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We have investigated the Mn acceptor state of III-V-based diluted magnetic semiconductor Ga1−xMnxAs by
means of high-resolution resonant x-ray emission spectroscopy, across the MnL3 edge. We identify the
coexistence of signals related to the neutral impurityA0 and the ionized acceptor stateA− in Ga1−xMnxAs. This
fact suggests that double-exchange-like interaction exists in the ferromagnetic coupling in addition to the
free-carrier-induced interaction.
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The coexistence of localized and delocalized electrons in
a doped system can lead to important properties for practical
applications.1–3 For example, hole doping in manganite per-
ovskites create not only Mn-mixed valence but also ferro-
magnetism driven by the kinetics of Mn 3d holes, based on
the double-exchangesDEd interaction.3 Heterovalent substi-
tutions of magnetic impurities, as in diluted magnetic semi-
conductorssDMSd also introduce both magnetic moments
and carriers that develop into carrier-induced ferromag-
netism, a property whose origin is still under debate.1,2

Carrier-induced ferromagnetism in III-V-based DMS
Ga1−xMnxAs is especially important from the viewpoint of
basic physics as well as application to devices due to com-
paratively high critical ferromagnetic temperaturesTcd and
excellent connectivity to GaAs-based superstructures. In or-
der to understand the carrier-induced ferromagnetism, it is
essential to clarify the electronic state around a Mn acceptor.
In the case that doping leads to dominantly ionized acceptor
A−, i.e., Mn2+ ion with a free hole, Rudermann-Kittel-
Kasuya-Yoshida-likesRKKY-like d interaction is expected to
give the appropriate explanation.2,4 On the other hand, it fol-
lows from doping leading to neutral acceptor statesA0 being
Mn3+ ion, or more appropriately, Mn2+ ion with a bound
hole, that DE-like interaction should drive the
ferromagnetism.5 Previous high-energy spectroscopy reports
on the Mn-partial-electronic state in Ga1−xMnxAs have
mainly supported theA− state.6,7 On the other hand, electron
paramagnetic resonancesEPRd of Ga1−xMnxAs has shown
characteristic features due to coexistence ofA− centers along
with A0 centers forx=0.0005.8 Further, infrared absorption
spectroscopy of Ga1−xMnxAs with x close to theTc maxi-
mum seems to support the formation ofA0 states because it
has revealed highly localized character of carriers.9

Resonant x-ray emission spectroscopysRXESd is an ex-
perimental technique that probes the emitted-photon energy
svd of x rays under the excitation of a core electron near the
absorption threshold.10 The metal 2p→3d→2p RXES is a
second-orderscoherent absorption and emission of photonsd
optical process and henced-d transitions are allowed, which
are dipole forbidden for first-order optical processes. In the

case of Mn 2p RXES for Gn1−xMnxAs, since the on-site
d-d transitions depend on the valency of Mn, it should be
possible to resolve the structures of theA0 sMn3+ or Mn2+

with a bound hole;5Dd state and theA− sMn2+; 6Sd state
clearly.11 Note that theA0 impurity of Mn2+ ion with a bound
hole also has the same symmetry as a Mn3+ ion. For a metal
impurity, one can observe wide-rangingd-d transitions due
to the absence of strong overlapping interband transitions of
the host material. Furthermore, the resonance effect should
emphasize either theA0 or A− state by tuning incident-photon
energy sVd to each absorption feature separated by the
chemical shift.12 Hence RXES is an important tool to char-
acterize the Mn acceptor state in Ga1−xMnxAs.

Recent work has shown the importance of interstitial Mn
donors in Ga1−xMnxAs samples.13–15 The interstitial Mn do-
nors diffuse to the Ga1−xMnxAs surface upon annealing and
form MnO, depending on temperature, in contrast to the im-
mobile substitutional Mn acceptors.16,17 Accordingly, one
can identify the different Mn states upon annealing. RXES
can be used for distinguishing between them due to the en-
ergy difference of the main peak in MnL3 s2p3/2d region.16

In this paper, we have performed high-resolution MnL3
RXES of as-grown and annealed Ga0.953Mn0.047As,
Cd0.78Mn0.22Te, and Mn2O3. The study conclusively shows
the presence ofA0 as well asA− signals of Ga1−xMnxAs.

Ga1−xMnxAs films were grown by molecular-beam epi-
taxy sMBEd on semi-insulatings001d GaAs substrates under
As-rich conditions. This was followed by low-temperature
sLTd annealing in a nitrogen gas environment for 15 min.18

Substrate and annealing temperature were 230 and 260 °C.
Temperature dependence of resistivity showed the metallic
nature of as-grown and annealed films. Thenp was estimated
from the Hall coefficient at room temperaturesRTd and the
Tc was determined from magnetization measurements. De-
tails of the samples used in the present study are given in
Table I. A Cd1−xMnxTe epilayer was also grown by MBE on
s001d-oriented GaAs substrate. Mn2O3 was in powder form.

RXES and fluorescence yieldsFYd measurements were
performed at undulator beamline BL-2C in the photon fac-
tory of KEK.19 The x-ray emission spectrometer uses a
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Rowland-circle geometry in which input slit, spherical grat-
ing, and multichannel detector lie on the focal circle.20 The
resolution of the beamline spectrometer was set to 0.3 eV.
The total resolution of the RXES experiment was about
0.6 eV. The incidence angle was about 20° to the sample
surface and the spectrometer was placed in the horizontal
plane at an angle of 90° with respect to the incident beam.
This configuration leads to a probe depth of more than
100 nm for L3 emission of 3d transition metal ions.21 No
surface treatment was carried out prior to measurements. All
measurements were performed at RT.

Figure 1sad shows the x-ray absorption spectroscopy
sXASd spectra measured using an x-ray emission spectrom-
eter and photo diode for as-grownsblue lined and LT-
annealedsred lined Ga0.953Mn0.047As in the Mn L3 region,
classified as the FY and the total photon yieldsTPYd spectra,
respectively. The TPY spectra are identical with the ones in
previous work.22 The FY spectra have a maximum intensity
at the excitation energyV1, while the TPY spectra exhibit a
maximum atV2. Further, the annealing dependence in FY is
much smaller than that in TPY. The FY spectrum for the
as-grown sample and the TPY spectrum for the LT-annealed
sample well resemble the XASstotal electron yieldd spectra
after and before etching of Ref. 16, respectively. It has been
shown that Mn interstitials diffuse towards the surface and
form MnO upon LT annealing.16,17 Therefore, the FY spec-
trum for the sample before annealing and the TPY spectrum
after annealing should mainly reflect the bulk and surface
Mn components, respectively. The differences in FY and
TPY spectra are surprising as it indicates that FY is more
bulk sensitive than TPY.

Figure 1sbd shows the RXES spectra plotted as a function
of energy lossv-V for as-grownsblue lined and LT-annealed
sred lined Ga0.953Mn0.047As in the MnL3 region. The RXES
spectra 1–4 are normalized for incident-photon flux and
measured time, and obtained with incident-photon energy
V1–4 indicated in Fig. 1sad. The curve fittings using Gauss-
ians for the RXES spectra of the as-grown sample clarify
three features with intensities dependent onV and with con-
stant energy loss compared to the elastic peak. The resonant
inelastic x-ray scatteringsRIXSd features are characteristic of
d-d transitions rather than charge-transfer excitations, be-
cause they have narrow linewidths.10 The spectrum 1 corre-
sponds to bulk states and exhibits negligible annealing de-
pendence. This shows that the RIXS featuresI1,2 and N
forming the spectrum 1 originate from the substitutional Mn
acceptors insensitive to annealing.17 The spectra 2 and 3
show small enhancements in intensity at equivalent loss en-
ergies ofI1,2 upon annealing. In particular, the spectrum 2 for
the annealed sample probes the surface contribution as seen

by the enhancement of a two-peak structure at loss energies
of ,3.0 and 3.5 eV compared to that for the as-grown
sample. Therefore, the increase in intensity in the spectra 2
and 3 upon annealing is attributed to surface MnO with more
localized nature.16 On the other hand, there is no RIXS fea-
ture decreasing in intensity upon annealing in Fig. 1sbd; ac-
cordingly we cannot identify the feature corresponding to
Mn interstitials. This is attributed to the low concentration of
Mn interstitials. If Mn interstitials act as double donors,13–15

the change innp by annealing suggests interstitial Mn donors
are less than one-third of substitutional Mn acceptors in the
as-grown samplessee Table Id.

TABLE I. The np scm−3d and Tc sKd for the samples of
Ga0.953Mn0.047As.

np Tc

Sample scm−3d sKd

As-grown sample 5.931019 55

LT-annealed sample 1.531020 100

FIG. 1. sColord sad The XAS spectra measured using an x-ray
emission spectrometersFYd and photodiodesTPYd for as-grown
sblue lined and LT-annealedsred lined Ga0.953Mn0.047As in the Mn
L3 region at RT. The TPY spectra are identical with the ones in
previous worksRef. 22d. sbd The RXES spectra plotted as a function
of energy lossv-V for as-grownsblue lined and LT-annealedsred
lined Ga0.953Mn0.047As in the MnL3 region at RT. The RXES spec-
tra 1–4 were obtained with incident-photon energyV1–4 indicated
in sad. Gaussian fittings for the RXES spectra of as-grown samples
sblack lined characterize three RIXS features,I1,2, andN indicated
by dotted and dash-dot lines, respectively. The RIXS calculation for
a Mn2+ ion at the energyV4 and Mn2+ atomic multipletssgreen line
and bar, respectivelyd are also shownsRefs. 23 and 24d.
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The RIXS features are divided into two groups named as
I1,2 sdotted lined andN sdash-dot lined. The enhancement of
I1,2 mainly occurs atV1 corresponding to theL3 resonance of
the FY spectrum for the as-grown sample with a line shape
matching the cluster calculation forA− sMn2+d excitations.6

Further, the RIXS calculation for a Mn2+ ion at V4 sgreen
lined well reproducesI1,2,

23 except for the slightly larger en-
ergy loss, which are probably due to the absence of cystal-
field effects in the calculation.11 This comparison suggests
I1,2 should be assigned to thed-d excitation originating from
A− sMn2+d states. Thus, we can attributeI1 to 4G, 4P, and4D
multiplet transitions andI2 to 2I, 2F, and4F ones in a Mn2+

excitation,23,24as shown by the bar diagram in Fig. 1. On the
other hand,N is enhanced at energyV3 beyond theL3 reso-
nance. The difference betweenV1 andV3, corresponding to
the resonance ofI1,2 andN, respectively, is about 1.3 eV and
is comparable to the chemical shift between Mn2+ and Mn3+

states,12 taking into account screening forA− components.16

The surface component related with the insulating MnO
sMn2+d gives a resonance atV2, lower thanV3 by about
0.8 eV.

The precise assignment ofI1,2 or N can be confirmed by
comparison with the spectrum of reference samples contain-
ing Mn2+ or Mn3+ ions. As a reference to theA− signal, we
use II-VI-based DMS Cd1−xMnxTe in which a Mn impurity
homovalently substitutes a Cd2+ ion.1 Since there exists no
DMS with a purely Mn3+ configuration, we use Mn2O3 as a
reference of theA0 signal. Basic properties of electronic
states of Ga1−xMnxAs sRefs. 6 and 7d are almost the same as
those of Cd1−xMnxTe sRef. 25d and somewhat different from
those of Mn2O3,

26,27 influencingd-d transitions. Figure 2sad

shows two comparisons for the RXES spectra in the MnL3
region:sid one between as-grown Ga0.953Mn0.047As excited at
V1 ssolid-line spectrumd and Cd0.78Mn0.22Te excited at
640 eV sdashed-line spectrumd and sii d the other between
the as-grown Ga0.953Mn0.047As excited atV3 ssolid-line spec-
trumd and Mn2O3 excited at 640.8 eVsdashed-line spec-
trumd. The Cd0.78Mn0.22Te and Mn2O3 spectra are suitably
scaled for comparison. The Cd0.78Mn0.22Te measurement
uses the excitation energyV corresponding to the photon
energy at theL3 absorption peak as shown in Fig. 2scd. The
spectrum well reproducesI1,2 and does not have any clear
feature aboutN. On the other hand, the Mn2O3 spectrum at
,V3 shows a RIXS feature nearN, confirmed from constant
energy loss irrespective ofV as shown in Fig. 2sbd. The
RIXS feature also shows a similar enhancement at,V3 giv-
ing the resonance ofN. The featureN matches with Mn3+

atomic multipletsfshown as bar diagram in Fig. 2sadg, with
high-lying states overlapping Mn2+ states.24 The d-d transi-
tions of Mn3+ of trivalent LuMnO3 also show a broad domi-
nant features1.6–3.0 eVd and very weak features at higher
energies.28 The lower energy of the lowestd-d excitation of
Mn3+ compared to Mn2+ is known to be due to smaller ex-
change stabilization compared to half-filled Mn2+ state.11,24

Therefore it is concluded thatI1,2 andN correspond to theA−

andA0 signals of Ga1−xMnxAs. It is noted that the dominance
of theA− signals is not contradictory with the EPR and pho-
toemission results.6,8

The coexistence ofA− andA0 centers in Ga1−xMnxAs sug-
gests consistency with a two-fluid model applicable to DMS
in the vicinity of the metal-insulator transition in the pres-
ence of disorder, consisting of extended states and singly
occupied impurity states, i.e., bound magnetic polarons
sBMPd.29 It has been pointed out that the holes in the ex-
tended states mediate the long-range interactions between the
localized spins and that the BMP makes ferromagnetic cou-
pling with the neighboringA− centers on the basis of DE-like
interaction.29 Ga1−xMnxAs samples used in this study are me-
tallic even before annealing. This suggests the magnitude of
spontaneous magnetization will attain,100%,30 leading to
the contribution of bothA− and A0 centers to ferromag-
netism. The two-fluid model is also consistent with the trans-
port and magnetic measurements on the samples used in the
present study.31

DE-like interaction causes fluctuation betweenA0 andA−

centers in Ga1−xMnxAs. The clear distinction in the RXES
measurements is possibly due to the short lifetime of a
Mn 2p hole.32 On the other hand, EPR measurements have
observed theA0 signal only for very diluted GaAs:Mn, but
not for 0.002øxø0.008.8 The delocalization accompanying
the DE-like interaction possibly leads to a decoherence in
active Mn acceptors, leading to a suppression of the EPR
signal.

np or Tc of Ga1−xMnxAs samples depend on the Mn con-
centration as well as on the annealing procedure.2,18 In our
previous study,22 we have found that the Ga1−xMnxAs TPY
spectral intensity scaled withnp or Tc. The TPY spectral
intensity mainly reflects the surface MnO. Since the forma-
tion of surface MnO corresponds to the annihilation of inter-
stitial Mn donors, it contributes to the increase ofnp and
henceTc in the system. Hence,np or Tc is determined by the

FIG. 2. sad Two comparisons for the RXES spectra in the MnL3

region: sid one between as-grown Ga0.953Mn0.047As excited atV1

ssolid-line spectrumd and Cd0.78Mn0.22Te excited at 640 eV
sdashed-line spectrumd and sii d the other between the as-grown
Ga0.953Mn0.047As excited atV3 ssolid-line spectrumd and Mn2O3

excited at 640.8 eVsdashed-line spectrumd. The Cd0.78Mn0.22Te
and Mn2O3 spectra are scaled suitably for comparison. The Mn3+

atomic multiplets are shown as a bar diagramsRef. 24d. sbd The
Mn2O3 RXES spectra atV=640, 640.8, and 641.8 eV.scd The
XAS sTPYd spectrum for Cd0.78Mn0.22Te in the MnL3 region.
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diffusion coefficient of interstitial Mn donors, which depends
on the Mn concentration, substrate temperature, and the an-
nealing temperature after growth.

In conclusion, we have studied the Mn acceptor state of
III-V-based DMS Ga1−xMnxAs by high-resolution MnL3
RXES. By comparing with Cd1−xMnxTe and Mn2O3, we
identify coexistence of majorA− signals and minorA0 sig-
nals in Ga1−xMnxAs. This suggests the existence of ferro-

magnetic coupling based on a DE-like interaction in addition
to the free-carrier-induced interaction.
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