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Znx�ZnO�1−x granular films with nominal atomic concentration of x=0�1 were prepared by magnetron
cosputtering method. Ferromagnetism is observed in films with 0.04�x�0.60. The room-temperature satu-
rated magnetization increases with increasing x and reaches its maximum value of about 3.34 emu/cc at x
=0.31. The temperature-dependent magnetization curve could be fitted within the framework of Stoner model
in a large temperature range from 50 to 800 K. The obtained Curie temperature is higher than 500 °C. It is
found that the main point defects in ZnO are Zn interstatial and oxygen vacancy. Room-temperature photolu-
minescence analysis and high-temperature x-ray diffraction measurement show conclusive evidence that the
native point defect of Zn interstitial plays a crucial role in the observed magnetic behaviors. By implicating the
shallow donor related carriers and/or extending the charge-transfer mechanism to metal/semiconductor hetero-
structure, the result could be qualitatively explained based on the Stoner theory of band magnetism. These
findings may help to get further insight into the ferromagnetic origin in nonmagnetic ion doped ZnO systems.
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I. INTRODUCTION

During the last decade, extensive studies have been car-
ried out on ZnO-based diluted magnetic semiconductors
�DMSs� due to their promising versatile applications such as
spintronic, optoelectronic, and piezoelectric materials.1,2

Theoretical works have predicted that high-Tc ferromag-
netism should exist in transition-metal-doped ZnO sys-
tems. Several indirect exchange interactions models based
on Heisenberg exchange coupling of localized spins, includ-
ing Zener/Ruderman-Kittel-Kasuya-Yosida-type exchange,
double- and superexchange, F-center-mediated bound mag-
netic polaron models have been invoked to explain the
ferromagnetism in different type of DMSs.3–6 On the
contrary, experimental results are quite contradictory to
each other. Room-temperature ferromagnetism has been
found in transition-metal-doped ZnO-based DMSs.4–14 How-
ever, there are still some reports indicating no sign of
ferromagnetism.15–17 Moreover, the well-known problem of
transition-metal precipitates or clusters in ZnO may also be
the origin of ferromagnetism.18,19

Despite the pitfalls associated with magnetic precipitates
or clusters, careful measurements have yielded significant
evidence which indicates that the point defects of ZnO, such
as oxygen vacancy �VO� or Zn interstitial �Zni�, are crucial
for ferromagnetism of transition-metal-doped ZnO.7–14 The
recent x-ray magnetic circular dichroism �XMCD� investiga-
tions by Tietze et al.20 even showed that the doped Co atoms
were paramagnetic in their ferromagnetic Co-doped ZnO
films. Simultaneously, room-temperature ferromagnetism has
also been found in undoped HfO2, ZnO, and TiO2 films or
partially oxidized Zn nanowires, which was attributed to
point defects.21–23 These findings have provided conclusive
evidence that the dopant cation of magnetic metal is not
essential for ferromagnetism. It is the native point defects

which play an important role in ferromagnetic origin.
Nevertheless, the chemistry of ZnO point defects is so-

phisticated. There is still no definite agreement on the nature
of the defect-related ferromagnetism of ZnO-based DMSs.
Both Zni and VO are declared exclusively to be the magnetic
origin.7–14 Therefore, more delicate experimental investiga-
tions are needed to distinguish the different types of point
defects and the observed magnetic property, and thus to iden-
tify the nature of the room-temperature ferromagnetism in
nonmagnetic ion doped ZnO materials. In this paper, the
structural, optical and magnetic properties of Znx�ZnO�1−x
granular films are studied. The heteroelement free system
provide an ideal research object for the identification of pos-
sible magnetic contributions from different types of native
point defects. The magnetic measurements show that the
films are ferromagnetic with a Tc above 500 °C. It is found
that the point defect of Zn interstitial plays a crucial role in
the observed magnetic behaviors. The ferromagnetism could
be qualitative described based on the Stoner theory of band
magnetism. These results may help to get a further insight
into the ferromagnetic origin of nonmagnetic ion doped ZnO
systems.

II. EXPERIMENTAL

Znx�ZnO�1−x granular films with atomic concentration of
x=0�1 were fabricated by cosputtering pure ZnO and Zn
targets in Ar and O2 mixture �with 20:1 of Ar to O2 flow rate�
at ambient room temperature. The base pressure of the cham-
ber was better than 1�10−5 Pa before deposition and the
total pressure for sputtering was kept at 2.0 Pa. Glass and
Kapton substrates were used for deposition. The substrate
rotated at 30 rpm during the deposition and the distance from
the targets to substrate was about 15 cm. The RF sputtering
power of ZnO target was kept at 260 W. The composition of
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Znx�ZnO�1−x granular films was adjusted by changing the DC
sputtering power applied on Zn target. The film thickness
was kept around 100 nm. The magnetic properties at tem-
peratures below 300 K were measured by a Quantum design
physical property measurement system �PPMS-9�. Magnetic
measurements above 300 K were performed using a vibrat-
ing sample magnetometer �VSM�. The microstructures of the
samples were investigated by high-resolution transmission
electron microscopy �TEM�. The chemical states and com-
positions were analyzed by x-ray photoelectron spectroscopy
�XPS�. The temperature-dependent structural measurements
were performed by x-ray diffraction �XRD� with the same
heating rate, temperature range and duration as that of VSM
measurement. Photoluminescence �PL� measurements were
performed at room temperature with a 325 nm excited wave-
length. The electrical transport properties were measured us-
ing an Accent HL-5550PC system.

III. RESULTS AND DISCUSSION

Presented in Fig. 1 are the high-resolution TEM images of
Znx�ZnO�1−x films. It can be seen that the nanocrystalline
ZnO or Zn granules are well separated by grain boundaries.
The average grain diameter is estimated to be around 12 nm.
All diffraction rings �only the SAED pattern for x=0.31 is
presented in Fig. 3� can be indexed into polycrystalline hex-
agonal ZnO or Zn. However, the diffraction spots corre-
sponding to metallic Zn are scarce and weak, which may be
due to the large amount of Zni presented in ZnO lattice as
indicated by the PL spectra discussed below.

In order to eliminate other possible magnetic contamina-
tions, XPS measurements were performed to identify the el-
ements and their chemical states in samples. Figure 2�a�
shows a typical broad scan survey spectrum of the
Zn0.31�ZnO�0.69 film taken at h�=1253.6 eV. The photoelec-
tron peaks of the main elements, Zn, O and C, and Auger Zn

LMM and O KLL peaks, were obtained. No other detectable
contaminated element �above 0.1%� exists in the
Znx�ZnO�1−x films. The presence of Zn in the films was also
confirmed by AES signal in XPS spectrum. Figure 2�b� pre-
sents a Zn�L3M45M45� AES signal for the Zn0.31�ZnO�0.69
film. The major peak locates at 264.2 eV is considered to be
associated with Zn LMM in ZnO. The minor one at 261.2 eV
is due to Zn�LMM� of metallic Zn or Zni in ZnO lattice.24

Figure 3�a� illustrates the room-temperature magnetiza-
tion loops of the Znx�ZnO�1−x films. In order to compare the
curves with that of pure Zn and ZnO, the diamagnetic back-
ground signal is not deduced. It can be seen that the samples
are ferromagnetic with clear hysteresis behaviors, which is
reproducible within the experimental conditions. However,
the as-deposited pure Zn and ZnO films are diamagnetic,
confirming that no ferromagnetic impurities were introduced
during the preparation of the films. Figure 3�b� presents the
dependence of the magnetic moment of Znx�ZnO�1−x films
on the atomic concentration x at 300 K. It can be seen
that, the films are nonferromagnetic at x�0.04 and x
�0.60. As x�0.04, the magnetic moment increases with in-
creasing x and reaches its maximum value of about 3.34
emu/cc at x=0.31. Then the moment decreases with increas-
ing x, showing a strong dependence on x. To further investi-
gate the ferromagnetic properties of Znx�ZnO�1−x films, high-
temperature hysteresis loops were measured as shown in Fig.
3�c�. The sample shows ferromagnetic behavior and the satu-
rated magnetization decreases with increasing temperature.
The obtained Tc is higher than 500 °C, which is in accor-
dance with the fitting parameter of Tc�=800 K� presented in
Fig. 7 below.

In the previous studies on ZnO-based DMSs, accumulated
evidence indicates that Zni and VO play a crucial role in

FIG. 1. Bright field TEM images of Znx�ZnO�1−x films with
different x of �a� 0.07, �b� 0.24, and �c� 0.31. �d� SAED pattern of
Zn0.31�ZnO�0.69 film.

FIG. 2. �Color online� �a� XPS survey scan spectrum and �b� Zn
LMM peaks of the Znx�ZnO�1−x film �x=0.31�.
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generating the ferromagnetism.7–14 However, the detailed
mechanism is unclear yet. One of the important obstacles is
that the chemistry of ZnO defect is sophisticated, including
the main defect types of Zni, Zn vacancy, oxygen interstitial
and VO. It is known that PL is a useful tool for the investi-
gation of intrinsic point defects in ZnO.25 Fig. 4 shows the
experimental and Gaussian fitting data for the room-
temperature PL spectra of Znx�ZnO�1−x films. As there is still
no definite agreement on the origins and positions of the
visible emission of ZnO, the donor levels of point defects
used in the Gaussian fitting are based on the recent reports of
ZnO.25,26 It can be seen that the main point defects in the
Znx�ZnO�1−x films are Zni and VO, which is in accordance
with the reported experimental results where Zni and VO are
the predominant native point defects in ZnO.1 In pure ZnO
film, the defect peaks are fairly weak compared with that of
Znx�ZnO�1−x films �x�0.07�. However, while the area of VO
is nearly stable with x�0.07, the amount of Zni increases
severely with x. Two possible mechanisms may be respon-
sible for the increase of Zni. The first one is due to the
cosputtering Zn and ZnO process which would bring more
Zni into ZnO lattice. On the other hand, it has been demon-
strated that the diffusion barrier for Zni is low, which makes
it become mobile at temperature as low as 130 K.27 There-

fore, the second reason may come from the diffusion effect
of metal Zn in films, which is similar to the reported Zn-
metal-vapor diffusion process.10,11

In order to further determine the relations between the
main point defects �i.e., Zni and VO in these films� and mag-
netization, the defect-related high-temperature structural
properties were also measured. However, the PL cannot be
operated at high temperature as its peaks are broad and over-
lap with each other. On the other hand, due to the dynamic
diffusion effect of Zni into and out of ZnO lattice at high
temperature �above 500 °C�, the PL spectra which can only
be operated below room temperature cannot resemble the
dynamic process of Zni. Recently, Judith et al.11 established a
close correlation between the lattice constant along the c axis
and Zni level in pure or doped ZnO, where the c parameter
changes as a result of a decrease or increase in Zni concen-
tration. They also demonstrated that, under the low-
temperature annealing conditions ��500 °C for 3 h�, the
oxygen annealing atmosphere and growth defects �such as
dislocations and atomic disorder� do not influence c param-
eter. Their findings established a way to discriminate the lat-
tice variations arising from Zni and VO, which are the two
most important point defects related to ferromagnetism in
ZnO-based DMSs. Shown in Fig. 5 are the XRD spectra of
Zn0.31�ZnO�0.69 film at different temperatures with the same
heating rate, temperature range and duration as that of VSM
measurements. It can be seen that the film are highly oriented
with preferential growth along ZnO �002�. However, the dif-
fraction pattern of Zn is quite week due to the relatively low
concentration of Zn granules, which is in accordance with
the result of TEM. The inset to Fig. 5 shows the detailed
position of the �002� peaks which shifts toward higher angle
when temperature increases.

In order to show the relation between point defects and
the ferromagnetic property more clearly, the areas of the
Gaussian fitting peaks in the PL spectra and the room-
temperature saturated magnetization with different x are pre-
sented in Fig. 6�a�. It can be seen that, while VO keeps steady

FIG. 3. �Color online� �a� Magnetization curves of the
Znx�ZnO�1−x films with different x at 300 K; �b� the saturated mag-
netization versus x at 300 K; and �c� hysteresis loops for the sample
with x=0.31 at different temperatures. The diamagnetic background
signals in �a� and �c� are not deduced. The solid red line in �b� is a
guide to eyes.

FIG. 4. �Color online� Fitting and experimental data for room-
temperature PL spectra of Znx�ZnO�1−x films with different x of
�a� 0, �b� 0.07, �c� 0.24, and �d� 0.31. The solid red and blue lines
are Gaussian fitting of Zni��2.82 eV� and VO��2.47 eV�,
respectively.
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at x�0.07, there is a direct correlation between the saturated
magnetization and the concentration of Zni. In Fig. 6�b�, the
corresponding c axial parameter determined from the full
width at half maximum of ZnO �002� peak decreases with
increasing temperature and a severely drop trend is observed
above 400 °C. The decrease of c parameter with temperature
is similar to the result presented by Judith et al.,11 which
results from the leakage of Zni out of ZnO lattice, except that
the variation of out-of-plane cell parameter c ��0.008 Å� is
two times larger in this study. This may be due to the cosput-
tering process of Zn and ZnO, a smaller granule size in films

and a higher process temperature �600 °C�. Since the large
variation in c, determination of this parameter is a useful
diagnostic tool for the qualitative relation between ferromag-
netism and Zni concentration. The correlation, provided both
from room-temperature PL analysis and high-temperature
XRD measurement shown in Fig. 6, provides conclusive evi-
dence that Zni plays an important role in the ferromagnetism
in Znx�ZnO�1−x films. Nevertheless, Zni cannot carry mag-
netic moment as its d orbits are fully occupied by electrons.
It is important to mention that there is no ferromagnetic sig-
nal in pure ZnO films even with certain amount of Zni as
indicated in Fig. 3 and 4. On the other hand, there is still no
report on the ferromagnetism originated from Zni based on
theoretical calculations.

Very recently, Coey et al.13 and Peng et al.28 proposed a
qualitative model based on the Stoner theory of band mag-
netism, where the impurities shift the Fermi level �EF� to a
peak in the local density of states due to the defect states and
the Stoner criterion for ferromagnetism can be satisfied.
Based on this scenario, the dopants in DMSs play no essen-
tial role in carrying magnetic moment. By implicating the
shallow donor �such as Zni� related carriers,13 the result
could be qualitatively described by Stoner theory of band
magnetism. In defective Znx�ZnO�1−x films, the point defects
such as Zni �and/or VO, or their complex� form an impurity
band right below the bottom of the conduction band �i.e.,
�3.3 eV� as indicated in Fig. 4. However, in pure ZnO films
�x=0�, the low concentration of Zni and VO is not sufficient
to induce ferromagnetism. By cosputtering Zn and ZnO pro-
cess, more Zni are introduced into the ZnO lattice which
would bring more electrons to the defect states. On the other
hand, with the present of metal Zn, Zn/ZnO heterostructure
would form. The possible charge transfer from metallic Zn to
n-type ZnO might take place. As the work functions of Zn
and n-type ZnO are 4.3 and 5.2�5.4 eV respectively,29,30

the electrons in Zn will diffuse into the impurity band of
ZnO to establish a constant EF level for both sides, which
would further increases the electrons in defect states. Spon-
taneous ferromagnetism occurs when it satisfies the Stoner
Criterion: D�EF�J�1, where D�EF� is the density of state at
EF, and J represents the strength of the exchange interaction,
as in the case with x�0.07. More Zni �Fig. 4� and metal Zn
would form in Znx�ZnO�1−x films with increasing x, and
therefore, enhances magnetization as indicated in Fig. 6�a�.

Historically, the Stoner model was proposed around
1930s,31–34 which is based on the band theory of electrons in
solids and regards magnetic carriers as itinerant or Bloch
electrons. Considerable improvement of the Stoner model
has been achieved by Moriya et al.35,36 through the inclusion
of the spin-fluctuation effects within the framework of self-
consistent renormalization theory. Lately, Lonzarich and
Taillefer provided a refined version of Stoner model based on
Moriya’s theory, which proposed a better quantitative de-
scription of the experimental results for weak itinerant
ferromagnetism.37 According to this theory, the contributions
to magnetization include spin-wave excitations, single-
particle �SP� excitations, and local spin-density fluctuations
�LSFs� depending on temperatures. For temperatures close to
Tc, the local spin-density fluctuations alone contribute to
M�T�,37

FIG. 5. �Color online� XRD patterns of Znx�ZnO�1−x film �x
=0.31� film at different temperatures. Inset: Change in lattice pa-
rameter compared to pure zinc oxide. Also shown in the figure are
the standard diffraction positions of hexagonal ZnO and Zn.

FIG. 6. �Color online� �a� Variation of room-temperature mag-
netization and PL peak areas of Zni and VO in Znx�ZnO�1−x films
with different concentrations. �b� Variation of cell parameter c and
saturated magnetization of Znx�ZnO�1−x�x=0.31� film at different
temperatures.
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�M�T�/M�0��LSF = �1 − �T/Tc�4/3�1/2. �1�

For a wide range of intermediate temperatures, the magneti-
zation can be described by the equation37 of

�M�T�/M�0��SP+LSF = �1 − �T/Tc��1/2. �2�

The temperature dependence of magnetization in different
temperature ranges predicted by Eqs. �1� and �2� has indeed
been observed in a number of weak itinerant ferromagnets.38

In order to get a further insight into the magnetic mechanism
of the granular Znx�ZnO�1−x films, the low-temperature mag-
netic loops for x=0.31 were also measured. Figure 7 shows
the temperature dependence of the saturated magnetization
of Znx�ZnO�1−x film with x=0.31. It can be seen that the
magnetization curve could be fitted well by Eq. �2� in a large
temperature range of 50�600 K, which indicates that the
magnetization comes from the combination effect of single-
particle excitations and local spin-density fluctuations. At
temperatures higher than 600 K, the magnetization is con-
tributed from the local spin-density fluctuations and can be
described by Eq. �1�. Furthermore, the fitting parameter of
Tc�=800 K� is consistent with the Curie temperature ob-
tained from the experimental results shown in Figs. 3�c� and
6�b�.

The electrical measurements indicate that the Znx�ZnO�1−x
�x=0�0.60� films are highly insulating with a sheet resis-
tance higher than 1011 � /sq, which value is near our experi-

mental extreme. Thus the resistivity is larger than 106 � cm
considering the thickness of about 100 nm, which may be
due to the oxygen atmosphere during deposition. The dielec-
tric state of the Znx�ZnO�1−x films is similar to most reported
results of doped or undoped ZnO samples and indicates that
the defect regions are not sufficient to form a continuously
conducting path. Therefore, the dielectric property of the
whole sample could not rule out the possibility of carrier
mediated ferromagnetism in the ferromagnetic regions.4

The possible charge-transfer effect from nanosized metal
to n-type ZnO, and the metal-semiconductor junction model
have been widely studied previously �for example, Ref. 39�.
The above mentioned Stoner theory of band magnetism has
also been used for the explanation of ferromagnetism in
defect-related DMSs.13,28 However, it should be mentioned
that the defect chemistry of ZnO is very complex and the
model of Stoner theory of band magnetism needs to be quan-
titatively verified.13 For example, the carrier concentration,
the possible spin polarization, and the contributions of the
metal/semiconductor interface to the ferromagnetism need to
be clarified. Nevertheless, the speculation at the moment
may open new perspectives and solution approaches for the
puzzling field of ferromagnetism in nonmagnetic ion doped
ZnO.

IV. CONCLUSIONS

In conclusion, room-temperature ferromagnetism is ob-
served in Znx�ZnO�1−x granular films with 0.04�x�0.60.
The obtained Tc is higher than 500 °C. It is found that the
main point defects in ZnO are Zni and VO. Room-
temperature photoluminescence analysis and high-
temperature x-ray diffraction measurement show conclusive
evidence that the native point defect of Zni plays a crucial
role in the observed magnetic behaviors. The results could be
qualitatively explained based on the Stoner theory of band
magnetism. These findings may help to get further insight
into the ferromagnetic origin in nonmagnetic ion doped ZnO
systems.
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