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Abstract
The detailed nature of electronic statesmediating ferromagnetic coupling in dilutemagnetic
semiconductors, specifically (Ga,Mn)As, has been an issue of long debate. Two confrontingmodels
have been discussed emphasizing host band versus impurity band carriers. Using angle resolved
photoemissionwe show that the electronic structure of the (Ga,Mn)As system is significantlymodified
from that of GaAs throughout the valence band. Close to the Fermi energy, the presence ofMn induces
a strongmixing of the bulk bands ofGaAs, which results in the appearance of a highly dispersive band
in the gap region ofGaAs. ForMn concentrations above 1% the band reaches the Fermi level, and can
thus host the delocalized holes needed for ferromagnetic coupling. Overall, our data provide afirm
evidence of delocalized carriers belonging to themodified host valence band.

Introduction

Althoughmore than 20 years have passed since thefirst synthetization of a III–V-based dilutemagnetic
semiconductor [1], implementation of thesematerials in everyday spin-based electronics is as elusive as ever
because the ferromagnetic transition temperature ismuch lower than desired. Rather remarkably, the physical
origin of the ferromagnetic state is still debated, even for the prototype dilutemagnetic semiconductor (Ga,Mn)
As. Awealth of experimental data suggests that themagnetic coupling ismediated by spin-polarized holes, but
the actual character of these holes has become an issue of fierce debate. Twomain scenarios are discussed:
acceptor induced holes in the host valence band versus holes in amore or less detached impurity band.
Experimental evidence for the existence of an impurity band based on optical properties has been presented [2],
though later studies suggested that these data are also consistent with the host valence bandmodel [3]. Support
for an impurity band scenario is also obtained from resonant tunneling experiments on quantumwell structures
[4] and from channeling in combinationwithmagnetization, transport, andmagneto-optical experiments [5].
In this last work the location of the Fermi level within the impurity band is emphasized to play a crucial role in
determining theCurie temperature (TC). Studies based on photoemission, instead, point to the coexistence of
couplingmechanisms in the impurity band and host valence bandmodels [6, 7]. The role of delocalizedMn-
derived states near the top of the valence band has been emphasized in photoemission studies using very high
photon energies [8], and the presence of delocalizedMnd-states has been inferred fromobservation of screening
effects in core level spectra correlated withmagnetic properties [9]. Here we do not detect any direct
contribution fromMn3d states, but find a strongmodification of the host valence band. In a very recent
photoemission study [10] it was found that the electronic structure of (Ga,Mn)As is heavily perturbed by
disorder in the region of valence bandmaximum (VBM) relative to that of GaAs.However, these experiments
were carried out onlywith radiation from aHe discharge lamp and did not capture any of themain observations
of the present angle resolved photoemission study, which instead uses synchrotron radiation. Furthermore, our
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sample design (see below) allowed us tomake amore detailed and critical comparison between the electronic
structures of pureGaAs and (Ga,Mn)As.

Experimental aspects

While photoemission is themost direct probe of electronic states, its applicability is hampered by its intrinsic
surface sensitivity: well-defined, atomically clean samples are required. This is not an issue in situations where
the surface can be prepared by e.g. ion etching and annealing, but in the present case such treatment is prohibited
because (Ga,Mn)As undergoes phase separation at temperatures above 300 °C. Indeed, in an earlier study [11] it
was demonstrated that the electronic structure ismodified by annealing, themost obvious effect being a shift of
theMn3d binding energy fromaround 3.2 eV (for as-grownmaterial) [7] to 4.3 eV (after post-growth
treatment) [12]. Interestingly (and surprisingly), the latter value is still quoted in literature (see e.g. [13]), which
further adds to a confusing discussion. Even if phase separation can be avoided by annealing at lower
temperature [14], etching of a ternary system like (Ga,Mn)Asmaymodify the surface composition and
morphology in an uncontrolled way. An alternative is to use As capping to protect the surface against
contamination during transfer between the growth and analysis units [15]. This again is a very delicatemethod,
since the cappingmust be sufficiently thick to serve its purpose (typically 400 nm, see [16]). TheAs capping
applied in [15]was only 0.5–1 nm thick, and theXAS reported in [15] did indeed show the structures
characteristic for an oxidized sample [17]. On the other hand, a sufficiently thick As cappingwould have to be
removed by heating, inwhich case an additional complication is unavoidable: during post-growth annealing
interstitialMnwill diffuse to the surface and react with As to formMnAs overlayer/particles [18]. A different
approach to avoid problemswith the surface is to reduce the surface sensitivity of the photoemission
spectroscopy by using a sufficiently high photon energy [6]. Aswill be shown here, features ofmajor interest are
confined near the center of the Brillouin zone, andwould appear in an angular range of less than 0.5° from the
surface normal at the photon energy used in [6]. Such features would not be resolved under experimental
conditions like those in [6].

The only safe way to avoid complications with surface preparation is transfer of samples between the growth
and analysis systems in ultrahigh vacuum (UHV). This is the strategy adopted in the present work, andwas also
followed in another very recent study [10]. Apart from this last work, the fact that the results presented here have
not been found in any of the earlier studies shows unequivocally that sample handling is a decisive issue not only
formagnetism [19] but also for the details of the electronic structure. The present data allow us to identify a
connection between themagnetic and electronic properties of (Ga,Mn)As.

Results and discussion

Two sets of experimental data are presented here, one obtained atMAX IV laboratory beamline I3, where a
photoelectron spectrometer is connected to anMBE system, the other at the Swiss Light Source (SLS)ADRESS
beamline. In the latter case the samples were transported in aUHV suitcase from theMBE system atMAX-lab.
The (Ga,Mn)As layers were grown onn-typeGaAs(100) substrates and theMn concentrationwas determined
using RHEEDoscillations with an accuracy better than 0.1% [20]. To allow detailed comparison of spectra from
GaAs and (Ga,Mn)As amaskwas used during the growth, leaving a part of the substrate with cleanGaAs. In this
way spectra from the twomaterials could be recorded under identical conditions. The SLS data discussed here
were recordedwith the sample at around 200 K,while theMAXdatawere obtained at room temperature. In
both cases the temperatures were far above theCurie temperature of as-grown samples, which is typically below
50 K. All samples withMn concentrations above 0.5% showed (1×2) LEEDpatterns, while for pureGaAs the
LEEDpatternwas c(4×4) (figure S1).

Figures 1(a) and (b) showphotoemission intensity distributions obtained at SLSwith circularly polarized
453 eV photons. On thewhole, the data fromGaAs and (Ga,Mn)As are similar except in the vicinity of VBM—

forGaAs all bands (HH, LH, and SO) are observed up toVBM,while for (Ga,Mn)As the top parts of the bands
are hardly distinguished. This regionwill be discussed further using theMAX-lab data, whichwere recorded
withmuch better angular resolution and better statistics. There are other, less obvious differences, that are
disclosed via intensity profiles. Infigure 1(c) a pair of profiles is displayed, selected such that the in-plane
momentum separations (Δk//) between the light hole (LH) branches is the same (at the dashed lines in
figures 1(a) and (b)).Wefind thatΔk// between corresponding spin–orbit (SO) branches is somewhat larger for
(Ga,Mn)As than forGaAs. Infigure 2we showhow this difference inΔk// develops along the bands in the
binding energy range 1.5–4.0 eV. A corresponding plot ofΔk// between heavy and light hole bands does not
reveal any significant difference between the twomaterials (figure S3). Clearly, the bulk band structure ofGaAs is
modified in a non-trivial way by the introduction ofMn, i.e.more than a rigid shift due to p-doping. Regarding
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the origin of thismodification, we note that early photoluminescence data fromheavily Zn-dopedGaAs showed
a shift of the emission involving the SOband, that was ascribed to a smaller contribution to the spin–orbit energy
in the dopant [21]. In analogy, it can be expected that the SO splitting should be reduced by replacingGawith
Mn in (Ga,Mn)As.

It is noted infigure 1 that the LH and SObands are excitedwith approximately the same probability over a
range of binding energies. This can be understood as an effect offinal state lifetime broadening. The intensity

Figure 1.Photoemission intensity distributions from (a)GaAs(100)-c(4×4) and (b) (Ga,Mn)As(100)-(1×2) excitedwith circularly
polarized 453 eV photons. (c) Intensity profiles extracted at the energiesmarked by dotted lines in (a) and (b). The inset shows a
schematicmodel of the projected density of states (DOS) for a free-electron like band.

Figure 2.The k// separation between the two branches of the SOband as a function of the corresponding separation between the LH
branches. The inserted binding energy scale refers to theGaAs data. The lines showparabolic fits to the respective data.
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distribution then reflects the projected density of states. As illustrated schematically in the inset infigure 1(c), the
projection of a sphericalmomentumdistribution (i.e.E∼|k|2) is a circle withmaximumdensity of states at its
periphery, and the intensity profile takes the experimentally observed ‘suspension bridge’ shape.

We now turn to theMAX-lab results. As for the SLS data, the valence band region is characterized by overall
similarities between (Ga,Mn)As andGaAs and the SOband of (Ga,Mn)As is shifted up in energy (figure S2). A
deformation of the SObandwas also reported in an early photoemission study of (Ga,Mn)As [14], though the
shift was in the opposite direction to that found here. The cause for this discrepancy is not clear, but the energy
alignment is an obvious issue of concern—as described below, we have chosen to align the X3 critical points,
while in [14] (and likewise in [6]) the Fermi energywas used as a reference. The latter is obviouslymisleading
because the doping situations in the twomaterials are very different. Infigure 3we show intensity distributions
in theVBMregion. As expected, the Fermi level inGaAs is pinned nearmidgap and as seen infigure 3(b), where
the same data is displayed but on an ‘overexposed’ intensity scale the gap region is completely free from
photoelectrons. For (Ga,Mn)As the emission extends towards higher energies (figure 3(c)), andwhen displayed
on the same overexposed intensity scale (figure 3(d)), we see that it is distinctly peaked at the center. In
figure 3(d)wehave also indicated theVBMposition ofGaAs (dotted line), shifted in energy to take into account
the different pinning situations. This energywas estimated using literature data [22, 23], according towhich the
separation between theX3 point andVBM is in the range 6.7–6.9 eV. The dotted linemarks the highest possible
position based on these data, so it can be safely concluded that the narrowpeak extends into the band gap region
ofGaAs. It ismotivated to emphasize that one reasonwhy this feature has eluded detection in previous studies
(apart from the sample preparation issue discussed above) is its low intensity and angular confinement: in
regular energy distribution curves the structure appears as aweak shoulder on a tailing background, and in
experiments with limited angular resolution the dispersive character will be hardly discernible. Instead a slightly
increased intensity willmanifest itself as a peak in difference spectra [6, 15].

More detailed information specific of the feature underlying the narrow peak in figure 3(d) can be extracted
by optimizing the saturation and threshold levels. Infigure 4we show such intensity distributions for samples

Figure 3.Photoemission intensity distributions theVBM region of (a)GaAs and (b) (Ga,Mn)As, excitedwith p-polarized 21 eV
photons. (c) and (d)The same data as (a) butwith a reduced threshold level. The dashed line indicates the Fermi energy and the dotted
line in (d) represents the valence bandmaximumofGaAs as described in the text.
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with three differentMn concentrations. Each distribution is composed from slices arbitrarily adjustedwith
respect to contrast. The set of data infigure 4 reveals an important connection between electronic andmagnetic
properties: for the 0.5%Mn sample, which does not show any ferromagnetism, the band does not reach the
Fermi level.With 5%Mn the band appears broader, which can be understood as an upwards shift in energy. As a
result, the density of states at the Fermi level is increased, and indeed the recordedTC for this samplewas found
to be around 50 K. The 1.2% sample is a borderline case with ameasuredTC of around 10 K.

The concentration dependence of theMn-induced band is obviouslymatching the knownmagnetic
properties [25]. The band reaching the Fermi level is an obvious candidate for hosting the delocalized holes
needed for ferromagnetic coupling. Applying a simple free electronmodel, however, it is clear that the Fermi
wave vector for this band ismuch too small to account for the density of carriers that are known to be present in
ferromagnetic (Ga,Mn)As [26].Wemust conclude that there is a large density of states not seen in our data. In
this respect our results are in agreementwith those reported in [10], where the intensity from top of theHHand
LHbands in (Ga,Mn)Aswas found to be totally suppressed. Two questions need then to be addressed: (a)what is
the reason for the apparent suppression of these bands, and (b)where are these states located. Since the states are
not observed, the second question can only be discussed speculatively. Noting that ferromagnetism appears
when the Fermi level enters the rapidly dispersing band, it is natural to assume that theHH/LHbandmaxima
more or less coincide with the top of this band. The reasonwhy theHH/LHbands are not directly observed is
also unclear. It cannot be due to symmetry selection rules, as suggested in [10], because the states are observed in
the corresponding data fromGaAs (see figures 1 and 3). Insteadwe tentatively ascribe the fuzzy appearance of
theVBMregion in (Ga,Mn)As to hybridization ofMnderived states with the host valence band due to a
combination of configurationmixing [17] and crystalfield splitting theMn states are expected to be spread out
in energy andmomentum coordinates.Moreover, their relatively small cross sections helps explainingwhy the
mixed states with theHH/LHbands are not visible around the Fermi energy.

Having established the existence of a dopant-induced energy band aboveVBM,we proceed to examine its
properties. Of immediate concern is the possibility that itmay reflect a surface state.Within the photon energy
range 20–35 eV, where the band is observed, we found no significant dependence ofmomentum along the
surface normal.While this is normally a reliable signature of a surface state, several other observations contradict
such interpretation. First, the band is not confined to the band gap region, but can be followedwell belowVBM.
Second, no asymmetry was observed that could be connectedwith the surface reconstruction (as is the case for
e.g. theGaAs(100)-2×4 surface [24]). Third, a well-defined and rapidly dispersing surface state bandwould
require awell-ordered surface with long-range coherence.However, several studies (figure S1, [27]) have shown
that the (1×2) reconstructed surface is characterized by disorder. Fourth, the band has been found quite stable
against surface contamination (adsorption of residual CO andN2) and is clearly observed evenwhen themost
prominent bulk derived features are strongly attenuated. All this leads us to conclude that theMn-induced band

Figure 4.VBMdata at room temperature from (Ga,Mn)As sampleswith (a) 0.5% (excitedwith 24 eV photons), (b) 1.2% and (c) 5%
Mn (both excitedwith 25 eV photons). To emphasize the dispersing band, the data were sliced in energy and the threshold levels were
gradually optimized. The dashed line indicates the Fermi level. TheCurie temperature for the samplewith 1.2%Mnwas around 10
and 55 K for the 5.5% sample. No ferromagnetismwas found for the samplewith 0.5%Mn.
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is not a surface state but a feature of the bulk electronic structure. It is appropriate at this point to note that also in
the above-mentioned angle-resolved photoemission study [14] a structure lacking dispersion along the surface
normalwas reported. In contrast to theMn-induced band discussed here, however, that structure was located
well below the Fermi level (0.5–1.0 eV), and did not show any in-plane dispersion.We tentatively ascribe the
difference relative the present results to the ion etching treatment during surface preparation [14].

Features in theVBM region resembling those found here have been reported in a couple of theoretical
studies [28, 29]. In theseworks an excursion of a host-derivedmajority spin band is predicted aboveVBM.
However, these studies address (Ga,Mn)As in its ferromagnetic state, while the data discussed herewere
recordedwell aboveTC.Using the ferromagnetic phase to understand the paramagnetic phase of (Ga,Mn)As is
fully justified only if their electronic structures are qualitatively similar.We note that electronic structure
calculations of the paramagnetic state in the disordered localmoments (DLM)picture give substantially the
samemagnetic localmoment and (spin-integrated) spectral properties of the ferromagnetic phase [30].
Although theDLMpicture involves only an approximate treatment of spin-fluctuations, the absence of drastic
changes in the electronic structure across the ordering temperature is not uncommon for systemswhere the
magneticmoments arise from strongly localized electrons [31]. The localized nature of theMn-3d states in (Ga,
Mn)As is indeedwidely accepted [18], and is also suggested by themultiplet-like spectrum reported recently [7].

We return now to the question concerning the excitation of theMn-induced band. In ‘regular’ crystal
momentum assisted photoemission, dispersive bulk states are observed at afixed in-planemomentum and
appear at different binding energies in spectra excitedwith different photon energies. Reversibly, the lack of such
photon energy dependence is a typical property of a surface state. As already discussed, various observations
contradict a surface state interpretation in the present case. A striking observation is the very low spectral
intensity, about two orders ofmagnitude smaller than that of the surface state of theGaAs surface. Sincewe
associate the bandwithMn impurities, it is natural to suspect that the low intensitymay be directly related to the
lowdensity of impurity atoms.However, apart from the fact that we do not observe any clear proportionality
between the intensity andMn concentration over a range of 1%–5%, this would not explain the lack of
dispersion along the surface normal. Alternatively, the low intensity can be taken as an indication of a basically
different excitationmechanism from that in regular photoemission. Amechanism that is usually ignored in the
analysis of photoemission spectra is the one based on the change of the photon field in the surface region, so
called surface photoemission. Surface photoemission has been discussed extensively in the past [32], mainly in
connectionwith excitation of sp-bands inmetals. By thismechanism themomentum selectivity along surface
normal is relaxedwhile the in-planemomentum is preserved. The emission should then reflect the projected
density of states, as discussed in connectionwith the SLS data, and the intensity distribution should appear as a
dispersing band just as the SOband infigure 1. If this is correct, corresponding emission should also be found for
GaAs. To test this hypothesis we report intensity distributions from theVBMregion of pureGaAs (figure 5(a))
and (Ga,Mn)Aswith only 0.4%Mn (figure 5(b)). The data are displayed in the 2nd derivativemodewith high
intensity represented by bright color. ForGaAswe have indicated the bulk bands using effectivemasses and SO
splitting from literature [33]. A feature of particular interest infigure 5(a) is the bright spot at normal emission
around 1.3 eV binding energy. This spotmarks the top of a triangular field, which can be followed about 1 eV
down in energy. As suggested by the dashed lines, we associate the bright spot with the top of the SOband.One
can also discern a bright path coincidingwith the downward dispersing SOband. The shaded triangularfield,
reflecting a relatively high intensity, is containedwithin the SOband inmuch the sameway as the field between
the SObranches infigure 1.We can conclude that the intensity distribution can be explained as projected density
of states, supporting the above interpretation of the excitationmechanism. For (Ga,Mn)As the intensity
distribution contains a similar triangular bright region,figure 5(b), but the spotmarking the top of the triangle is
missing and the triangular region appears to extend through theVBM into the band gap ofGaAs. The data show
that the band structure of (Ga,Mn)As cannot be considered as p-dopedGaAs, but rather as a system inwhich the
energy bands of the hostmaterial are intermixed andmodified by theMn impurities. Amore detailed
description of the band structure of (Ga,Mn)As requires a theoretical analysis that takes into account the
impurities as well as the interactionwith the hole gas.

While the connection between themagnetic properties and the dispersiveMn-induced band is indeed
suggestive, the actual origin of theMn-inducedmodifications remains to be clarified. From a theoretical point of
view, in addition to the doping induced shift, changes in the electronic structure are due to the hybridization
with impurity states and disorder.Moreover, an effect that is generally overlooked in the literature on dilute
magnetic semiconductors is the interaction between host electrons and the hole gas. Awell-known consequence
of such interaction is a dopant-induced bandgap narrowing [34–36]. Recalling thatMnGa is an acceptor inGaAs,
the hole density in samples withMn concentration in the range of 1% is above 1020 cm−3 (even taking into
account compensation due toMn interstitials).With such strong doping the band gap narrowing is expected to
be in the region of 100 meV. It is conceivable, therefore, that the present observations are, at least partly, due to
the effects of the dopant-induced hole gas.
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Summary

In conclusion, the present study provides two newobservations with impact on the view on the electronic states
in (Ga,Mn)As: (a)we show that the band structure of the hostmaterial is changed in a non-trivial way, such that
the bulk bands aremodified over a wide energy range. In [8] the largestMnderivedmodification of theGaAs
band structure was actually predicted in the binding energy region 2–4 eV, though this was not verified
experimentally; (b)most importantly, a highly dispersiveMn-induced energy band is found above theVBMof
the hostmaterial. The development of this band can be observed atMn concentrations below 0.5%. For
concentrations above 1% this band reaches the Fermi level (that is located in the band gap ofGaAs) and can host
holesmediating the ferromagnetism.However, although the appearance of holes in this band correlates well
with themagnetic properties of (Ga,Mn)As, the density of states in this band is too small to accommodate the
high density of carriers known to be present fromother experiments. It is concluded that additional states, not
observed in photoemission, are present in the gap region ofGaAs and that holes in these states are formedmore
or less parallel with holes in the highly dispersive band.

Apart from these novel observations, our data are in good agreementwith themost recent photoemission
measurement what regards the gross features, e.g. the binding energy of themainMn3d peak at around 3 eV
[10, 15]. Nevertheless, while wefind that the Fermi level is in the gap region ofGaAs, in [10] it is concluded to be
deep belowVBMcrossing the LH/HHbands. In comparisonwith other recent studies, inwhichmodifications
of the host valence band have been inferred (e.g. [8]), it is important to stress that the present data provide a
qualitatively different picture: themodifications are not described asMn-derived butMn-induced. The
distinctionmight appear subtle, but it is indeed significant. In the former case themodification is due to
intermixing ofMn 3d states with host valence states, theMn states retaining their Gaussian line shape, in the
latter theMn impurities induce changes in the host band structure. The presentfinding is of crucial importance,
since it reconciles the successes obtained by the p-dVonsovsky-Zenermodel ofmagnetism [19]with
spectroscopic data favouring the valence bandmodel. Our study also reveals that the host valence band is
modified byMn-impurities such that the effect of the dopants is not just a shift of the chemical potential.
Furthermore, no evidence of a detached impurity band is found even for concentrations below 0.5%,which
suggests that the host valence bandmodel (delocalized holes) staysmore or less valid till the Andersonmetal-to-
insulator transition.
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