
ARTICLE

Received 21 Sep 2012 | Accepted 19 Sep 2013 | Published 21 Oct 2013

Electron correlations in MnxGa1–xAs as seen by
resonant electron spectroscopy and dynamical
mean field theory
I. Di Marco1, P. Thunström1,w, M.I. Katsnelson2, J. Sadowski3,4, K. Karlsson5, S. Lebègue6,

J. Kanski7 & O. Eriksson1

After two decades since the discovery of ferromagnetism in manganese-doped gallium

arsenide, its origin is still debated, and many doubts are related to the electronic structure.

Here we report an experimental and theoretical study of the valence electron spectrum

of manganese-doped gallium arsenide. The experimental data are obtained through the

differences between off- and on-resonance photo emission data. The theoretical spectrum is

calculated by means of a combination of density-functional theory in the local density

approximation and dynamical mean field theory, using exact diagonalization as impurity

solver. Theory is found to accurately reproduce measured data and illustrates the importance

of correlation effects. Our results demonstrate that the manganese states extend over a

broad range of energy, including the top of the valence band, and that no impurity band

splits-off from the valence band edge, whereas the induced holes seem located primarily

around the manganese impurity.
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T
he field of diluted magnetic semiconductors (DMS)1,2 has
for the past decade broadened to include several aspects
of materials science, for example, materials synthesis in

bulk- and thin-film form, structural and magnetic characteri-
zation, photo-electron spectroscopy for characterization of the
electronic structure and theoretical approaches based on model
Hamiltonians or first-principles calculations. Several reviews
have lately been authored3–7, presenting the evolution of the
field starting from the first reports on magnetic impurities in
semiconductors8,9. A milestone event was the report on carrier-
mediated ferromagnetism of Mn-doped InAs and GaAs1, where
the Mn atoms both act as acceptors and magnetic impurities.

In practical applications of spintronics, an ordering tempera-
ture above room temperature is needed, and a few systems were
predicted2 to be promising from that point of view, namely
Mn-doped ZnO and Mn-doped GaN. Unfortunately, it has
proven very difficult to determine their ordering temperatures
experimentally, and values ranging from close to 1,000K to just
above 0K have been reported. This vast spread of values can
possibly be linked to difficulties in synthesizing samples with a
homogeneous distribution of substitutional Mn atoms in the host
lattice. Mn-doped GaAs offers a considerably more robust
situation from a synthesis point of view, and substitutional Mn
doping at the Ga sites can reach concentrations up to B15%
(refs 10,11), as estimated from saturation magnetization data. The
magnetic ordering temperature (TC) depends on the detailed
preparation procedures and evaluation methods11–13, the highest
reported value being between 188K (ref. 14) and about 200K
(ref. 15), inferred, respectively, from the measured magnetization
and from the maximum in the resistivity curve (the latter method
is known to overestimate the transition temperature10).

On the theory side, it has been suggested2 that the ferro-
magnetic interaction in Mn-doped GaAs is described by
Vonsovsky–Zener’s p–d exchange model16,17. The main
assumptions of this model are that the Mn-3d electrons are
localized and that the divalent Mn impurities can induce itinerant
spin-carriers (holes) in the valence band of the host material4,18.
These holes couple anti-ferromagnetically to the localized
moments and mediate an effective long-range exchange inter-
action between the moments themselves2,18. The picture of
long-ranged interactions has, however, been challenged by
calculations based on first-principles theory, albeit without
correlation effects taken into account. These works suggest that
the spin-carrying holes are more bound to the Mn impurity and
arise from a narrow impurity band of mixed spd character4,6.
As a result, a much more short-ranged interaction is observed,
with magnetic percolation as a key ingredient, and a decent
agreement is found between calculated and observed ordering
temperatures19,20. This situation is better described by the
double-exchange model, which was originally introduced for
mixed-valence dense ferromagnets21 and later on adapted to
DMS4,6,22,23. In the double-exchange model it is not crucial
whether the main character of the carriers is 3d (refs 6,7) or
4p (refs 4,24) as this does not affect either the basic physics
(dependence of the effective hopping parameter on the
magnetic configuration) or the form of the effective magnetic
Hamiltonian25,26. Instead, the essential condition is that the
band crossing the Fermi level has a width that is smaller than
the effective exchange energy between localized moments and
spin-carrying holes4. This is opposite to the situation of the
aforementioned p-d exchange model, where the exchange
energy is smaller than the bandwidth of the carriers. In this
view, double-exchange and p-d exchange are both due to the
hybridization between conduction and magnetic electrons,
and are, respectively, associated to the limit of narrow and
broad bands4,22,27.

Apart from first-principles studies, a significant contribution
from the double-exchange mechanism in Mn-doped GaAs is also
suggested in a recent experimental study28. Here, an impurity
level, which was intersected by the Fermi level, was conferred to
lie in the band gap. The experimental work of Dodobrowolska
et al.29 comes to similar conclusions. In particular, it was reported
that the Fermi level lies above the top of the valence band, and
although a direct measurement of an impurity band was lacking,
the authors interpreted their data in terms of the existence of such
a feature. Spectroscopic investigations, based on hard X-ray
angle-resolved photo-emission30, do not find such an impurity
level. This work instead proposed that both p-d as well as double
exchange are active in Mn-doped GaAs, as suggested in the study
by Sato et al.6

One must conclude that there is a lack of consensus regarding
the mechanisms behind magnetism in Mn-doped GaAs and
possibly DMS systems in general. The shortcoming in under-
standing magnetism in these materials is coupled to the lack of a
precise knowledge of their electronic structure. A weak point in
previous first-principles studies through density-functional theory
is that the calculations are based on a mean-field-like description
of the electronic structure, using the local density approximation
(LDA) or the generalized gradient approximation. The main
criticism to this theory is that a mean-field-like description may
not be sufficiently accurate for describing the Mn-3d states, and
that correlation effects due to the strong Coulomb interaction
must be considered7. Indeed, calculations including correlation
effects have been made for simplified models with reduced
degrees of freedom, using several adjustable parameters31–34.
Although these models have been important to identify the
different competing mechanisms in various parameter regimes,
their applicability to Mn-doped GaAs cannot be inferred from
a comparison with an accurate experimental photo-emission
spectrum. Among the published studies, the only materials-
dependent theory including electron–electron interaction directly
is the mean-field (static) LDAþU method6,35–38; however, as we
show below, this method is inaccurate when it comes to
reproducing the measured electronic structure of Mn-doped
GaAs.

The discussion above indicates that a thorough analysis of the
electronic structure of Mn-doped GaAs is highly needed,
combining experimental data with accurate theory, to clarify
the role of electron correlations and their impact on magnetism.
Recent studies regarding the coupling of the electronic structure
to the nature of the magnetic interactions29, and the resulting
debate on their validity39,40, further highlight this need. The
purpose of this article is to provide such an analysis, and we
present here the spectral properties of Mn-doped GaAs as given
by differences between off- and on-resonance photo-emission
data for 0.1, 1 and 6% Mn doping. The experimental results are
compared with electronic structure calculations based on a
combination of density-functional theory and dynamical mean
field theory (LDAþDMFT)27,41,42. Both theory and experiment
are focused on the high-temperature paramagnetic phase, as
described in the Methods section.

Results
Correlated Mn-3d states. In Fig. 1, the experimental data for the
Mn-3d excitation spectra are reported for samples with a Mn
concentration of 0.1, 1 and 6%. The curves were extracted by
taking differences between off- and on-resonance photon energies
for the Mn-3d cross-section. In Fig. 2 the experimental spectrum
for the sample with 1% Mn concentration is directly compared
with the LDAþDMFT projected density of states (PDOS) of the
Mn-3d orbitals, for 3.7% Mn concentration. For such
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concentrations of Mn, the direct wave-function overlap between
different Mn atoms is vanishingly small, and it is expected that
the spectral properties are rather insensitive to smaller mod-
ifications of the Mn concentration (as Fig. 1 also shows). Com-
parison with the more diluted experimental spectrum is
motivated by the fact that at high Mn concentrations the spec-
trum is broadened due to a statistical (that is, non-uniform) Mn
distribution.43 For Mn atoms occupying Ga sites in the
zincblende structure, the probability for finding two nearest
neighbour sites occupied is 30% at 3% Mn concentration. Note
that in Fig. 2 we show theoretical data, directly as obtained from
the DMFT calculation, as well as theory that has been broadened
due to lifetime effects. The broadening considered was obtained
from the Fermi liquid theory, in which the lifetime decreases
quadratically with the binding energy44. As is clear from Fig. 2,
both experiment and theory position the Mn-3d states primarily
in the valence band of the GaAs host, with the Mn-3d states
extending over a broad range of energies. The experimental
spectrum has a main peak at B3.2 eV binding energy, an
observation that is captured by theory. Furthermore, the observed
broad shoulder, which is located between 4 and 8 eV binding
energy, is also well described in the LDAþDMFT excitation
spectrum. Overall, the agreement between theory and experiment
must be judged as being good. Only in the closest region to the
Fermi level can one notice some discrepancies between theory
and experiment, where the small peak at B1 eV binding energy
has a slightly high intensity in the calculations, when compared
with the observations.

Host valence band and induced holes. In the inset of Fig. 2, the
Mn-3d PDOS for spin-polarized and unpolarized LSDA are
reported, and we note that the agreement with the experimental
data is less than satisfactory. Focusing on the ferromagnetic

LSDA solution, the spectral weight is almost entirely contained in
the region with excitation energies below 4 eV, and although the
position of the main peak is almost correct, the large shoulder at
higher binding energy is totally absent. If electron–electron
repulsion is treated in a static Hartree–Fock manner, as for the
LDAþU calculations shown in the same inset, the agreement
with the experiment does not improve much. The main peak is
moved to higher binding energies, its exact position depending on
the value of U (refs 35–38), but it is not possible to describe the
broad distribution of spectral weight at binding energies between
4 and 8 eV. One must conclude that overall the electronic
structure of Mn-doped GaAs is not accurately described by LDA
or LDAþU theory, and that dynamical correlation effects have a
main role. The experimental results of Gray et al.30 were in the
same study compared with a theory based on LDA. The result is
that, despite the sophisticated description of the photo-emission
process through the one-step model, theory and experiment do
not agree with each other, at least with regard to the spectral
features of Mn-3d projected states. The deficiencies of LDA and
LDAþU are related to the fact that they are basically single Slater
determinant theories, and cannot describe the highly entangled
many-body states corresponding to the high spin moment of the
half-filled Mn-3d shell and its excited states. This is in line with
our recent findings for the transition metals monoxides45, where
experimental data show a broad distribution of 3d spectral weight
not describable within one-particle approximations, but well
reproduced by LDAþDMFT.

In Fig. 3, we report the calculated PDOS for the As-4p states,
which are the main contributors to the valence band, both for an
As atom far away from the Mn impurity and for an As atom close
to it. As seen by inspection of the states projected on the As atom
far from the Mn impurity, the Fermi level is located at the band
edge of the valence band. Looking at the close region around the
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Figure 1 | Resonant photo-emission spectra of Mn-3d states. Data for

various samples of Mn-doped GaAs at different impurities concentration.

The 0.1 and 1% spectra are shifted in energy to align with the 6% spectrum

at the valence band maximum. In the last case the valence band

maximum coincides with the Fermi level. In the inset, the Mn 2p3/2 XAS

spectra with 0.3 and 6% Mn (dashed and solid lines, respectively) are

shown. ‘A’ and ‘B’ indicate the two photon energies used for extracting

the resonant photo-emission spectra.
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Figure 2 | Mn-3d PDOS from LDAþDMFT. Resonant photo-emission

spectrum of Mn-3d states in Mn-doped GaAs at 1% concentration

compared with the Mn-3d projected density of states from LDAþDMFT,

with and without Lorentzian smearing. The energy-dependent width of the

latter was chosen as t(e)¼0.04 eV� 1� e2þ0.04 eV, to allow a better

comparison of the spectral weight with the photo-emission signal. The

Fermi level is at zero energy, and no artificial shifts have been applied

between theoretical and experimental curves. In the inset, the

ferromagnetic (FM) and non-magnetic (NM) LSDA results are shown,

together with the LDAþU results.
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Fermi level (inset), one sees that the latter is mainly pinned by
As-4p states, with a significant contribution of Mn-4p states (not
shown). The p-states of the As atom close to the Mn atom show
hybridization with the Mn-3d states, which results in spectral
features that extend above the Fermi level. As the figure shows,
there is a non-negligible distortion of the As-4p states due to the
presence of the impurity Mn atom, and this distortion is
particularly large close to the Mn impurity. A more quantitative
analysis can be made by directly evaluating the hole density for
the locally projected bands in LDAþDMFT. For our supercell,
the Mn-3d and Mn-4p states contain, respectively, 1 and 3%
of the total number of holes, whereas the large majority of holes
has As-4p character. The first shell of As nearest neighbours
(4 atoms at 0.245 nm) contains 30% of the holes, the second shell
(12 atoms at 0.469 nm) 20% and the third shell (6 atoms at
0.616 nm) 21%. The last shell included in the modelling (5 atoms
at 0.734 nm) exhibits a sharp drop in the hole density, containing
only 7% of the total number of holes. The first shell of Ga nearest
neighbours (12 atoms at 0.4 nm) contains 9 and 3% for,
respectively, the 4p and 3d states. All the other orbitals contain
the remaining holes, without any significant distribution. These
numbers point to a local change in the electronic structure
located primarily around the impurity and are in close agreement
with a recent core level photo-emission study focusing on the Ga-
3d spectra from very dilute (Ga,Mn)As (ref. 46), where each Mn
atom is found to affect a region corresponding to a sphere with
0.7 nm radius.

As shown in Fig. 4, the precise choice of the parameters
describing the Coulomb interaction in the LDAþDMFT
calculations does not lead to qualitative differences in the final
spectral properties, at least if these changes are limited within a
reasonable range of values. As described in the Methods section,
the data presented in Figs 2 and 3 are obtained for an average
Hubbard parameter U¼ 6 eV and for an average Hund’s
exchange parameter JC1 eV. In the inset of Fig. 4 we show the
Mn-3d PDOS in LDAþDMFT for U¼ 5 and U¼ 7 eV. Even for
these large changes of U, the main features of the two curves
remain similar to that observed in Fig. 2, and only a small

redistribution of spectral weight at high binding energies can be
observed. In Fig. 4, instead, the LDAþDMFT Mn-3d PDOS
shown in Fig. 2, corresponding to U¼ 6 eV and JC1 eV, is
compared with the LDAþDMFT data for U¼ 6 eV and J¼
0.8 eV. The general features of the spectra are the same, but the
two main peaks are shifted towards the Fermi level in the
simulation with lower J. From these results, we can see that a
change of the parameters in the calculation only slightly modifies
the obtained spectrum and does not change the physical picture
outlined.

Discussion
The work presented here shows experimental and theoretical
photo-emission spectra of bulk Mn-doped GaAs, where good
agreement between observations and theory is only found when
electron correlations are treated dynamically. To be precise,
DMFT in combination with exact diagonalization is shown to
reproduce the observed spectral features, whereas other impurity
solvers, for example, Hubbard-I (ref. 47) or perturbative
approaches48, are not adequate to this problem (data not
shown). A static treatment of electron–electron repulsion, as in
LDAþU, is also shown to fail when comparing with experi-
mental spectra. This illustrates that for Mn-doped GaAs, and
most probably for DMS materials in general, electronic structure
calculations require a more sophisticated treatment than usually
found in the literature. On a more detailed level, both our
theoretical and experimental results demonstrate the presence of
Mn states at the top of the valence band, but that no detached
impurity band forms, contrary to what is suggested in the studies
by Ohya et al.28 and Dobrowolska et al.29. In addition, we have
found that the Mn-3d states contribute very little to the carrier
concentration (about 1%). Despite the lack of a detached impurity
band, our calculations reveal that the holes have a clear majority
of their spectral intensity in the closest shells of As atoms around
the Mn impurity, a fact to be taken into consideration when
analysing the exchange mechanism of this material. Our results
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are in very good agreement with recent hard X-ray photo-
emission data, which, unlike our study, are obtained by probing
directly the ferromagnetic phase30. However, the sophisticated
photo-emission theory used in that work is still based on the LDA
approximation, and therefore suffers of all the inaccuracies
mentioned above. Finally, in our theoretical framework, a more
quantitative and definite conclusion on the magnetism could
probably be obtained by approaching the problem of the
evolution of the ordering temperature for different Mn
concentrations from first principles.

Methods
Experiment. The photo-emission data were obtained at the Swedish synchrotron
radiation facility MAX-lab using the surface end station of the I511 undulator
beamline49. The samples were prepared in a local molecular beam epitaxy system
and were transferred to the photo-emission station in a portable ultrahigh vacuum
chamber without being exposed to the atmosphere. The Mn concentrations were
determined during growth by means of reflection high-energy electron diffraction
oscillations, as described earlier50. Survey spectra recorded after transfer showed
contamination-free surfaces, and low-energy electron diffraction showed (1� 2)
surface reconstruction. For very low Mn concentration (0.1%), the fractional spots
of GaAs(100) c(4� 4) were still present, but clearly stretched along the /100S
azimuths, reflecting a transition for (1� 2) pattern. All spectra presented here were
obtained at room temperature from as-grown samples, that is, samples not
subjected to postgrowth annealing. After the photo-emission experiment, the
magnetic properties were measured ex situ in a SQUID setup. The sample with 6%
Mn showed ferromagnetic behaviour below 55K, whereas none of the other
samples showed long-range order above 5K.

Unlike most previous experimental works50–53, the present experiments were
carried out on as-grown samples, transferred in ultrahigh vacuum between the
growth and analysis systems. This is an essential difference, as the investigated
(Ga,Mn)As material is known to be metastable and its surface cannot be reliably
restored by traditional preparation methods like Ar sputtering and annealing.
Indeed, according to our previous studies54, the main Mn-3d emission valence
band structure was found significantly closer to the valence band maximum than
that reported in all above mentioned reports, and a shift towards higher binding
energy was demonstrated to be induced by postgrowth annealing55. Although it
can be argued that the changes were observed at temperatures above 300 �C, that is,
higher than the annealing temperatures applied in the post Ar-sputtering
treatments, the energy deposited by the Ar sputtering itself is certainly sufficient to
induce structural modifications. By exploiting the momentum selectivity in
resonant photo-emission we can focus specifically on the 3d states. As shown, the
3d states are even shallower than suggested by spectra probing the integrated
valence band, and the deviation from the value reported in studies by Okabayashi
et al.51 and Rader et al.52 is even larger.

Valence band spectra were recorded at two photon energies, one on the 2p3/2
absorption peak (A in the inset of Fig. 1), the other 2 eV below the peak (B in the
inset of Fig. 1) and the Mn-3d resonant emission was obtained from the difference
between the two spectra. In a previous study56, corresponding structures were
extracted by combining spectra from (Ga,Mn)As and clean GaAs obtained at the
same excitation energy. The main advantage of the procedure adopted here is that
it avoids artifacts that inevitably arise due to different surface states on different
surfaces. In the extraction of difference spectra it is of course important,
particularly in the most dilute cases, that the spectra are properly normalized and
aligned in energy. This was accomplished by including the Ga-3d peak in the
recorded energy range. By means of this peak the spectra could be aligned with a
precision of 1meV, and the normalization was checked via the absence of any
systematic structures in the energy region of Ga-3d emission. For the most dilute
cases, it turned out that thermal effects, mainly associated with gradual
monochromator heating, had to be taken into account. To minimize these effects,
the recording time for each pair of spectra was reduced to about 2min. To achieve
reasonable statistics, a number of difference spectra (typically 50–100) were added
after proper alignment. In contrast to the recently published hard X-ray photo-
emission from (Ga,Mn)As (ref. 30), the present data are quite surface-sensitive due
to the relatively short electron mean free path (around 1.5 nm). However, due to
the rapidly falling Mn-3d/As-4p cross-section ratio with increasing photon
energy57 the emission from Mn-3d in the study by Gray et al.30 is hardly
discernible. In contrast, under the resonant conditions used here, the Mn-3d
emission is enhanced selectively and dominates the spectrum for samples with Mn
concentrations above 1%.

Theory. The theoretical spectra have been calculated by means of an LDAþ
DMFT technique58,59 based on a full-potential linear-muffin tin orbital method 60,
which is particularly suitable for large supercell geometries. The Mn-doped GaAs
was modelled with a supercell Ga26MnAs27, corresponding to a Mn concentration
of 3.7%. The experimental lattice constant a¼ 10.681 a.u. was used, and the
Brillouin zone was sampled with a mesh of 256 k-points. The LDAþDMFT

scheme was applied to explicitly treat the local Coulomb interaction between the
localized Mn-3d electrons. The 4-index rotationally invariant Coulomb interaction
matrix was generated from the Slater parameters F0, F2 and F4. The choice of the
average Coulomb repulsion F0, which corresponds to the Hubbard U, is rather
problematic, as no calculations based on constrained LDA or random phase
approximation (RPA) methods are found in the literature. Therefore, we have
considered values between 4 and 7 eV, which are the accepted strengths of the
Coulomb repulsion for bulk metallic g-Mn (ref. 48) and MnO (ref. 45). The main
results of the paper are presented for the intermediate value U¼ 6 eV, whereas
results for smaller and larger values are discussed at the end of the Results section.
F2 and F4 are easier to evaluate and therefore were calculated directly from the
electronic density as done in the study by Thunström et al.45. The calculated values
correspond to the average Hund’s exchange parameter JC1 eV. The LDAþDMFT
results for J¼ 0.8 eV, shown in Fig. 4, were based on F 2 and F4 obtained by means
of fixed atomic ratios41,42.

The effective impurity problem arising in LDAþDMFT has been solved
through exact diagonalization method, as described in the study by Thunström
et al.45 The fermionic bath interacting with the atomic impurity has been
approximated by means of 22 auxiliary bath spin-orbitals: 18 bath states were
coupled to the strongly hybridizing Mn t2g states, whereas only 4 bath states were
coupled to the weakly hybridizing Mn eg states. All the calculations have been made
for the paramagnetic phase at T¼ 400K and using 1,200 fermionic Matsubara
frequencies, and double-counting problem has been considered in the fully
localized limit41,42. Finally, in the calculation of the hole densities, we have
considered only the atoms included in one supercell and their multiplicity,
consistently with our physical modelling and previous literature38.
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4. Jungwirth, T., Mašek, J., Kučera, J. & MacDonald, A. H. Theory of

ferromagnetic (III,Mn)V semiconductors. Rev. Mod. Phys. 78, 809–864 (2006).
5. Pulizzi, F. Dilute for impact Nature Materials (2008) doi:10.1038/nphys872.
6. Sato, K. et al. First-principles theory of dilute magnetic semiconductors. Rev.

Mod. Phys. 82, 1633–1690 (2010).
7. Dietl, T. A ten-year perspective on dilute magnetic semiconductors and oxides.

Nat. Mater. 9, 965–974 (2010).
8. Cochrane, R. W., Plischke, M. & Ström-Olsen, J. O. Magnetization studies of

(GeTe)1–x(MnTe)x pseudobinary alloys. Phys. Rev. B 9, 3013–3021 (1974).
9. Story, T., Galazka, R. R., Frankel, R. B. & Wolff, P. A. Carrier-concentration

induced ferromagnetism in PbSnMnTe. Phys. Rev. Lett. 56, 777–779 (1986).
10. Chiba, D., Nishitani, Y., Matsukura, F. & Ohno, H. Properties of

Ga1–xMnxAs with high Mn composition (x40.1). Appl. Phys. Lett. 90, 122503
(2007).

11. Chen, L. et al. Low-temperature magnetotransport behaviors of heavily Mn-
doped (Ga,Mn)As films with high ferromagnetic transition temperature. Appl.
Phys. Lett. 95, 182505 (2009).

12. Wang, K. Y. et al.Magnetism in (Ga,Mn)As thin films with TC up to 173K. AIP
Conf. Proc. 772, 333–334 (2005).

13. Wang, M. et al. Achieving high Curie temperature in (Ga,Mn)As. Appl. Phys.
Lett. 93, 132103 (2008).

14. Nemec, P. et al. The essential role of carefully optimized synthesis for
elucidating intrinsic material properties of (Ga,Mn)As. Nat. Comm. 4, 1422
(2013).

15. Novák, V. et al. Curie point singularity in the temperature derivative of
resistivity in (Ga,Mn)As. Phys. Rev. Lett. 101, 077201 (2008).

16. Vonsovsky, S. V. On the exchange interaction of s and d electrons in
ferromagnets. Zh. Eksp. Teor. Fiz. 16, 981 (1946).

17. Zener, C. Interaction between the d shells in the transition metals. Phys. Rev.
81, 440–444 (1951).

18. Dietl, T., Awschalom, D. D., Kaminska, M. & Ohno, M. Spintronics.
Semiconductors and Semimetals. (eds Weber, E. R.) (Elsevier, 2008).

19. Bergqvist, L. et al. Magnetic percolation in diluted magnetic semiconductors.
Phys. Rev. Lett. 93, 137202 (2004).

20. Sato, K., Schweika, W., Dederichs, P. H. & Katayama-Yoshida, H. Low-
temperature ferromagnetism in (Ga, Mn)N: Ab initio calculations. Phys. Rev. B
70, 201202 (2004).

21. Zener, C. Interaction between the d-shells in the transition metals. II.
ferromagnetic compounds of manganese with perovskite structure. Phys. Rev.
82, 403–405 (1951).

22. Nagaev, E. L. Physics of Magnetic Semiconductors (Mir Publishers, 1983).
23. Sanvito, S., Ordejón, P. & Hill, Nicola A. First-principles study of the

origin and nature of ferromagnetism in Ga1–xMnxAs. Phys. Rev. B 63, 165206
(2001).

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms3645 ARTICLE

NATURE COMMUNICATIONS | 4:2645 |DOI: 10.1038/ncomms3645 |www.nature.com/naturecommunications 5

& 2013 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


24. Krstajic, P. M., Ivanov, V. A., Peeters, F. M., Fleurov, V. & Kikoin, K. On the
nature of ferromagnetism in diluted magnetic semiconductors: GaAs:Mn.
Europhys. Lett. 61, 235–241 (2003).

25. Auslender, M. I. & Katsnelson, M. I. The effective spin Hamiltonian and phase
separation instability of the almost half-filled Hubbard model and the narrow-
band s-f model. Solid State Commun. 44, 387–389 (1982).

26. Auslender, M. I. & Katsnelson, M. I. Effective spin Hamiltonian approach to
phase separation in the almost half-filled Hubbard model and narrow-band s-f
model. Theor. Math. Phys. 51, 436–444 (1982).

27. Katsnelson, M. I. et al. Half-metallic ferromagnets: from band structure to
many-body effects. Rev. Mod. Phys. 80, 315–378 (2008).

28. Ohya, S., Muneta, I., Hai, P. N. & Tanaka, M. Valence-band structure of the
ferromagnetic semiconductor GaMnAs studied by spin-dependent resonant
tunneling spectroscopy. Phys. Rev. Lett. 104, 167204 (2010).

29. Dobrowolska, M. et al. Controlling the Curie temperature in (Ga,Mn)As
through location of the Fermi level within the impurity band. Nat. Mater. 11,
444–449 (2012).

30. Gray, A. X. et al. Bulk electronic structure of the dilute magnetic semiconductor
Ga1–xMnxAs through hard X-ray angle-resolved photoemission. Nat. Mater.
11, 957–962 (2012).

31. Craco, L., Laad, M. S. & Müller-Hartmann, E. Ab initio description of the
diluted magnetic semiconductor Ga1–xMnxAs: ferromagnetism, electronic
structure, and optical response. Phys. Rev. B 68, 233310 (2003).

32. Majidi, M. A., Moreno, J., Jarrell, M., Fishman, R. S. & Aryanpour, K. Dynamics
of impurity and valence bands in Ga1–xMnxAs within the dynamical mean-field
approximation. Phys. Rev. B 74, 115205 (2006).

33. Popescu, F., Yildirim, Y., Alvarez, G., Moreo, A. & Dagotto, E. Critical
temperatures of the two-band model for diluted magnetic semiconductors.
Phys. Rev. B 73, 075206 (2006).

34. Popescu, F., Sen, C. S., Dagotto, E. & Moreo, A. Crossover from impurity to
valence band in diluted magnetic semiconductors: role of coulomb attraction by
acceptors. Phys. Rev. B 76, 085206 (2007).

35. Park, J. H., Kwon, S. K. & Min, B. I. Electronic structures of III-V based
ferromagnetic semiconductors: half-metallic phase. Physica B Condens. Matter
281-282, 703–704 (2000).

36. Sanyal, B., Bengone, O. & Mirbt, S. Electronic structure and magnetism of
Mn-doped GaN. Phys. Rev. B 68, 205210 (2003).

37. Shick, Alexander B., Kudrnovský, J. & Drchal, V. Coulomb correlation effects
on the electronic structure of III-V diluted magnetic semiconductors. Phys. Rev.
B 69, 125207 (2004).

38. Sandratskii, L. M., Bruno, P. & Kudrnovský, J. On-site Coulomb interaction
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