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a b s t r a c t

The nature of the room temperature ferromagnetism in dilute magnetic oxides is still a matter of debate.
However, there is a consensus that structural point defects play an important role to achieve a desired
long range ferromagnetic order. In this report we have clearly established a correlation between an
observed room temperature ferromagnetism and defects at zinc sites for Mn-doped ZnO (Zn0.93Mn0.03O)
samples prepared by the solid state reaction method and subject to post-annealing under reducing at-
mosphere. Detailed microstructural analysis was carried out to exclude the presence of extrinsic sources
of ferromagnetism. Photoluminescence and Hall measurements reveal that the main present defects in
the samples are associated to defects at the zinc sites. Magnetic characterization demonstrates a room
temperature ferromagnetic behavior associated to a paramagnetic CurieeWeiss component. The
magnetization and density of defects expressively reduces after the post-annealing. In this context, the
defect mediated magnetic coupling between Mn atoms under the scope of the bound magnetic polaron
model and the d0 ferromagnetism are used to interpret the magnetic properties.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Currently, there is an intense interest in the search for ferro-
magnetic order in semiconductor materials doped with small
amounts of transition metal (TM), the so called diluted magnetic
semiconductors (DMS). Such kind of materials can, potentially, be
used in the development of spintronic devices, a new technology
based on the spin degree of freedom of the charge carriers [1]. The
room temperature ferromagnetism (RTFM) in Mn-doped wide-
band-gap semiconductors, specifically ZnO and GaN, was theoret-
ically predicted by Dietl et al. [2]. Following their report a huge
effort has been concentrated on TM-doped oxide semiconductors
studies [3]. Concerning the Mn-doped ZnO system, the first
observation of RTFM was performed by Sharma et al. [4]. However,
their results were quickly challenged by Kundaliya et al. [5], who
Carvalho).
claimed that the observed RTFM was due to a secondary phase,
Mn2�xZnxO3�d. In fact, in spite of extensive investigations, the
origin of the observed RTFM remains inconclusive and controver-
sial. Up to now, the consensus is that defects play an important role
to drive the ferromagnetic behavior [6,7], what could explain the
disparity among experimental reports and the attested high sen-
sibility to the preparation conditions observed for the TM-doped
oxides. In this scenario, one of the most important theoretical
models is the static magnetic polaron theory proposed by Coey
et al. [8]. Here, a spatial overlap between localized electrons trap-
ped by shallow donor defects and the magnetic doped atoms leads
to a ferromagnetic exchange coupling between them, forming a
bound magnetic polaron (BMP). Nevertheless, the nature of the
specific point defect necessary to form the BMP is also a matter of
debate. On the literature one can find several experimental reports
arguing that the observed RTFM, explained in terms of the BMP
model, is associated to oxygen vacancies (VO) [9,10], on the con-
trary, zinc interstitials (Zni) and zinc vacancies (VZn) have been cited
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Fig. 1. Refined XRD diffractograms of polycrystalline Zn0.97Mn0.03O samples. Each
figure shows the observed pattern (symbols), Rietveld calculated pattern (solid line),
and goodness of fit or residual pattern (at the bottom).
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very often [11e14]. Considering also the reported RTFM for undo-
ped systems, another important theoretical model is the d0 ferro-
magnetism, where point defects are the responsible ones for the
RTFM by means of a spin polarized density of states around the
Fermi level [15]. Even in the BMP or in the d0 ferromagnetism
model, it is important to stress that the defect concentration plays a
fundamental role to achieve the RTFM.

In the present work we report a detailed study of the micro-
structure and the magnetic properties of Zn1�xMnxO bulk samples
with Mn molar concentrations of 3 at.% prepared by the standard
solid-state reaction method. The samples were prepared under
oxygen atmosphere, after all, fraction of the samples were sub-
jected to a thermal treatment process in order to change the den-
sities of pre-existent defects. The structural results indicated the
substitutional character of the Mn ions on the Zn sites of the ZnO
wurtzite structure without any evidence of secondary phases.
Magnetic results demonstrated a coexistence of paramagnetic and
a ferromagnetic phase for both samples at room temperature. The
experimental results obtained from both structural and magnetic
characterization allowed us to associate the observed RTFM to
defects at Zn sites (Zni and VZn).

2. Experimental

Polycrystalline Zn0.97Mn0.03O samples were prepared by the
standard solid state reaction method. Stoichiometric amounts of
MnO (Alfa Aesar 99.99% purity) and ZnO (Alfa Aesar 99.999% purity)
powders were mixed and ball milled for 5 h using Zn spheres. The
resulting powder was cold compacted under pressure of 600 MPa
in the form of pellets (green pellets). The green pellets were finally
sintered in oxygen atmosphere at 1400 �C for 4 h. Fraction of these
samples were then post-annealed in a Ar (95%) and H2 (5%) at-
mosphere at 600 �C for 3 h. Throughout the article the as prepared
samplewill be labeled ZM3-O2 and the post-annealed sample ZM3-
ArH2. The thermal treatment is not in order to introduce hydrogen
specimens in the sample. As shown by S. G. Koch et al. thermal
treatments below 800 �C, even under high pure hydrogen gas
pressure, is not sufficient to perform a hydrogenation process [16].
The structural characterization and the effects of thermal treatment
were investigated by Powder X-ray diffraction (XRD) using a Rigaku
Ultima IV equipment employing Cu Ka radiation (30 kV, 40 mA,
l ¼ 1.5405 Å) recorded in the range of 2q ¼ 30e70� with steps of
0.01� at 5 s/step. The determination of the lattice parameters and
the occupation factor over the structure were performed by using
the Rietveld method as implemented by the General Structure
Analysis System (GSAS) software package with the graphical user
interface EXPGUI [17,18]. The microstructure and the composition
distribution were characterized by scanning electron microscopy
(SEM) and energy dispersive X-ray spectrometry (EDS) by means of
a SEM-LV JEOL JSM 5900. Raman spectroscopy was used to study
the Mn incorporation into the ZnO matrix and the resulting lattice
disorder, as well as to analyze the formation of segregated sec-
ondary phases. Ramanwas carried out at room temperature using a
Jobin-Yvon-64000 system in the backscattering geometry using the
532 nm line of a solid-state laser for excitation. X-ray absorption
near-edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) was used to determine the valence state of the
Mn dopant and to evaluate the environment of Mn in the ZnO
lattice. The X-ray absorption measurements were performed at Mn
and Zn K-edge in the transmittance mode at the XAS beamline from
the Brazilian Synchrotron Light Laboratory (LNLS), Campinas,
Brazil. The extraction, normalization, and fitting of the spectrawere
performed using the Multiplatform Applications for XAFS (MAX)
software package, and theoretical spectra were calculated using the
FEFF9 code [19,20]. The structural defects and their relative
concentrations was determined by photoluminescence (PL) and
Hall effect. The magnetic measurements were performed using a
superconducting quantum interference device magnetometer
(SQUID).

3. Results and discussion

3.1. X-ray diffraction

Fig. 1 shows the X-ray diffraction (XRD) results for our
Zn0.97Mn0.03O samples. The refined Rietveld XRD patterns and re-
sidual difference between experimental and fitted patterns are also
presented. All observed peaks correspond to those expected for
polycrystalline wurtzite ZnO. We observe that the peaks present
relative narrow line-widths revealing a good crystallinity. The
Rietveld refinement initiated with Zn2þ and O2� atoms located at
(1/3, 2/3, 0) and (1/3, 2/3, z), respectively. The fitted curves match
quitewell with the experimental data. Table 1 presents the Rietveld
statistics and the determined cell parameters. The two samples
present cell dimensions a little bit higher than those reported for
pure ZnO [21]. The observed increase was expected considering
that the Mn2þ ions (tetrahedral ionic radius ¼ 0.66 Å) replace the
Zn2þ ions (tetrahedral ionic radius ¼ 0.60 Å) in the wurtzite matrix
[22,23]. Therefore, the XRD results indicate that the Mn ions in our
samples are taking the place of Zn in the ZnO wurtzite structure.
We also observe no significant change in the wurtzite cell lattice
parameters with the annealing process.

Another important result of Rietveld refinement is the
elemental occupation factors, which can give us an estimative of
the concentration of defects associated to vacancies and the Mn
concentration in the samples. The obtained elemental occupation
factors are presented in Table 2. TheMn concentration found for the
two samples are in good agreement to the nominal doping value
(3%). However, we observed significant differences comparing the
occupation factors for the cationic (Zn and Mn) sites of ZM3-O2

and ZM3-ArH2 samples. This data indicates cationic vacancies
(VZn ~ 2 at.%) for ZM3-O2 sample. On the other hand, oxygen va-
cancies are not observed for ZM3-O2. These results suggest a partial
migration of transition metal atoms to interstitial sites in the
wurtzite structure of ZM3-O2 in order to guaranty the cationic/
anionic neutrality of bulk material. That means, XRD results suggest



Table 1
Structural data for the Zn0.97Mn0.03O samples obtained through the Rietveld
refinement. c2 is the square of goodness-of-fit indicator, and RBragg is the refinement
quality parameter.

Sample a (Å) c (Å) Volume (Å3) c2 RBragg

ZM3-O2 3.2549(1) 5.2116(2) 47.816(6) 8.27 9.83
ZM3-ArH2 3.2550(1) 5.2116(3) 47.820(5) 3.24 10.55

Table 2
Elemental occupation factor for the Zn0.97Mn0.03O samples obtained through the
Rietveld refinement.

Sample Zn Mn Zn þ Mn O

ZM3-O2 0.956(1) 0.025(1) 0.981(2) 1.012(5)
ZM3-ArH2 0.976(1) 0.030(1) 1.006(2) 1.013(4)

Fig. 3. Raman scattering spectra of the polycrystalline Zn0.97Mn0.03O samples. The
spectra were acquired at room temperature and are normalized by the main vibra-
tional mode E2H. The inset presents the intensity of the AM and LO modes relative to
the E2H. The intensities were obtained from multipeak Lorentz fittings.
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the presence of zinc interstitials (Zni) sites in ZM3-O2 beyond the
wurtzite crystallographic ones. For ZM3-ArH2 neither cationic nor
oxygen vacancies are observed. These data was further confirmed
by analyses of the PL and Hall results.

3.2. Electron microscopy and elemental analyses

Fig. 2(a) and (b) show representative scanning electron micro-
scope (SEM) images for the ZM3-O2 and the ZM3-ArH2 samples,
respectively. The images were acquired using a backscattered
electron detector (BSE) of a SEM-LV JEOL JSM 5900 that has a res-
olution down to 3 nm at 30 kV. A series of full scans over large areas
show no evidence of crystallographic secondary phase or local
segregation of Mn ions (Mn-rich clusters), strongly suggesting that
the studied samples are in diluted state with the Mn ions assuming
the Zn sites into the ZnO wurtzite structure. The effective Mn
concentrations (xEE) of the Zn0.97Mn0.03O samples were also
measured by energy dispersive X-ray spectrometer (EDS). The EDS
analyses were performed in multiple points and also over large
Fig. 2. Representative scanning electron micrographs, (a) and (b); and EDS spec
areas. Representative EDS spectrum for our Zn0.97Mn0.03O samples
are presented in Fig. 2(c) and (d). The average measured effective
Mn concentration (xEE) was 0.028 ± 0.006 for sample ZM3-O2 and
0.031 ± 0.002 for sample ZM3-ArH2 (these data are also presented
in Table 6). These results are in good agreement with the nominal
concentration and the values obtained by Rietveld refinement.

3.3. Raman scattering spectroscopy

Raman spectra from our Zn0.97Mn0.03O samples are shown in
trum, (c) and (d), for the ZM3-O2 and the ZM3-ArH2 samples, respectively.



V.M. de Almeida et al. / Journal of Alloys and Compounds 655 (2016) 406e414 409
Fig. 3. The spectra were normalized by the main vibrational mode
E2H. The frequencies of the allowed vibrational modes for the ZnO
wurtzite structure, A1, E1 and E2, are well established in the litera-
ture [24,25]. Here the A1 and E1 are optical phonon modes (trans-
versal (TO) and longitudinal (LO)) and the E2 is a non-polar mode.
We observe a series of narrow modes centered at 330, 380 and
436 cm�1, that are assigned to the 2E2L, A1(TO) and E2H ZnO modes,
respectively. All these modes are observed for both studied sam-
ples. A significant result from the Raman data is the complete
absence of modes related to segregated secondary phases. The
Raman scattering results together with the XRD data and the SEM/
EDS analysis, are strong evidences that Mn ions in our samples are
incorporated into the ZnO matrix.

In Fig. 3 we also observe a broad band between 500 and
600 cm�1. This broad band seems to enclose several modes,
whereas the main ones are centered at 525 and 572 cm�1. The peak
at 572 cm�1 can be attributed to the overlap of the LO phonons of
the A1 and E1 modes [24], but the peak at 525 cm�1 cannot be
attributed to a pure-ZnO vibrational mode; it is indexed as an
additional mode (AM) in Fig. 3. In pure ZnO, the A1(LO) and E1(LO)
modes are usually very weak due to the destructive interference
between the deformation and the Fr€olich potentials [26], however
the crystalline disorder induced by the incorporation of dopant,
impurities and defects can also explain the emergence of the broad
band. Similar results are observed in different systems involving
intrinsic point defects [27]. In our samples, the incorporation of the
Mn ions in the ZnO wurtzite structure would also introduce dis-
order in the system, given the already mentioned differences be-
tween the ionic radius of the Mn2þ and Zn2þ ions. These distortions
may explain the observation of the AM and the LOmodes. The inset
of Fig. 3 shows the relative intensity of AM and LO modes with
respect to the E2H mode for the studied samples. We observed that
the AM and LO modes for the ZM3-O2 sample has a higher relative
intensity than themodes for the ZM3-ArH2 sample. As these modes
are associated with intrinsic defects, we can state that the as pre-
pared sample has a higher density of defects than the annealed
sample. Since the ZM3-O2 sample has a higher concentration of
cationic vacancies (VZn), determined by the Rietveld refinement for
the elemental occupation factors, we can infer that these modes are
associated with defects at the Zn sites.

3.4. X-ray absorption

In the energy range of a XANES spectrum the wavelength of the
photoelectron is of the order of the interatomic distances and its
Fig. 4. (a) Mn K-edge XANES spectra for the polycrystalline Zn0.97Mn0.03O samples. Spectra o
are also shown. (b) Comparison of the Mn and Zn K-edge XANES spectra for the ZM3-O2 a
free path is long enough to allow multiple scattering over the
neighboring atoms. The binding energy of the bound electrons rise
as the valence increases, thus the energy of the absorption edge
shifts according to the valence of the absorbing ion. Therefore, a
XANES spectrum involves transitions to free energy levels and
multiple scattering processes, carrying information about the
density of states, the valence, and the crystallographic environment
of absorbing ions. Fig. 4(a) presents the obtained XANES spectra at
room temperature for our Zn0.97Mn0.03O samples. First of all, we
observe that the obtained spectra for both samples exhibit similar
K-edge white line shapes to those previously reported for tetra-
hedral coordinated TM-doped ZnO [28]. The similarities between
the spectra for our samples indicate also that there are no signifi-
cant structural changes in the ZnO wurtzite structure due to the
annealing. The valence of the dopant ions can be analyzed by
comparing their resulting edge structure to those obtained from
reference samples. In Fig. 4(a) we also present XANES spectra ob-
tained at Mn K-edge for different oxides with different metal
oxidation states, metallic Mn, MnO (2þ), Mn2O3 (3þ) and MnO2
(4þ). The comparison between the spectra indicates that the Mn
ions in our samples assume the 2þ oxidation state. As the XANES
spectrum is very sensitive to the local environment of the absorbing
atom, it can be also used to probe the site were the dopant ions are
placed in the analyzed structure. The pre-edge peak originates by a
s / d transition, however, the dipolar selection rules do not allow
this excitation. Its observation is associated to a ped hybridization,
which in turn is only possible if the Mn site does not contain an
inversion center, as happens in tetrahedral configuration. In
Fig. 4(a) we can see clearly a relative intense peak at the pre-edge
region, what can lead us to conclude that in our samples the
Mn2þ ions are located in tetrahedral sites, what would be expected
considering that the Mn2þ are replacing the Zn2þ in the ZnO
wurtzite structure [28,29].

The shape of the absorption edge depends on the unfilled local
density of states and the coordination symmetry of the absorbing
element. Fig. 4(b) show extended XANES spectra obtained for the
samples at Mn and Zn K-edge. We observed a very good correlation
between the oscillations for both samples. Unlike other magnetic
semiconductors where the transition metal atoms are in interstitial
sites in the host matrix [30,31], our XANES results is a strong
indication of the substitutional character of Mn ions in the ZnO
wurtzite matrix [29].

The short-range structural data provided by extended X-ray
absorption fine structure (EXAFS) spectroscopy offer element-
specific insight, furnishing quantitative information about the
f metallic Mn, rocksalt MnO (valence 2þ), Mn2O3 (valence 3þ) and MnO2 (valence 4þ)
nd the ZM3-ArH2 samples.



Fig. 5. Experimental and fitted modulus of k3 weighted Fourier transform (FT) for the
polycrystalline Zn0.97Mn0.03O and reference samples. Solid lines are experimental data,
and open symbols represent fittings using the parameters listed in Table 3. Results for
the measurements at (a) Mn K-edge and at (b) Zn K-edge. The spectra are offset for
clarity.

Fig. 6. (a) Room temperature PL spectra of the polycrystalline Zn0.97Mn0.03O samples.
The spectra were normalized by the integrated area of the NBE emission for com-
parison. (b) and (c) present the experimental spectra and the Gaussian fit (in loga-
rithmic scale) for the as prepared (ZM3-O2) and the annealed (ZM3-ArH2) samples,
respectively.
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numbers, positions, and identities of atoms surrounding the
absorbing element, as well as structural disorder within the coor-
dination spheres. The fitted k3-weighted Fourier transforms of the
polycrystalline Zn0.97Mn0.03O samples are shown in Fig. 5(a). The
EXAFS data were obtained at Mn K-edge for the studied samples,
ZM3-O2 and ZM3-ArH2, and for metallic Mn, MnO (2þ), Mn2O3
(3þ) and MnO2 (4þ) reference powders. The results obtained at Zn
K-edge for the ZM3-O2 and ZM3-ArH2 samples are presented in
Fig. 5(b). We observe that the EXAFS data for Mn-doped samples
are very similar to each other but quite different to those for the
metallic Mn and the Mn oxides. On the other hand, we observe that
the EXAFS data are quite comparable to those obtained at Zn K-
edge, indicating that the Mn2þ ions in our samples are located at
the same environment of Zn2þ ions in the ZnO wurtzite structure.
This remark, with the previous results for XRD, SEM, EDS, Raman
and XANES, let us to conclude that Mn2þ ions in our samples are
incorporated into the ZnO wurtzite structure in substitutional
character of the Zn2þ ions.

The extraction and fitting of EXAFS spectra were performed
using Multi-Platform Applications for X-ray absorption (MAX). Ab
initio FEFF8.2 [20] code was used to calculate the theoretical
spectra. To obtain quantitative structural data concerning the first
coordination shells, the neighborhood of Mn atoms was modeled
through the twomain peaks (between 1.5 and 3.0 Å) from FT-EXAFS
Table 3
Mn K-edge EXAFS simulation results. R is the distance from the central atom, N is the
average coordination number, s2 the DebyeeWaller factor, and QF the quality factor.

Sample Shell R
(Å)

N s2

(�10�3 Å2)
QF

ZM3-O2 MneO 2.04(1) 4.2(3) 2.5 3.18
MneZn 3.21(1) 5.6(3) 4.1
MneZn 3.30(1) 5.4(3) 4.1
MneO 3.80(1) 5.9(6) 2.5

ZM3-ArH2 MneO 2.04(1) 4.3(3) 2.5 3.46
MneZn 3.23(1) 5.4(3) 4.1
MneZn 3.31(1) 4.1(3) 4.1
MneO 3.78(1) 6.6(6) 2.5
in Fig. 5(a). In all fits, we considered single and multi-scattering
paths corresponding to the four successive atomic shells around
Mn substitutionally placed at Zn-sites of the ZnO structure ac-
cording to the hexagonal wurtzite with P63mc space group. Fig. 5(a)
shows a good agreement between experimental (lines) and simu-
lated (symbols) results.

The interatomic distance (R), the coordination number (N), and
the reliability of the fit, determined by a quality factor (QF) [32] and
Debye�Waller factor (s2), relative to the fits are reported in Table 3.
The first shell (MneO) coordination number is around 4, consistent
with a Mn2þ substitutional for tetrahedral Zn2þ ions in the ZnO
wurtzite structure. We also observe that the interatomic distances,
according to our calculation, are not affected by the annealing
process.
3.5. Photoluminescence (PL) and Hall effect

It is well known that PL is a useful tool for the investigation of
intrinsic point defects in ZnO, including oxygen vacancy (VO), zinc
vacancy (VZn), interstitial oxygen (Oi), and interstitial zinc (Zni).
Fig. 6(a) shows the obtained room temperature PL spectra of
Zn0.97Mn0.03O samples. The measured spectra are characterized by
a near-band-edge (NBE) emission centered at around 3.30 eV,
dominated by the 1LO phonon replica of free excitons [33], and a
broad band at lower energies, specifically from 3.20 down to 1.6 eV,
associated to different transitions between different defect levels
located inside the energy gap [34]. We observed that the spectrum
for the ZM3-O2 sample is governed by the defect broad band
emission; on the other hand, the spectrum for the ZM3-ArH2
sample is governedmainly by the NBE emission. These results let us
to conclude that thermal treatment performed on this sample
removed considerable amount of the defects previously presented
in the as prepared sample. In attempt to identify the band



Table 4
Gaussian fit parameters obtained for PL spectra of the polycrystalline Zn0.97Mn0.03O
samples.

Sample Energy
(eV)

FWHM
(eV)

Area
(a. u.)

Emission

ZM3-O2 3.30(1) 0.085(4) 1 NBE
3.23(1) 0.180(2) 0.9(2) nLO
3.03(1) 0.121(3) 2.1(1) VZn

2.86(3) 0.333(3) 9.2(4) Zni
2.63(5) 0.800(4) 4.3(5) VZn e Zni

ZM3-ArH2 3.28(1) 0.086(1) 1 NBE
3.22(2) 0.170(2) 0.570(2) nLO
3.06(1) 0.140(3) 0.027(6) VZn

2.90(3) 0.449(2) 0.264(5) Zni
2.26(5) 0.670(2) 0.148(4) Oi
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emissions and the correlated specific point defects presented in
each sample, the measured spectra were fitted by Gaussians
following representative experimental and theoretical references
[35e37]. Fig. 6(b) and (c) show the best fits obtained, the spectra
were normalized by the integrated area of the NBE emission. The
obtained fit parameters are listed in Table 4.

First we call attention to the small red shift of the NBE emission
for the ZM3-ArH2 sample as compared to the same emission for the
ZM3-O2 sample (3.30e3.28 eV). We observe also that the average
intensity of the defect emission bands for the ZM3-O2 sample is one
order of magnitude greater than those for the ZM3-ArH2 sample.
Just below the NBE emission we identify a broad band, indexed as
nLO, associated to higher-order phonon replicas of the NBE emis-
sion [33]. In the sequence we identify three defect emission bands
in the spectra for both samples centered at 3.03/3.06 and 2.86/
2.90 eV (ZM3-O2/ZM3-ArH2). The bands at 3.03/3.06 and 2.86/
2.90 eV are associated with zinc vacancies (VZn) and interstitial zinc
(Zni), respectively. For the ZM3-O2 sample we observe, in the
sequence, a very broad band around 2.63 eV which can be indexed
to transitions between the defect levels associated to VZn (3.03 eV)
and Zni (2.86 eV). Finally, for the ZM3-ArH2 sample we observe a
band emission at 2.26 eV which can be indexed to interstitial ox-
ygen (Oi).

These results can be correlated to the XRD data obtained from
the Rietveld refinement (Tables 1 and 2). The red shift of the NBE for
the ZM3-ArH2 sample can be associated with the small increase on
the lattice parameters observed for this sample. Concerning the
elemental occupation rate, the ZM3-O2 sample presents a lower
cationic occupation rate, which is associated to higher density of
zinc vacancies (VZn) due to the migration of the Zn2þ to interstitial
Fig. 7. (a) M(H) curves obtained at T ¼ 300 K for the polycrystalline Zn0.97Mn0.03O samples.
related to the FM phase.
sites (Zni). As we presented before, for the as prepared sample we
observe a relative intense defect emission bands associated to de-
fects at the Zn sites (VZn and Zni), while for the annealed sample the
intensity of these emission bands decreases considerably, indi-
cating that the densities of VZn and Zni are relatively higher for the
ZM3-O2 sample, as was pointed by the XRD data.

The indexation of the defect emission bands can be corrobo-
rated by associating the PL results to the measurements of the
carrier densities. The electron concentration in undoped ZnO can
reach the order of 1019 cm�3 due to the presence of intrinsic or
extrinsic defects [38], the nature of this defects is still also a matter
of debate [39]. However, for the TM-doped oxides the dopants
introduce compensating defects into the system that lead to a
significant decrease of the electron concentration [40e43]. In our
case, the Hall effect measurements reveal that both studied sam-
ples are, as expected, n-type. For the ZM3-O2 sample the obtained
electron density was nO2

¼ 4:42� 1017 cm�3, and for the ZM3-
ArH2 sample nArH2

¼ 1:07� 1017 cm�3; corresponding to a
decrease in the electron density of 76% between the samples after
the annealing. The observed decrease in the carrier density for the
annealed sample can be explained in terms of the changes be-
tween the relative contribution between donor and acceptor
defect bands. In a general way, there is a consensus that the levels
associated to defects at the Zn sites are shallow, levels associated
to VZn are of acceptor character, and those associated to Zni are of
donor character [35e37]. Concerning the oxygen site, the levels
associated to VO are deep donors, while levels associated to Oi are
shallow acceptors. Here we define the parameter R as the ratio of
the intensity of the band with the donor character ðIZni

Þ and the
intensities of the bands with acceptor character ðIVZn

þ IOi
Þ ob-

tained by the fit performed for the spectra measured for each
sample, in this way R ¼ IZni

=ðIVZn
þ IOi

Þ. From the values listed in
Table 4 we obtain for the ZM3-O2 sample RO2

¼ 4:4±0:4 and for
the ZM3-ArH2 sample RArH2

¼ 1:51±0:08, i.e., for the annealed
sample there are less donor defects than for the as prepared
sample. Considering the percentages, we observe a decrease of the
parameter R of 65%, in good agreement with the decrease
observed for the electron densities, what corroborates the index-
ation of the bands of defects.

The structural analysis confirms that Mn ions are located at the
Zn-sites in the ZnO wurtzite structure in ours samples. The results
exclude the presence of magnetic extrinsic sources as Mn-rich
nanocrystals and segregated secondary magnetic phases. The PL
results reveal that the density of point defects is annealed out from
the as prepared sample by the thermal treatment. With these
conclusions we proceed to the magnetic characterization.
(b) Enlarged view of the low field part of the magnetization traces revealing the loops



Fig. 8. Inverse susceptibility as a function of the temperature of the paramagnetic
phase of Mn ions at the polycrystalline Zn0.97Mn0.03O samples. The best fit of the high
temperature data to CurieeWeiss law is shown as solid lines.
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3.6. Magnetic characterization

Fig. 7 presents the magnetization (M) of the studied samples
measured at 300 K as a function of the magnetic field (H), theM(H)
curves. In addition to the usual paramagnetic (PM) phase of the Mn
ions [23,44,45], the data show the existence of a ferromagnetic
(FM) phase. The contribution of the FM phase is relatively small as
compared to the PM phase. The magnetic parameters related to the
PM and the FM phases were analyzed separately by subtracting one
component from another.

The temperature variation of the magnetic susceptibility of the
PM phase has been determined from the DM/DH data obtained for
temperatures in the rage of 300e1.66 K and field values between
0.1 and 1 T. The inverse of the dc magnetic susceptibility as a
function of temperature is presented in Fig. 8. The inverse of the
susceptibility of the PM phase in the high temperature regime is
well described by a CurieeWeiss law: c(T)¼ C/(T�q); where C is the
Curie constant per gram and q is the CurieeWeiss temperature. C
and q are both linear functions of the Mn content xM: C ¼ xM � C0
and q¼ xM� q0, where C0¼N(gmB)2S(Sþ1)/3kB and q0¼ 2zS(Sþ1)J1/
3kB. Here, N is the total number of cations per gram, g and S are
respectively the effective Land�e factor and the spin of theMn2þ ions
(g ¼ 2.0016, S ¼ J ¼ 5/2) [46], mB is the Bohr magneton, z is the
number of nearest neighbors (z¼ 12 in the wurtzite structure), J1 is
the effective exchange integral constant between the nearest-
neighbors, and kB is the Boltzmann constant. The Mn concentra-
tion obtained through the magnetic characterization (xM) and the
effective exchange integral constant (J1/kB) are displayed in Table 5.
The values found for xM are in excellent agreement with the
nominal values and those measured by EDS (xEE), even considering
Table 5
Parameters determined from the magnetic measurements. xM is the Mn concen-
tration of the paramagnetic phase. J1/kB is the effective exchange integral constant
between the nearest-neighbors. xME and TE are the effective Mn concentration and
the effective temperature determined by the fit of the magnetization trace to the
modified Brillouin function at the temperature T ¼ 1.66 K.

Sample xM J1/kB (K) xME TE (K)

ZM3-O2 0.0278(5) �11.8(7) 0.0206(1) 1.82(2)
ZM3-ArH2 0.0278(5) �12.3(7) 0.0209(1) 1.66(2)
that fraction of Mn ions are ferromagnetically coupled. We observe
also that both samples present negative exchange constants, indi-
cating a large antiferromagnetic (AF) exchange interaction between
Mn ions in the PM phase. The obtained values of the J1/kB are
consistent with previous results on Zn1�xMnxO bulk samples for
which the exchange interaction between first neighbors is anti-
ferromagnetic (AF) with a mean value of J1/kB ¼ �13.8(7) K
[23,44,45].

Further information about the exchange interaction between
the Mn ions and their distribution over the volume of the samples
can be addressed by analyzing the M(H) paramagnetic curve ob-
tained at low temperature [47]. The paramagnetic contribution
traces obtained at T ¼ 1.66 K for the ZM3-O2 and the ZM3-ArH2
samples are displayed in Fig. 9(a) and (b), respectively. The data
have been fitted to a modified Brillouin function (MBF). The fit gave
the value of the effective Mn concentration (xME e Mn ions inter-
acting paramagnetically) and the value of the effective temperature
(TE). The obtained values of xME and TE are given also in Table 5.
From xME we determined the technical saturation magnetization
value (MTS). The data are displayed in Fig. 9(c). There, the predicted
variation of the MTS as a function of x for a model with one ex-
change interaction between first neighbors and assuming a random
distribution of the Mn ions is also shown. For that model, MTS is
given by

MTS¼ (PS þ POT/3 þ PCT/15 þ PPQ/2 þ PFQ/5 þ POther/5) MS, (1)

where MS is the value of the true saturation magnetization (para-
magnetic case with no relevant exchange interaction) and Pi is the
probability that a magnetic ion belongs to each of these i type of
cluster: S¼ Single, OT¼Open Triplet, CT¼ Closed Triplet,
PQ¼ Propeller Quartet, FQ¼ Funnel Quartet, Other ¼ cluster larger
Fig. 9. Magnetization as a function of the magnetic field obtained at low temperature
for the (a) as prepared and the (b) annealed samples. The symbols are the experi-
mental data. The red lines represent the result of the fit of the data by a modified
Brillouin function (MBF). (c) Technical saturation magnetization (MTS) for the studied
samples as a function of the Mn concentration (x). The dotted line illustrates the case of
a PM phase with no exchange interaction. The dashed line represents the prediction of
model with one exchange interaction between first neighbors and assuming a random
distribution of the magnetic ions. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)



Table 6
Parameters of the magnetic characterization: effective Mn concentration (xEE)
measured by EDS, number of Mn atoms per gram (NMn), saturation magnetization
(MS), paramagnetic susceptibility (cP), and estimated magnetic moment per Mn
atom (m).

Sample xEE NMn/g
(�1020)

MS

(emu/g)
cP

(emu/gOe)
m
(mB)

ZM3-O2 0.028(6) 2.0795 0.0044 4.34 � 10�6 5.49
ZM3-ArH2 0.031(2) 2.0795 0.0010 4.35 � 10�6 5.50
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than quartet. The full expression forMTS, including the probabilities
(Pi), can be found in Refs. [48,49].

We observe in Fig. 9(c) that the measured MTS for the ZM3-O2
and for the ZM3-ArH2 samples agree very well with the theoretical
curve calculated through Eq. (1). This result leads us to conclude
that the PM phase is characterized by a large antiferromagnetic
exchange interaction between Mn ions, corroborating the suscep-
tibility data, and that the Mn ions in the studied samples are
randomly distributed over their volumes, which correspond to a
good homogeneity of the Mn concentration. We can also observe
that the measured TE for both studied samples are very close to the
temperature of the measurements, T ¼ 1.66 K. The differences be-
tween the measuring (T) and the effective (TE) temperatures are
caused by distant-neighbor interactions [50]. The observed small
differences reflect that the distant-neighbor antiferromagnetic in-
teractions between the Mn ions in the ZnO wurtzite structure have
no considerable magnitude as compared to the 1.66 K, as wewould
expect [51]. It is worth also to point out that all the obtained
magnetic parameters related to the PM phase for the as prepared
and annealed samples are quite similar, what means that the
annealing process and the induced changes in the defect densities
has no effect over this phase.

Fig. 10 shows the FM phase at 300 K obtained after the sub-
traction of the PM phase. The MS for the ZM3-ArH2 sample is at
least 3-fold smaller than that for the ZM3-O2 sample. The MS is
found to be temperature independent for both samples (lower-
right inset of Fig. 10). At room temperature HC is around 40 Oe and
100 Oe for the as prepared and for the annealed samples, respec-
tively (upper-left inset of Fig. 10). The magnetic moment per Mn
atom (m) in the studied samples was determined following calcu-
lation performed in Ref. [52]. Table 6 present the used input pa-
rameters and the obtained m for each sample. In the Mn-doped ZnO
system, prepared from high-purity ZnO and MnO powders, the
most probably segregated phases are Mn metallic clusters, Mn
oxides, MnO and Mn2O3, and the ternary spinel compound
ZnMn2O4. All of them are well known paramagnetic materials at
room temperature [53,54], what lead us to conclude that the
observed RTFM cannot be explained in terms of any secondary
phase. We obtained an average value of 5.5 mB/Mn cation, a value
Fig. 10. Subtracting the paramagnetic contribution from magnetic measurements,
M(H) curves, the hysteresis curves related to the FM phase is clearly observed. The
insets show the coercive field (upper-left) and the temperature variation of the satu-
ration value of the magnetization of the FM phase (lower-right).
quite close to the expected one for the half-filled d band of Mn2þ

ion [55]. Such high moments per cation are inexplicable in terms of
possible known ferromagnetic phases [56]. So, it is also evidence
that the observed RTFM behavior is not due ferromagnetic sec-
ondary phases.

The nature of the observed RTFM can be analyzed under the
scope of the BMP model. Here, a long range magnetic order occurs
when two conditions are satisfied, the dopant concentration (x)
have to be lower than the dopant percolation threshold (xP) and the
percentage of defects (d) have to be larger than the polaron
percolation threshold (dP), for the ZnO system dP ¼ 0.0015 and
xP ¼ 0.18 [8]. Therefore, in the scenario of the BMP model, for a
specific dopant concentration, the FM properties of doped oxide
matrix would be modulated by its density of defects. Also, in the
context of the BMP model, the RTFM require hybridization and
charge transfer from the donor-derived impurity band related to
the shallow donor defects to the unoccupied 3d states of the TM
doping ions at the Fermi level.

In our samples the concentration of Mn ions (x ¼ 0.03) is well
below the percolation limit of the ZnO doping. However, as we have
pointed before, assuming a random distribution of theMn ions over
the volume of the ZnO matrix, 69.4% of the Mn ions are isolated
(singles), and the remaining fraction are found in one of the
following antiferromagnetic cluster arrangement: pairs, triplets,
quartets, etc. [47]. Taking into account that only the non-
compensated moments could be ferromagnetically coupled
through polarons, the effective Mn concentration that have to be
considered in our samples is, in fact, even lower than x ¼ 0.03.
Regarding the density of defects, the PL results clear reveals for the
as prepared sample a higher concentration of defects mainly
related to defects at the zinc sites (VZn and Zni), and that under the
thermal treatment these defects are almost annealed out with the
introduction of a relative small density of defects at anionic sites
(Oi). Among the identified defects, Zni is the only one that corre-
sponds to a shallow defect, necessary to form a BMP [35e37].
Therefore, the observed decrease of the MS with the annealing
process is consistent with the BMP model once considering the Zni
as the shallow donor defect associated to the formed BMPs. How-
ever, for the Mn doping in ZnO, the requirement of the charge
transfer from donor states to the Mn 3d empty states cannot be
completely fulfilled, what would lead, from the theoretical point of
view, to a magnetization per cation lower than the observed 5.5 mB/
Mn [8]. Therefore, we can conclude that the BMP model alone
cannot account for the whole observed results. In fact, Coey et al.
called attention to this theory difficulty in explain some observa-
tion of magnetic moments higher than the spin-only value in the
diluted limit, and evoke the contribution of point defects to solve
the problem, the called d0 ferromagnetism [8]. Here, for the ZnO
matrix the main defects to be considered have proved to be those
related to the Zn sites, in especial, the Zn vacancies (VZn) [57e59].
Therefore, since the density of VZn in our samples are considerable,
they would account, together with the Mn ions coupled ferro-
magneticaly trough the magnetic polarons (BMP model), to the
observed 5.5 mB/Mn. Also, the lower measuredMS for the ZM3-ArH2
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sample can be explained in terms of the reduction of the VZn after
the annealing process. What let us to conclude that, by considering
both theoretical models, BMP and d0 ferromagnetism, the magnetic
behavior observed for our Mn-doped ZnO samples are direct
related to defects at Zn sites.

4. Conclusions

In summary, we have presented a complete microstructure and
magnetic analysis of bulk polycrystalline Zn0.97Mn0.03O samples
prepared by the standard solid-state reaction method. Structural
results confirm that Mn2þ ions substitute for Zn2þ ions in the
wurtzite ZnOmatrix. There is no indication ofMn-rich nanoclusters
or segregated secondary phases in all studied samples. The pho-
toluminescence results, corroborated by the Hall measurements,
indicated that the as prepared sample has a higher density of de-
fects mainly associated VZn and Zni, and that the defects were
annealed-out by the thermal treatment. Magnetization measure-
ments revealed the coexistence of a main paramagnetic and a
ferromagnetic phase in both samples. The analyses of the para-
magnetic phase showed a CurieeWeiss behavior of the suscepti-
bility at high temperatures characterized by an AF interaction
between Mn ions. By fitting M(H) curves at low temperature (2 K)
we conclude for the homogeneous distribution of the Mn ions over
the ZnO volume. Considering the ferromagnetic phase, the satu-
ration magnetization decreases under the annealing process and
the vanishing of the density of defects.We conclude for the intrinsic
character of the observed room temperature ferromagnetism and
its consistent correlation with defects at Zn sites by analyses under
the scope of the BMP theory and d0 ferromagnetism.
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