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Abstract
Magnetic transport properties in Ti1−x CoxO2 and Zn1−x Cox O magnetic
semiconductors have been studied experimentally and theoretically. A linear
relation of ln ρ versus T −1/2 (ρ is sheet resistance and T is temperature),
which shows different slopes and intersections at different magnetic fields, was
observed experimentally in the low temperature range. The spin-dependent
variable range hopping model has been proposed by taking into account the
electron–electron Coulomb interaction and the spin–spin exchange interaction
in the same frame, which can well describe the observed magnetic transport
properties in Ti1−xCox O2 and Zn1−x Cox O magnetic semiconductors.

1. Introduction

Electrical transport and magnetoresistance (MR) in many material systems have been
extensively studied due to their significant importance not only in fundamental physics but
also in technological applications. It is well known that the electrical transport of a doped
nonferromagnetic semiconductor can be described by the Mott’s variable range hopping
(VRH) theory (R ∝ exp{(T0/T )1/4}) if there is no interaction between the carriers [1]. If
there exists Coulomb interaction between the carriers, the electrical transport of the doped
nonferromagnetic semiconductor obeys the Efros’s VRH theory (R ∝ exp{(T0/T )1/2}) [2].

For most doped nonmagnetic semiconductor materials (a disordered system), the MR was
usually found at low temperature, and several mechanisms of the MR were proposed [3–12].
Generally speaking, the electrical transport in the Anderson localization region is usually
through the VRH mechanism, and the MR in doped semiconductors can originate from the
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orbital effects [3] and spin effects [4–12]. The orbital effects on the MR are well known [3].
By contrast, the spin effects on the MR are very complicated. When intra-impurity interaction
(double occupancy model) is taken into account, the polarization of the electron spins can
block some of the hopping processes, leading to an exponentially increased resistance (positive
MR) [4, 5]. As for the large negative spin-dependent MR observed at very low temperature in
the Anderson localization regime, several scenarios have been suggested, such as localization
length variation caused by the change of Fermi energy relative to the mobility edge due to the
Zeeman splitting in magnetic field [7, 11, 12], destruction of the bound magnetic polarons by
magnetic field [6], spin dependent VRH due to the spin–spin exchange interaction [8–10] and
so on.

Recently, magnetic semiconductors have been extensively studied for their great
importance in spintronics devices. For ferromagnetic semiconductors, the carriers are spin
polarized, and thus not only the Coulomb interaction between the charges of the electrons but
also the exchange interaction between the spins of the electrons may influence the electrical
transport properties. It was reported that a large negative MR was observed in Zn1−x Cox O [13]
and Ti1−x Cox O2 [14] inhomogeneous magnetic semiconductor films, which was attributed
to spin-dependent VRH in the presence of Coulomb interaction and exchange interaction.
The inhomogeneous Ti1−x Cox O2 (or Zn1−x Cox O) magnetic semiconductor means that the
distribution of Co atoms in the Ti1−xCoxO2 compound (or Zn1−xCoxO) is inhomogeneous on
the subnanometre scale, but no detectable pure Co metal clusters were found by transmission
electron microscopy (TEM), x-ray diffraction (XRD), energy dispersive x-ray spectroscopy
(EDS), or x-ray photoelectron spectroscopy (XPS) [14]. However, there is no quantitative
theoretical electrical transport model which has taken into account the spin polarization and the
exchange interaction in the ferromagnetic semiconductors. In this paper, the magnetic transport
of the Ti1−x Cox O2 and Zn1−x Cox O magnetic semiconductors were experimentally studied,
and a theoretical model of spin-dependent VRH in the presence of Coulomb interaction and
exchange interaction was established to explain the observed magnetic transport phenomena.

2. Experimental results

The Zn1−x Cox O magnetic semiconductor films were prepared on glass substrates by alternately
sputtering very thin Co layers and ZnO layers for 60 periods (the nominal structure is
[Co 0.6 nm/ZnO y nm]60) in Ar and background O2 gas at room temperature. Due to the
atomic interdiffusion between the alternately deposited very thin Co and ZnO layers, the
nominal [Co 0.6 nm/ZnO y nm]60 structure formed the Zn1−xCox O magnetic semiconductor
single-layer films with nanometre grains. The average grain size observed by TEM is about
4–6 nm [13]. The Ti1−xCoxO2 magnetic semiconductor films were also prepared on glass
substrates by a similar process, but they are in an amorphous state [14]. The detailed growth
procedure, microstructures and magnetic properties of Ti1−xCoxO2 and Zn1−x CoxO magnetic
semiconductor films have been reported previously [13, 14]. In order to make our electrical
transport model easy to understand, we give a brief description of these experimental results
of Ti0.24Co0.76O2 (70 nm in thickness) and Zn0.28Co0.72O (71 nm in thickness) magnetic
semiconductor films in this part.

The magnetic properties were measured by superconducting quantum interference devices
(SQUIDs) from 4.5 K to room temperature. The magnetic field is applied in the film plane.
Figure 1(a) shows hysteresis loops of the Ti0.24Co0.76O2 magnetic semiconductor measured
at 5 and 290 K, respectively. The room temperature ferromagnetism is clearly shown by the
coercivity, remanence, and low saturation field. Therefore, the Curie temperature is above room
temperature. Since the film is in a metastable state, we did not measure the Curie temperature
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(a)

(b)

Figure 1. (a) Magnetization hysteresis loops of the as-deposited Ti0.24Co0.76O2 film (70 nm in
thickness) measured at 5 and 290 K, respectively. (b) Dependence of the sheet resistance ρ and the
MR ratio on the magnetic field measured at 5 K. The applied magnetic field is in the film plane.

at high temperature. The magnetization is in the film plane and there is no magnetic anisotropy
in the film plane. Similar ferromagnetic properties were also found in the Zn1−xCox O magnetic
semiconductor [13].

The electrical transport properties were measured by Van der Pauw configuration from
4.5 K to room temperature. The applied field is in the film plane. Figure 1(b) shows the
dependence of the sheet resistance ρ and the MR ratio on the magnetic field, measured at 5 K.
The MR ratio is defined as MR(H, T ) = {R(HS, T ) − R(H, T )}/R(HS, T ) × 100%, where
R(H, T ) is the resistance at the field H and the temperature T , and R(HS, T ) is the resistance at
the saturation field HS (here it is replaced by the maximum applied field in the measurements).
The Ti0.24Co0.76O2 sample shows a large negative MR at a relatively small field, such as 12.5%
at 5 K. The ρ–H curve in figure 1(b) shows an obvious magnetic hysteresis behaviour, which
corresponds to the magnetic hysteresis of the M–H loop in figure 1(a) measured at 5 K. The
peak resistance in figure 1(b) was observed around the magnetic field which corresponds to the
coercivity in figure 1(a). When the magnetization gradually becomes saturated with increasing
field, the resistance also shows a trend to saturation. This implies that the negative MR observed
in figure 1(b) is related to spin-dependent electrical transport effects. Similar MR behaviour
was also found in the Zn1−xCox O magnetic semiconductor [13]. However, the ρ–H curve
in figure 1(b) is quite different from those observed in dilute ZnO-based [15, 16] and TiO2-
based [17–19] magnetic semiconductors, where the ρ–H curves usually show a positive MR
or complicated behaviour without any magnetic hysteresis. Although the shape of the ρ–H
curve in figure 1(b) is similar to that observed in conventional granular systems with giant
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Figure 2. The dependence of ln ρ on T −1/2 for (a) Zn0.28Co0.72O, and (b) Ti0.24Co0.76O2 magnetic
semiconductor films, where the intersection ln{ρ0/(1 + p2〈cos θ〉)} and the slope 〈T0〉1/2 can
be obtained from the extrapolated theoretical fitting lines. In (a), the intersection and the slope
are respectively 7.898 ln(Ohm) and 13.87 K1/2 without field, and they are 7.814 ln(Ohm) and
13.36 K1/2 at H = 40 000 Oe. In (b), they are 9.527 ln(Ohm) and 5.003 K1/2 without field,
and 9.480 ln(Ohm) and 4.880K 1/2 at H = 50 000 Oe. The applied magnetic field is in the film
plane.

magnetoresistance (GMR) or tunnelling magnetoresistance (TMR), a careful analysis in the
following reveals that the MR in figure 1(b) cannot be attributed to the GMR or TMR effects
of the granular systems.

Figures 2(a) and (b) show the temperature dependence of the sheet resistance of the
Zn0.28Co0.72O and Ti0.24Co0.76O2 magnetic semiconductors on the ln ρ–T −1/2 scale (sheet
resistance ρ and temperature T ), which were measured in different magnetic fields. In figure 2,
the circles and triangles represent the experimental data, and the solid lines are theoretical
fittings according to equation (10) (which will be described in detail in sections 3 and 4). The
experimental results indicate that ln ρ versus T −1/2 in the magnetic field and without field (the
demagnetized state) is linear in the low temperature range (below 180 K in figure 2(a) and
below 80 K in figure 2(b)).

The large negative MR which was found in the Zn0.28Co0.72O and Ti0.24Co0.76O2 magnetic
semiconductors with high Co concentrations is different from the conventional GMR, TMR,
CMR, AMR, and the positive MR in Zn1−x Cox O and Ti1−x Cox O2 with low Co concentrations.
In the as-deposited films, we did not find the positive MR and AMR effects. It is well known
that in the disordered semiconductor systems the R ∝ exp{(T0/T )1/2} relation is called Efros’s
variable range hopping resistance [2]. However, the mechanism of the large negative MR of
the ferromagnetic semiconductor in the variable range hoping region is still less known. We
believe that it can be explained as the spin-dependent variable range hopping [8, 9]. In the
ferromagnetic semiconductor system, there is strong spin–spin exchange interaction between
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the carrier spins in addition to electron–electron Coulomb interaction between the carrier
charges. In the magnetic field, the spins tend to align parallel, and the spin–spin exchange
energy becomes small. As a result, the variable range hopping electrons have a lower resistance,
showing spin-dependent variable range hopping and large negative magnetoresistance. In
the following parts, a quantitative theoretical model which can well describe the observed
experimental results is established.

3. Theoretical model and formula

Here we consider a system with compositional inhomogeneity on the subnanometre scale,
such as Zn1−x Cox O [13] and Ti1−x Cox O2 [14] inhomogeneous magnetic semiconductors. As
mentioned above, the inhomogeneous Ti1−xCoxO2 (or Zn1−x Cox O) magnetic semiconductor
means that the distribution of Co atoms in the Ti1−xCox O2 compound (or Zn1−x Cox O) is
inhomogeneous on the subnanometre scale but no detectable pure Co metal clusters were found
by TEM, XRD, EDS, and XPS. On the other hand, even if the films consist of tiny amorphous
or nanocrystal Co metal grains (<20 Å in diameter) embedded in the oxide host (ZnO or TiO2),
the granularity effects on the electrical transport can be ignored [20, 21]. This can be understood
from two aspects. First, according to Sheng et al [20], the charging electrostatic energy Ec of
a tiny grain can be much larger than the thermal energy kBT in the low temperature range, and
this is not beneficial to the tunnelling between two grains if there exist other conducting paths,
such as VRH. Second, according to Kim et al [21], the hopping length (of the order of 100 Å) of
the VRH process in the low temperature range can be much larger than the tiny grain size, and
hence the inhomogeneous composite system (with tiny grains) can be considered homogeneous
for the VRH transport. In this sense, even if there are undetectable Co metal grains in magnetic
semiconductor films, they do not influence the following analysis of the VRH transport.

It is well known that ZnO is a natural n-type semiconductor due to the existence of O
vacancies and Zn interstitials. In the Zn1−x Cox O magnetic semiconductor, there are many
defects such as O vacancies, Zn interstitials, and doped Co atoms. The defect levels can
supply weakly localized s, p carriers of the charges (n-type) near the Fermi level, which are
responsible for the semiconducting transport. In this system, there exists a spin–spin exchange
interaction between the s, p carriers and the strongly localized d electrons of Co. There also
exists direct d–d exchange interaction between the neighbour Co atoms due to the high Co
concentration. Therefore, local Co atoms may establish local ferromagnetic order and even
long-ranged ferromagnetic structure through the RKKY (due to s, p–d exchange interaction)
interaction and direct d–d exchange interaction between the neighbour Co atoms. In this
case, the observed ferromagnetism in the Zn1−xCoxO (and also in the Ti1−x Cox O2) magnetic
semiconductors is intrinsic ferromagnetism, rather than the ferromagnetism from metal Co
clusters.

From the viewpoint of the electrical transport, the compositional inhomogeneity can
produce strong local potential and lead to Anderson localization of the carriers near the
Fermi level. For the magnetic Anderson localization system, the localized carriers should
be spin polarized, and can ‘feel’ not only the local electrical potential fluctuation but also
the local magnetic potential fluctuation. It has been shown that the electrical transport and
magnetoresistance of the Zn1−xCox O and Ti1−x Cox O2 magnetic semiconductors are related to
the spin-dependent variable range hopping. The hopping carriers should be weakly localized
s, p carriers near the Fermi level. The spin-dependent variable range hopping is mainly
determined by the energy difference �E between the initial occupied i state and the final
vacant j state of the hopping process, which is related to the effective interactions between two
carriers in the magnetic semiconductor system.
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In order to describe spin-dependent features of the variable range hopping, the spin–
spin exchange interaction between the carrier spins and electron–electron Coulomb interaction
between the carrier charges should be taken into account in the same frame. In this magnetic
Anderson localization system, the Coulomb interaction Eco = e2/εr between two localized
carriers is significant, where r = |ri − r j | is the distance between the two carriers in the states
i and j , and ε is the dielectric constant.

Supposing the Hund’s coupling is strong, the spin of a weakly localized s or p carrier is
coupled to the spin of its nearest local Co atom. In this case, two carriers at a long distance
can show an effective spin–spin exchange interaction through the surrounding Co atoms which
have formed local ferromagnetic order. In the low temperature range, the carrier should hop a
large distance to find a small energy difference �E between the initial occupied state and the
final vacant state. Therefore, the effective spin–spin exchange interaction between two carriers
which is related to the long distance hopping process at low temperature should be long ranged.
If we assume that the long-ranged effective spin–spin exchange interaction between two carriers
analogizes the RKKY interaction with its magnitude proportional to 1/r for a large distance in
one dimension [22], it can take the form of Eex = −(J/r) cos θ , where θ is the angle between
the spin Si in the i state and S j in the j state at the distance r , and J/r is the effective coupling
coefficient between the two carriers. For the hopping process of large distance r , exchange
interaction may be mainly related to the spins in the hopping path if the relaxation is neglected.
In this sense, the exchange interaction picture of one dimension is reasonable.

In this system, the total interaction Eto between the two carriers is the sum of the electron–
electron Coulomb energy and spin–spin exchange energy, i.e.

Eto = Eco + Eex = e2/εr − J cos θ/r. (1a)

If we introduce the effective dielectric constant εeff, where 1/εeff = 1/ε − J cos θ/e2, we
can rewrite equation (1a) as

Eto = Eco + Eex = e2/εr − J cos θ/r = e2/εeffr. (1b)

In the Anderson localization system, the electrical transport is caused by carrier hopping
from the initial localized occupied state to the end vacant state due to thermal activation. We
consider two states i and j , which in the ground state are occupied and vacant respectively.
In real space, the i state with one electron and its positive charge background shows charge
neutrality, and the vacant j state also shows charge neutrality. Neglecting the relaxation of
the system, the electron hopping from the i state to the j state will make the i state show
one positive charge (hole) in real space due to the left positive charge background and make
the j state show one electron. Thus an electron–hole pair is created in the hopping process.
According to equation (1a) of the total interaction energy of two electrons Eto, it is easy to
obtain that the total interaction energy of the electron–hole pair is −Eto. Following the work
of Efros [2], if we introduce the energy of one-particle excitation Ei for the electron in state i ,
and E j for the electron in state j , the energy increase of the system (defined as the excitation
of an electron–hole pair) by the transfer of an electron from state i to state j should satisfy

ωi j (i → j) = E j − Ei − Eto � 0. (2)

Since the excitation energy of this electron–hole pair is related to the spin–spin exchange
interaction, we may call it a spin electron–hole pair. Equation (2) means that the single electron
will overcome the energy �E = E j − Ei to hop, i.e.

�E = E j − Ei � Eto = e2/εeffr. (3)

In the spirit of the original work by Mott [1], Efros [2] and Hamilton [23], and taking into
account the influence of the relative direction of the spins on the tunnelling probability [24], the
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electron tunnelling resistance between two localized states whose wavefunctions fall off with
distance as exp(−2αr) is dominated by the following equations:

ρi j = {ρ0/(1 + p2 cos θ)} exp(2αr) exp(�E/kBT ) (4a)

where

p = (D↑ − D↓)/(D↑ + D↓) (4b)

α = {2m∗(V − EF)/h̄2}1/2. (4c)

In equations (4a)–(4c), ρ0 is a prefactor of the resistance which is mainly related to the
material, p is the polarization ratio of the localized electron near the Fermi energy EF, 1/α

is the localization length of the electron near the Fermi level, kB is the Boltzmann constant, Dσ

(σ = ↑,↓) is the density of states near the Fermi energy EF for electrons with spin σ , m∗ is
the effective electron mass, V − EF is the tunnelling potential (V ) barrier height relative to the
Fermi level EF, and h̄ is the Planck constant.

Putting expression (3) into equation (4a), and minimizing ρi j for the optimum hopping
distance r at the given temperature T , we obtain

r = (e2/2αεeffkBT )1/2 (5)

which gives

ρi j = {ρ0/(1 + p2 cos θ)} exp(T0/T )1/2 (6)

and

T0 = 8e2α/εeffkB = 8e2α/εkB − 8αJ cos θ/kB. (7)

For the whole system, the spins of the localized states may have their own local
magnetization easy axes, so the angle θ may have a distribution and varies with the applied
magnetic field. As an approximation, the hopping resistance of the whole system ρ can be
expressed as follows:

ρ = {ρ0/(1 + p2〈cos θ〉)} exp(〈T0〉/T )1/2 (8)

and

〈T0〉 = (8e2α/kB){1/ε − (J/e2)〈cos θ〉} (9)

where 〈cos θ〉 means the average value of cos θ .
Equation (8) can be rewritten as follows:

ln ρ = ln{ρ0/(1 + p2〈cos θ〉)} + 〈T0〉1/2T −1/2 (10)

which means that ln ρ versus T −1/2 is a straight line with the intersection ln{ρ0/(1+ p2〈cos θ〉)}
and the slope 〈T0〉1/2.

If we further suppose the easy axes of the localized ferromagnetic states are random in
the film, we can obtain 〈cos θ〉 = m2, where m is the reduced magnetization of the whole
system. In particular, although there is local spontaneous magnetization, the net magnetization
of the whole system is zero in the demagnetized state (the as-deposited film without applying
any magnetic field), i.e. 〈cos θ〉 = m2 = 0. In the magnetic saturation state, all the local
magnetization is along the direction of the applied field, i.e. 〈cos θ〉 = m2 = 1. According to
the definition of the MR ratio and equations (8) and (9), we can obtain the following expression
of MR ratio from the demagnetization state to the magnetic saturation state:

MR = 1 − (1 + p2) exp{[(8e2α/εkB)1/2 − (8e2α/εkB − 8αJ/kB)1/2]/T 1/2}. (11)
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4. Theoretical fitting to experimental results

Figures 2(a) and (b) also show the theoretical fitting to the experimental results. The
experimental results indicate that ln ρ versus T −1/2 is linear in the low temperature range
(below 180 K in figure 2(a) and below 80 K in figure 2(b)), which can be well fitted by
equation (10). Assuming 〈cos θ〉 = 0 for the demagnetized state of Zn0.28Co0.72O, from
the intersection and the slope of the extrapolated theoretical fitting line without field in
figure 2(a), we can obtain ρ0 = exp(7.898) = 2692 	, and 8e2α/εkB = 192.38 K. On
the other hand, assuming 〈cos θ〉 = 1 for the high magnetic field of 40 000 Oe, we can
further obtain P = 29.6% and 8αJ/kB = 13.78 K. From these data, it is easy to get
Eex/Eco = (−J cos θ/r)/(e2/εr) = (−13.78/192.38) cos θ � 7.2%.

For the same reason, the following parameters can be deduced from the fittings
in figure 2(b) for the Ti0.24Co0.76O2 magnetic semiconductor: ρ0 = exp(9.527) =
13 726 	, 8e2α/εkB = 25.030 K, P = 21.9%, 8αJ/kB = 1.216 K, and Eex/Eco � 4.86%. It
is reasonable that the effective exchange energy Eex is less than a few per cent of the Coulomb
energy Eco for both Zn0.28Co0.72O and Ti0.24Co0.76O magnetic semiconductors. However, we
could not obtain the values of the Coulomb energy Eco and the effective exchange energy Eex

since the dielectric constant ε and the localization length 1/α of the electrons near the Fermi
level are not known yet. Figures 2(a) and (b) also indicate that in the high temperature range
the experimental data deviate from the straight lines, i.e. the variable range hopping described
by equation (10). The deviation from the variable range hopping is caused by the nearest-
neighbour hopping or activation to a mobility edge in the high temperature range.

In order to further check the theoretical electrical transport model described by
equation (10), Figures 3(a)–(c) show the experimental m–H curve, the theoretical ρ–H curve
calculated by equation (10), and the experimental ρ–H curve together as a comparison. The
theoretical ρ–H curve in figure 3(b) was directly calculated by equation (10), using the fitting
parameters obtained in figure 2(b), i.e. ρ0 = exp(9.527) = 13 726 	, 8e2α/εkB = 25.030 K,
P = 21.9%, and 8αJ/kB = 1.216 K. 〈cos θ〉 = m2 was also used, where m is the experimental
value shown in figure 3(a). In figure 3(a), the reduced magnetization m varies quickly in the
low field range (H < 10 000 Oe) as the field increases, and then m gradually approaches
saturation in the high field range. Correspondingly, in figures 3(b) and (c) the sheet resistance
ρ–H curves show a stiff decrease in the low field range, and a very slow decrease in the high
field range. Moreover, the resistance peak positions of the ρ–H curve in figure 3(b) correspond
to the coercivity positions in figure 3(a). It is clear that the theoretical ρ–H curve in figure 3(b)
is in good agreement with the experimental results in figures 3(a) and (c).

5. Discussion and conclusions

The main assumption in our theoretical transport model is the function form of the effective
spin–spin exchange interaction Eex = −(J/r) cos θ , which analogizes the RKKY interaction
with its magnitude proportional to 1/r for a large distance in one dimension [22]. It is
well known that the exchange interactions in magnetic systems can show various function
forms, depending on the origins of the exchange interactions. But it is worthy of mention
that the 1/r dependence of the function in equation (1a) is a proper function form to deduce
the linear dependence of ln ρ on T −1/2 in equations (8)–(10). Good agreement between the
experimental results and theoretical fittings (see figures 2 and 3) by equations (8)–(11) supports
our assumption that the effective exchange energy can take the form of Eex = −(J/r) cos θ at
least as a good approximation. In contrast, other function forms of the exchange interaction
cannot deduce the T −1/2 dependence of the resistance, so they are contradictory with the
observed experimental results.
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(a)

(b)

(c)

Figure 3. Direct comparison among the experimental m–H curve, the theoretical ρ–H curve, and
the experimental ρ–H curve measured at 5 K for the Ti0.24Co0.76O2 magnetic semiconductor film.
(a) The experimental m–H curve redrawn from the M–H curve in 1(a), (b) the theoretical ρ–H
curve calculated by equation (10), and (c) the experimental ρ–H curve redrawn from 1(b).

Equation (8) as the hopping resistance of the whole system is an approximation, which is
not strict in mathematics. A conventional way to obtain the hopping resistance of the whole
system is the percolation theory, which takes into account all the conducting paths with different
distances r and angles θ . However, equation (8) is accurate enough to describe the experimental
results. Therefore, we have not given a more detailed description by percolation theory.

The linear relation of ln ρ versus T −1/2 was also found in a wide temperature range for the
metal–insulator granular system with a wide distribution of grain sizes [20, 24–28]. According
to the work of reference [20],

ln ρ = ln ρ0g + T 1/2
0g T −1/2 (12)

T0g = 8s Ecα/kB (13)

Ec = (e2/εd){(2s/d)/(1/2 + s/d)} (14)

α = {2m∗(V − EF)/h̄2}1/2. (15)

Here ρ0g is a prefactor of the resistance of the granular system, s is the insulating spacing
distance between the metal grains (tunnelling distance), d is the diameter of the metal grains
(s + d is equal to the distance between the centres of the two grains), and Ec is the charging
energy. By the way, equations (15) and (4c) are the same in the two different cases.
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It is worthy of note that several features of the electrical transport are obviously different
between the present magnetic semiconductor and metal–insulator system. First, in the
hopping transport theories for the metal–insulator system (equations (12)–(15)), the term
T0g = 8s Ecα/kB does not vary with the applied field, but the experimentally observed values in
figure 2 indeed depend on the applied magnetic field. Second, for the metal–insulator granular
system, the linear relation of ln ρ versus T −1/2 was usually found in a wide temperature
range, such as 40–300 K in Co–TiO2 [27] and 20–400 K in Ni–SiO2 [20] granular films.
The deviation from the T −1/2 relation in the high temperature range observed in figures 2(a)
and (b) cannot be explained by the electrical transport in the metal–insulator granular system,
but it can be explained by the deviation from the variable range hopping which is caused by
the nearest-neighbour hopping or activation to a mobility edge in the high temperature range.
Third, the temperature dependence of the MR ratio described by equation (11) was also not
experimentally found or predicted in the metal–insulator granular system [24–26], but it is in
good agreement with the MR of the Ti0.24Co0.76O2 magnetic semiconductor film in the low
temperature range, as shown in figure 4(c) of [14]. In all, the spin-dependent variable range
hopping observed in figure 2 is not related to the metal–insulator granular system.

Fitting the temperature dependence of the resistance in the demagnetized state of
Zn0.28Co0.72O by equation (12), we get T0g = 8s Ecα/kB = 192.38 K. Assuming that the
system is a Co–ZnO metal–insulator granular system with Co spherical metal grains embedded
in insulator ZnO, just like the case of the Ni–SiO2 granular film [28], it is physically reasonable
for ε = 10ε0 (ε0 is the vacuum dielectric constant), α = {2m∗(V − EF)/h̄2}1/2 = 108 cm−1.
Combining equations (12)–(15), it is deduced that s/d = 0.02. Furthermore, supposing that
a reasonable value of the insulating spacing (s) should be at least 4–6 Å, the diameter (d) of
the metal grains should be at least 200–300 Å. However, such large Co metal clusters were not
found at all [13]. Therefore, it is hard to explain the electrical transport properties observed in
figure 2 by characteristics of a metal–insulator granular system.

It is worth comparing the MR behaviour between the Co–ZnO metal/semiconductor
granular films and the Zn1−x Cox O magnetic semiconductor films when they have the same
atomic ratio of Co atoms to Zn atoms. Due to the thermal nonequilibrium growth process,
the as-deposited magnetic semiconductor films are in the metastable state. Since the solubility
of the Co element in ZnO oxide is very low under thermal equilibrium conditions, the Co
element can be gradually separated from the as-deposited metastable Zn1−x Cox O matrix to
form granular composite film (such as Co–ZnO granular film) by proper annealing. Figure 4(a)
is the TEM image of the annealed Zn0.28Co0.72O film. The annealed film is composed of two
kinds of grain of 10–30 nm in size. The composition of the grains can be detected by EDX.
The black ones are Co grains and the grey ones are remanent Zn1−xCoxO matrix. It is noticed
that after some pure Co grains have precipitated the remanent matrix is Zn1−x Cox O grains.

Figure 4(b) shows the ρ–H curve (or MR) of the annealed Zn0.28Co0.72O film measured at
4.5, 20, and 50 K, respectively. The MR of the annealed samples is very complicated. When the
temperature is above 50 K, all the MR effects are negligibly small (not shown in figure 4). As
the temperature is below 50 K, there is a small negative magnetoresistance in the low magnetic
field (<3000 Oe). In the high field range (>3000 Oe), the behaviour of the MR of the annealed
sample is quite different from that of the as-deposited sample. At low temperature, such as
4.5 K, the resistance increases with the magnetic field (positive MR) in a high field (3000–
23 000 Oe), and then decreases in higher field (>23 000 Oe). The MR does not show any sign
of saturation even at 60 000 Oe field. At 20 K, the resistance only shows a small increase with
increasing field from 3000 to 60 000 Oe. At 50 K, the positive MR disappears and only a very
small negative MR (−0.84%) in the low field range remains. Similar phenomena were found
in ZnO-based [15, 16], TiO2-based [17–19], and SnO2-based [29] magnetic semiconductors of



Magnetic transport properties in Ti1−x Cox O2 and Zn1−x Cox O 10479

(b)

(a)

Figure 4. (a) The TEM image and (b) the ρ–H curve of the annealed Zn0.28Co0.72O film (71 nm in
thickness). The magnetoresistance was measured at 4.5, 20 and 50 K, respectively. In (b), the value
of the sheet resistance at 50 K was multiplied by a factor of 18 (indicated by ×18), and the value of
the sheet resistance at 20 K was multiplied by a factor of five (indicated by ×5).

low doping concentration, and the mechanism of the MR in these materials is not clear. But it
is clear that the MR observed in the annealed sample in the high field region has no relation
with the ferromagnetism of the annealed sample. Therefore, different MR behaviour between
the annealed Co–ZnO metal–semiconductor granular films and the as-deposited Zn1−xCox O
magnetic semiconductor films, in turn, indicates that the observed transport properties in the
as-deposited magnetic semiconductor films are not related to the metal–semiconductor granular
system.

In summary, electrical transport and magnetoresistance in the Ti1−x CoxO2 and Zn1−xCox O
magnetic semiconductors have been studied experimentally and theoretically. The spin-
dependent variable range hopping model has been quantitatively established by taking into
account the electron–electron Coulomb interaction and the spin–spin exchange interaction.
The linear relation of ln ρ versus T −1/2 in the low temperature range, which was observed
experimentally to show different slopes and intersections at different magnetic fields, is well
described by the spin-dependent variable range hopping model.
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[23] Hamilton E M 1972 Phil. Mag. 26 1043
[24] Inoue J and Maekawa S 1996 Phys. Rev. B 53 R11927
[25] Helman J S and Abeles B 1976 Phys. Rev. Lett. 37 1429
[26] Mitani S, Takahashi S, Takanashi K, Yakushiji K, Maekawa S and Fujimori H 1998 Phys. Rev. Lett. 81 2799
[27] Kennedy R J, Stampe P A, Hu E, Xiong P, von Molnar S and Xin Y 2004 Appl. Phys. Lett. 84 2832
[28] Sheng P and Abeles B 1972 Phys. Rev. Lett. 28 34
[29] Ogale S B, Choudhary R J, Buban J P and Lofland S E 2003 Phys. Rev. Lett. 91 077205

http://dx.doi.org/10.1088/0022-3719/8/4/003
http://dx.doi.org/10.1209/epl/i1996-00365-x
http://dx.doi.org/10.1016/0378-4363(83)90615-0
http://dx.doi.org/10.1103/PhysRevB.61.7253
http://dx.doi.org/10.1103/PhysRevLett.51.706
http://dx.doi.org/10.1002/(SICI)1521-3951(199801)205:1<167::AID-PSSB167>3.0.CO;2-O
http://dx.doi.org/10.1103/PhysRevLett.81.3980
http://dx.doi.org/10.1103/PhysRevB.55.8067
http://dx.doi.org/10.1103/PhysRevB.59.R3929
http://dx.doi.org/10.1016/0378-4363(81)90231-X
http://dx.doi.org/10.1063/1.1690881
http://dx.doi.org/10.1063/1.2204758
http://dx.doi.org/10.1063/1.1525885
http://dx.doi.org/10.1063/1.125353
http://dx.doi.org/10.1126/science.1056186
http://dx.doi.org/10.1103/PhysRevB.67.115211
http://dx.doi.org/10.1063/1.1556122
http://dx.doi.org/10.1103/PhysRevLett.31.44
http://dx.doi.org/10.1103/PhysRevLett.70.2798
http://dx.doi.org/10.1103/PhysRevB.55.R3347
http://dx.doi.org/10.1103/PhysRevB.53.R11927
http://dx.doi.org/10.1103/PhysRevLett.37.1429
http://dx.doi.org/10.1103/PhysRevLett.81.2799
http://dx.doi.org/10.1063/1.1704857
http://dx.doi.org/10.1103/PhysRevLett.28.34
http://dx.doi.org/10.1103/PhysRevLett.91.077205

	1. Introduction
	2. Experimental results
	3. Theoretical model and formula
	4. Theoretical fitting to experimental results
	5. Discussion and conclusions
	Acknowledgments
	References

