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Abstract
We report an investigation of Mn-doped ZnO pellets with diluted Mn concentration by
soft-x-ray emission and absorption spectroscopy. We have compared the electronic structure of
two samples with different Mn concentration and different magnetic properties at room
temperature: ferromagnetism in one case (Zn0.98Mn0.02O) and no magnetic order in the other
(Zn0.96Mn0.04O). The results show that most of the Mn ions of the ferromagnetic sample are in
the divalent state. For the nonmagnetic sample, a larger contribution of higher oxidation Mn
states is present, which can be correlated to the suppressed ferromagnetism. The presence of
oxygen atoms bonded to Mn ions and hybridized Mn 3d–O 2p states has been detected in both
compounds. The partial density of states in the valence band has been measured with x-ray
emission spectroscopy and the Mn 3d states have been found inside the bandgap of ZnO

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The discovery that wide-band-gap ZnO doped with diluted
transition metals can show ferromagnetism above room
temperature has attracted considerable interest due to the
potential technological applications in devices wherein the
ferromagnetism would exist together with the semiconducting,
optical, and piezoelectric properties of ZnO. Ferromagnetism
above room temperature in diluted Mn-doped ZnO was
first reported for a sample with less than 4% Mn
concentration [1]. The origin of ferromagnetism in diluted
magnetic semiconductors (DMS) such as transition-metal-
doped ZnO has been long debated, but it is yet to be
resolved. An extrinsic origin of ferromagnetism, such
as metal cluster formation, should be considered for each
sample [2]. Even if Mn clusters are expected to give an
antiferromagnetic rather than a ferromagnetic order, very small
clusters can be ferromagnetic [3]. Various mechanisms giving
rise to ferromagnetism have been suggested. In ZnO DMS
ferromagnetism is theoretically foreseen by the mediation

of shallow donors or acceptors [4] or by the holes in the
valence band [5]. It has also been suggested [6] that the
room-temperature ferromagnetism in the Mn–Zn–O system
is associated with the coexistence of Mn3+ and Mn4+ via a
double-exchange mechanism. Recent x-ray-magnetic-circular
dichroism (XMCD) measurements show that for diluted
Zn1−xCoxO films, Co ions substituted for Zn in the ZnO matrix
are not directly at the origin of ferromagnetism [2, 7, 8] and
that the anion sublattice may instead be responsible for the
ferromagnetism [8].

In this work we have attempted to shed light on this
problem by comparing the electronic structure of two Mn-
doped ZnO samples showing different magnetic properties at
300 K. Our aim is to find out how the changes in the electronic
structure can be correlated to the observed magnetic properties.
Most of the x-ray spectroscopic investigations performed so
far on diluted metal-doped ZnO have focused on thin films,
prepared mostly by pulsed-laser ablation [2, 9–15] or other
deposition methods [16] and, in a few cases, on powders [17].
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Here we have investigated two polycrystalline Mn–ZnO
pellets doped with diluted (2% and 4%) Mn concentration.
The samples were characterized by a superconducting quantum
interference device (SQUID) and x-ray diffraction (XRD) [18].
These characterization measurements established that the
compounds have the ZnO lattice and no detectable impurities.
In particular, for Zn0.98Mn0.02O XRD with Rietveld analysis
showed that the sample is single phase. Magnetization
versus temperature measurements have been made on both the
samples from 20 to 350 K. However, measurements beyond
this range on either side were not possible. Zn0.98Mn0.02O
displays clear ferromagnetic patterns and magnetic ordering
throughout the range, while Zn0.96Mn0.04O shows no ordering
down to 20 K. The magnetic moment of the 2% sample
increases by almost a factor of 2 going from 300 K
(0.000 08 emu) to 20 K (0.000 15 emu). The presence of
mixed phases in the samples is unlikely since no signatures
of multiple transition temperatures were seen in the SQUID
measurements [18].

In this work, the electronic structure of these two samples
is investigated employing Mn L23, O K and Zn L23 x-ray
absorption spectroscopy (XAS), Mn Lαβ , O Kα and Zn Lαβ

x-ray emission spectroscopy (XES) and resonant XES (RXES)
at the O K edge. In particular, our aim is to measure the
element- and orbital-resolved density of states around the
Fermi level, to obtain indications about the Mn oxidation state
and coordination and to compare the Mn Lαβ XES and O
K edge RXES of the two Mn–ZnO samples with different
magnetic properties.

2. Experiment

The measurements were performed on Zn0.98Mn0.02O and
Zn0.96Mn0.04O pellets (hereafter referred to as the 2%
sample and 4% sample, respectively) and on some reference
samples, i.e. MnO, Mn metal, La1.2Sr1.65Ca0.15Mn2O7 bilayer
manganite and an intermetallic MnSi sample5, all scraped
in UHV before each measurement. The nominal bulk Mn
concentration of the two samples (2% and 4%) was verified
during the same experiment by comparing the intensity ratio
of the O K and Mn Lα in the normal XES spectra of the two
Mn-doped ZnO samples and MnO.

The measurements were performed at the BACH beamline
of Elettra in Trieste [19]. The measurements were performed
at room temperature at a pressure of <5 × 10−10 mbar.

The XES spectra were acquired with a grating fluores-
cence spectrometer [20]. The acquisition time for the XES data
varied from a few minutes for O K and Zn Lα XES to several
hours for the Mn Lαβ XES from the diluted Mn–ZnO samples,
due to the combined effect of the low Mn concentration in the
samples and the low efficiency of the XES process.

The O K XAS were detected in total fluorescence yield
(FY) by a photodiode detector placed at 30◦ from the normal-
incident photon beam with a resolution of 0.27 eV at 530 eV.
The FY mode was chosen for O K XAS due to the deeper
sampling sensitivity of this detection mode with respect to

5 The MnSi sample was kindly provided by Dr Fabrizio Carbone and
professor Dirk van der Marel.

electron yield. For a qualitative interpretation of the XAS
lineshape as the absorption coefficient of the excited atom,
the saturation spectral distortions are not significant at normal
incidence for the O K-edge [21]. The combination of low Mn
concentration and low efficiency of the fluorescence process at
the Mn L23-edge or possible other effects prevented us from
obtaining the Mn L23 XAS in FY from the diluted Mn–ZnO
samples. Mn L23 XAS was obtained, with a shorter probing
depth (∼15–20 Å), in the total electron yield (TEY) by means
of a current amplifier with a resolution of 0.4 eV.

The data were corrected for the energy-dependent incident
photon flux. The incident photon energy was calibrated by
measuring Au 4f7/2 photoelectron core level with a 150 mm-
VSW analyzer. O K and Mn Lα emission energies were
calibrated using the elastic peaks in the XES spectra.

3. Results and discussion

The Mn L23 XAS measured in TEY from the 2% sample is
reported in figure 1(a). This spectrum is compared to the
Mn L23 XAS obtained during the same beam-time under the
same experimental conditions from MnO (Mn2+ reference
system), Mn metal and the La1.2Sr1.65Ca0.15Mn2O7 bilayer
manganite (reference system for a mixed valent compound,
theoretically 40% Mn4+/60% Mn3+).

It is well known that the position and the lineshape of
the L3-edge shift and change significantly when the charge
state and crystal field of Mn change. The Mn L23 XAS of
the 2% sample is quite different from the Mn L23 XAS of the
bilayer manganite, which has the main peak centered at 2.5 eV
higher photon energy with respect to the main peak of the 2%
sample (at 640 eV). The Mn L23 XAS of the 2% sample is
also different from the XAS spectrum of Mn metal, which does
not display multiplet structures. This excludes the possibility
that Mn impurities are all segregated in metallic clusters.
Instead, the Mn L23 XAS from the 2% sample shows multiplet
structures qualitatively similar to those of MnO, suggesting
that Mn ions in Mn–ZnO are nearly divalent. However, a
closer look at the Mn L3-edge (figure 1(b)) reveals several
differences between the two spectra. Firstly, the lower energy
multiplet lines at 639 eV do not appear for Zn0.98Mn0.02O.
Secondly, there is an increased spectral weight around 642 eV
in Zn0.98Mn0.02O. These differences indicate that the local
environments of Mn in Zn0.98Mn0.02O and MnO are different.
The absence of the multiplet lines at 639 eV can be assigned
to a lower absolute value of the crystal field parameter 10Dq

for Zn0.98Mn0.02O with respect to the corresponding value
for MnO. Multiplet calculations show that by reducing the
absolute value of 10Dq, not only the intensity of the multiplet
lines at 639 eV is reduced, but also the intensity of the lines
at 642 eV is increased at the same time [22]. As an example
of such variation, we report in figure 1(a) two XAS multiplet
calculations performed for Mn2+ (3d5) in sites with Oh point
symmetry with the cubic crystal field 10Dq = 0.8 eV for
MnO [23] and with the same parameters of [8] used for Co
in Co-doped ZnO (C3v point symmetry, 10Dq = −0.47, Dσ =
0.06 eV, and Dτ = −0.03 eV), assuming that Mn substitutes
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Figure 1. (a) From top to bottom: Mn L23 XAS spectra, measured under the same experimental conditions (TEY, T = 300 K, normal photon
incidence) of Mn metal, La1.2Sr1.65Ca0.15Mn2O7 bilayer manganite (LSCMO), Zn0.98Mn0.02O, calculated XAS for Mn2+ in C3v symmetry with
10Dq = −0.47, Dσ = 0.06 eV, and Dτ = −0.03 eV, MnO and calculated XAS for Mn2+ in Oh symmetry with 10Dq = 0.8 eV. (b) Top
spectra: Mn L3 XAS of the Zn0.98Mn0.02O compared to Mn L3 XAS of MnO; bottom spectra: difference spectrum between the Mn L3 XAS of
MnO and the Mn L3 XAS of Zn0.98Mn0.02O compared to Mn L3 XAS of La1.2Sr1.65Ca0.15Mn2O7 bilayer manganite.

for Zn, for the 2% sample6 [24]. However, the agreement
between experiment and calculation is not ideal and the
variation of the spectral weight around 642 eV is more difficult
to rationalize since it can also be determined by the presence of
Mn sites with higher oxidation states, most likely Mn3+/Mn4+.
Since a weighted sum of the spectra calculated for different
valencies has the disadvantage of depending on too many
parameters (weighting factors, crystal field parameters, etc),
a qualitative indication of the changes between the Mn–ZnO
and MnO may perhaps be directly obtained from their Mn L3

XAS spectra. The Mn L3 XAS difference spectrum between
the Mn–ZnO and MnO spectra, which is reported in figure 1(b),
indeed shows similarities with the main Mn L3 XAS peak of
the bilayer manganite. Furthermore, we also notice that the
Mn L3 XAS spectrum of the 2% sample is also similar to
the spectra of Zn0.97Mn0.03O films reported in [16], where the
doping dependence indicated that the Mn L23 XAS contained
an increasing signature of higher charge states for increasing
Mn concentration.

In figure 2 we have plotted on the same energy scale O K
XAS, O Kα, Zn Lα, and Mn Lα emissions (the intensities have
been normalized arbitrarily) from the 2% and 4% samples.
The O K XAS of the 2% sample is similar to the 3% Mn-
doped thin films in [16]. O K XAS measured in FY can
be regarded as a reliable measurement of the empty oxygen
p bulk partial density of states [21]. With respect to the O
K XAS of undoped ZnO [12, 25], both the 2% and the 4%
samples show a small extra spectral weight in the pre-edge
region, around 528.5 eV. The presence of this extra spectral
weight, which is higher for the 4% sample (see inset of
figure 2), was also previously detected in TEY O K XAS of

6 The calculations have been performed with the program Missing 1.1 by
Riccardo Gusmeroli based on Cowan’s Hartree–Fock atomic code.

Mn-doped ZnO [16] and in Co-doped ZnO [15, 17]. Although
for the latter system, lattice defects had been suggested as a
possible origin of this extra spectral weight [15]. A similar pre-
threshold peak usually appears in systems, such as manganites
and cuprates, when there is hybridization between transition-
metal 3d states with O 2p orbitals. Similarly, in these systems
also, the pre-threshold peak can be assigned to the O 2p holes
created after hybridization with Mn 3d states. Given the bulk
sensitivity of the FY measurement, the observation of this
peak for concentrations as low as 2% (where the system is
ferromagnetic) would mean that Mn atoms have significant
interaction with O atoms in the bulk too.

O K XES spectra of the 2% and 4% samples reported in
figure 2 were measured at an excitation energy of 534.5 eV
and with a combined incident/emission energy resolution of
0.6 eV. The O K XES spectra are plotted on the same energy
scale (top scale) as the corresponding O K XAS curves, using
the elastic peak as the calibration point. The O K XES spectra
measured at this energy have normal fluorescence character
since no significant changes in the energy position and relative
intensity of the emission structures appear for higher excitation
energies. At the same time, the excitation energy used for these
O K XES spectra is low enough so that no spurious high-energy
shake-up satellites are produced [26]. Due to dipole selection
rules, the O K x-ray emission is produced during the transition
of 2p electrons of the valence band to the 1s core hole. The
O K XES spectra measured at an excitation energy lower than
the threshold for the double excitation can be considered as an
experimental probe of oxygen p partial density of states, with
negligible core–hole effects, as discussed in detail by Anisimov
et al [27]. The O K emission spectrum thus reflects the O 2p
occupied states, while O K XAS reflects the O p unoccupied
states. A bandgap of about 2.6 eV and 2.7 eV is observed
between the valence and conduction O 2p states in the 2%
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Figure 2. (a) O K XES, Zn Lα XES, Mn Lα XES, and O K XAS of the 2% Mn-doped sample plotted on the same energy scale. Inset: O K
XAS pre-threshold region of the 2% and 4% samples. The pre-peak a is indicated by an arrow. (b) O K XES, Zn Lα XES, Mn Lα XES and O
K XAS of the 4% Mn-doped sample plotted on the same energy scale. The intensities are normalized arbitrarily. The top scale represents the
emission and incident photon energy for the XES and XAS spectra, respectively; the bottom scale represents a binding-energy scale as
described in the text. Inset: Zn Lα XES spectra acquired at two different excitation energies, 1043 eV and 1090 eV, which are at ∼21 eV and
68 eV above the Zn L3 threshold, respectively.

and 4% samples, respectively. This value is lower than the
bandgap estimated with the same method for undoped ZnO
(3.3 eV) [25]. The reduced bandgap in the present case may be
associated with the presence of Mn 3d orbitals which generate
some extra 2p holes at the anion sites appearing in the pre-
threshold O K XAS.

The Zn Lα and Mn Lα emission spectra reported in
figure 2 were measured with excitation energy of 1090.0 eV
and 650.6 eV respectively. O K XAS/XES and Mn Lα

XES have been aligned on the same scale (bottom scale) by
subtracting the O 1s binding energy of 529.8 eV and the Mn 2p
binding energy of 640.5 eV, respectively, measured from 5%

Mn:ZnO [28]. The Zn Lα emission energy was calibrated to
the value 1011.7 eV reported in [29] since it was not possible to
detect the elastic peak for this excitation energy. The binding-
energy scale (bottom scale) was then obtained by subtracting
the binding energy of Zn 2p3/2 (1022.1 eV) reported in [30] for
1.3% Cu-doped7 ZnO [31, 32].
7 The resulting Zn Lα peak position in the valence band scale carries the
uncertainty of the calibration of the Lα emission line (ranging from 1011.7
to 1012 eV for different compounds) [29] and the Zn 2p3/2 binding energy
(ranging from 1021.2 to 1022.5 eV) [31]. However, using this calibration,
the Zn Lα peak maximum is found at −10.4 eV, which is close to the value
of −10.7 eV reported in the literature for the Zn 3d binding energy in the
Mn/ZnO(0001) system [32].
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The Lα line is created during the transition of 3d and
4s electrons from the valence band to the 2p3/2 core hole.
The 4s states, however, do not generally make a significant
contribution to the Lα XES, despite being involved in dipole
allowed transitions [33]. If one neglects core–hole effects
and the intensity redistribution produced by dipole matrix
elements, Zn Lα and Mn Lα emissions are mainly related to
Zn 3d and Mn 3d partial DOS. Hence, the XES spectra should
in principle reflect the site-specific partial densities of states of
the different elements in the compound.

However, as for the O K XES spectra [26], it is important
to single out the possible spurious satellites in Zn and Mn Lαβ

XES spectra. These satellites can be avoided by exciting
the system near the absorption threshold. Indeed, spurious
satellites in the Zn Lαβ XES spectra were observed in Zn metal
at excitation energies already below the L2 threshold, but the
satellites become less pronounced and eventually disappear on
approaching the L3 threshold [34]. The Zn Lα XES spectra
of the 2% and 4% samples acquired at 1090 eV appear to
be composed of a main line at a binding energy of 10.4 eV
and a high-energy emission broad structure, located at 3–8 eV
above the main peak (figure 2). In the inset of figure 2(b), the
Zn Lα XES acquired at a lower excitation energy, 1043 eV,
which is ∼21 eV above the Zn L3 threshold, is compared
to the spectrum obtained at 1090 eV, which is about 68 eV
above the Zn L3 threshold. At the lowest excitation energy
the high-energy structures are strongly suppressed. Therefore,
these high-energy structures appear to be strongly affected by
spurious satellites generated by spectator vacancies. In the
absence of Zn Lαβ XES acquired with lower excitation energy
and neglecting the possible effects of a core–hole initial state,
only the main peak at 10.4 eV can be associated to Zn 3d partial
density of states.

The Mn Lαβ XES shown in figure 2 was measured with
excitation energy set on the L2 threshold, ∼10 eV above the
Mn L3 threshold. During the same experiment, the Mn Lα

XES spectra were also measured at lower excitation energies,
e.g. on and 5 eV above the L3 threshold (not shown), which
are low enough that high-energy satellites cannot be produced.
The comparison between these spectra indicates that the
Mn Lαβ XES spectra in figure 2 do not display detectable
satellites, but only fluorescence structures at constant emission
energy, corresponding to a binding energy of ∼3 eV and ∼7–
10 eV.

We notice that the first peak in the Mn Lαβ XES spectra
at ∼3 eV appears inside the bandgap of ZnO. The presence
of a high-energy peak at about 7–10 eV in Mn Lα XES is
emphasized by the excitation energy on the L2 resonance
(650.6 eV). This Mn emission peak overlaps with O K x-
ray emission structures, indicating significant hybridization
between Mn 3d and O 2p states. Furthermore, we notice
that this peak appears at the L2 resonance also in other
oxides, such as MnO and the bilayer manganite, while it
is absent in intermetallic Mn compounds such as MnSi and
Mn4Si7 [35], supporting the assignment of this peak to O 2p–
Mn 3d hybridized states.

In order to check the possible effects of many-body cor-
relation and core–hole initial state in the interpretation of the

Figure 3. Mn Lαβ XES of the 2% and 4% samples, compared to
MnO and intermetallic Mn (MnSi) measured in the same
experimental geometry at 300 K for excitation energy well above the
L2 absorption edge. The markers are the experimental points; the
lines are guides to the eyes.

XES spectra as partial density of states, we compare the exper-
imental Zn Lα, Mn Lα and O K XES to the theoretical elec-
tronic structures of ZnO-based dilute magnetic semiconduc-
tors calculated within the self-interaction-corrected local den-
sity approximation reported in [36]. For (Zn, Mn)O, the cal-
culations found the top of the valence band composed by Mn
3d states at about 2–3 eV below the Fermi level, then a second
structure of overlapping Mn 3d and O 2p states between 3 and
7 eV, and a structure due to Zn 3d states centered at ∼10.5 eV.
Thus, the results of the calculations match well with the results
obtained from XES experimental data.

The normal emission O K and the Zn Lα-edge XES
spectra of the 2% and 4% samples do not show detectable
differences either in intensity or in the lineshape. A clear
difference between the two samples is found instead in the
branching ratio, BR, of Mn I (Lβ)/I (Lα) XES. In figure 3 we
show the normal XES spectra from the two samples measured
at excitation energies of 664 eV. In the same figure we
report the Mn Lαβ XES spectra of MnO and an intermetallic
Mn compound (MnSi), measured in the same experimental
geometry. All spectra have been normalized to the Lα emission
peak. At normal emission for excitation energies well above
the Mn L23-edge, the BR is 0.6 for the 2% sample, while it
is 0.5 for the 4% sample. For Mn oxides, the I (Lβ)/I (Lα)

XES BR decreases with the increasing covalency of Mn
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ions. If compared to MnO whose BR I (Lβ)/I (Lα) = 0.6
(measured under the same experimental conditions and without
self-absorption corrections), the BR of the Mn-doped ZnO
samples is similar, while it is much higher with respect to
intermetallic samples such as MnSi, Mn4Si7 [35], or metallic
Mn (BR < 0.2). The BR therefore supports the mainly
divalent MnO-like environment for Mn interstitials in the lower
doped sample. However, we observe that the BR decreases
going from the 2% Mn-doped ZnO to the 4% doped sample.
The BR of the 4% doped sample is lower than that of MnO.
Since increasing oxidation state leads to reduction of the
I (Lβ)/I (Lα) XES ratio, an increased number of Mn ions
with higher oxidation state may be present in the 4% Mn-
doped sample besides the majority divalent ions. The data,
therefore, show that the I (Lβ)/I (Lα) XES ratio is suppressed
going from the magnetic 2% sample to the nonmagnetic 4%
sample. This result is consistent with a similar decrease of
the BR from a magnetic to nonmagnetic Mn-doped ZnO thin
film with the same 2% Mn concentration [14]. This general
behavior can be correlated to the possible formation of a
secondary phase, where Mn is in a higher oxidation state,
which can be correlated to the suppressed ferromagnetism.
This behavior appears to contradict the Mn3+/Mn4+ double-
exchange mechanism suggested to explain the ferromagnetism.

The resonant x-ray emission spectra across the O K-edge
of the two samples are shown in figure 4. For energies
above 533.4 eV, for both the samples three clear emission
structures at 524.2 eV, 521.2 eV, and 517.9 eV, labeled A, B,
and C respectively, appear at constant emission energy. These
three normal fluorescence structures are identical for the two
samples and they are also very similar to those observed in
undoped ZnO [25].

Instead, at lower excitation energies, in particular when
the incident photon energy is tuned on the O K pre-edge peak,
the O K RXES spectra display a strong dependence on the
excitation energy and a difference in the intensity between
the two samples. At excitation energy tuned on the pre-edge
(527.9 eV), for both samples there is only a broad structure
peaked at ∼523.8 eV with a low emission energy shoulder
and a very weak structure at 517.9 eV. By monotonically
increasing the excitation energy, the peak at 523.8 eV shifts
gradually to higher energy. When plotting the spectra on an
energy loss scale with the elastic peaks set at 0 eV (see inset
of figure 4, which reports the first three spectra of the 4%
sample), this peak (labeled as R2) appears at a constant energy
loss of ∼4.4 eV for excitation energies tuned on the pre-edge
threshold (527.9–528.6 eV). By following the vertical line in
the main panel of figure 4 as a guide to the eye, we observe
that the R2 peak, after the gradual shift to higher emission
energies with increasing incident energy, at a slightly higher
excitation energy (spectra 5 and 6 in figure 4) shifts back
by 0.25 to 524.2 eV and then remains at constant emission
energy for still higher energies. This backshift at increasing
excitation energy is unexpected, but it was already observed in
O K RXES of undoped ZnO nanoparticles [25], where it was
attributed to the selective resonant enhancement of a different
kind of O site. Also for the Mn–ZnO samples, this peak may
correspond to an O site with different coordination and, in this

Figure 4. O K RXES spectra of the 2% and 4% samples measured at
the excitation energies across the O K absorption edge. The
excitation energies are indicated by the arrows on the elastic peaks
(which are weak, but still visible). The O K XAS of one sample (2%)
is reported in the same figure (thick curve). The inset shows the first
three spectra of the 4% sample. A, B, and C indicate the normal
fluorescence peaks, while R1 and R2 the scattering structures
discussed in the manuscript.

case, it is likely to be associated to the O sites bonded to Mn
atoms. Interestingly, while the O K RXES spectra of the two
samples do not display any significant difference, neither in
the shape nor in the intensity, and are practically identical for
any excitation energy above 533.4 eV, significant differences
are observed in the intensity of the O K RXES spectra of the
two samples for excitation energies below 533.4 eV, with the
emission intensity of the 4% sample always higher than the
2% sample, with the spectral lineshape remaining the same. In
particular, the emission intensity for the 4% sample is twice as
high as that for the 2% sample at 527.9 eV on the pre-threshold
peak, where the main structure has constant energy loss. The
possibility that the R2 structure is associated to a low-energy
transition involving O atoms bonded to Mn is consistent with
the increased spectral intensity at higher Mn doping level.

In the RXES spectra 1 and 2 excited on the pre-threshold
XAS at 527.9 and 528.6 eV respectively, for both samples
there is also another shoulder that appears at an energy loss

6
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around 2.5–3 eV (labeled as R1 in the inset of figure 4).
This shoulder is detectable in a very narrow energy range
corresponding to the O K pre-peak and it is very weak
probably because it may be related to the Mn 3d states.
It is not possible to draw definite conclusions, but it is
interesting that cluster model calculations [37] and optical and
electron absorption spectroscopy measurements have found the
signature of transition in Zn1−xMnxO around the same energy
(3 eV) and assigned it to metal-to-ligand conduction band
charge-transfer [4, 38] or to d–d transition [37]. It is interesting
to notice that also the RXES measurements at Mn L3 resonance
from the 2% and 4% samples (not reported here) show the
presence of two well-defined structures, one around 7.6 eV and
the other at 3 eV from the elastic peak, the latter being at the
same energy loss found for R1 in the O K RXES. However,
the low incident energy resolution which was necessary for
the Mn L3 RXES, due to the very diluted Mn concentration,
prevented our establishing whether these structures disperse
with the excitation energy following a Raman-like behavior
and can thus be identified as RIXS structures.

4. Conclusions

The electronic structure of two Mn-doped ZnO pellets
with different magnetic properties at room temperature has
been determined by a combined absorption and emission
spectroscopy experiment.

The electronic structure of Mn–ZnO as probed by x-ray
emission spectroscopy (XES) reveals that Mn 3d states have
a component located inside the bandgap of ZnO and another
component overlapping with the O 2p states. A signature of
hybridization between O 2p holes and Mn 3d states is also
found in O K XAS.

The multiplet structure in the Mn L32 absorption and the
branching ratio in the Mn Lαβ emission reveal that Mn has
mainly a divalent ionic configuration in the ferromagnetic
sample with 2% Mn concentration, while there is also an
indication of the presence of higher Mn oxidation states in the
nonmagnetic sample with 4% Mn concentration.
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