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Element-specific electronic structure of (Zn,Mn)O thin films with various Mn concentrations has been
investigated using X-ray absorption and emission spectroscopy. According to comparison between the
experimental spectra and the density functional theory calculations (partial density of states and exchange
interactions for various Mn defect configurations), the substitutional Mn impurities do not induce
ferromagnetism in (Zn,Mn)O samples. The ferromagnetic properties can be obtained when defect
configurations consisting of both substitutional and interstitial Mn atoms are present. The ferromagnetism
in ZnO-based magnetic semiconductors is favored to be Ruderman–Kittel–Kasuya–Yoshida type and the
established theoretical model is in a good agreement with the X-ray spectroscopic measurements.
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1. Introduction

Transition metal-doped semiconductors, called diluted magnetic
semiconductors (DMSs) have attracted great attention in recent years
since they are being considered as key components for spintronic
applications [1–3]. Among promising candidates, Mn-doped ZnO has
been studied extensively, which was motivated by the theoretical
prediction of ferromagnetism in this system at room temperature (RT)
[4]. Ferromagnetic (FM) behaviors of (Zn,Mn)O systems have been
experimentally observed both at low temperature (∼45 K) and RT
[5–10], although ferromagnetism has not been established in poly-
crystalline samples prepared under thermal equilibrium condi-
tions [11]. Meanwhile, the controversy has swelled around the
issue whether ferromagnetism in the ZnO-based DMS materials is
carrier-induced (intrinsic) or due to the formation of Mn-related
secondary phases (extrinsic). Several mechanisms such as the
Ruderman–Kittel–Kasuya–Yoshida (RKKY) interaction [12], the
double exchange interaction [13], and the Zener model [4] have
been proposed to shed light on the origin of ferromagnetism.
However, the situation became even more complicated when
paramagnetic or antiferromagnetic (AFM) behaviors were also
observed in (Zn,Mn)O materials [14,15]. That is why it is highly
desirable to understand the origin of various forms of magnetism in
(Zn,Mn)O. Since the magnetic properties of (Zn,Mn)O systems are
known to strongly correlate with an exchange interaction between
magnetic impurity atoms, an approach to study the local electronic
structure near them in detail is promising.

In the present study, we performed ab initio calculations of
electronic structure and exchange interactions in (Zn,Mn)O system
based on different defect configurations and compared our results to
soft X-ray absorption/emission spectroscopy measurements. Our
results suggest that the ferromagnetism results from interstitial Mn
atoms interacting with the adjacent substitutional Mn atoms. A RKKY-
type exchange interaction is directly observed in our samples.

2. Experimental details

The Zn1− xMnxO thin films with various Mn concentrations
(x=0.03, 0.06, 0.11, 0.20, and 0.33) were grown by a molecular beam
epitaxy on Si (100) substrate with a ZnO buffer layer. The substrate
temperature and oxygen partial pressure were kept constant at 200 °C
and 1.06×10−3 Pa, respectively. According to vibrating sample mag-
netometry measurements, the Zn1−xMnxO samples with low Mn
concentration (x=0.03, 0.06, and 0.11) exhibit FM behaviors while
the AFM coupling is observed for the samples with 20 and 33% of Mn
concentration. The Curie temperature (TC) of Zn1−xMnxOwith x=0.03
is about 45 K. The AFM behaviors of the heavy-doped samples are
attributed to a formationofMnOsecondaryphase as confirmedbyX-ray
diffraction (XRD) and extendedX-ray absorptionfine structure (EXAFS)
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analysis. It was found that for the Mn concentration above 20%, MnO
clusters begin to be formed and become dominant in the sample with
the highest Mn concentration of 33%. Details of the crystalline structure
and magnetic properties are present in Ref. [16].

Element-specific X-ray absorption and emission spectroscopy
(XAS and XES, respectively) measurements were carried out at
Beamline 8.0.1 of the Advanced Light Source at Lawrence Berkeley
National Laboratory. TheMn 2p and O 1s XAS spectra (in total electron
yield mode) as well as resonant Mn L2,3 (3d4s→2p transition) and
nonresonant O Kα (2p→1s transition) XES spectra were recorded at
RT. All measured spectra were normalized to the number of photons
falling on the sample monitored by a highly transparent gold mesh.
3. Results and discussion

Fig. 1(a) and (b) shows the Mn 2p XAS (top) and Mn L2,3 resonant
X-ray emission spectra (RXES) of Zn1− xMnxO thin films (x=0.06 and
0.33). Although the absorption lines of Zn0.94Mn0.06O sample is very
Fig. 1.Mn 2p XAS spectra (top) and Mn L2,3 RXES spectra of Zn1− xMnxO thin films with
x=0.06 (a) and 0.33 (b), and Mn L2 RXES spectra (Eexc=651.8 eV) (c) and Mn L2,3
NXES spectra (Eexc=667 eV) (d) of Zn1− xMnxO (x=0.03, 0.06, 0.11, 0.20, and 0.33).
The vertical bars in RXES spectra in the top panels indicate the corresponding excitation
energies shown in the XAS spectra.
weak due to low Mn concentration, the multiplet structure of both
samples with x=0.06 and 0.33 are similar to that of divalent Mn ions
(Mn2+) [17]. An additional feature present at 639 eV in Mn 2p XAS for
Zn0.67Mn0.33O thin film is typical for MnO with relatively a large
crystal-field interaction [17,18]. To obtain the detailed electronic
structure of occupied Mn 3d states, Mn L2,3 RXES spectra were
obtained at various excitation energies (Eexc), three at L3 and two at L2
edges. It is clear that the overall spectral features strongly depend on
the Eexc and are different between the lightly and heavily doped
samples. For the RXES spectra, two peaks at about 3−5 eV below the
elastic peak (labelled 1 and 2 in Fig. 1) are attributed to d−d
excitations, which correspond to transitions to different L3 multiplet
states. These d–d excitation features are sensitive to the local
interaction between Mn atoms and their nearest neighbours because
the XES process occurs in the first coordination sphere of the emitting
atom. Fig. 1(c) represents the change in two d–d excitation features
with respect to Mn concentration. One can see that Mn L2 emission
lines shift toward lower emission lines while increasingMn content in
ZnO. A similar trend can be found in Mn L2,3 nonresonant X-ray
emission spectra (NXES) taken at the Eexc well above the L2 absorption
threshold as shown in Fig. 1(d). The small shoulder at 637 eV of
Zn0.97Mn0.03O grows significantly and becomes dominant for the
Zn0.67Mn0.33O sample. This reflects that the hybridization between
Mn 3d and O 2p orbitals in a heavily doped sample is much stronger
than that in the same with low Mn concentration.

On the other hand, we investigated O 1s XAS and O Kα XES spectra
of Zn1− xMnxO thin films and the results are present in Fig. 2. The
O Kα NXES spectra exhibits three subbands labelled a, b and c. The
features are contributed from O 2p states hybridized with Zn 3d, 4s,
and 4p states. Subbands b and c become less pronounced with
increasing Mn concentration and vanish for x=0.33 while the feature
a shifts toward lower emission energy and becomes broader with
increased Mn doping. In the O 1s XAS spectra displayed in Fig. 2(b),
the main feature B shifts toward higher absorption energies with
increasing Mn concentration. For the samples with high Mn
concentrations (x=0.20 and 0.33), an additional feature labelled A′
appears. According to our electronic structure calculations (see below),
these spectral changes arise from the formation of different defects
consisting of substitutional and/or interstitial Mn impurity atoms.

When a DMS film is grown under non-equilibrium conditions, the
impurity atoms can occupy not only cation sites but also interstitial
Fig. 2. O Kα NXES spectra (Eexc=560 eV) (a) and O 1s XAS spectra (b) of Zn1− xMnxO
thin films (x=0.03, 0.06, 0.11, 0.20, and 0.33). The emission and absorption spectra of
ZnO single-crystal reference sample are added for comparison (bottom).



Fig. 3. Calculated pDOS of spin-resolved Mn 3d (a) and O 2p states (b) for Zn1− xMnxO
lattices with x=0.03, 0.20, and 0.33.
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sites [19,20]. Therefore, the presence of interstitial sites should be
taken into account when calculating the electronic structure and
magnetic properties. The concentrations of these defects depend on
the energy required for their formation written as [21]:

EformðqÞ = ETðqÞ–nZnμZn–nOμO–nMnμMn + qEF; ð1Þ

where, ET(q) is the total energy of the supercell with a defect in charge
state q, nZn (nMn and nO) stands for the number of Zn atoms (Mn and
O) in the supercell, μZn (μMn and μO) is the atomic chemical potential
and EF is the Fermi energy. We have used a Zn-rich limit where μO=
μZnO−μZn and μZn are the calculated chemical potentials for the bulk
Zn-structure (P63/mmc).

It is important to note that our samples were grown at 200 °C,
which is considerably lower than typical growth temperatures (600−
800 °C) of Zn1− xMnxO samples [19]. This means that the various
defect configurations are not equally probable in our samples and the
samples reported by others [10,20]. In order to identify which defects
are most likely present in our systems, we have calculated their
formation energies using the SIESTA program [22]. We performed
geometry optimizations for a 4a×4a×4c supercell containing of 32 Zn
and 32 O atoms. Three kinds of defect configurationswere considered:
(1) single substitutional and interstitial defects (labelled S and I,
respectively), (2) paired defects for the combination of single defects
in one unit cell (S–S, S–I, and I–I, etc) and (3) pairs of single defects in
different cells, which are not directly connected (or via one oxygen)
(2S, SI, and 2I, etc). The following formation energy values for neutral
systems (q=0) with different defect configurations were obtained:
S=−3.16 eV, S–S=−2.87 eV, I=0.74 eV, S–I=0.93 eV, 3S–I=
1.32 eV, 6S–I=1.64 eV. The calculation suggests that Mn-related
defects requiring minimal formation energy are most likely and this is
found to be for the defect scenarios S, I, SI, S–I, and S–S. It is reasonable
to consider that the single defects are dominant in the lightly doped
samples. Although the formation energy for S–S defect is lower than
that of single interstitial defect I, the S–S and S–I contents may be
negligible due to low Mn concentration.

For better understanding of element-specific XAS and XES results,
the electronic structure of (Zn,Mn)O lattices was calculated. Different
Mn concentrations were simulated by varying the Mn–Mn distance.
That is, high Mn concentration corresponds to a short interatomic
distance between nearest Mn impurities in the ZnO lattice. We used
the following five configurations of S–S, 2S, S–I, SI and 2I defects
corresponding to different Mn–Mn distances, and calculated the
electronic structure and exchange interactions of (Zn,Mn)O using the
linearized muffin-tin-orbital method in the atomic-spheres approx-
imation (LMTO-ASA) (Stuttgart TB-47) [23]. It is found that the
substitutional-only defects (S–S and 2S) exhibit the antiferromagnetic
exchange interaction (exchange value, J=255 meV) with minimal
distances betweenMn atoms and the strength of exchange interaction
is exponentially reduced for longerMn–Mndistances. Thismeans that
the ferromagnetism cannot be induced if all Mn atoms substitute for
cation sites. It is in accordance with other experimental [20,24] and
theoretical [19,24–26] results. Therefore, we can rule out the influence
of substitutional-only defects on the FM behavior of our Zn1− xMnxO
samples with low Mn concentrations.

Fig. 3 shows the calculated partial density of states (pDOS) of Mn
3d and O 2p orbitals in the double-defect configurations for different
Mn concentrations (SI for x=0.03, S–I for x=0.20, and S–S for
x=0.33 Zn1− xMnxO). One can see that the spectral weight of the
main Mn 3d states (feature 1) shifts toward lower (negative) energies
(i.e. retraction of d-density from the Fermi level) and the low-energy
subband (feature 2) is relatively insensitive to change with Mn
concentration when the S–S pairs are present. However, as seen in
Fig. 1(c) and (d), the energy position of this feature from experimental
spectra does not change with increase of the Mn concentration. This
supports that the S–S pairs are not induced or at least negligible in the
entire set of samples. On the other hand, Fig. 3(b) shows that the low-
energy Mn 3d subband (feature 2) is caused by the hybridization of
Mn 3d with O 2p orbitals. It is prominent that the features a and b are
influenced by the presence of Mn defects.

After calculating the pDOSs of Mn and O atoms in (Zn,Mn)O
structure, we compared them with experimental Mn L3 and O Kα
NXES spectra, as shown in Fig. 4. The fine structure of experimental
spectra is fairly reproduced by the calculated pDOSs. Especially, for
the Zn1− xMnxO sample with x=0.03, the spectral features are fairly
similar with those calculated for (Zn,Mn)O structure with SI defects.
The relative intensity between features 1 and 2 is completely changed
by doping large amount of Mn. The experimental Mn L3 NXES
spectrum of 33% Mn-doped ZnO samples exhibits a dominant feature
2 and this cannot be reproduced by the electronic structure
calculation even for the (Zn,Mn)O structure with the same Mn
concentration containing the S–S pairs. Once again, this result
indicates the absence of S–S pairs in our samples. The prominence
of Mn 3d-O 2p hybridized states (feature 2) for 33% Mn-doped ZnO
sample can be attributed to the formation of the MnO secondary
phases while the calculation is based on a wurtzite ZnO lattice. This is
in accordance with XRD and EXAFS characterization [16].

Although a comparison of experimental XES spectra and calculated
electronic structure of (Zn,Mn)O thin films reveals that FM samples
with lowMn concentrations contain the Mn interstitial-related defect
without any indication of the presence of S–S defects, the influence of
these defect configurations onmagnetic properties of our samples still
needs to be addressed. That is why we calculated the exchange
interactions for SI and 2I configurations by a method described in Ref.
[27]. The calculational results are displayed in Fig. 5. The exchange
interaction between Mn atoms was found to oscillate as a function of
distance between them, as expected in the RKKY model. A weak FM
interaction can be observed for both defect configurations with Mn–
Mn distances from 3.8 to 4.2 Å for Mn concentration of 20%. In case of
SI configuration, it is observed for a Mn–Mn distances from 4.2 to
5.3 Å, which corresponds to the Mn concentrations of 3–11%. With
increased Mn concentration to 33% (i.e. a decrease in Mn–Mn



Fig. 5. Exchange interactions betweenMn atoms versus their distance in (Zn,Mn)O. Red
crosses— calculated values; blue dashed lines— RKKYmodel fitting, for SI (a) and 2I (b)
configurations.

Fig. 4. Comparison of experimental Mn L3-region NXES spectra (a) and O Kα NXES
spectra (b) of Zn1− xMnxO thin films (x=0.03 and 0.33) with calculated pDOS of Mn 3d,
Mn 4p, and O 2p orbitals (c) of Zn1− xMnxO systems for x=0.03 and 0.33. Each
calculated pDOS for x=0.03 and 0.33 corresponds to SI and S–S configurations,
respectively.
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distance), the formation of AFM coupling pairs can take place between
the nearest neighbours. From the exchange interaction values, we can
calculate TC using the following equation:

TC = NJSðS + 1Þ= 3kB ð2Þ

where N is the total number of exchange pairs and S is the spin of
magnetic atoms. In case of lowMn concentrations, a two-dimensional
network is formed and therefore N will be equal to 4. Discontinuities
are likely present in real non-ideal materials. When substituting N=4
with N=3, TC can reach a value of 48 K (in the SI configuration),
which is astonishingly close to the experimental value of 45 K [16].
Therefore, a weak FM exchange interaction in (Zn,Mn)Omaterials can
be realized at the expense of SI interactions and the RKKY model
provides a very important method for understanding ferromagnetism
in DMSs. This is a direct observation of RKKY interaction in the ZnO-
based DMS system.

4. Conclusions

To conclude, we have investigated the electronic structure of
constituent elements (Mn and O) of Zn1− xMnxO using soft X-ray
absorption and emission spectroscopy. The experimental spectra
were compared to ab initio calculations in order to shed light on the
origin of ferromagnetism in ZnO-based DMS systems. The overall
results reveal that Mn interstitial defects are present in FM samples
with low Mn concentrations, as concluded from the behavior of
calculated Mn 3dmain-band and the experimental Mn L3 XES spectra.
The ferromagnetism in Zn1− xMnxO thin films with lower Mn
concentrations originates from the exchange interaction in the
interstitial-related defect configuration. For samples with high Mn
concentrations, it was found that most of Mn dopants form a MnO
secondary phases and exhibit antiferromagnetic behavior. Our study
strongly suggests that ferromagnetism in (Zn,Mn)O DMS system is
mostly of the RKKY-type.
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