
cluding the mechanism responsible for the magnetic
characteristics. The resonant photoemission exper-
iment was carried out for photon energies close to
the Mn 3d→ 3p excitation. It allowed us to identify

the spectral feature corresponding to the emission
from the Mn 3d states and to confirm it by reveal-
ing the Fano-type profile in its intensity vs photon
energy dependence.

The angle-resolved photoemission experiment for
Ga0.98Mn0.02Sb (001) in the photon energy range
of 50–106 eV was performed to prepare the experi-
mental band structure diagram along the [100] di-
rection in the Brillouin zone. It showed the Mn 3d-
related nondispersive structure at the binding en-
ergy of 3.6 eV (with respect to the Fermi energy).
The revealed shape of the Mn 3d contribution is
consistent with the supposition that the p–d ex-
change interaction prevails as a mechanism support-
ing ferromagnetism in Ga1−xMnxSb. No Mn 3d-
related feature has been revealed close to the top of
the valence band (a feature potentially confirming
the presence of the double exchange mechanism),
but this observation should be confirmed by angle-
resolved photoemission experiments with higher res-
olution.
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