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We studied the electrical transport properties of single-crystal epitaxial Co-doped ZnO films grown by
molecular-beam epitaxy. Upon increasing temperature, transport mechanisms changed from hard-gap resis-
tance to Efros variable range hopping. The magnetic field and the temperature dependence of magnetoresis-
tance revealed that large positive magnetoresistance observed in the hard-gap regime originated from the
shrinkage of electron wave functions. However, no sign of spin-dependent transport behavior was found.
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Transition-metal �TM�-doped wide band-gap oxide semi-
conductors are of great interest as spintronics materials since
the prediction of high Curie temperature in TM-doped ZnO.1

It is commonly believed that the intrinsic ferromagnetism of
the TM-doped oxide magnetic semiconductors results from
the s , p-d hybridization interactions between the conducting
or weakly localized s , p carriers and the strongly localized 3d
electrons of the doped TM elements. Therefore, TM-doped
oxide magnetic semiconductors are expected to supply not
only intrinsic high-temperature ferromagnetism but also
spin-polarized carriers. However, the intrinsic ferromag-
netism is still in debate2–4 because intensive studies on mag-
netism and microstructures are contradictory. On the other
hand, spin-dependent electrical transport of TM-doped oxide
magnetic semiconductors is less known, especially the
mechanism of electrical transport and the origin of magne-
toresistance �MR�,5–9 which may throw new light on the ori-
gin of ferromagnetism. Some researchers believe that the
positive magnetoresistance �PMR� obtained in Co-doped
ZnO, Mn-doped ZnO, and Co-doped TiO2 can be attributed
to the spin splitting effect of the conduction band due to
strong s-d exchange interaction between carriers and doped
TM atoms,5–7 while other researchers believe that PMR in
Co-doped ZnO results from the action of Lorentz force on
the mobile carriers.8,9 Moreover, similar PMR phenomena
observed in GaAs, CuInSe2, and CuGaSe2 are attributed to
the shrinkage of carrier’s wave function in an applied mag-
netic field.10–12 Understanding the different origins of PMR
and quantitative studies on the electrical transport properties
of TM-doped oxide magnetic semiconductors are necessary
not only for solving current theoretical issues but also for
designing future spintronics devices.

In this paper, we report that the electrical transport prop-
erties of Co-doped ZnO single-crystal magnetic semiconduc-
tor films can be well explained by combining the Efros vari-
able range hopping �VRH� and the hard-gap resistance. The
magnetic field and temperature dependence of the PMR in-
dicate that the observed PMR in the hard-gap regime comes
from carrier’s wave-function shrinkage under an applied
magnetic field.

Since high-quality single-crystal ZnO-based films are
ideal samples for understanding the intrinsic properties of

oxide diluted magnetic semiconductor �DMS�, single-crystal
Zn1−xCoxO �x is the atomic concentration of the doping co-
balt� films of 600 nm in thickness were grown by radiofre-
quency oxygen plasma-assisted molecular-beam epitaxy on
commercial Al2O3 �0001� substrates. Microstructures were
measured by in situ reflection high-energy electron diffrac-
tion and ex situ high-resolution x-ray diffraction, revealing
that single-crystal Co-doped ZnO with wurtzite structure was
obtained. Shakeup satellites of Co 2p1/2 and 2p3/2 photoelec-
tron peaks were observed by in situ x-ray photoelectron
spectroscopy measurements, revealing that Co cations were
in the +2 oxidation state, which was consistent with Co sub-
stitution. Magnetic properties were measured by supercon-
ducting quantum interference device �SQUID� in the tem-
perature range from 5 to 300 K. Ferromagnetism was
obtained up to room temperature. However, the average mo-
ment of Co at room temperature is relatively small. For ex-
ample, the saturation moment is �0.14�B /Co at 300 K for
x=0.021 as shown in Fig. 2�b� if all Co atoms are assumed to
contribute equally to the moment. It increases to �2.4�B /Co
at 5 K. Detailed preparation conditions, microstructures, and
magnetic results of samples with different Co doping con-
centration have been published elsewhere.4 The electrical
transport properties were measured in the Van der Pauw con-
figuration by SQUID using Keithley 2400 as current source
and Keithley 2182 as voltage detector. Applied magnetic
field was parallel to both the film plane and current
flow. Isothermal MR is defined as MR= ���H ,T�
−��0,T�� /��0,T��100%. Here, ��H ,T� is the sample sheet
resistance in an applied magnetic field H.

Figure 1 shows the temperature dependence of the sheet
resistance with 0 and 5 T magnetic field. In Fig. 1�a�, a linear
relationship between ln � and T−1 was observed in the low-
temperature range for zero-field resistance. This reveals the
existence of a hard gap in the density of states near the Fermi
level.13–15 On the other hand, notice that ln � deviated from
this linear relationship under a 5 T magnetic field, and a large
increasing of sheet resistance �large PMR� in the hard-gap
regime was observed. This indicates that the magnetic field
changes the electrical transport mechanisms.

There are two kinds origin of hard gap: magnetic origin
which is due to the exchange interaction between itinerant
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carriers and localized TM atoms13 and nonmagnetic origin
which is due to electron polaron excitations caused by multi-
electron interaction effects.14,15 It should be pointed out that
those short-range many-electron excitation effects in the
nonmagnetic origin are caused by long-range single electron
hopping;15 hence, pure hard-gap transport cannot exist with-
out Efros variable range hopping which will be mentioned

below. Since the nonmagnetic reference ZnO sample shows
the same linear relationship between ln � and T−1 at low
temperature, the hard gap is supposed to have a nonmagnetic
origin.

When the temperature is out of the hard-gap transport
regime, the sheet resistance becomes almost the same with
and without applied magnetic field, i.e., MR disappears. In
this temperature range a linear relationship between ln � and
T−1/2 is observed as given in Fig. 1�b�. This behavior is typi-
cal of Efros VRH �Ref. 16� due to the long-range Coulomb
interactions between carriers. Obvious deviation from this
linear relationship is observed at high temperature. This is
because thermal activation at high temperature allows other
transport paths and the electrical transport becomes rather
complicated which is far beyond our current discussion.

The crossover from the hard-gap resistance to Efros VRH
with increasing temperature is clearly seen in Figs. 1�a� and
1�b�. Because energy is additive,17,18 the sheet resistance at
zero magnetic field should be well described by considering
the contribution from both the Coulomb interaction and the
hard-gap energy, i.e.,

� = �0 exp��TES/T�1/2 + EH/kBT� . �1�

Here, �0 is a resistance prefactor, TES is the characteristic
temperature for Efros VRH, EH is the hard-gap energy, and
kB is the Boltzmann constant. Detailed discussions can be
found in our previous work.18 Figure 1�c� shows theoretical
fittings to the zero-field experimental resistance according to
Eq. �1�. It is clear that ln � linearly depends on F�T�
= ��TES /T�1/2+EH /kBT� in a wider temperature range with
fitting parameters for Zn0.979Co0.021O �TES=57.968 K,
EH /kB=11.491 K, and �0=214 747 �� and for
Zn0.928Co0.072O �TES=75.796 K, EH /kB=20.376 K, and �0
=74 339 ��. Using a reasonable dielectric constant �
=10�0��0 is the vacuum dielectric constant� for bulk ZnO
according to Ref. 19, we can derive that the localization
length �=8e2 /�kBTES at 5 K is 230 nm for Zn0.979Co0.021O
and is 176 nm for Zn0.928Co0.072O. The optimal hopping dis-
tance r=��TES /T�1/2 /4 at 5 K is 196 nm for Zn0.979Co0.021O
and is 171 nm for Zn0.928Co0.072O. From the doping concen-
tration, we can calculate the average distance between dop-
ant Co atoms, which is 1.05 nm for Zn0.979Co0.021O and is
0.69 nm for Zn0.9Co0.072O. Therefore, the localization length
and the optimal hopping distance of the carriers are in the
same length scale at low temperature, which are much larger
than the average distance between dopant Co atoms.

It is believed that an oxygen vacancy in Co-doped ZnO
can trap one electron �s , p electron�, which is weakly local-
ized �has large localization length�. Electrical transport is
established via VRH of the weakly localized s , p carriers of
oxygen vacancies. But the 3d electrons of Co atoms are
strongly localized. Therefore, the carriers with large localiza-
tion length can cover many Co atoms, which makes the Co
atoms show ferromagnetic coupling due to the s , p-d ex-
change coupling between the weakly localized s , p electrons
of the oxygen vacancies and the strongly localized d elec-
trons of doped Co atoms. This is the so-called F-center
model or bound magnetic polaron model of the
ferromagnetism.20,21 Our fitting parameters from the trans-

FIG. 1. �Color online� The temperature dependence of ln � vs
�a� T−1, �b� T−1/2, and �c� F�T�= ��TES /T�1/2+EH /kBT� for
Zn0.979Co0.021O, Zn0.928Co0.072O, and reference ZnO samples with
and without magnetic field. Actual temperature is given on the top
axes for Figs. 1�a� and 1�b�. The inset theoretical fittings in Fig. 1�c�
include contributions from both Eqs. �1� and �3�, which can well
describe the resistance in a 5 T magnetic field.
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port properties strongly support that the F-center or bound
magnetic polaron model is the origination of ferromagnetism
in our Co-doped ZnO DMSs.

Figure 2�a� shows a 64% PMR for Zn0.979Co0.021O mea-
sured at 5 K. The reference ZnO only shows negligible PMR
��0.5% at 5 K� in the whole temperature range. A PMR in
DMSs is usually ascribed to the giant spin splitting of band
states caused by s-d exchange interaction.5–7 In this case,
PMR is found in a weak field, followed by a negative MR in
higher magnetic field5 or saturated in higher magnetic field,22

which is different from our experimental results, i.e., nonsat-
urated PMR up to 6 T magnetic field. On the other hand, the
hysteresis behavior in “butterfly” MR curves which are di-
rectly related to the spin-dependent hopping in ferromagnetic
semiconductors with high Co concentration23 is not observed
here while the magnetization hysteresis loops are clearly ob-
served as shown in Fig. 2�b�. Also, it is clear that when the
magnetic moment turns into saturation, the MR curve does
not. This means that the MR curves are not directly related to
the magnetization reversal.

Since a thick film of 600 nm can be recognized as a three-
dimensional system rather than two dimensional, orbital ef-
fect can contribute to the electrical transport even though the
applied magnetic field is parallel to the film plane. According
to Ref. 16, the effect of a magnetic field on the wave function
of carriers becomes stronger with increasing distance from
the impurity center. Therefore, in the VRH conduction re-
gime especially at sufficiently low temperatures where hop-

ping distance is relatively large, one should expect a large
PMR under applied magnetic field due to a sharp decrease in
the overlap of wave-function “tails” between different states.

At low magnetic field, the positive MR can be described
by14,16

ln���H,T�
��0,T� 	 	

�4


4� EH

kBT
	3v

, �2�

where 
= �c� /eH�1/2 is the characteristic magnetic length, �
is the localization length of the carriers, and v is defined as
the resistance exponent for the linear dependence of ln � on
T−v at zero field. Therefore, with v=1 in the hard-gap regime
we get

ln���H,T�
��0,T� 	 	

H2

T3 . �3�

This is consistent with the quadratic dependence on the mag-
netic field in a weak-field range as shown in Fig. 3�a�.

At high magnetic field, the magnetic field localizes carri-
ers in a much narrower region in the transverse direction than
Coulomb potential does.16 However, MR behavior in the
hard-gap regime at strong magnetic field is less studied and
is not well understood right now. As an approximation, we
suppose that it can be described as ln���H ,T� /��0,T��
	 f�H� /T3, similar to weak-field situation in temperature de-
pendence. From Fig. 3�b� we obtain that f�H��H1/2 could
well describe the MR behavior in the high magnetic field.

In Fig. 4, we plot ln���H ,T� /��0,T�� as a function of T−n

with H=5 T. Good linear behavior is found for
Zn0.928Co0.072O with n=3. Moreover approximately linear
behavior is found for Zn0.979Co0.021O with n=2.57. This is

µ

µ Β
/

FIG. 2. �Color online� �a� The MR of Zn0.979Co0.021O measured
at 5 K. �b� SQUID hysteresis loops measured at 5 and 300 K for
Zn0.979Co0.021O thin film. The inset shows the zoom-in hysteresis
loops.

FIG. 3. The field dependence of ln���H ,5K� /��0,5K�� as a
function of �a� H2 and �b� H1/2 for Zn0.979Co0.021O film. Solid
straight lines are guides to the eyes.
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consistent with the theoretical prediction n=3 in Eq. �3�.
Hence, the temperature dependence of MR further confirms
that the observed large PMR results from the wave-function
shrinkage of the carriers.

Finally, we discuss the role of Co doping played in our
Co-doped ZnO single-crystal DMSs, and meanwhile we give
an explanation of the absence of spin-dependent electrical
transport. First of all, as mentioned above, Co doping pro-
vides localized 3d magnetic moments which participate into
the formation of intrinsic ferromagnetism. Second, in prin-
ciple, all electrical interactions and magnetic interactions
take a role in the hopping process which can be regarded as
electrical or magnetic energy barriers in Eq. �1�, and the
spin-dependent electrical transport properties only come
from the magnetic interaction energies. However, as in our
case the hopping distance is relatively large; the direct mag-
netic exchange energy between the initial and the final states
can be ignored because they are short-range interactions.

Other magnetic energies, such as Zeeman splitting energy
and spin-orbit coupling energy, are much smaller than the
electrical energies, such as Coulomb energy and hard-gap
energy. As a result, no sign of spin-dependent transport be-
havior is macroscopically observed in spite of the large PMR
in the low-temperature range. Third, from the original work
of Ref. 16, we know that for the hopping transport in the
weak-field regime, wave-function shrinkage related resis-
tance variation can be expressed as ��H ,T� /��0,T�
=exp��t�e2H2� / �Nc2�2��. Here, t is a constant, e is the elec-
tron charge, c is the velocity of light, � is the Planck con-
stant, and N is the site concentration for the electrical trans-
port. Fitting experimental results by Eq. �1�, we obtained that
the localization length � for the reference ZnO is 363 nm
which is larger than that of Co-doped ZnO. Further, from our
experiment results we know that large PMR is only observed
in Co-doped ZnO though hard-gap transport is also observed
in reference ZnO sample. This means that N should be much
larger in the reference ZnO so that the ratio of � /N is much
smaller in the reference ZnO film than in the Co-doped ZnO.
In this sense, Co doping decreases the localization length �
and greatly reduces the site concentration N, which leads to
the observed large PMR. It should be noticed that the sheet
resistance of Co-doped ZnO is much lager than that of ref-
erence ZnO prepared under the same condition. Considering
that we used almost the same size samples for the transport
measurements, larger sheet resistance is consistent with the
decreasing localization length and site concentration in Co-
doped ZnO DMSs.

In summary, the electrical transport properties of epitaxial
single-crystal Co-doped ZnO ferromagnetic semiconductors
with different Co doping concentrations were studied. It was
found that hard-gap resistance changed to Efros VRH with
increasing temperature. Temperature and magnetic field de-
pendence of the observed large PMR confirmed that it was
caused by carrier’s wave-function shrinkage in a magnetic
field, which was an orbital effect rather than spin effect of
the carriers.
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