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We explore the effects of hydrogenated annealing on the crystal structure, room temperature
ferromagnetism �RT-FM� and photoluminescence �PL� properties of Ni-doped ZnO �Zn1−xNixO, x
=0.0 to 0.2� nanoparticles prepared by a sol-gel method. The x-ray photoelectron spectra and x-ray
diffraction data provide evidence that Ni has been incorporated into the wurtzite ZnO lattice as Ni2+

ions substituting for Zn2+ ions at x�0.05. A secondary phase of NiO type begins to form inside ZnO
when x�0.05 and segregates from ZnO host lattice at x=0.2, leading to a large variation in the
lattice constants of ZnO. The magnetization measurements show that the saturation magnetization
�Ms� increases with increasing Ni concentration in the single-phase Zn1−xNixO �x�0.05�
nanoparticles. The secondary phase formation reduces the magnetization of Zn1−xNixO �x=0.1 and
0.15�, while the segregation of NiO from the ZnO lattice at x=0.2 is accompanied by a large
increase in Ms again. The PL measurements show that the UV emission intensity of single-phase
Zn1−xNixO �x�0.05� nanoparticles increases with a blueshift in the UV emission line when the Ni
concentration increases, while the dominant green emission intensity decreases with increasing Ni
dopant. The PL data strongly suggest that the FM in single-phase Zn1−xNixO �x�0.05�
nanoparticles is intrinsically correlated with a doping induced increase in the electron concentration
in the conduction band of Ni-doped ZnO. After H2-annealing, the single-phase Zn1−xNixO:H �x
�0.05� nanoparticles show increases in both coercivity and saturation magnetization. The PL and
diffuse reflectance spectra suggest that hydrogen-related shallow donors and an improved sample
quality may be responsible for the H2-annealing induced enhancement of the RT-FM. The obvious
correlation between FM and carrier concentration in Ni and Ni–H doped ZnO points towards a
mechanism of carrier-mediated FM for Ni-doped ZnO diluted magnetic semiconductors. © 2010
American Institute of Physics. �doi:10.1063/1.3460644�

I. INTRODUCTION

Diluted magnetic semiconductors �DMSs� have recently
attracted considerable research interest, not only because of
their potential applications as spin-based materials in spin-
tronics, but also because of their fundamental role in under-
standing complex exchange mechanisms in magnetism.1,2

Since Dietl et al.3 predicted within a mean-field approach
that stable ferromagnetic configurations arising from carrier-
mediated exchange interactions might exist in p-type Mn-
doped ZnO, many efforts have been devoted to the search for
high Curie temperature ferromagnetism �FM� in transition
metal �TM�-doped wide-band semiconducting oxides such as
TiO2, ZnO, and SnO2.4–6 Recently, some experimental evi-
dence for a high-temperature ferromagnetic state in the Ni-
doped ZnO system has been reported, in consistency with
theoretical predictions.7,8 The experimental observations are
based on Ni-doped ZnO films9,10 and aggregated nanocrys-
tals of Ni2+ :ZnO.11,12 However, there are still many incon-

sistencies and controversies with respect to the origin of the
magnetic properties described for Ni-doped ZnO in the lit-
erature. For instance, some authors10,13 observed in their Ni-
doped ZnO films that the saturation magnetic moments de-
crease with the Ni-doping concentration. Meanwhile, Thota
et al.14 found that the magnetization value of
Zn1−xNixO /ZnO �0.01�x�0.163� bilayers increases with
an increase in the nickel content. Hou et al.15 reported the
saturation magnetization to first increase and then decrease
as the Ni concentration increases. When the Ni concentration
approaches 0.04, the saturation magnetization reaches a
maximum value of 0.43 �B /Ni. El-Hilo et al.16 reported that
Ni-doped powders containing a low Ni content �x
=1,4.3,7.4 at. % Ni� exhibit superparamagnetic behaviour
while a sample with 22.5 at. % Ni shows clear FM at room
temperature �RT�. In contrast to the above cases, there are
also reports of the absence of RT-FM in ZnO:Ni films.17,18

Up to now, it is not clear whether the observed RT-FM in
Ni-doped ZnO is a truly intrinsic property or is related to the
formation of secondary phases such as magnetic
clusters.19–22a�Electronic mail: lntong@ahut.edu.cn.
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Generally, experiments show that the magnetic proper-
ties of ZnO:Ni are sensitive to the crystal structure and con-
centration of native or artificially introduced defects, which
in turn depend strongly on the preparation method and pro-
cedure. It has been suggested that the codoping with hydro-
gen as mediating agent could be an effective way to tune the
concentration of mobile carriers or defects and to enhance
the FM in ZnO-based DMSs.7,23 Experimental evidence of
hydrogen induced enhancement of the FM was indeed ob-
served previously in some TM-doped ZnO systems for TM
=Co,24–27 Cr,28 and V.29 However, the effect of codoping
with hydrogen on the FM in the Ni-doped ZnO system re-
mains unclear. In the literature, several mechanisms have
been proposed to address the effect of H-impurities on the
magnetic properties in TM-doped ZnO. It was shown by
Deka and Joy25 for ZnO:Co that the process of hydrogen
reduction during H2-annealing does not affect the substituted
Co2+ ions inside the wurtzite crystal lattice but can reduce
Co3O4 to metal Co clusters which then contribute to the FM.
While Hsu et al.26 demonstrated that the hydrogen diffuses
into the grain interior and causes more defects in ZnO:Co
which result in a larger saturation magnetization. Recently, a
multicenter bond shallow donor defect with hydrogen occu-
pying in an oxygen vacancy �HO� was proposed to be re-
sponsible for the hydrogen-induced magnetization increase.28

Apparently, the role of H-impurities on the FM in ZnO-based
DMSs is still far from being understood. In order to under-
stand the changes in the magnetic properties of TM-doped
ZnO induced by hydrogen, more information on the micro-
scopic mechanisms is needed.

In this paper, we present a systematic study on the ef-
fects of Ni and Ni–H doping on the crystal structure and
RT-FM of ZnO nanoparticles prepared by a sol-gel method.
The systems were characterized by combining x-ray photo-
electron spectroscopy �XPS�, x-ray diffraction �XRD�, pho-
toluminescence �PL� spectra, diffuse reflectance �DR� spec-
tra, and magnetization measurements. We find a clear
correlation between the structural parameters, FM, and opti-
cal properties in Ni and Ni–H doped ZnO nanoparticles,
which provides strong evidence that there may be a mecha-
nism of carrier-mediated FM for Ni-doped ZnO DMSs.

II. EXPERIMENTAL DETAILS

Ni-doped ZnO samples were synthesized by the sol-gel
technique. Zinc acetate �Zn�Ac�2 ·2H2O�, nickel nitrate
�Ni�NO3�2 ·6H2O�, and ethylene glycol were employed as
raw starting materials. All chemicals used were of analytical
grade purity. The chemical ingredients were weighted in stoi-
chiometric proportions, dissolved in about 100 ml of ethyl-
ene glycol, and stirred continuously on a magnetic stirrer. A
few drops �about 8 ml� of ethanolamine were added in order
to make the resulting solution completely transparent. The
temperature of the solution was raised in small steps �5 °C
after every 2 h�. After a gel has been formed, the temperature
was further raised to 100 °C to boil off any water. After heat
treatment at 250 °C the resultant substances were subse-
quently ground into fine powders, which served as precursors
for the next step. The ZnNiO samples were produced through

calcining the precursors at 875 K for 6 h in air and then
cooling them down in the furnace. The ZnNiO:H samples
were obtained by annealing the as-synthesized powders in H2

at 400 °C and 1 atm for about 2 h. The crystal structure of
the samples was characterized by means of XRD, using an
x-ray diffractometer with Cu K� radiation. The valence
states of Ni in the ZnO matrix were analyzed using XPS,
using Mg K� line �1253.6 eV� excitation �Perkin Elmer PHI
1600 ESCA system�. Magnetization measurements as a func-
tion of the magnetic field were carried out using a vibration
sample magnetometer �VSM�. The PL spectra were acquired
using a cw He–Cd laser as excitation source ��=325 nm,
power �3 mW�. The DR spectra at normal incidence taken
from the powder samples were measured by means of a ul-
traviolet visible �UV-Vis� spectrophotometer �SHIMADZU
UV2550�. All the measurements were carried out at RT.

III. RESULTS AND ANALYSIS

A. Structural characteristics by x-rays

Figure 1�a� shows the XRD patterns of as-synthesized
Zn1−xNixO �x=0 to 0.2� nanoparticles. The patterns reveal
that all the samples studied are polycrystalline with a hex-
agonal wurtzite ZnO structure. At low Ni content x�0.05,
no additional diffraction lines resulting from Ni or NiO can
be discerned. However, some weak reflections �111 and 200�
of a NiO-like crystalline structure start to appear in the
sample with x=0.1 and grow in intensity with increasing Ni
content. After a careful inspection on the XRD patterns, we
find that the Bragg angle positions depend sensitively on the
Ni concentration x as shown in Fig. 1�b�. Figure 1�c� com-
piles the XRD patterns of H2-annealed Zn1−xNixO:H �x
=0.0 to 0.2� samples. The data show clearly that the wurtzite
ZnO structure is preserved after H2-annealing. At a Ni con-
centration between x=0.1 and 0.2, the NiO-related diffrac-
tion peaks disappear completely. Instead, �111� and �200�
reflections from metallic Ni show up at 2�=44.0° and 51.3°,
respectively, suggesting that the NiO-like crystals were ef-
fectively reduced into Ni clusters during the H2-annealing
step.

Figure 1�d� displays the Ni-doping concentration depen-
dence of the lattice parameters �a and c� of wurtzite ZnO
structure for as-synthesized Zn1−xNixO and H2-annealed
Zn1−xNixO:H �x=0 to 0.2� samples denoted by solid and
open data points, respectively. The dashed lines in Fig. 1�d�
mark the value of the a-axis and c-axis lattice constants, i.e.
a=3.2495 Å and c=5.2069 Å, respectively, in bulk ZnO.30

For the doping region x�0.05, we find that the lattice pa-
rameters of the as-synthesized samples to decrease almost
linearly with increasing Ni content x. The magnitude of the
c-parameter decrease by �0.2% and 0.5% for x=0.05 and
0.20, respectively. Our experimental results compare favor-
ably with a result obtained by a recent theoretical calcula-
tion, which shows that if a Zn atom is substituted by a Ni
atom in the ZnO wurtzite supercell, the lattice parameters
should decrease slightly by some thousands of an angstrom.8

Our observation of an approximate linear decrease in the cell
parameters with increasing Ni concentration x for x�0.05
could also be understood based on Vegard’s law, which pre-
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dicts a linear relation between the crystal lattice parameters
of an alloy, such as Zn1−xNixO, and the concentrations of the
constituent elements.31

When x increases up to 0.1, a secondary phase of tiny
NiO-like crystalites is formed inside the ZnO lattice, leading
to an expansion of the ZnO lattice spacing as shown in Fig.
1�d�. The wurtzite ZnO has many native defects due to the
lattice structure that contains large voids. Such a void can
easily accommodate several Ni atoms to form a NiO-like
crystallite as the Ni content x increases beyond the solid
solubility limit of Ni in ZnO. When the Ni content x in-
creases further up to x=0.2, the �111� XRD line of the NiO-
like crystallites exhibits an observable right shift from 2�
=37.0° to 37.2° as shown in Fig. 1�b�. The reflection peak at
2�=37.2° corresponds closely to the line from the �111�
crystal planes of bulk NiO. This indicates that a secondary
phase has formed, which is related to NiO precipitated
within the ZnO lattice at x=0.2, leading to a large decrease
in the lattice parameters of ZnO as shown in Fig. 1�d�.

With increasing Ni content x, the lattice parameters of
H2-annealed Zn1−xNixO:H �x=0.1 and 0.2� samples exhibit a
monotonously decreasing tendency, indicating that there are
more Ni-ions which are incorporated in the lattice. We note
that the lattice spacing of H2-annealed samples with x
�0.05 is found to be expanded upon H2-annealing, suggest-
ing that hydrogen atoms have diffused into the wurtzite ZnO.
Our experimental result is consistent with the previously
mentioned theoretical predication based on a first-principles
calculation,32 which shows that hydrogen as a shallow donor
in ZnO gives rise to large lattice relaxations. In contrast, the
lattice parameters for Ni-overdoped samples with x=0.1 to
0.15 decrease significantly upon H2-annealing. This can be
understood as a consequence of a structural relaxation, which
takes place when the NiO-like grains are reduced into Ni
metal clusters precipitating in the ZnO lattice.

The average grain size determined from XRD �D101� is
estimated from the intense ZnO �101� reflection, using

Scherrer’s relation. The results indicate nanoparticles varying
from D101=31 to 48 nm for the as-synthesized material.
Upon H2-annealing, the average x-ray grain sizes decrease
and vary from D101=22 to 30 nm. This decrease in grain size
may be mainly attributed to the desorption of excessive oxy-
gen atoms from the surface of the as-synthesized powders
during H2-annealing as evidenced by the PL spectra mea-
surements discussed below.

The valence states of the Ni clusters in the ZnO matrix
are analyzed by means of Ni 2p core-level XPS spectra.
Figure 2�a� shows the Ni 2p XPS spectrum of single-phase
Zn0.95Ni0.05O nanoparticles. The binding energies are cor-
rected for the charging effect with reference to the C 1s line
at 284.6 eV. The binding energies of the Ni 2p3/2 and
Ni 2p1/2 photoemission lines are determined as �855.2 eV
and 872.2 eV, respectively, showing that the valence state of
the Ni ions in the sample is +2.18,33 Meanwhile, the Ni 2p3/2
main spectral feature has a satellite peak at �861.0 eV,
which is typical for the Ni2+ cation at tetrahedral sites within
the wurtzite ZnO structure.15,18 Figure 2�b� shows a Ni 2p
XPS spectrum for an H2-annealed Zn0.95Ni0.05O:H sample.

FIG. 1. �Color online� XRD patterns of ��a� and �b��
as-synthesized Zn1−xNixO �x=0.0 to 0.2� and �c� post
H2-annealed Zn1−xNixO:H �x=0.0 to 0.2� samples. �d�
The Ni content x dependence of a-axis and c-axis lattice
constants for as-prepared �solid points� and
H2-annealed �open points� samples, respectively. The
dashed lines show the value of the a-axis and c-axis
lattice constants, respectively, in bulk ZnO. The solid
line connecting the points is a visual guide.

FIG. 2. �Color online� XPS patterns of �a� Zn0.95Ni0.05O, �b�
Zn0.95Ni0.05O:H, �c� Zn0.8Ni0.2O, and �d� Zn0.8Ni0.2O:H nanocrystals mea-
sured at RT.
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The Ni 2p signals are similar to that of Zn0.95Ni0.05O but the
full width at half maximum value of those peaks is larger
than that of Zn0.95Ni0.05O due to inclusion of hydrogen into
the ZnO lattice.

Figure 2�c� shows the Ni 2p XPS spectrum for the
Zn0.8Ni0.2O nanoparticles. We observe that the Ni 2p3/2 peak
in Zn0.8Ni0.2O is shifted from 855.2 to 854.0 eV due to the
increase in a spectral contribution resulting from a NiO sec-
ondary phase. After H2-annealing, a peak at 852.0 eV corre-
sponding to metallic Ni clusters appears in the Ni 2p XPS
spectrum for the Zn0.8Ni0.2O:H nanoparticles as shown in
Fig. 2�d�. It turns out that the Ni 2p3/2 peak at 855.2 eV—
corresponding to the signal from tetrahedrally bonded Ni2+

cations in the pure wurtzite ZnO structure—remains un-
changed, while the Ni 2p1/2 signal as well as its satellite
peaks related to Zn0.8Ni0.2O:H are shifted to a higher energy
position by 0.8 eV after H2-annealing. The increase in the
energy separation between Ni 2p3/2 and 2p1/2 peaks may be
related to an increase in the tetrahedral crystal field of ZnO
when the unit cell parameters decrease upon H2-annealing.

B. Magnetic properties

Figure 3 compares the magnetic hysteresis �M-H� loops
measured at RT for the as-synthesized Zn1−xNixO �x=0.01 to
0.20� powders. All the curves are characteristic of ferromag-
netic behavior with the coercive field about 400 Oe. The
magnitude of the saturation magnetization observed here is
comparable with previous reports in Ni-doped ZnO powders
prepared by chemical methods.12,16 The inset in Fig. 3 shows
the Ni concentration dependence of the saturation magneti-
zation �Ms� of the samples. The solid data points denote the
average Ms values per Ni2+ ion in the samples including the
primary ZnO:Ni phase and the secondary NiO phase, while
the open data points indicate the saturation magnetization Ms

per Ni2+ ion for the single-phase wurtzite ZnO:Ni only, as-
suming that the maximum of the solid solubility of Ni in
ZnO is 5 at. % Ni. The line connecting the points is a guide
to the eye. We see that the Ms values first increase at low Ni
content x�0.05, and then decrease at medium Ni content

stage �x=0.1 to 0.15�, before they increase again at x=0.2.
The increase in Ms with the nickel content at x�0.05 can be
attributed to a progressive increase in the ferromagnetic in-
teractions, being related to a decrease in the average distance
between the Ni2+ ions as x increases. With further increase in
the Ni concentration up to x=0.10 and 0.15, the magnetic
moment decreases. Such a decrease was also observed15 pre-
viously in Ni-doped ZnO films at high doping level. It was
attributed to a preference of antiferromagnetic over ferro-
magnetic interactions of Ni ions as the average distance be-
tween adjacent Ni2+ ions in the single-phase of the wurtzite
ZnO:Ni lattice decreases. However, this mechanism cannot
explain our results on the overdoped samples. In our system,
the expanded wurtzite ZnO:Ni lattice due to the precipitation
of NiO-like crystallites could be a main reason for the de-
crease in Ms at x=0.1 and 0.15. Recent electronic structure
calculations suggest that strong atomic hybridization be-
tween Ni 3d states and O 2p states produces a long-range
ferromagnetic coupling among all Ni dopant atoms in the
ZnO:Ni semiconductor.8 The enlarged wurtzite ZnO:Ni lat-
tice may modify the sp-d hybridization and may change the
energy difference between ferromagnetic and antiferromag-
netic coupling states of adjacent Ni2+ ions and may thus lead
to a change in magnetic ordering. This assumption is also
supported by recent theoretical calculation by Gopal and
Spaldin.34 The authors showed that the magnetic configura-
tion in TM-doped ZnO is sensitive to the amount of lattice
relaxation. At x=0.2, the segregation of NiO crystals from
the wurtzite ZnO:Ni lattice results in a significant contraction
of the ZnO:Ni lattice and thus a large increase in the FM in
ZnO:Ni nanoparticles. As we can see in Fig. 3, the as-
synthesized Zn0.8Ni0.2O sample shows a clear enhanced fer-
romagnetic behaviour at low fields and a superparamagnetic-
like behaviour at high fields. This magnetic two-phase
behavior may also be related to the different crystalline
phases. The ferromagnetic behaviour can be attributed to the
intrinsic properties of single-phase ZnO:Ni nanocrystallites,
while the superparamagnetic behaviour may be attributed to
NiO-like nanoparticles, which is also consistent with previ-
ous reports.16,35

Figure 4 shows some typical magnetic hysteresis loops
obtained from as-synthesized Zn1−xNixO and post
H2-annealed Zn1−xNixO:H nanocrystal composites with x
=0.05 and 0.20, respectively. As displayed in Fig. 4�a�, the
H2-annealed Zn0.95Ni0.05O:H sample reveals an enhanced
saturation magnetization with increased coercivity Hc

=500 Oe. The increase in the coercivity value from Hc

=400 to 500 Oe may be related to H impurities or defects
created during H2-annealing. These inhomogeneities may
serve as pinning sites to impede the domain wall motion and
thus enhance the coercivity of the magnetic powders. We
also note that the hysteresis loop of the Zn0.95Ni0.05O:H
sample also exhibits a superparamagnetic-like behaviour at
high fields. This is due to a finite-size effect as evidenced
from XRD measurements showing that the H2-annealing in-
duces decrease in average x-ray grain size from D101

=31 nm down to 22 nm. It is worth mentioning that the
H2-annealing induced enhancement of the saturation magne-
tization observed at high fields is not as large as that reported

FIG. 3. �Color online� �a� Magnetic hysteresis loops of the as-synthesized
Zn1−xNixO �x=0.01 to 0.2� samples measured at RT. The inset shows the Ni
concentration dependence of saturation magnetization Ms. The solid points
denote the Ms per Ni2+ ion in the total samples including single-phase of
ZnO:Ni and NiO, while the open points indicate the Ms per Ni2+ ion only in
single-phase ZnO:Ni, assuming that the maximum of the solid solubility of
Ni in ZnO is 5 at. % Ni. The line connecting the points is a visual guide.
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in the Co-doped ZnO films26 or V-doped ZnO powders.29

This may be understood by the combined effects of
H2-annealing induced increase in free carrier concentration
and the large lattice relaxation. As mentioned above, the en-
larged cell lattice spacing due to the incorporation of inter-
stitial H into the ZnO:Ni lattice may weaken the sp-d hybrid-
ization and reduce the ferromagnetic coupling between
neighboring magnetic Ni2+ irons. This effect may partially
offset the H-mediated enhancement of FM due to the in-
crease in hydrogen concentration.

Figure 4�b� compiles the magnetic hysteresis �M-H�
loops of Zn0.8Ni0.2O and Zn0.8Ni0.2O:H samples measured at
RT. As expected, the H2-annealed Zn0.8Ni0.2O:H sample
shows a strongly enhanced FM with a saturation magnetiza-
tion value of �2.1 emu /g, which is about two orders of
magnitude larger than that of the as-prepared sample. Com-
bining our XRD and XPS results, we conclude that such a
large enhancement of RT-FM could be related mainly to the
precipitating metal Ni clusters.

C. Optical properties

PL spectroscopy is a powerful tool to characterize the
structural defects, which have been shown to play a crucial
role in the development of ferromagnetic properties in ZnO-
based DMSs. In order to further understand the occurrence of
FM in Ni-doped ZnO, we restrict our study to the single-
phase compounds of Zn1−xNixO with x�0.05. In Fig. 5, we
show our RT PL spectra taken from the as-synthesized
single-phase wurtzite Zn1−xNixO �x�0.05� samples. The PL
spectra display an evident excitonic UV emission and a
broad feature with multiple subpeaks in the visible emission
region spanning the range from green to red. The UV emis-
sion is well understood as a near-band edge �NBE� exciton

emission arising from the recombination of photogenerated
charge carriers across the band gap of ZnO, while a variety
of deep-level defects have been proposed as possible con-
tributors to the emission in the visible regime. Recent reports
have attributed the green light emission centered at 494 nm
�2.51 eV� to an oxygen vacancy �VO�,36 the emission feature
at 520 nm �2.38 eV� to antisite oxide �OZn�,

37 whereas the
yellow to red emission contributions from 540 to 700 nm are
attributed to oxygen interstitials �Oi�.

38 It is generally be-
lieved that the UV emission intensity at RT is related to a
variation in electron concentration,39 while the visible emis-
sion intensity correlates directly with intrinsic defect densi-
ties in the material. It is shown in Fig. 5 that with increasing
Ni concentration the UV emission intensity increases, while
the visible emission for wavelengths between 450 and 600
nm decreases. We conclude that the Ni-doping leads to an
increase in the electron concentration and a concomitant de-
crease in the intrinsic defects �such as VO and OZn� density.

It should be noted that the NBE emission peak blueshifts
as the Ni concentration increases for the Zn1−xNixO powders
with low Ni concentration of x�0.05 as shown in the inset
of Fig. 5. This blueshift behavior can in principle be ex-
plained by the Moss–Burstein band filling effect.40,41 The
Burstein–Moss effect is frequently observed in n-type
semiconductors.42,43 Electron-doped ZnO with a high con-
centration of n-type carriers is easily achievable, because in-
trinsic defects in ZnO may render it naturally n-type.23,44 An
increase in the carrier concentration in Ni-doped ZnO will
cause the Fermi level to move into the conduction band. The
filling of the conduction band by electrons will generally
result in a blueshift in the NBE emission.45 The magnitude of
the shift ��EBM�, under free-electron theory, is described as

�EBM =
h2

8	2m�
�3	2ne�2/3, �1�

where h is Plank’s constant, m� is the reduced effective mass
derived from the valence and conduction band effective
masses, mv

� and mc
�, according to �1 /m��= �1 /mv

��+ �1 /mc
��,

and ne is the electron carrier concentration.
Figure 6�a� displays the DR spectra of single-phase

Zn1−xNixO �x�0.05� nanoparticles. As can be seen in this
figure, the undoped ZnO powder shows high DR values of
about 80% over the wavelength range from 400 to 800 nm. A
strong absorption band is observed at wavelengths smaller

FIG. 4. �Color online� Magnetic hysteresis loops of as-synthesized �solid
point� and post H2-annealed �open point� Zn1−xNixO:H samples with �a� x
=0.05, �b� x=0.2, respectively.

FIG. 5. �Color online� RT PL spectra of the as-prepared Zn1−xNixO �x=0,
0.01, and 0.05� samples. The inset shows the blueshift in the NBE emission.
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than 400 nm, which corresponds to the direct band gap of
ZnO. Figure 6�b� shows the dIR /d� versus � plots for reveal-
ing the absorption edge clearly. The inset shows the positions
of the maximum absorption change in electronic transition as
denoted by arrows. It is found that the blueshifts in the ab-
sorption edge are comparable with the Moss–Burstein shifts
in the NBE emission. A long-tail background DR in the spec-
tra for wavelengths below the band gap is mainly due to the
presence of oxygen-related defects such as OV and OZn or Oi

as evidenced from the PL data. The variation in the DR spec-
tra for the Ni-doped samples as compared with the undoped
sample is an indication of the incorporation of Ni ions in the
ZnO lattice. In the DR spectra of Ni-doped samples, addi-
tional absorption bands are observed around 450, 585, and
685 nm, which are consistent with earlier reports.14,22,46

These absorption bands could be assigned as typical d−d
transitions of high-spin states of Ni2+ ions �configuration be-
ing 3d8� in a tetrahedral oxygen coordination. The magnetic
impurity d-states of Ni2+ ions split under the influence of the
tetrahedral crystal field of ZnO, leading to a lower doublet eg

state and a higher energy triplet t2g state. The electronic
ground state, 3F, splits into three states 3A2�F�, 3T2�F�, and
3T1�F�, whereas the excited state “3P” becomes 3T1�P�, such
that its energy level lies below 3A2�F�. The possible d−d
transitions can, therefore, take place from 3T1�F� to 3A2�F�,
3T1�P�, and 3T2�F�. A series of observed optical absorption
bands can be attributed to these d−d transitions arising due
to presence of midband gap states.14,22,46 The observation of
these characteristic absorption bands indicates again that
Ni2+ ions are substituting Zn2+ ions in the tetrahedral ZnO
environment.

Annealing at 400 °C for 2 h in hydrogen atmosphere of
1 atm caused a large increase in the UV emission intensity
and a concomitant quenching of the visible emission �par-
ticularly the yellow and red emission� as shown in Fig. 7�a�.
Recent studies show that the origin of UV emission at RT is
related to the electron concentration in ZnO,39 and it was
demonstrated that hydrogenation can increase the carrier
concentration significantly, thus enhancing donor-bound ex-
citon PL emission.47 Therefore, the large enhancement of the
UV emission observed here may be attributed to the increase
in the hydrogen impurity concentration in ZnO upon
H2-annealing. The quenching of the yellow and red emission
indicates a decrease in the Oi density probably due to desorp-
tion of excessive oxygen from the nanoparticles and espe-
cially from the surface of the powders.

Figure 7�b� shows the DR spectra of the Zn0.95Ni0.05O
and Zn0.95Ni0.05O:H samples in the range of 250–850 nm.
We observe that after H2-annealing the DR intensity in the
long wavelengths range above 400 nm increases significantly
and the absorption edge around 400 nm becomes steeper.
This could be caused by an improved stoichiometry of the
chemical composition of ZnO due to decrease in oxygen
interstitials defects in Zn0.95Ni0.05O:H sample as evidenced
from above PL measurements.

In summary, we have shown that with increasing Ni dop-
ant concentration the UV emission intensity of single-phase
ZnO:Ni increases and is accompanied by a UV peak blue-
shift, while the dominant green emission intensity decreases
with increasing Ni dopant. The blueshift and the enhance-
ment of the UV emission intensity upon Ni and Ni–H doping
are attributed to the increase in the free carrier concentration
in the conduction band of ZnO:Ni, which is consistent with
the Ni-doping induced enhancement of FM. The obvious cor-

FIG. 6. �Color online� �a� RT DR spectra and �b� the dIR /d� vs wavelength
plots of as-prepared Zn1−xNixO �x=0, 0.01, and 0.05� samples. The inset
shows the blueshift in the absorption edge.

FIG. 7. �Color online� �a� PL spectra and �b� DR spectra of as-synthesized
�solid data� and H2-annealed �open data� Zn0.95Ni0.05O:H samples.
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relation between the FM and carrier concentration in Ni and
Ni–H doped ZnO suggests that this effect contributes to the
mechanism of carrier-mediated FM for Ni-doped ZnO
DMSs.

IV. CONCLUSIONS

The effects of H2-annealing on the crystal structure and
magnetic properties of Ni-doped ZnO powders have been
investigated systematically. The main conclusions are sum-
marized as following.

�1�. The XRD data analysis reveals that the Ni-doping pro-
cess contains three stages, namely, �a� single-phase stage
of wurtzite ZnO at low Ni content x�0.05, �b� an initial
stage of a secondary phase of NiO-like crystallites
formed inside the ZnO lattice at medium Ni content x
=0.1 and 0.15, and �c� a phase-separation stage of NiO
crystallites precipitated in the ZnO host lattice at x
=0.2.

�2�. We demonstrate correlations between structural param-
eters and FM at three doping stages. At the single-phase
and phase segregation stages, proper Ni-doping into the
ZnO lattice leads to a decrease in the lattice parameters
and consequently an enhancement of the FM. At inter-
mediate Ni content x=0.1 and 0.15, NiO-like crystallites
form and distort the ZnO host lattice towards larger lat-
tice spacing, resulting in a deterioration of the FM in
ZnO:Ni DMSs.

�3�. XRD, XPS, VSM, PL, and DR spectrum measurements
indicate that Ni2+ ions are substituting Zn2+ ions at the
Zn sites in the ZnO lattice at low Ni concentrations of
x�0.05. The exchange interactions between Ni2+ ions
mediated by free carriers contribute to the FM at RT.

�4�. Upon H2-annealing the single-phase Zn1−xNixO:H
samples with x�0.05 show an increase in both coerciv-
ity and saturation magnetization. The PL and DR spec-
trum data suggest that the hydrogen shallow donors and
an improved sample quality may be responsible for the
H2-annealing induced enhancement of RT-FM.

�5�. Upon H2-annealing, a huge enhancement of Ms ob-
served in highly doped samples �x=0.1 to 0.2� is mainly
related to the formation of Ni clusters reduced from NiO
crystallies.

Our consistent and robust experimental data presented
here are crucial for both an improvement and testing of the
theoretical models and for further experimental approaches
aiming at the opportunity to develop spintronic devices
based on Ni-doped ZnO.
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