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The present work reports the structural and ferromagnetic properties of 200 KeV Ni2þ ion
implanted ZnO films before and after annealing at 650  C in air and correlates these properties with
their electronic structures. X-ray absorption spectroscopy (XAS) at Zn and Ni K-edges reveal that
Zn metal cluster is absent in ZnO matrix, but there is an indication of clustering of Ni metal as a
secondary phase. The XAS analysis of O K-edge shows (i) non-stoichiometric NiO segregation in
as-implanted film and its absence/reduction in air annealed film, (ii) partial substitution of Ni2þ
ions at tetrahedral Zn sites, and (iii) presence of lattice defects such as oxygen vacancies in both
films. The observed ferromagnetic behavior of as-implanted and air annealed films has both
intrinsic as well as extrinsic origins. The intrinsic and extrinsic origins are discussed in terms of
bound magnetic polaron model and presence of antiferromagnetic NiO phase/ferromagnetic Ni
C 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4804253]
metal clusters, respectively. V
I. INTRODUCTION

Spintronics aims to fabricate semiconductor devices
using both electron and spin polarized carriers. Dilute magnetic semiconductors (DMSs) with room temperature ferromagnetism (RT-FM) are considered as one of the most
promising materials for spintronics technologies.1 Transition
metal (TM) doped zinc oxide (ZnO) is one such DMS system
that has been extensively investigated both by theoretical and
experimental research groups predicting ferromagnetic
behavior at low and high (RT and above) temperatures.2–5
However, there is continuous debate regarding the origin of
FM and role of TM in such systems. Some studies6,7 indicate
that the origin of FM is intrinsic in nature and is due to
exchange interaction between delocalized charge carriers and
localized magnetic moment of TM ion. However, in some
cases,8,9 it is reported that FM is extrinsically originated
from segregation of TM as metallic phase or from secondary
magnetic phase. Defect densities, such as oxygen/zinc vacancies or interstitials10,11 and cluster of oxygen vacancies12 can
alone trigger FM in ZnO without TM doping. In case of Ni
doped ZnO films, several interpretations on RT-FM exist in
the literature. Liu et al.13 reported that RT-FM in ZnO for Ni
concentrations (2%, 4%, and 7%) is intrinsic and for 11% Ni
concentration ferromagnetism is extrinsic in nature due to
precipitation of Ni. However, there are some reports where
no ferromagnetism was observed in ZnO:Ni films.14 In order
a)
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to further explore the mechanism of FM in such complex
magnetic materials, researchers have adopted advanced
synchrotron-based x-ray absorption spectroscopy (XAS) for
probing electronic structure of TMs.15–17 The recent XAS
studies reveal that Ni ion implanted ZnO films17 and Ni
doped ZnO nanorods18 show intrinsic RT-FM mediated
through oxygen vacancy related native defects. The stability
and reproducibility of RT-FM in Ni doped ZnO in various
environments are one of the most challenging issues for device application in spintronics. It has been reported that the
nature of FM in Ni doped ZnO does not remain intrinsic
upon annealing in various environments at high temperature
because of segregation of TM ions.19 Singhal et al.20
reported that FM in hydrogenated and vacuum annealed Ni
doped ZnO disappears upon long reheating in air at very high
temperatures of 700  C and 800  C, respectively.
It is desirable that the DMS materials should sustain
their ferromagnetic property at relatively high temperatures
considering their applications in future devices. However, as
defects play a major role in the origin of their FM properties,
most of these materials do not retain FM at elevated temperatures. Therefore, it is important to investigate robustness of
their FM at higher temperature. The present work originates
with this motivation. In order to investigate this issue, Ni ion
implanted ZnO/sapphire films were chosen. The RT-FM of
these as-implanted films with various Ni concentrations has
been reported in earlier studies.17,21 Present investigations
correlate the origin of ferromagnetism in Ni implanted and
post annealed ZnO films with their electronic structure
probed by XAS.
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II. EXPERIMENTAL DETAILS

ZnO thin films of thickness 800 nm prepared by pulsed
laser deposition (PLD) technique were implanted at room
temperature with Ni2þ ions of energy 200 KeV using the low
energy ion beam facility (LEIBF)22 of the Inter University
Accelerator Centre, New Delhi. Implantation fluence of 2 
1016 ions/cm2 was used to obtain 7% Ni ion concentration in
ZnO matrix, i.e., ZnO:Ni as-implanted thin film. The asimplanted thin film was annealed at 650  C in air for 6 h
hereafter denoted as ZnO:Ni air annealed thin film. The
range (102.3 nm) along with longitudinal straggling
(40.6 nm) of 200 KeV Ni2þ ions in the film was calculated
using the simulation program Transport of Ions in Matter
(TRIM).23 The structural characterization of both films were
carried out using X-ray diffraction (XRD) (Philips X’Pert
PRO). The magnetic properties of these films were investigated at room temperature using a superconducting quantum
interference device (SQUID) magnetometer (MPMS,
Quantum design). Electronic structure of both films is probed
by X-ray absorption spectroscopy (XAS). The XAS measurements were performed at the National Synchrotron
Radiation Research Center (NSRRC) in Taiwan. While the
x-ray absorption in near edge structure (XANES) spectra
at O K-edge was measured at the high-energy spherical
grating monochromator (HSGM) BL20A1 (resolving power
E/DE ¼ 8000) in ultrahigh vacuum (<5  109 Torr) in the
total electron yield (TEY) detection mode, the Zn and Ni
K-edges were measured at the Wiggler beamline.
III. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of ZnO:Ni asimplanted and ZnO:Ni air annealed films. The characteristic
peaks of the air annealed film are similar to as-implanted
film indicating single crystalline wurtzite phase with c-axis
orientation. Both films do not show formation of any secondary phase such as crystalline Ni metal or NiO phase.17
Absence of any crystalline secondary phase(s), within the

FIG. 2. M-H curves recorded at 300 K corresponding to ZnO:Ni asimplanted and ZnO:Ni air annealed films showing ferromagnetic nature of
the films.

detection limit of XRD is evident. From conventional XRD,
it is difficult to ascertain crystalline Ni metal precipitates if
these are crystallographically misoriented inside ZnO matrix.24 With intense x-ray source, like synchrotron radiation
the detection limit can be improved and it is possible to
detect these secondary crystalline Ni metallic phase.25
However, the presence of Ni or its oxide in amorphous phase
could not be detected by this technique.
The magnetization versus magnetic field (M-H) curves,
measured at room temperature for ZnO:Ni as-implanted and
ZnO:Ni air annealed films are shown in Figure 2. As evident,
there are clear hysteresis loops with finite coercivity (Hc) and
remanent magnetization (Mr) indicating their ferromagnetic
behavior (see Table I). From Figure 2 and Table I, it is clear
that the ferromagnetic contribution is enhanced in air annealed
film as compared to the as-implanted film. Saturated magnetic
moments for as-implanted and air annealed films are 0.48 and
0.66 lB/Ni, respectively. From these measurements, it is not
possible to further comment on the origin of RT-FM observed
in these films. However, one source may be an existence of
secondary phase such as metallic Ni. It should be pointed out
here that XRD reveals absence of Ni metal clusters and its
secondary oxide phases in crystalline form. Therefore, to get a
better insight into the origin of RT-FM in as-implanted and air
annealed films, it is essential to investigate their local electronic structure using XANES.26
Figure 3 shows the Zn K-edge XANES spectra at room
temperature for ZnO:Ni as-implanted, ZnO:Ni air annealed
and ZnO thin films. XANES spectra from standard (ST) reference specimens such as ZnO and metal Zn are also shown
TABLE I. Ferromagnetic contribution of ZnO:Ni as-implanted and ZnO:Ni
air annealed films showing saturation magnetization Ms, remanent magnetization Mr, and coercivity Hc.

Sample
FIG. 1. XRD patterns of ZnO:Ni as-implanted and ZnO:Ni air annealed
films. The peaks marked by the symbol (*) correspond to the sapphire substrate. No peaks corresponding to metallic Ni or its oxides are seen.

As-implanted
Air annealed

Saturation
magnetization
Ms (lB/Ni)

Remanent
magnetization
Mr (lB/Ni)

Coercivity
Hc (Oe)

0.48
0.66

0.07
0.12

90
116
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FIG. 3. The experimental XANES spectra recorded at the Zn K-edge in the
total electron yield (TEY) detection mode at room temperature for the
ZnO:Ni as-implanted, ZnO:Ni air annealed, ZnO thin films (solid line) and
standard (ST) reference ZnO, Zn metal (dashed line).

in the same figure. The features A1 and B1 appearing in the
Zn K-edge arise due to electron transition from Zn 1s to
unoccupied Zn 4p and thus probes the unfilled electronic
density of states (DOS).27 The overall Zn K-edge spectrum
of the air annealed film is similar to that of as-implanted
film, ZnO thin film and reference ZnO. Therefore, it can be
concluded that Zn related defects such as metallic Zn clusters are not induced due to implantation of Ni ions into ZnO
matrix and annealing the as-implanted film at high temperature. Overall, Zn atom environment is same in as-implanted,
air annealed and ZnO thin films with a majority of Zn atoms
in ZnO wurtzite structure.
Figure 4 shows XANES spectra at Ni K-edge of ZnO:Ni
as-implanted, ZnO:Ni air annealed and reference NiO and
provide insight on the local electronic structure around Ni
ion. Two major features, pre edge peak A2 and main absorption peak B2 are observed in both films.18,28 A distinct difference of spectral shapes in pre and post edge regions of the
films as compared to reference NiO confirms absence of any
detectable trace of NiO secondary phase. However, for both
films, electronic configuration of Ni was found to be Ni2þ
from the position of main absorption edge. Pre edge feature
(A2), typical for Ni2þ is associated with transition of Ni 1s
electron to Ni 3d-O 2p hybridized states. It is apparent that
the gap between the pre-edge and major onset of absorption
starts to fill in these films (see encircled region in the figure)
and this filling can be interpreted as conversion of some of
the Ni2þ ions into metallic Ni.17,29 The marked difference in
plateau like metallic nature of Ni0 in the films as compared
to weak pre-edge feature in NiO is clearly observable in the
derivative spectra of Fig. 4. It implies that Ni dopants in
ZnO matrix are in mixed oxidation state of Ni2þ and metallic
Ni0. The possibility of metallic Ni0 to form the intermetallic
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FIG. 4. The experimental XANES spectra recorded at the Ni K-edge in the
total electron yield (TEY) detection mode at room temperature for
the ZnO:Ni as-implanted, ZnO:Ni air annealed films and reference NiO. The
associated derivative spectra for these samples are also presented in lower
spectrum.

NiZn secondary phase is negligible because Zn K-edge spectra show no shift towards lower energy in both the films,
which is expected if NiZn phase is formed.30 Even the XRD
pattern does not show any signature of the presence of crystalline NiZn in the films. In future, detailed extended x-ray
absorption fine structure (EXAFS) studies similar to Co
doped ZnO thin films31 will be carried out to further comment on the presence/absence of NiZn secondary phase.
However, from the Ni K-edge XANES spectra, it is difficult
to quantify the distribution of Ni2þ ions at tetrahedral Zn2þ
site in wurtzite environment or its NiO form and hence
observed ferromagnetism in both films cannot be explained
solely due to effects of precipitation of Ni metal alone.
The normalized XANES spectra at O K-edge for ZnO,
ZnO:Ni as-implanted, ZnO:Ni air annealed films shown in
Fig. 5 provide support to understand the role of oxygen in
their electronic structure. The ZnO, as-implanted and air
annealed films exhibit quite different spectral features which
can be interpreted as follows: (a) pre edge peaks A3
(530.7 eV) and B3 (532.3 eV) are attributed to O 2p
states hybridized with Zn 3d4s and Ni 3d states (b) main
absorption peak C3 at 537 eV refers transition to O 2p
states in conduction band (c) peak D3 in region between 538
and 550 eV can be assigned to O 2p sates hybridized with Zn
4p and Ni 4sp states.32,33 Sharp absorption peak C3 appearing in the spectrum of ZnO is greatly reduced in intensity for
as-implanted and air annealed films as a result of Ni substitution at Zn sites.34 The feature B3 appearing in ZnO thin film
is not sharp due to almost completely occupied 3d states.
When Ni2þ ions substitute for tetrahedral Zn sites in ZnO, an
empty Ni 3d impurity band with t2g symmetry is strongly
hybridized with O 2p states and may give rise to sharp pre-
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FIG. 5. The experimental XANES spectra recorded at the O K-edge in the
total electron yield (TEY) detection mode at room temperature for the ZnO,
ZnO:Ni as-implanted and ZnO:Ni air annealed films.

edge peak B3 in as-implanted and air annealed films.33,34
However for as-implanted film, another weak pre edge feature A3 separated by 1.6 eV from peak B3 is seen. It may be
attributed to the presence of non-stoichiometric NiO phase
with pyramidal symmetry.35 Implantation of Ni in ZnO matrix creates point defects such as oxygen deficiency thus
favoring the formation of non-stoichiometric NiO with deviation from tetrahedral symmetry. This NiO lacks apical oxygen in octahedral environment (NiO6) as compared to bulk
NiO and there is a splitting of unoccupied eg states of Ni2þ
into lower 3dz2 and higher 3dx2y2 states with separation of
1.5 eV. Therefore, in as-implanted film, pre edge peak A3
arises from O 2p states hybridized with 3dz2 states and pre
edge peak B3 has contributions from Ni2þ ions substituted at
Zn ions in tetrahedral environment as well as from unoccupied 3dx2y2 states of Ni ions in pyramidal symmetry. The
increased intensity of pre-edge peak B3 in air annealed film
is due to decomposition of non-stoichiometric NiO into Ni2þ
ions at high temperature so that these Ni2þ of smaller ionic
radius (0.69 Å) can substitute the tetrahedral Zn2þ ions
(0.74 Å) in hexagonal environment. In addition, the broadness of peak C3 is ascribed to presence of oxygen vacancies33 because oxygen vacancy affects the surrounding shell
of oxygen atoms by effectively altering their 1s core level
binding energy and hence 1s-2p dipole excitation from these
oxygen atoms. The defect density of oxygen vacancies
appears similar in the as-implanted and air annealed films as
evident by peak C3, but it is large as compared to ZnO film.
The activation energy for oxygen diffusion is much larger
than Zn and Ni resulting in less oxygen diffusion from air
into film.36 Therefore, on annealing substantial change in oxygen vacancies in as-implanted film is not expected.
Magnetic measurements of ZnO:Ni as-implanted and
ZnO:Ni air annealed films reveal two important results: (i) the
existence of RT-FM in both films and (ii) enhancement in ferromagnetic contribution of air annealed film. The possibility of
ferromagnetic Ni metal clusters examined in Ni K-edge spectra
could be thought as an extrinsic origin of RT-FM in asimplanted film. However, substitution of Ni ions at tetrahedral
Zn sites and oxygen vacancies as evident in O K-edge spectra
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of as-implanted film clearly indicate that clustering of TM cannot be the only source of observed RT-FM. The implantation
of Ni in ZnO matrix creates oxygen vacancy related lattice
defects as explained in our earlier works.17,21,37,38 It is known
that atomic defects in ionic crystals such as oxygen vacancies
with trapped electrons form Hydrogen atom like structure.
With increase in defect concentration, an impurity band is
formed where electrons remain localized. Long range interaction of magnetic cations with hydrogenic electrons in the impurity band forms the bound magnetic polaron (BMP) structure.39
BMPs starts overlapping and leads to BMP percolation after
certain critical defect and magnetic cation density. Our experimental results at Ni and O K-edges for as-implanted film
clearly show that oxygen vacancy defect constituted BMPs and
Ni metal clusters are jointly responsible for the origin of RTFM. The observed small saturation magnetization Ms in asimplanted film can be explained; as there are some of Ni ions
in non-stoichiometric NiO phase outside these polarons, which
may reduce the net magnetic moment as expected from BMP
model as NiO is antiferromagnetic (AFM) with a Neel temperature TN of 520 K.40 However, for air annealed film, XANES
study at O K-edge clearly indicates the absence/reduction of
non-stoichiometric NiO phase and a significant enhancement
in Ni2þ ion substitution at Zn2þ in tetrahedral environment.
Within the BMP model, the greater substitution of Ni2þ ions at
Zn2þ yields a greater volume occupied by BMPs. The greater
density occupied by these BMPs increases the contribution of
intrinsic component in observed saturation magnetization Ms,
whereas Ni metal clustering appears similar in both films as
suggested by Ni K-edge spectra. Therefore, enhancement in
ferromagnetic contribution of air annealed film is explained on
the basis of greater contribution from overlapping BMPs as
compared to extrinsic Ni metal cluster.
IV. CONCLUSION

The PLD grown ZnO:Ni as-implanted and ZnO:Ni air
annealed films do not show any crystalline phase corresponding to Ni or its oxide and exhibit RT-FM properties. The spectroscopic measurements show partial segregation of Ni metal
in both the films and formation of non-stoichiometric NiO in
as-implanted film and its absence/reduction in air annealed
film. Apart from these observations, presence of oxygen
vacancies in both films and substitution of Ni2þ ions at Zn
sites with appreciable concentration in air annealed film was
also evident. The absence of non-stoichiometric NiO secondary phase and greater number of BMPs in ZnO:Ni air annealed
film leads to higher Ms even though there is partial clustering
of Ni metal. RT-FM in ZnO:Ni as-implanted film does not disappear upon annealing in air at high temperature and found to
be robust. Future studies should aim to decouple intrinsic and
extrinsic origins for better understanding of the mechanism of
FM in these magnetic materials.
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