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ABSTRACT: Co/ZnO and Co/ZnAlO films were prepared
by depositing ultrathin cobalt layers and semiconductor layers
on glass substrates at room temperature. The films consist of
metallic Co particles, semiconductor matrix, and an interfacial
magnetic semiconductor with the substitution of Co2+ for Zn2+

in the ZnO lattice at the interface between Co particles and the
semiconductor matrix. Large room temperature negative
tunneling magnetoresistance was observed in the films. In
addition, the magnetism and magnetoresistance were obviously
enhanced by adding aluminum to the ZnO, and in one Co/
ZnAlO sample, the room temperature negative magnetoresistance value reaches −12.3% at 18 kOe (compared with −8.4% of the
corresponding Co/ZnO film) and the spin polarization of the tunneling electrons is about 37.5% which is characteristic of
metallic Co. This enhancement of the tunneling spin polarization has been ascribed to the tunneling through an interfacial
magnetic semiconductor, which causes the robust spin injection from cobalt metal into the semiconductors at room temperature
resulting from the spin filter effect of the interfacial magnetic semiconductors.
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1. INTRODUCTION

Semiconductor spintronics is expected to be one of the
potential technologies which can outperform the conventional
semiconductor devices. An important hurdle in the field is the
inefficient injection of spin polarized currents from metallic
ferromagnets into semiconductors due to the large mismatch in
conductivities between them.1,2 One effective method to
overcome this conductivity mismatch obstacle has been done
by inserting an insulating tunneling barrier at the interface
between ferromagnetic metal and semiconductor layers.3,4

However, the interface between the insulating layer and the
semiconductor layer has quite high recombination rates, which
result in a lower spin injection efficiency. Inserting a magnetic
semiconductor at the interface between metal and semi-
conductor layers is regarded as another effective route for spin
injection into semiconductors. This effect has been clearly
observed in tunnel barriers using EuS but the low Curie
temperature (Tc = 16 K) and poor chemical compatibility of
these compounds have hindered their use for practical
applications.5−8

Recently, Gould et al. theoretically demonstrated that the
problem of conductivity mismatch can be addressed through
the use of dilute magnetic semiconductor contacts.9 At the
same time, the greatest success in this field has been achieved in

magnetic semiconductors, in which high efficiency spin
injection was demonstrated at room temperature (RT).10−12

In the case of ZnO-based magnetic semiconductors, the RT
ferromagnetism has been obtained through increasing the
carrier concentration by doping a few percent of Al.13−16

Furthermore, the magnetoresistance (MR) effect in inhomoge-
neous Co−ZnO magnetic semiconductors and in ZnO barrier-
based magnetic tunnel junctions have been investigated, which
were attributed to spin-dependent variable range hopping17 and
tunneling between (Zn,Co)O electrodes,18 respectively. Our
previous studies have shown that the MR effect, which varies
with a different thickness of ZnO layer, originates from spin-
dependent tunneling through ZnO barriers in Co/ZnO
granular films, and the ZnO electrons themselves may be
partially polarized by the metallic Co layer.19,20 However, it is
not clear why the spin-dependent tunneling transport from Co
metal into semiconductors can overcome the conductivity
mismatch between them. In this work, we investigate in more
detail the origin of the MR effect and the high spin polarization
of tunneling electrons in Co/ZnO and Co/ZnAlO films with
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ZnO (or ZnAlO) thickness of 1.0 and 3.0 nm at RT. The value
of RT MR in the Co/ZnAlO film with ZnAlO thickness of 1.0
nm reaches −12.3% (compared with the value of −8.4% in the
Co/ZnO film with ZnO thickness of 1.0 nm), and the
corresponding spin polarization is about 37.5% equaling that of
metallic Co. The enhanced spin injection from a metal into a
semiconductor may be due to the formation of the magnetic
semiconductors at the interface between the metallic Co
particles and the semiconductor matrix in the granular films,
which can act as a spin filter. The larger spin injection from
metallic Co particles into ZnAlO matrix indicates the larger
spin filtering of the interfacial magnetic semiconductors by Al
doping. In addition, we found a small MR in a Co/ZnO/Ag
junction with one magnetic electrode at RT suggesting the
interface between metallic Co and ZnO layer is a magnetic spin
filter barrier.

2. EXPERIMENTAL DETAILS
Co/ZnO and Co/ZnAlO films were made by sequentially depositing
ultrathin Co layers and semiconductor layers on glass substrates for 60
periods at RT by magnetron sputtering. The nominal structures are
[Co (0.6 nm)/ZnO (x nm)]60 (denoted as Co/ZnO) and [Co (0.6
nm)/ZnAlO (x nm)]60 (denoted as Co/ZAO), where x = 1.0, 3.0. The
ZnAlO layer was prepared with a composite target of a ZnO ceramic
containing four small Al pieces on the surface. The Al concentration
for the ZnAlO film was estimated to be about 2 at. % using the energy
dispersive spectroscopy (EDS). Details of the growth have been
described in a previous publication.20 The structure was determined by
X-ray diffraction (XRD) and transmission electron microscopy
(TEM). The magnetic field dependence of MR was measured using
a conventional four-probe method with current in the plane at RT.
The magnetic properties of the films were measured using a
superconducting quantum interference device magnetometer
(SQUID) with a magnetic field applied parallel to the film plane.
The magneto-optical spectra were taken with a Xe lamp and
monochromator with a photoelastic modulator. The chemical state
of Co in the films was investigated by X-ray photoelectron
spectroscopy (XPS) using Al Ka X-ray source.

3. RESULTS AND DISCUSSION

From the XRD patterns of the Co/ZnO and Co/ZAO films
(not shown), there is no signal of a peak from metallic Co in
any of the films suggesting that the Co particles in four films are
too small to be detected by means of XRD. A broad ZnO (002)
peak is just discernible in the Co/ZnO (3.0 nm) film as well as
the Co/ZAO (3.0 nm) film. Figure 1 shows the TEM plane
view bright-field micrograph for Co/ZnO and Co/ZAO films
with x = 1.0. It can be seen that the films have a similar
structure consisting of Co nanoparticles (dark regions)
dispersed in a semiconductor matrix (light regions). Most
nanoparticle sizes range from 3 to 6 nm in diameter in the
granular films. In our experiments, Co does not wet the
semiconductors and consequently breaks up into nanoparticles,
which is due to the fact that the surface energy of metallic Co
(∼2.52 J/m2) is higher than ZnO (∼1.58 J/m2). Remarkably,
the interface between Co particles and semiconductor matrix is
not distinct, probably implying a transition region between
them, which will be discussed below.
We now turn toward the MR effect of the films. The

observed RT MR for the granular films in the maximum applied
magnetic field of 18 kOe is shown in Figure 2. Here, the MR
ratio is defined as follows:

= −H R H R RMR( ) [ ( ) (0)]/ (0)
where R(H) and R(0) are the resistances in an external
magnetic field and zero field, respectively. It can be seen that

Figure 1. TEM plane view images for the Co/ZnO (1.0 nm) film (a)
and Co/ZAO (1.0 nm) film (b).

Figure 2. MR measured at RT as a function of field for the four
granular films measured up to 18 kOe with x = 1.0 (a) and 3.0 (b).
The inset of (a) shows the temperature dependence of the resistance
(R) of the Co/ZAO (1.0 nm) film.
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the RT MR values of Co/ZnO films are −8.4% and −2.7% for
x = 1.0 and 3.0, respectively. For the Co/ZAO films, the value
is considerably larger than that of the corresponding Co/ZnO
films. The MR of Co/ZAO film with x = 1.0 reaches −12.3% at
RT. As shown in the inset of Figure 2a, the temperature
dependence of the resistance (R) of the Co/ZAO (1.0 nm) film
almost follows ln R ∝ (T0/T)

1/2. This result suggests that the
electron transport in the sample is via interparticle tunneling.21

A rough estimate of the spin polarization in these films can
be obtained from the Inoue−Maekawa model as follows:22

= +P m P mMR /(1 )2 2 2 2

where P is the spin polarization of the tunneling electrons, m is
the relative magnetization of the film, and m2 = <cosθ>. In the
saturated state, m = 1, and then, the above equation becomes
MR = P2/(1 + P2). The RT spin polarization calculated from
the MR value of −8.4% for the Co/ZnO (1.0 nm) film is about
30.2%, and it increases up to about 37.5% for the MR of
−12.3% obtained in the Co/ZAO (1.0 nm) film. The spin
polarization of electrons at the Fermi level of bulk Co metal
was reported to be 35% determined by tunneling and 37%
measured by Andreev reflection in Co−Pb thin film nano-
contact.23 This indicates that the transfer of polarized carriers
from Co metal particles into the semiconductors is extremely
efficient in the Co/ZAO film. Besides, we believe that the spin
polarization value of cobalt only sets lower limits and its actual
value may be higher. This is because the MR curve is not
completely saturated at 1.8 T as shown in Figure 2, and the MR

ratio might obtain a higher value if a higher magnetic field were
applied to our samples.
Figure 3a,b shows the RT magnetization of Co/ZnO and

Co/ZAO films after subtracting the linear diamagnetic and
paramagnetic background. It can be seen that the saturation
magnetization for the Co/ZnO films are 0.49 μB/Co and 0.31
μB/Co for x = 1.0 and 3.0, respectively. In the case of the films
with Al doping, the saturation magnetizations are enhanced to
0.79 μB/Co and 0.78 μB/Co for x = 1.0 and 3.0, respectively. It
should be pointed out that the enhanced magnetism of the Co/
ZAO films corresponds to larger MR and enhanced spin
polarization compared with the Co/ZnO films, as shown in
Figure 2. The zero-field-cooled and field-cooled (ZFC−FC)
magnetizations of the Co/ZnO and Co/ZAO films with x = 1.0
are shown in Figure 3c,d. The diamagnetic signal from the glass
substrates was subtracted from the data. At high temperatures,
the curves can be fitted by a Curie−Weiss law, χ = C/(T−θ),
where C and θ are the Curie constant and the Curie−Weiss
temperature, respectively. The FC plots start to deviate from
the Curie−Weiss law at temperatures above the blocking
temperature (Tb) identified by the maximum in the ZFC plots,
revealing that a mixed magnetic phase may exist.24 The above
Curie−Weiss fit gives a negative Curie−Weiss temperature
value of −21.2 K for the Co/ZnO (1.0 nm) film suggesting the
presence of an antiferromagnetic interaction and a positive
value of 10.5 K for the Co/ZAO (1.0 nm) film indicating
ferromagnetic interaction. An approximate value for the average
moment of nanoparticles, mc, may be obtained by combining

Figure 3. RT magnetization of the Co/ZnO and Co/ZAO films with x = 1.0 (a) and x = 3.0 (b). Temperature dependence of the ZFC−FC
magnetization for the Co/ZnO (c) and Co/ZAO (d) films with x = 1.0 in 100 Oe field with the diamagnetic signal from the glass substrates
subtracted; the dashed curves are the Curie−Weiss fitting to the high temperature regions of the plots.
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the saturation magnetization, Msat = Nmc, and the Curie
constant C ∝ Nmc

2, where N is the number of magnetic
particles per unit volume. The average moment values obtained
in this way are 1.01 × 10−16 and 0.66 × 10−16 emu for the Co/
ZnO (1.0 nm) and Co/ZAO (1.0 nm) films, respectively.
Another estimate may be obtained by estimating the mean
volume of magnetic particles from Tb; assuming that both the
anisotropy (K) and the magnetization per unit volume of the
nanoparticles were those of bulk Co metal, we use KV =
25kBTb, where K = 2.7 × 10−5 J/m3 is the magnetic anisotropy
constant, V is the average volume of the nanoparticles, and kB is
Boltzmann constant. This procedure gives the average moment
value of nanoparticles of 1.13 × 10−16 and 0.96 × 10−16 emu for
the Co/ZnO (1.0 nm) and Co/ZAO (1.0 nm) films,
respectively. The deviation of the moment values between
these two estimates for the Co/ZnO and Co/ZAO films
indicates that the magnetism of the films may not come just
from metallic Co particles and it should be related to a mixed
magnetic phase. This is consistent with the result of ZnO/CoFe
multilayers reported by Huang et al.,24 who demonstrated a
mixed structure consisting of two parts: diluted magnetic
semiconductors and superparamagnetic CoFe clusters.
The magnetic circular dichroism (MCD) was used to further

investigate the origin of the magnetism and robust spin
injection in the films. Figure 4 shows the MCD spectra for the
Co/ZnO and Co/ZAO films with x = 3.0 measured at RT. For
the granular metal−insulator films composed of magnetic metal
particles embedded in nonmagnetic matrix, the MCD can be
well fitted with an equation developed from the effective
medium approximation and Maxwell−Garnett theory.25 This
theory was fitted to the Co/ZnO (3.0 nm) and Co/ZAO (3.0
nm) films as shown in Figure 4. It is found that there exists an
obvious deviation between the fit and the experimental data in
the high energy region. This implies that metallic Co particles
are not solely responsible for the observed MCD spectra and
there is a contribution originating from the magnetism of the
semiconductor matrix which is overwhelming the positive signal
expected from metallic Co particles in the MCD spectra. In
addition, the characteristic d−d transition at 2 eV observed in
Td symmetry assigned to excitation from 4A2 (F) to

2E (G) and
4T1 (P) for Co

2+ ions is blurred out in these amorphous films.26

Therefore, we speculate that the magnetic semiconductors are
formed at the interface between Co metal and semiconductor
matrix probably because the Co2+ ions substitute for Zn2+ ions
in the ZnO lattice by interdiffusion. The magnetism of the films
comes from the dispersed superparamagnetic Co particles and
the interfacial magnetic semiconductors. This result is in good
agreement with the blurred interface between Co nanoparticles
and semiconductor matrix in Figure 1. Compared to the Co/
ZnO (3.0 nm) film, the larger deviation of the Co/ZAO (3.0
nm) film in the high energy region indicates that the
contribution of the magnetic semiconductors to the magnetism
of the Co/ZAO film is stronger than that of the Co/ZnO film,
which is consistent with the larger magnetization of the Co/
ZAO films and the positive Curie−Weiss temperature. The
enhanced magnetization for the Al doped films is probably due
to the enhanced magnetism of the interfacial magnetic
semiconductors with increasing carrier concentration.13,27 In
our samples, the resistivity of the Co/ZnO films with x = 1.0
and 3.0 are 0.85 and 33.60 Ω·cm, respectively, whereas those of
the Co/ZAO films are considerably lower, 0.08 and 0.26 Ω·cm,
respectively.

From the result of fit in Figure 4, it can be seen that the
volume fraction of metallic Co ( f) is very small ( f Co/ZnO =
0.008; f Co/ZAO = 0.027) in those two films. These very small
volume fractions of metallic Co are actually consistent with well
separated metallic regions as can be seen in the TEM for the
films with smaller semiconductor fraction, Co/ZnO (1.0 nm)
and Co/ZAO (1.0 nm). The maximum volume fraction of
metallic Co can be calculated according to the nominal
structure of the films (i.e, Co (0.6 nm)/ZnO (3.0 nm) and Co
(0.6 nm)/ZAO (3.0 nm)). The value of ∼0.17 is obtained,
which is larger than the value of f obtained from fitting the
MCD data. This means that most of the Co is dispersed in
semiconductors in the Co/ZnO and Co/ZAO films with x =
3.0.
XPS is well-known to be sensitive to the chemical

environment, which might provide information for the chemical
state of the cobalt. To understand the correlation of structure
and magnetism in detail, the Co 2p core-level XPS spectrum of
the Co/ZAO film with x = 3.0 was taken after the surface was
cleaned by Ar+ sputtering (see Figure 5). The charge-shifted
spectrum was corrected using the maximum of the adventitious
C 1s signal at 284.8 eV. The spectrum exhibits six Co 2p peaks
including two 2p3/2 peaks, two 2p1/2 peaks, and their two
satellite peaks as shown in Figure 5. The Co 2p spectrum
exhibits primary Co 2p3/2 and Co 2p1/2 peaks at 780.4 and

Figure 4. Normalized MCD spectra taken in H = 18 kOe at RT for the
Co/ZnO (3.0 nm) film (a) and Co/ZAO (3.0 nm) film (b). The fits
of MCD data were calculated using the effective medium
approximation and Maxwell−Garnett theory written as εxy

eff =
f((εxy

Co)/((1 + (1 − f)((εxx
Co − εxx

ZnO(ZAO))/(εxx
ZnO(ZAO)))Lx)

2)), where
εxy
eff is the off diagonal component of the effective dielectric tensor, f is
the volume fraction of metallic Co, and Lx is a shape factor. εxx

ZnO(ZAO)

(ω) was calculated using the method described by Sun et al.28 with
plasma frequency ωp = 9.74 eV and cyclotron frequency ωc = 0.089
eV.29 For the Co/ZnO (3.0 nm) film, Lx = 0.33, f Co/ZnO = 0.008, and
relaxation time τ = 0.21; for the Co/ZAO (3.0 nm) film, Lx = 0.28,
f Co/ZAO = 0.027, and τ = 0.305.
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795.6 eV, respectively, accompanied by respective satellite
peaks at higher binding energy, which match with Co2+ ions.
The minor peaks with the binding energy at 778.0 and 792.8 eV
with energy difference of 14.8 eV between them originate from
Co metal.30,31 This indicates that most Co exists as Co2+ ions
and there are only a small number of metallic Co particles,
which is in agreement with the fitting value of f in MCD data.
Also, the metallic Co atomic concentration can be calculated
from the XPS spectrum. The 2p3/2 peak integral area ratio of
Co2+ ions to metallic Co is ∼6.89 for the Co/ZAO (3.0 nm)
film as shown in Figure 5, and the Zn/Co atom ratio of ∼2.1
can be obtained from XPS data. Therefore, the metallic Co
atomic concentration of the Co/ZAO (3.0 nm) film is equal to
1/(1 + 2.1) × 1/(1 + 6.89) = 4.09%. This value can be
converted to the volume concentration of ∼2.4%, which is
similar to that from MCD fitting.
According to the data of TEM, ZFC−FC, MCD, and XPS,

we consider that the films consist of superparamagnetic Co
nanoparticles, semiconductor matrix, and the interfacial
magnetic semiconductors consisting of Zn1 − xCoxO (x varies
between the solubility limit for Co in ZnO and zero). Figure 6

shows a schematic view of this picture. Also, a comparison for
Figures 2 and 3a,b shows that the MR has a much slower
dependence on magnetic field than the magnetization measured
at the same temperature (at RT) for the four films.32,33 This
phenomenon may be ascribing to the existence of the
paramagnetic free Co2+ ions in the semiconductor matrix (see
Figure 6), producing nonsaturated MR curve. This is known
from the X-ray magnetic circular dichroism spectroscopy in
Co−Li codoped and Co doped ZnO films in which only
paramagnetic Co2+ has been found.34,35 The total moment
signal of the Co/ZnO (1.0 nm) film and the substrate signal
after removing the film were also measured with 1.8 T
maximum field. We obtained the net moment of the Co/ZnO
(1.0 nm) film with a residual moment increasing with field (as
shown in Figure 7a), which may be responsible for the tail in

the MR curve. The MR value for the granular films is directly
proportional to the square of the normalized magnetization,
(M/Ms)2 (ref 36). For the Co/ZnO (1.0 nm) film, the
calculated (M/Ms)2 using the net moment in Figure 7a is
expressed as the hollow block in Figure 7b and is quite
consistent with the MR experimental value. In the case of
nonsaturated MR curves, the same results were reported in
other granular compounds and it is attributed to spin tunneling
in magnetically disordered regions between grains37 or the
disordered magnetic surface of grain.38

As mentioned above, although our analysis of the interfacial
magnetic semiconductors gives only a qualitative picture, the
large tunneling MR effect and high spin polarization in our
films are most likely related to the interfacial magnetic
semiconductors, which help the tunneling electrons to
overcome the conductivity mismatch between Co metal and
semiconductor matrix. The reason may be the fact that the

Figure 5. Co 2p core-level XPS spectrum of the Co/ZAO (3.0 nm)
film after removing the topmost ∼3 nm by Ar+ sputtering. The
obtained XPS spectra are fitted using the Gaussian method.

Figure 6. Schematic illustration of the granular films consisting of Co
particles, semiconductor matrix, and the interfacial magnetic semi-
conductors.

Figure 7. (a) Magnetic field dependence of the net moment, the
substrate signal, and the total signal of the Co/ZnO (1.0 nm) film. (b)
Relation between MR and −(M/Ms)2 for the Co/ZnO (1.0 nm) film.
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interfacial magnetic semiconductors can provide different
tunnel barrier heights for spin-up and spin-down electrons
due to the spin splitting of impurity band,11 acting as the spin
filter.39 In order to further explore the spin filter effect of the
magnetic semiconductors between metallic Co and ZnO
semiconductor, the Co (50 nm)/ZnO (20 nm) heterostructure
was fabricated by sputtering under the same condition of the
Co/ZnO films; then, ∼10 nm thick Ag electrode was deposited
on ZnO layer by sputtering. The schematic diagram of the Co
(50 nm)/ZnO (20 nm)/Ag (10 nm) junction with an
interfacial magnetic semiconductor between metallic Co and
ZnO layer is shown in the inset of Figure 8. A small negative

MR effect in this junction with one magnetic electrode is
observed and measured in field in the plane at RT, indicating
that the tunnel current through the interfacial magnetic
semiconductors is spin polarized and the interfacial magnetic
semiconductors act as a spin filter barrier.40 The reason of the
small value of MR, which may be related to the pinholes or
defects or roughness in the interface (large junction areas of 0.5
× 0.5 cm2), is not yet understood completely, and future
experiments are planned to study the spin filter effect of the
interfacial magnetic semiconductors.

4. CONCLUSIONS
In conclusion, the structure, magnetism, and MR of the Co/
ZnO and Co/ZAO films made by sputtering were investigated.
The films comprise metallic Co nanoparticles, semiconductor
matrix, and an interfacial magnetic semiconductor between Co
particles and the semiconductor matrix proved by TEM, ZFC−
FC, MCD, and XPS. The magnetism of the films originates
from both the metallic Co particles and the interfacial magnetic
semiconductors. The maximum RT MR value of a Co/ZAO
granular film with x = 1.0 reaches −12.3%, and the
corresponding spin polarization of tunneling electrons is
about 37.5% estimated by Inoue−Maekawa model, comparable
to bulk cobalt. The robust spin injection from metallic Co
particles into the semiconductor matrix may be due to the
formation of the magnetic semiconductor ZAO with enhanced
conductivity and magnetism at the interface between Co
particles and semiconductor matrix. A small RT MR ratio has
been obtained for a Co/ZnO/Ag structure, suggesting the spin
filtering of the interfacial magnetic semiconductors. These
results indicate that inserting a magnetic semiconductor is a

very promising method to improve the spin injection efficiency
into the semiconductors.
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