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The mechanism for the room temperature magnetic coupling and electric conduction in oxide diluted mag-
netic semiconductors �DMSs� has been simultaneously studied on the Co:ZnO thin film by utilization of the
electric field effect. We find that the carriers are bound on a defect in a radius much larger than the bounded
magnetic polaron �BMP� radius and can move by variable-range hopping �VRH� over a relatively small
distance. Here, we propose a concentric bounded model consisting of a concentric localization configuration
with a limited carrier VRH capability. In this model, the carriers localized around defects strongly couple with
the doped magnetic ions forming a BMP in the inner sphere and can only itinerate with no spin coherence in
the outer shell. Carriers can hop either by spin-polarized or by spin-independent VRH directly between or not
directly between adjacent inner spheres, respectively. This model can explain both the electric and magnetic
properties of the oxide DMS and depicts an evolution of electric and magnetic properties associated with defect
concentration. The spin-current ratio depends on the ratio of the inner and outer radii.
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I. INTRODUCTION

Since the discovery of diluted magnetic semiconductors
�DMSs�,1–4 extensive study on the mechanism and its appli-
cation in science and in devices has proven DMS a potential
material for realization of spintronics.5 Although III-V and
II-VI DMS were discovered to have the greatest possibility
in integrating with the present semiconducting technique, its
low ferromagnetic �FM� transition temperature—below room
temperature—limits further application. As Dietl et al.6,7

pointed out, room temperature DMS may occur in a large
band gap material such as GaN and ZnO by doping suitable
magnetic ions. Among these, because ZnO is one of the can-
didates for the next generation transparent semiconductor,
transition metal doped8–10 or nitrogen substituted ZnO �Ref.
11� has attracted great attention for its magnetic properties.
However, the introduced magnetic ions are so diluted that a
direct magnetic exchange is less likely, and oxide DMS usu-
ally exhibits a low conductivity so that indirect Ruderman–
Kittel–Kasuya–Yosida �RKKY� coupling, which is one of
the main coupling mechanisms in III-V and II-VI DMS
materials,12–14 is incongruent with the experimental data. It
was proven that the magnetic coupling in oxide DMS is car-
rier mediated.6,13,15,16 Unlike the RKKY model, in which the
mediated carriers are free carriers, the effective carrier in
oxide DMS seems to be localized by oxygen vacancies in
hydrogen-like orbits. When the carrier concentration exceeds
a certain value, an impurity band is formed.17–19 Whenever
magnetic dopants sit inside the radius of and couple with
localized carriers, a bounded magnetic polaron �BMP� is
formed. Once the overlapping of BMPs crosses over the en-
tire sample, bulk ferromagnetism is created.6,18–25

This fascinating model provides a possible explanation
for the magnetic mechanism of oxide DMS that used to be
obscured. However, only a few indirect experiments, such as
the high resistivity of samples and the ferromagnetism’s de-
pendence on the concentration of defects,13,23,26–28 support

this model. Both how the carriers are localized in the BMP
model and how they produce their finite conductivity remain
unclear. In this study, we employ the electric field effect on
and measure the transport properties of the Co:ZnO thin film
as an example to understand the mechanism of magnetic
coupling and electric conduction for oxide DMS, respec-
tively. By applying electric fields, magnetic characteristics
are measured when carriers are injected to or extracted from
the film. We find that the deviation of carrier concentration in
a limited range does not affect the values of the saturated
magnetization and the coercivity, but does, in fact, affect the
tendency to reach the saturated magnetization. These mag-
netic phenomena can quite accurately be explained by the
BMP model in that the injection or extraction of carriers
corresponds to the shrinking or expanding radius of the hy-
drogen orbits. However, the localization of the radius of car-
riers estimated from transport measurements is larger than
that of the BMP model by a factor of 3. This strongly implies
that the BMP alone is not enough to describe the electric
property. By considering the larger localization radius, a con-
centric bounded model that can explain the magnetic cou-
pling and carrier hopping is proposed.

II. EXPERIMENT

Sample growth was carried out in an ion beam sputter
system by multilayer �-doping technique. The
�Co�1 Å� /ZnO�nÅ��25 �n�15� multilayers were deposited
on epitaxial grade �-Al2O3 �0001� substrates at room tem-
perature. Magnetic impurities, i.e., Co, were produced by
sandwiching a 1 Å Co layer between two adjacent nÅ ZnO
layers. The superstructure was reproduced 25 times. These
samples were proven to be good substitutional �Co2+ substi-
tuted for Zn2+� structures by performing rigorous structural
characterizations, such as x-ray absorption and transmission
electron microscopy measurements.27,28 Due to the high re-
sistivity of samples at low temperature, the electric resistivity
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as a function of temperature is measured by four or two point
geometry. To apply an electric field, a 2000 Å Au film and
50 Å Al2O3 insulator layer were deposited on top of the
Co:ZnO film. The final sample was then placed in a super-
conducting quantum interference device to measure the mag-
netic hysteresis at room temperature while swiping the elec-
tric field.

III. RESULTS AND DISCUSSION

Figure 1 shows several hysteresis curves under various
bias electric voltages, Vb. The electric field built up by the
external dc source can be as large as 2�107 V /cm at
Vb=10 V, and the correspondent injected or extracted car-
rier concentration reaches 2�1017 cm−3, which is approxi-
mately 2 orders lower of the carrier concentration of our 1:15
films. When Vb is swiped within �10 V, the saturated mag-
netization and the coercivity of the film remain at the same
value and do not change with the external voltage. Neverthe-
less, the trend of a magnetization curve from a remnant to a
saturated magnetization changes with different Vb. For
Vb= +10 V, the magnetization gradually increases in the
positive field, reaching a saturated magnetization Ms at
around 3000 Oe. When the bias is changed to −5 V, the
magnetization saturates much faster at around 1500 Oe.

The BMP model with the specific modification we intro-
duce here can fully explain the magnetic phenomena ob-
served in the present experiment. It is known that the carrier
may be contributed from oxygen vacancies,23,26 magnetic
dopants, Zn interstitials,10,13,29 or other kinds of defects.
When a film is grown, all those defects are in fixed positions
and concentrations. The injection or extraction of carriers by
the applied electric field only varies in concentration at the
lowest point of a conduction band, which overlaps with the
localized impurity band where most carriers are bounded
around oxygen vacancies as the BMP model describes.24

Since the magnetic dopants, Co ions, have the same valence

as Zn ions and can be assumed to have no other noticeable
defects besides the oxygen defects in our film, it is reason-
able to estimate the defect concentration by measuring the
carrier concentration of the normal Hall measurement. The
carrier concentration of our film is around the order of
1019 cm−3. If all defects are in a uniform distribution and if
all BMP are centered on those defects, the BMP spheres are
far from the overlapping necessary for FM coupling in the
BMP model. If, however, an unknown coupling mechanism,
such as an inhomogeneous distribution of defects, provides a
magnetic exchange coupling between those close, but not
overlapping, BMP spheres, a FM phase should form when a
percolation of those couplings throughout the entire sample
is created. The increase in the carrier concentration by the
electric field injection increases the effective mass of
bounded carriers, and vice versa. According to the BMP
model, rH=��m /m*�a0, the increase in the effective mass
reduces the bounded radius and, thus, the separation of BMP
spheres increases and the magnetic coupling decreases. As a
result, a larger applied magnetic field is needed to align mo-
ments in order to reach the saturated magnetization. When
the applied electric voltage is switched from positive to
negative, as in the example of −5 V as plotted by a green
curve, the carrier concentration and the distance between
BMP spheres decrease, so that the magnetization saturates
faster. Because the change in carrier concentration by the
electric field is only at around 1% of the total carrier concen-
tration of the film, the change in BMP radius is small. This
small change in the bounded radius does not vary the number
of magnetic dopants that are included and, therefore, the
saturated magnetization and coercivity do not change with
the electric field.

The resistance of the film may also be altered by applying
an external electric field. Applying a positive electric field
injects donor electrons that increase the carrier concentration,
while applying a negative field extracts the donor carriers.
The resistance while applying bias voltage is plotted in Fig. 2
and follows a nearly linear response to the applied voltage

FIG. 1. �Color online� Electric field effect on 1:17 Co:ZnO
films. The positive and negative bias voltages represent the injec-
tion and extraction of electron carriers to the film. 10 V is equal to
an injection of 2�1017 carriers per cm3, which is approximately
one-tenth of the total carrier concentration of the film.

FIG. 2. �Color online� Resistance of the film as a function of
electric bias voltages. The resistance of the film increases or de-
creases with the injection or extraction of carriers, respectively. A
linear relationship is observed within �10 V of bias.
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when Vb is within �10 V. The resistance decreases while
applying a positive bias, and vice versa. This strong associa-
tion between the injected and extracted carriers with both
magnetic and electric properties cannot be described solely
by the simplified BMP model. The carrier hopping or cou-
lomb coupling between on site carriers may play some roles.
The resistivity as a function of temperature ��−T� curves at
zero magnetic field are plotted in Fig. 3. These three films
were all grown in the same growth conditions except for the
thickness of the inserted ZnO layers. The resistivity dramati-
cally increases for films with thicker ZnO layers. The resis-
tivity of a pure ZnO film with the same thickness exhibits an
extremely high resistance and can be regarded as a pure in-
sulator. Thicker ZnO layers contain lower concentrations of
magnetic dopants. It is clear that the doped magnetic impu-
rities act like a catalyst that initiates the formation of defects
around it. These �-T curves can be described by Mott’s
variable-range hopping �VRH� model,30 �=�0 exp��T0 /T�d�.
The films with Co:ZnO ratios of 1:15 and 1:17 exhibit a
three-dimensional �3D� �d=1 /4� VRH, while those of 1:20
can be described by a quasi-two-dimensional �d=1 /3� VRH.
The 1:15 film, the thickness limit of ZnO layers for not form-
ing Co clusters, has a 3D distribution of Co ions and, be-
cause the film has a resistivity very similar to that of CMR
materials, we use similar parameters31 in the VRH model to
understand the transport phenomenon. Accordingly, the VRH
fitting of the 1:15 film gives two important parameters: the
VRH localization radius �rVRH=1 /� and kBT0=18�3 /N�EF�,
where T0 and N�EF� are the exponent parameter of VRH and
the density of state at the Fermi level, respectively�
and the average VRH distance �rR=3R /4, with
R=31/4 / �2��N�EF�kBT�1/4�. The former reveals the range of

a carrier localized by a defect in a hydrogenic orbit and the
latter reflects the average distance that a carrier can hop out
of the VRH sphere. It is found that rVRH�2.36 nm and rR
�0.77 nm. The VRH localized length is about a factor of 3
times the oxygen vacancy constituted BMP localized radius
�rBMP�0.76 nm for the ZnO material� as reported by Coey.
Because the localized centers for BMP and VRH spheres
originate in the same kinds of defects, it is highly possible
for them to overlap at the same defect sites. This suggests
that carriers are localized around a defect with a hydrogenic
orbit in a large sphere that has a radius of 2.36 nm; however,
the localized carrier can only form a bounded magnetic po-
laron with magnetic dopants inside the smaller BMP sphere
within a radius of 0.76 nm. With these data, the localization
model of a carrier around a defect may now be modified as a
concentric bounded model, as shown in Table I, with the
center as the defect site, and surrounded by a small and a
large circle representing the BMP and VRH spheres,
respectively. When the localized carrier is itinerating
in the shell with a radius r between rBMP and rVRH
�i.e., rBMP	r	rVRH�, the carrier may not maintain its spin in
coherence. Interestingly, the VRH distance �rR�0.77 nm� is
the same as the BMP radius �rBMP�0.76 nm�. If, however,
the density of states at the Fermi energy in the present
sample may be lowered, then in colossal magnetoresistance
�CMR� materials, due to the defect initiated shallow donor
level, both the VRH localization radius and the VRH dis-
tance should become larger than this estimated. The truth
that the VRH localization radius is larger than the radius of
the BMP model remains.

Table I elaborates the configuration of the concentric
bounded model and the possible hopping situations. Figure 4
illustrates the phase and magnetization evolutions associated
with the coupling situations in Table I as a function of the
defect concentration for the uniform and inhomogeneous dis-
tributions. When the defect concentration is extremely low,
these concentric spheres are distributed far enough apart such
that the localized carrier has no chance to hop from one
sphere to another, and is therefore unable to conduct, and the
magnetic dopants cannot couple to one another. Therefore,
the sample should exhibit a paramagnetic insulator, shown as
the “insulator PM” state in Fig. 4. With an increase in de-
fects, such as oxygen defects caused by growing films in
vacuum or by postannealing in hydrogen, the concentric
circles may approach each other to a separation distance
equal to or smaller than the VRH distance rR, shown as the
first case in Table I. In this case, the localized carrier has an
opportunity to hop from one sphere to the adjacent one. The
sample becomes VRH conducting with a high resistivity.
Since a direct hopping of carriers cannot be built within two
BMP spheres, the sample remains in a paramagnetic state.
For this case, the ideal separation between two defects is
about 4.72 nm, which corresponds to 0.0036% of the total
oxygen ions or a carrier concentration of 2.9�1018 cm−3.
This carrier concentration is lower than that of our present
films, which have FM characteristics. If, however, the distri-
bution of magnetic dopants may be driven by attractive
forces between magnetic ions as Kuroda et al.32 reported in
the Cr:ZnTe sample, a slightly inhomogeneous distribution
of spheres due to the possible formation of VRH sphere clus-

FIG. 3. �Color online� Resistivities of Co:ZnO films �with 1:15,
1:17, and 1:20 ratios� as a function of temperature at zero electric
bias voltage. Under the same growth conditions, the resistivity in-
creases with an increase in the thickness of the ZnO layers or with
a decrease in the concentration of Co dopants. This strongly sug-
gests that the magnetic dopants initiate the formation of defects that
supply the necessary carriers for the electric conduction. All �-T
curves can be fitted quite well by Mott’s VRH model. Films of 1:15
and 1:17 can be fitted by the 3D variable-range hopping model and
those of 1:20 can better fit the 2D variable-range hopping model.
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ters or a percolation path may promote the hopping of spin-
polarized carriers inside a BMP sphere to another BMP
sphere. The clusters that act as magnetic polarons may grow
in size with an increase in defects, and therefore, result in
superparamagnetism. Further, the percolation of VRH
spheres provides an opportunity for spin-polarized and local-
ized carriers to hop through the path, which initiates a very
weak bulk ferromagnetism.

When more oxygen vacancies are introduced, the concen-
tric spheres overlap with one another and a direct hopping of
a localized carrier between two BMP spheres becomes pos-
sible, shown as the second case in Table I. It is reasonable to
assume that the hopping is a spin-polarized hopping within
two BMP spheres because the average VRH distance is only
0.77 nm. The overlapping of VRH spheres makes the sample
VRH conductive and the correlation of two BMP spheres
causes the sample to be weakly FM, shown as the “VRH-
conduction weak FM” state in Fig. 4. In this case, the dis-
tance between two adjacent defects is 2.29 nm, which corre-
sponds to a concentration of carriers of 4�1019 cm−3,
approximately equal to the carrier concentration of the 1:15

film. With the possible inhomogeneous distribution of de-
fects, a percolation can be initiated at a lower defect or car-
rier concentration of about 10% of the ideal one. The thresh-
old concentration for initiating the FM coupling will be
4�1019�0.10=4�1018.

By further increasing oxygen defects, the VRH spheres
strongly overlap with one another and the BMP spheres start
to contact one another, the strongest conduction-FM state can
be expected, shown as the third case in Table I, and the
“conduction FM” state in Fig. 4. In this case, the distance
between defects is much closer at 1.52 nm and with a carrier
concentration as high as 1.4�1020 cm−3, and the sample can
be considered as a conducting quasimetal. At this point, the
VRH model may not be a suitable description. If, however,
the defect concentration keeps increasing and if the crystal
structure remains intact, a very strong Coulomb coupling be-
tween localized carriers may initiate a direct interaction be-
tween the spins of adjacent localized carriers. This direct
coupling can result in an antiparallel configuration of BMP
spheres, shown as the “AFM” state in Fig. 4, that reduces the
magnitude of the magnetization of the film to a minimum

TABLE I. �Color online� Illustration of the concentric localization model and the corresponding param-
eters. Note: center, defect location; red circle, BMP sphere; blue circle, VRH sphere; rH, BMP radius
�0.76 nm; rVRH, VRH radius�2.36 nm; � average VRH distance �rR�0.77 nm�; dd, the distance be-
tween defects; �d, the defect concentration; �o, the oxygen defect percentage �if all defects are oxygen
defects�; �c, the carrier concentration �if carriers are from oxygen defects only�; the number of magnetic
dopants in a BMP sphere for the present film=9.7; and the number of magnetic dopants in a VRH sphere for
the present film=291.8.
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value. Of course, in the presence of an inhomogeneous dis-
tribution of defects, the antiparallel clusters may occur at a
lower carrier concentration.

The major issue in DMS is the ratio of the spin current,
which is one of the major mechanisms that applications de-
pend on. In most cases, the radius of BMP is smaller than the
radius of the outer sphere in the present concentric bounded
model. Any hopping not directly between two BMP spheres
will lose its spin coherence unless the material has a high
polarization, such as EuO.33 The spin-current ratio is, there-
fore, strongly associated with the ratio of the inner and outer
radii. On the other hand, one may reduce the radius of the
outer concentric sphere, by increasing the density of state at
the Fermi energy, to meet that of the BMP sphere to increase
the spin-coherent hopping and the ratio of spin current.

IV. CONCLUSIONS

In this study, an electric field effect is applied to Co:ZnO
films as an example to demonstrate the model we presented.

The carrier concentration of the film with fixed oxygen va-
cancies and magnetic dopants can be injected in or extracted
from the films by the electric field effect. With the change in
carrier concentration, the saturated magnetization and coer-
civity remain unchanged, while the magnetization curves
saturate faster for carrier extraction or slower for carrier in-
jection. These magnetic phenomena can be fully explained
by the BMP model with the change in radius of the localized
carriers due to the external change in carrier concentration.
However, the availability of Mott’s variable-range hopping
in fitting the resistivity to temperature curves indicates that
the localized radii of the localized carriers are larger than that
of the BMP model. Based on these experiment results, a
concentric bounded model is proposed in this study. In this
model, carriers are localized around a defect, in which the
localized carrier strongly couples to the doped magnetic iron,
forming a bounded magnetic polaron in the inner sphere and
can only itinerate with no spin coherence in the outer shell.
Carriers can move either by the spin-polarized or spin-
independent variable-range hopping between concentric
spheres. With this model, we are able to qualitatively under-
stand both the magnetic and electric conduction properties of
oxide DMS and to introduce the evolution of both properties
as a function of the defect concentration. The spin-current
ratio can be enhanced by increasing the spin splitting or the
density of state at the Fermi level. To quantitatively under-
stand the mechanism of oxide DMS, the conduction of
carriers must be included in more detailed models, such as
those being developed by Calderon and Das Sarma34 and Yu
et al.11
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