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Abstract
Magnetoresistance measurements have been made at 5 K on doped ZnO thin films grown by
pulsed laser deposition. ZnCoO, ZnCoAlO and ZnMnAlO samples have been investigated and
compared to similar films containing no transition metal dopants. It is found that the Co-doped
samples with a high carrier concentration have a small negative magnetoresistance, irrespective
of their magnetic moment. On decreasing the carrier concentration, a positive contribution to
the magnetoresistance appears and a further negative contribution. This second, negative
contribution, which occurs at very low carrier densities, correlates with the onset of
ferromagnetism due to bound magnetic polarons suggesting that the negative magnetoresistance
results from the destruction of polarons by a magnetic field. An investigation of the anisotropic
magnetoresistance showed that the orientation of the applied magnetic field, relative to the
sample, had a large effect. The results for the ZnMnAlO samples showed less consistent trends.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The search for spintronic materials that combine both
semiconducting and ferromagnetic properties is currently one
of the most active research fields in magnetism. Compounds
based on ZnO are especially exciting in this context since,
in contrast to GaMnAs and InMnAs, such thin films exhibit
ferromagnetism at room temperature [1–7]. Despite the
progress in developing ZnO as a spintronic material, there
has been much controversy concerning the mechanism that
causes the magnetism [8–11]. It has been found that not all
doped films exhibit ferromagnetism and that the mobile carrier
density, nc, can be very different in those compounds that
do [1, 9, 12–14].

The strong dependence of the magnetic response on
the carrier density makes it interesting to investigate the
magnetoresistance (MR). The MR gives the change in
resistance with the applied magnetic field and hence probes the
interaction between the itinerant carriers and the defect ions.
In previous work, it has been found that the MR of transition
metal (TM)-doped ZnO films can be positive, negative or
a combination of the two due to competing mechanisms

dominating in different fields [15]. This contrasts with
undoped ZnO and ZnAlO samples, where the MR response is
small, negative and temperature dependent [15–17]. The most
commonly used TM dopant in ZnO is Co [15, 18–20]; thin
films have also been studied when co-doped with Al [21, 22].
Films doped with Mn [19], as well as a combination of Mn and
Co, have also been studied [23]. In this paper we investigate
the MR of TM-doped ZnO samples both with and without Al
co-doping. We first consider Co-doped samples, for which
clear trends emerge, and then ZnMnAlO, for which the trends
are less clear. Finally, we present results for anisotropic
magnetoresistance (AMR) in Co-doped films.

2. Experimental details

Thin film, doped ZnO samples were grown by pulsed laser
deposition (PLD) on c-cut sapphire substrates using a XeCl
laser at 308 nm. Targets for ablation were prepared by grinding
together appropriate amounts of high-purity MnO2, Co3O4 and
Al3O4 powders, pressing to pellet-form and then firing in air
at various temperatures. The targets were then mounted in
the deposition chamber on a rotating target-holder onto which

0953-8984/09/346001+06$30.00 © 2009 IOP Publishing Ltd Printed in the UK1

http://dx.doi.org/10.1088/0953-8984/21/34/346001
mailto:G.A.Gehring@sheffield.ac.uk
http://stacks.iop.org/JPhysCM/21/346001


J. Phys.: Condens. Matter 21 (2009) 346001 A J Behan et al

Table 1. A summary of the data for the thin films shown in figures 1, 2 and 4. The labels given in column one identify the films and are
marked on the figures. The second column gives the concentration of the dopants; the third column gives the oxygen pressure in the PLD
chamber during film growth. The carrier density, nc is quoted for 5 K. The final column is the saturation moment, M , in Bohr magnetons per
TM ion, measured in the SQUID at 5 K.

Label
TM and Al
concentration

O2

(mTorr)
Thickness
(nm)

nc (cm−3)
at 5 K M at 5 K

a, h 5% Co 10 30 2.0 × 1016 1.38
b 5% Co 10 120 2.3 × 1018 0.0
c 5% Co + 0.6% Al 5 × 10−2 280 3.2 × 1019 0.60
d, i 5% Co + 0.6% Al 5 × 10−2 250 6.9 × 1020 0.58
e 5% Co + 1.5% Al 5 × 10−2 300 1.0 × 1021 0.14
f 5% Co 10 80 1.2 × 1017 0.0
g 5% Co 10 940 7.2 × 1018 0.0
j 2% Mn + 0.5% Al 5 × 10−2 520 1.2 × 1021 0.50
k 2% Mn + 0.2% Al 5 × 10−2 230 1.0 × 1021 0.22
l 2% Mn + 0.8% Al 5 × 10−2 290 1.6 × 1021 0.38
m 2% Mn + 4.0% Al 6 × 10−2 360 1.1 × 1021 0.48
n 2% Mn + 1.2% Al 5 × 10−2 850 1.6 × 1021 0.0

the laser beam was focused. Substrates were mechanically
clamped onto a heater, which could be swung into an optimum
position with respect to the ablation plume. During deposition,
the substrate temperature was held at 450 ◦C and the oxygen
pressure could be varied between 10−2 and 100 mTorr. Film
thickness, which could not be monitored directly during
deposition, was determined, inter alia, by target–substrate
separation; this was usually held at 35 mm. A film’s thickness
was controlled by varying the deposition time. Since the shape
of the plume varied slightly both during a deposition, and
also from deposition to deposition, and since the system did
not have fixed geometry with respect to target and substrate
positions, there was inevitably some slight variation of film
thickness and characteristics between successive, isochronal
depositions. A film’s composition was assumed to be that of
the respective target, although it is generally found that the
dopant concentration in an ablated film is somewhat higher
than in the target. It has been suggested [24, 25] that this
arises due to the preferential sputtering of the host cation, in our
case Zn, from the surface of the film over that of the dopant;
this sputtering occurs due to the high-energy ions present in
the incident laser plume; the effect was not investigated in the
present work.

XRD patterns of typical targets and films have been made,
when it was found that powder patterns indicated the targets
to be single-phase with a hexagonal wurtzite structure. Traces
of Al and Co metal, their respective oxides or any binary ZnCo
phases were not observed in the target samples. Corresponding
XRD patterns of the films indicate highly oriented growth;
these results have been given earlier [14].

A wide range of samples was investigated with Co and
Mn being the TM-dopants. Some of the Co-doped samples,
and all of the Mn-doped samples, were also co-doped with
Al. ZnO and ZnAlO samples with no TM-dopants were also
studied for comparison. The Al co-doping was performed in
order to generate a large, free-carrier density. It has also been
established that free-carrier density varies with intrinsic defect
concentration in the film; the latter was varied by depositing at
various O2 pressures; we have reported on this elsewhere [12].

Figure 1. (Colour online) Resistivity, plotted on a logarithmic scale,
as a function of temperature for 5% Co films containing different Al
concentrations and grown at different deposition pressures and to
different thicknesses; quoted carrier concentrations are for 5 K.
Further detail is given in table 1.

Magnetization measurements were performed using a
Quantum Design SQUID magnetometer; film thickness was
measured with a Dektak profilometer. Carrier concentration
and MR measurements were made using the van der Pauw
four-probe method. The samples were mounted in a
continuous-flow helium cryostat located between the pole
pieces of an electromagnet; all measurements were made in
reversible fields of up to 1 T. The MR is calculated from the
expression, MR = 100(ρB − ρ0)/ρ0 where ρ0 and ρB are the
resistivities in zero and an applied field, B , respectively. All the
measurements of MR reported here were made at 5 K, as the
magnitude of the MR effect weakened as the temperature was
raised. The anisotropy measurements were made by comparing
the MR with the sample oriented perpendicular and parallel to
the field for different current directions relative to that of the
field direction. A summary of the results for the samples in
figures 1, 2 and 4 is given in table 1.
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Figure 2. (Colour online) Magnetoresistance at 5 K as a function of
field for ZnO films with 5% Co + varying amounts of Al; quoted
carrier concentrations are for 5 K. Further detail is given in table 1.

2.1. Resistivity as a function of temperature

Before discussing the MR response, it is helpful to consider the
temperature dependence of the resistivity in zero field. This
allows us to classify the samples as metallic or insulating,
and also to determine the carrier density. According to
Matthiessen’s rule, the electrical resistivity arises from the sum
of electron scattering from defects and from phonons. The
electron–phonon scattering is temperature dependent tending
to zero as the temperature goes to zero, unlike defect scattering
which is independent of temperature. Thus, even in a pure
metal, the temperature dependence of the resistivity decreases
to a finite value at zero temperature. This behaviour is in
contrast to samples in which transport occurs via hopping
between electron sites, with the hopping probability being
proportional to the exponential of the difference in energy
between the sites [26]. Since the energy gained to perform this
hopping comes from lattice vibrations, the resistivity diverges
at low temperatures, as the availability of phonons becomes
less frequent [27].

In our samples, both metallic and hopping behaviour is
observed. Figure 1 shows the temperature dependence of
the resistivity of a series of 5% Co ZnO samples, some co-
doped with Al (Zn0.95−xCo0.05Alx O) with differing carrier
concentrations and showing the transition from metallic to
hopping conductivity; the resistivity is plotted on a logarithmic
scale. The two films corresponding to labels a and b have
different thicknesses but the same nominal compositions and
were deposited under the same oxygen pressures. Despite
this, the films have different carrier densities and give rise to
different curves. However, in doped ZnO, film characteristics
are notoriously sensitive to deposition conditions. The
consequence of this is that, unless deposition parameters can be
very tightly controlled, this invariably leads to some degree of
irreproducibility in the film characteristics. Similar behaviour
is also shown by films labelled c and d. Although we have
not investigated this in any detail, we find generally that there
is a variation in carrier concentration with film thickness. We
attribute this, in part, to the decreasing level of strain in the

thicker films, giving rise to different levels of intrinsic defects,
which results in less traps for the carriers.

The samples with the highest carrier density show a
resistivity typical of a ‘dirty’ metal: the resistivity tends to
a constant value at low temperature and then increases with
increasing temperature. As the carrier density decreases, the
temperature dependence becomes what is expected for samples
with localized carriers. The temperature dependence is that
of variable range hopping at low temperatures, changing to
thermally activated hopping as the temperature is raised; this
has been reported in detail [12]. We thus find a change from
metallic to hopping behaviour, which can be controlled by the
Al content and, to a lesser extent, by the growth conditions, and
this allows us to classify our samples’ transport mechanisms.

3. Measurements of MR

3.1. Results for ZnO and ZnAlO films

In the absence of TM-dopants, all films show a small
and negative MR caused by quantum corrections to the
conductivity in the weak localization regime. Two electron
waves may travel in opposite directions along the same
closed path, being elastically scattered by the same impurities.
This leads to a constructive interference and an additional
resistance. Upon the application of a magnetic field, the two
waves will acquire a phase difference so that the interference
conditions are now violated and the additional resistance,
present without the magnetic field, will decrease.

Films were grown with Al concentrations ranging between
0.2% and 1% and grown at the same oxygen pressure as the
equivalent samples doped with Co. The Al-doped samples,
with carrier concentrations of ≈1021 cm−3, showed an MR
value of around −0.2% in a field of 1 T. We note that, if each
Al ion contributes one carrier, a doping of 1% of Al will give
nc = 4.2 × 1020 cm−3. Hence only a small percentage of Al is
required to take the film over the Mott limit of ∼3×1019 cm−3.
However, for a pure ZnO sample with a much lower carrier
concentration of 1018 cm−3, the MR had a much larger value
of −1.6%. This shows that the addition of Al reduces the
effect causing the constructive interference. Since adding
Al can increase disorder, it may be increasing the inelastic
scattering [28]. Our results are in agreement with previous data
on films grown by PLD [16] and sputtering [17].

3.2. Results for ZnCoO and ZnCoAlO films

When 5% Co is added to ZnO and ZnAlO, the MR curves can
become very different. The data in figure 2 show the typical
MR curves both with and without Al-doping. Most, but not all,
samples of Al-doped ZnO are metallic for the reason discussed
above and show a small and negative MR, independent of
the Co content. However, samples without Al show hopping
conductivity and can have positive MR, as observed for the
Zn0.95Co0.05O samples in figure 2.

Figure 3 shows the MR as a function of carrier density
for a variety of ZnCoO and ZnCoAlO films. The magnetic
moments of the films are indicated by the thickness of the data
symbol. The general shapes of the MR curves are similar
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Figure 3. In-plane MR at 5 K as a function of carrier concentration
for ZnO films doped with 5% Co and Al concentrations ranging from
0 to 1.5%. The magnitude of the moment, M , at 5 K is represented
schematically by circles of increasing line-thickness.

to those shown in figure 2 but with magnitudes given by
figure 3. We find that the MR becomes positive as the carrier
concentration leaves the metallic regime, with the MR values
measured at 1 T only becoming negative above 2 × 1020 cm−3.
The concentration for the Mott transition in our samples is
estimated to be around 3 × 1019 cm−3, which is similar to the
value of 4.9 × 1019 cm−3 observed by Xu et al [29].

The positive MR can be attributed to electron redistribu-
tion from spin-splitting [29, 30] or by the increased polariza-
tion of the electrons that block the states for variable range
hopping [31]. In the absence of a magnetic field, the resistiv-
ity arising from ionized impurity scattering will be dependent
upon the relaxation time of the electrons at the Fermi level.
This, in turn, will depend upon the position of the Fermi level
and the impurity screening radius, r0. As a field is applied and
spin-splitting occurs, electron transfer will decrease the elec-
tron density of states at the Fermi level, leading to an increase
in r0. This implies a weaker Thomas–Fermi screening of the
Coulomb potential, meaning an increase in electron localiza-
tion as caused by Coulomb potential fluctuations. The relax-
ation times will increase, as will the resistivity, leading to a
positive MR [30]. This effect is quenched as the electron den-
sity rises into the metallic regime because the Fermi energy is
then larger than the spin-splitting energy.

It is most interesting to note that in figure 3 the magnitude
of the MR begins to decrease again at carrier concentrations
below 1 × 1018 cm−3. This is most likely to be caused
by the destruction of bound magnetic polarons (BMPs) by
a decrease in disorder upon the application of the magnetic
field. Evidence for this model comes from the fact that the
magnetism increases as the MR at 1 T decreases. This agrees
well with the theory where magnetism in insulating samples
is attributed to the formation of BMPs [12]. The magnetic
moment varies with carrier concentration. The zero magnetic
moments fall in the region which, in Behan et al [12], we refer
to as intermediate.

Figure 4. (Colour online) Magnetoresistance at 5 K as a function of
field for ZnO films with 2% Mn + varying amounts of Al; quoted
carrier concentrations are for 5 K; quoted carrier concentrations are
for 5 K. Further detail is given in table 1.

In figure 3 there is a strong correlation between carrier
concentration and MR and any correlation between magnetic
moment and MR is via carrier concentration. Hence two
samples with different carrier concentrations, but similar MR
values, can have very different magnetic moments.

3.3. Results for Mn-doped ZnAlO films

All the ZnMnO films for which we present results contain
some Al. Films of ZnO doped only with Mn are so highly
resistive that they are not reported here. The MR curves for
Al-doped ZnO:Mn samples show a different MR behaviour to
those considered previously. In several samples, the resistivity
shows an initial decrease with field, followed by an increase
at higher fields. The field at which the MR becomes positive
varies from sample to sample, as shown in figure 4; this is
in agreement with previous work [16]. The initial negative
contribution is similar to that observed in Co-doped samples,
although the positive contribution occurs at much higher carrier
concentrations, including samples in the metallic regime. This
obviously suggests that this positive contribution is much
stronger in Mn- than in Co-doped samples. Attention is drawn
to the change of scale between the Co and the Mn results,
where the MR values for the films doped with Mn are all
extremely small.

The MR at 1 T is plotted in figure 5 as a function
of carrier concentration. In contrast to the results for the
Co-doped samples, considerable scatter and no consistent
trend is observed. A possible reason for the large scatter
could be that the MR is known to be strongly temperature
dependent [16], together with the small magnitude of the
effect. Furthermore, since we are suggesting the positive
and negative contributions come from screening and weak
localization effects, respectively, we would not expect these to
have magnetic dependencies.
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Figure 5. MR measured at 5 K in a parallel applied field of 1 T as a
function of carrier concentration for ZnO films doped with 2% Mn
and varying amounts of Al. The magnetic moments of the films, M ,
are represented by symbols of increasing line-width.

Figure 6. (Colour online) Various orientations of the magnetic field,
B, and current, I , where the film’s easy axis [001] lies in the shaded
surface. Orientations (a), (b) and (c) will be referred to as
perpendicular, longitudinal and transverse, respectively.

4. Measurements of AMR

AMR is only observed in magnetic materials and depends on
the square of the spin–orbit coupling. In a thin film the current
will be in-plane, whilst a magnetic field can be parallel or
perpendicular to the film surface. There are therefore three
useful geometries, as illustrated in figure 6.

Figure 7 presents MR results for films containing 5%
Co and different concentrations of Al, in configurations (a)–
(c), as described in figure 6. The results show that the
MR is dependent upon the orientations of both the applied
magnetic field and the current. All samples have thicknesses
much larger than the mean free path and so any difference
observed cannot be considered as a boundary effect. The
results show consistently that, at carrier concentrations below
1020 cm−3, the perpendicular MR for the configuration shown
in figure 6(a) is much smaller than the MR when the magnetic
field lies in the plane of the film, as in figures 6(b) and (c).
There is a relatively small difference between the longitudinal
MR, the configuration shown in figure 6(b), and the transverse
MR, where the field lies in the plane but is perpendicular to
the current. When considering the magnitude of the sample’s

Figure 7. (Colour online) MR at 5 K and in a field of 1 T as a
function of carrier concentration for ZnO films doped with 5% Co
and varying amounts of Al in perpendicular (��), longitudinal (◦) and
transverse (�) orientations at 5 K. The magnitudes of the magnetic
moments of the films at 5 K, M , are represented by symbols of
increasing line-thickness.

magnetic moment compared to the difference in MR, we again
see that a larger moment does not lead to a larger AMR.
Indeed, the largest AMR is seen in samples which are not
ferromagnetic. This leads us to the conclusion that the MR
is strongly dependent upon current and field directions relative
to the film. This MR dependency on film geometry has been
observed in ZnCoO [32] and SrRuO3 [33] thin films and a
geometrical explanation has been proposed [34].

5. Conclusions

We have studied the variations of the MR response with
carrier concentration in TM-doped ZnO thin films; carrier
concentration has been varied by depositing the films at
different oxygen pressures, to varying thicknesses and also
by co-doping some samples with Al. Co-doped samples
with high carrier concentrations show a small negative MR
that is caused by weak localization effects; a decrease in
the carrier concentration causes an increase in the positive
MR contribution. This positive contribution originates from
changes in Thomas–Fermi screening caused by a spin-splitting
redistribution of electrons. At the lowest densities studied,
another negative contribution is observed that correlates with
the onset of ferromagnetism due to BMPs. This clearly
suggests that the negative contribution is caused by the
destruction of BMPs by a magnetic field. The MR response
was found to be anisotropic with respect to the orientation of
the magnetic field relative to the sample plane. The trends
in the ZnMnAlO samples studied were less clear due to their
much higher resistivities.
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