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Diluted magnetic semiconducting ZnO:Co thin films with above room-temperature TC were
prepared. Transmission electron microscopy and x-ray diffraction studies indicate the ZnO:Co thin
films are free of secondary phases. The magnetization of the ZnO:Co thin films shows a free
electron carrier concentration dependence, which increases dramatically when the free electron
carrier concentration exceeds �1019 cm−3, indicating a carrier-mediated mechanism for
ferromagnetism. The anomalous Hall effect is observed in the ZnO:Co thin films. The anomalous
Hall coefficient and its dependence on longitudinal resistivity were analyzed. The presence of a
side-jump contribution further supports an intrinsic origin for ferromagnetism in ZnO:Co thin films.
These observations together with the magnetic anisotropy and magnetoresistance results support an
intrinsic carrier-mediated mechanism for ferromagnetic exchange in ZnO:Co diluted magnetic
semiconductor materials. © 2008 American Institute of Physics. �DOI: 10.1063/1.3033402�

I. INTRODUCTION

Diluted magnetic semiconductor �DMS� �Ref. 1� materi-
als have been widely studied because of their potential ap-
plications in spintronics.2–7 In the last two decades, rapid and
outstanding progress was achieved in several group II–VI
and III–V DMS materials, such as Mn-doped ZnSe,1,3

GaAs,2,4 and InAs.5,6 The origin and mechanism of ferro-
magnetism in these DMS materials have been well studied
and are believed to be free-carrier mediated exchange be-
tween magnetic ions. However, the Curie temperatures �TC�
of these DMS materials are all far below the room tempera-
ture, which hinders their applications in commercial prod-
ucts. In recent years, magnetically doped ZnO has emerged
as a possible DMS material,8,9 because theoretical calcula-
tions have predicted an above room-temperature TC.10,11

However, experimental results on ZnO-based materials are
still controversial.8,12–25 In addition to ferromagnetism,12–20

nonferromagnetic states,21–25 such as spin-glass,21

antiferromagnetism,22 and paramagnetism,23 have also been
reported. Furthermore, the origin of the ferromagnetism in
ZnO-based DMS materials is still controversial, unlike the
DMS materials mentioned above such as GaAs:Mn. Some
researchers reported clustering or secondary phase formation
as the origin of the ferromagnetism �i.e., an extrinsic
mechanism�,26–28 while others concluded that an intrinsic
carrier-mediated mechanism was responsible for the
ferromagnetism.29–31 In order to experimentally investigate
and prove the presence of intrinsic carrier-mediated ferro-
magnetism in ZnO, some advanced experiments have been

recently designed. For example, studies on ZnO codoped
with a transition metal and either a donor or acceptor dopant,
such as Zn interstitials,32–35 Al,36–39 and Ga �Ref. 40� for
n-type conduction and N,41–44 P,45,46 and As �Refs. 47 and
48� for p-type conduction, have been pursued to check the
role of the free carriers in the ferromagnetism in ZnO-based
DMS materials. Furthermore, electrical transport and optical
probes beyond the more common techniques for studying
magnetism �e.g., bulk magnetization�, such as anomalous
Hall effect �AHE� �Refs. 49–53� and magnetic circular
dichroism,7 were performed on ZnO-based DMS materials to
help distinguish between intrinsic and extrinsic mechanisms
of ferromagnetism. In this paper, we report results on the free
electron carrier concentration dependence of the magnetiza-
tion, AHE, magnetoresistance �MR�, magnetic anisotropy,
and transmission electron microscopy �TEM� studies on
ZnO:Co thin films. These experimental data provide strong
evidence in support of intrinsic carrier-mediated ferromag-
netism in ZnO DMS materials.

II. EXPERIMENT

The ZnO and ZnO:Ga thin films were grown on r-cut
sapphire substrates using plasma-assisted molecular-beam
epitaxy. Regular effusion cells filled with elemental Zn �6N�
and Ga �6N� were used as zinc and gallium sources. Radio
frequency plasma supplied with O2 �5N� was used as the
oxygen source. The electron carrier concentration of the
ZnO:Ga thin films was tuned by the amount of Ga incorpo-
ration, which was controlled by the Ga effusion cell tempera-
ture. The substrate temperature was kept at 565 °C during
the growth. After growth, the samples were annealed in situ
in vacuum at 800 °C for 20 min to activate the Ga dopants
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and improve crystallinity. The electron carrier concentration
values of these ZnO and ZnO:Ga samples are shown in Table
I as “before implantation” carrier concentration n0. More de-
tailed information on ZnO:Ga samples can be found
elsewhere.54

The Co ions were implanted into as-grown ZnO and
ZnO:Ga thin films with a dose of 3�1016 cm−2 and an im-
plantation energy of 50 keV. The total amount of Co ions
implanted in each ZnO film was calculated by the dose and
area of the sample. All Co-implanted ZnO samples were an-
nealed at 900 °C for 5 min in nitrogen after implantation to
activate the implanted Co ions and recover the crystallinity.
�In the context of this paper, both ZnO and ZnO:Ga thin
films are referred to ZnO samples for convenience, since Ga
doping is only used to tune the electron carrier concentration
of the ZnO thin films, and ZnO:Co represent samples im-
planted with Co ions and annealed using the above men-
tioned procedure. All the experiments, such as magnetic and
transport properties measurements, were performed on the
annealed samples.� The electron carrier concentrations of the
ZnO:Co samples were shown in Table I as “after implanta-
tion” carrier concentration n.

Figure 1 shows secondary ion mass spectroscopy
�SIMS� spectra of �a� the ZnO thin film before Co ion im-
plantation, �b� the ZnO:Co thin film immediately after the
implantation but before annealing, and �c� the ZnO:Co thin

film after implantation and annealing at 900 °C for 5 min.
As shown in Fig. 1�a�, the Zn and Ga distributions are fairly
uniform throughout the depth of the ZnO film. After Co im-
plantation, the implanted Co ion concentration follows a
Gaussian distribution with a peak near the surface of the
ZnO:Co thin film as shown in Fig. 1�b�. The fact that the
Gaussian peak is near the surface is an intentional result of a
low implantation energy intended to prevent a significant
amount of Co ions from reaching the sapphire substrate. Af-
ter annealing at 900 °C for 5 min, the Co ions redistribute to
a relatively uniform profile along the depth of the ZnO:Co
film as shown in Fig. 1�c�. Ga atoms are piling near the
ZnO/sapphire interface shown in Fig. 1�c�, which is possibly
due to the migration of the Ga atoms after high temperature
annealing. Although most of the Co ions are in the ZnO film
layer, a tiny amount of residual Co ions may have reached
the sapphire substrate region for both unannealed and an-
nealed samples; however, their concentrations are more than
one order of magnitude smaller than the Co ion concentra-
tions in the ZnO films. Any magnetic contribution from the
substrates was removed from the magnetization data with the
following procedure. We first measured the ZnO:Co thin film
on the sapphire substrate. Then we completely etched away
the ZnO:Co layer using diluted hydrochloric acid and mea-
sured just the sapphire substrate. The magnetic response of
the ZnO:Co thin films was obtained by subtracting the two
data sets. The magnetization data of the ZnO:Co thin films
discussed in this paper all followed this procedure.

TEM studies were carried out on a JEOL JEM 3011 high
resolution electron microscope operated at 300 kV, with a
point-to-point resolution of 0.17 nm. Cross-sectional TEM
specimens were prepared via mechanical grinding, polishing,
and dimpling, followed by argon ion milling in a Gatan
model 691 precision ion polishing system at incident angles
between 4° and 5.5° to electron transparency. X-ray diffrac-
tion �XRD� measurements were performed using a Bruker
D8 Advance x-ray diffractometer. Magnetic properties were
measured with a Quantum Design MPMS-XL superconduct-
ing quantum interference device �SQUID� magnetometer us-
ing an in-plane geometry �magnetic field parallel to the film�
on all samples unless specified differently. MR and field-
dependent Hall effect measurements were performed with
Hall bar geometry using a Quantum Design PPMS equip-
ment. The magnetic field was perpendicular to the film plane
of the samples in the MR measurements. In addition to field-
dependent Hall effect measurements, the ordinary Hall effect
�OHE� measurements were also carried out separately with
Van der Pauw geometry using an Ecopia HMS-3000 room-
temperature Hall effect system at constant magnetic field of
1 T to get the electron carrier concentration of the samples.
SIMS measurements were performed using a PHI ADEPT-
1010 Dynamic SIMS system.

III. RESULTS AND DISCUSSION

A. Structural properties

Figure 2�a� shows a cross-sectional TEM image of a
typical ZnO:Co thin film on an r-cut sapphire substrate
�sample A�. The TEM image shows a relatively low disloca-

TABLE I. Electron carrier concentrations before and after implantation and
the saturated magnetization of ZnO:Co thin film samples. The data were
taken at room temperature. Note that �B stands for the Bohr magneton.

Sample no.

Electron
concentration

before
implantation n0

�cm−3�

Electron
concentration

after
implantation n

�cm−3�

Saturated
magnetization MS

��B per Co ion�

A 1.2�1020 8.3�1019 4.6
B 3.4�1019 3.6�1019 4.1
C 8.4�1018 4.0�1018 1.4
D 3.5�1018 1.3�1018 0.3
E 4.7�1019 2.8�1019 4.1

FIG. 1. �Color online� SIMS spectra for �a� the as-grown ZnO thin film, �b�
the ZnO:Co thin film after Co ion implantation, but before annealing, and
�c� the ZnO:Co thin film after annealing at 900 °C for 5 min �sample A�.
The magnetic measurements were all performed on the annealed samples.
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tion density, indicating a high quality film. Selected area
electron diffraction �SAED� patterns from the areas indicated
by the white circles in Fig. 2�a� are shown in Fig. 2�b� for the
ZnO:Co thin film and in Fig. 2�c� for the sapphire substrate.
Similar SAED patterns were observed from various different
positions along the film. These diffraction patterns are sym-
metric and uniform, indicating the absence of clustering and
secondary phase formation.

Figures 3�a� and 3�b� show typical high resolution TEM
�HRTEM� images of the film/substrate interface and the film
itself, respectively. The zone axes of the film and the sub-
strate are approximately 3° apart from each other, indicating
a slight twist between the film and the substrate. The crys-
tallographic alignment of the ZnO:Co layer with the sapphire
substrate at the interface is good. HRTEM studies indicate
that the film is of high crystallinity, and no clustering or
secondary phases were observed; however, a small number
of stacking faults were observed.

Figures 4�a� and 4�b� show XRD patterns of typical ZnO

and ZnO:Co thin films �sample A�. The only ZnO �112̄0�
peak, which was observed at approximately 56.8°, did not
show any significant change after Co implantation, indicat-
ing the Co implantation did not significantly degrade the
sample’s crystallinity. Furthermore, no Co-related impurity
phase or compound peaks were detected in the XRD pattern
in Fig. 4�b� within the detection limit of the system.

B. Magnetic properties

Figure 5�a� shows the magnetic field dependence of the
magnetization �M-H� of a ZnO:Co thin film �sample A� at a
temperature of 300 K. The M-H curve measured at 10 K is
shown in the inset. The saturated magnetization MS value is
approximately 4.6�B per Co ion, which is larger than most of
previously reported values,31,32,37,39,41,55–57 but it is smaller
than the giant magnetic moments observed in ZnO:Co �6.1
and 18.9�B per Co�58,59 and SnO2:Co thin films �7.5�0.5�B

per Co�.60 For metallic Co, the saturated magnetization is
around 1.7�B per Co, a consequence of band ferromag-
netism. The value we measured for this ZnO:Co thin film is
midway between that calculated for isolated divalent Co ions
with full angular momentum �i.e., gJ=6�B� and that calcu-
lated with the orbital angular momentum quenched �i.e., 2S
=3�B�, suggesting that the ferromagnetism of the samples is
not from the metallic Co clusters. This is consistent with the
HRTEM analyses and XRD data. The temperature depen-
dence of the magnetization, measured with a magnetic field
of 0.2 T, of the ZnO:Co thin film �sample A� is shown in Fig.
5�b�. The standard sample insert was used to measure the
magnetization from 2 to 350 K, while an oven insert with a
brass sample holder was used for the measurements from
300 to 800 K. A more restricted sample enclosure resulted in
noisier data at high temperature. The Curie temperature is
above the upper-temperature limit of the system �800 K�.
Using the approximate relation M =M0�TC−T�1/2, the data
were extrapolated to obtain an estimate for the Curie tem-
perature of �950 K. The field dependence of the magneti-
zation of this sample measured at 700 K is shown in the inset
of Fig. 5�b�.

ZnO:Co thin film samples with different electron carrier
concentrations, ranging from 1.3�1018 to 8.3�1019 cm−3,
were prepared to investigate the electron carrier concentra-

FIG. 2. �a� Cross-sectional TEM image of a ZnO:Co thin film on a sapphire
substrate �sample A�. SAED patterns of �b� ZnO:Co thin film and �c� sap-
phire substrate, taken from the areas indicated by the white circles.

FIG. 3. �a� Cross-sectional HRTEM image of the interface between the
ZnO:Co thin film and the sapphire substrate in sample A, showing an atomi-
cally sharp interface. �b� HRTEM image of the ZnO:Co thin film �sample
A�. The film has high crystallinity with no observable secondary phase.

FIG. 4. XRD spectra of �a� ZnO and �b� ZnO:Co thin films �sample A�. Both
the ZnO and ZnO:Co thin films show high crystallinity with no impurity
phases within the detection limit of the system.
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tion dependence of magnetization. Figure 6�a� shows the fer-
romagnetic hysteresis loops for ZnO:Co thin films B, C, and
D measured at 300 K. The saturated magnetization of sample
B �4.1�B per Co� is slightly smaller than sample A �4.6�B

per Co� in Fig. 5�a�. However, when the electron carrier con-
centration decreases below �1019 cm−3 as in samples C and
D, the saturated magnetizations drop dramatically to 1.4 and
0.3�B per Co, respectively. The carrier concentrations, mea-
sured both before and after Co ion implantation, and the
saturated magnetization are listed in Table I for the ZnO:Co
thin film samples. Figure 6�b� shows the experimental rela-
tion between the saturated magnetization �MS� and the free
electron carrier concentration �n� measured after Co ion im-
plantation in samples A-E. A polynomial fit �dashed line� to
the experimental data �open circles� provides a guide for the
eyes, although the physical meaning behind this trend needs
further clarification.

Figure 7 shows the anisotropic magnetization for
ZnO:Co thin film sample E. The out-of-plane �magnetic field
perpendicular to the film plane� and in-plane �magnetic field
parallel to the film plane� field dependences of the magneti-
zation are shown with open and solid circles in Fig. 7, re-
spectively. The out-of-plane curve shows a weaker magneti-

zation before saturation than the in-plane geometry. The ZnO
thin films were epitaxially grown on r-cut sapphire substrates

with the growth direction along the �112̄0� direction as indi-
cated by the XRD pattern �Fig. 4�b��. This result indicates
that the easy magnetization axis is in the plane of the film,
which is consistent with similar magnetic anisotropy experi-
ments on ZnO:Co thin films reported by other groups.57

Magnetic anisotropy is further evidence for an intrinsic na-
ture of the ferromagnetism in ZnO:Co DMS thin films56,57

since the cluster-related ferromagnetism is generally isotro-
pic.

C. Transport properties

Figure 8�a� shows the transverse MR, MR= �R��0H�
−R�0�� /R�0�, for ZnO:Co thin film sample E measured at the

FIG. 5. �a� The magnetic field dependence of the magnetization for a
ZnO:Co thin film �sample A� measured at 300 and 10 K �inset�. �b� The
temperature dependence of the saturated magnetization, from 2 to 800 K
measured with an applied field of 0.2 T. A high temperature extrapolation of
the data indicates that the Curie temperature is around 950 K. The inset
shows the field dependence of the magnetization of this sample measured at
700 K.

FIG. 6. �Color online� �a� The magnetic field dependence of the magnetiza-
tion for ZnO:Co thin film samples B, C, and D measured at a temperature of
300 K. �b� The dependence of the saturated magnetization MS on electron
carrier concentration n in ZnO:Co thin film samples. A polynomial fitting to
the data is indicated with the dashed line.

FIG. 7. Magnetic anisotropy of a ZnO:Co thin film �sample E� measured at
a temperature of 300 K. The in-plane field dependence of the magnetization
�solid circles� is stronger than out-of-plane magnetization �open circles�.
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temperatures of 2, 5, 8, 10, 20, 50, and 300 K. The MR,
which measured up to 10 T, in our ZnO:Co thin film is
strongly temperature dependent with a positive magnitude
from 2 to 5 K and a negative magnitude above 20 K. Be-
tween 5 and 20 K, the MR starts out negative and eventually
swings positive at higher fields, reflecting competing contri-
butions. A positive MR is attributed to a giant spin splitting
of band states caused by a sp-d exchange interaction in
DMSs.61–63 A negative MR is from the third-order sp-d ex-
change Hamiltonian of the spin scattering,64–66 because the
second-order theory breaks down at large magnetic fields.66

Figures 8�b�–8�e� show the temperature dependence of the
MR at different magnetic fields of 8, 5, 2, and 1 T, respec-
tively. Furthermore, the MR properties of our ZnO:Co thin
films also show carrier-concentration-dependent behavior, in
addition to a temperature dependence.67 We believe the tem-
perature and free carrier concentration dependences of the
MR are also a sign of intrinsic carrier mediated ferromag-
netism.

Figure 9�a� shows the Hall resistance RHall as a function
of magnetic field for ZnO:Co thin film sample E, measured
at a temperature of 50 K. The Hall effect data, measured at
10 and 300 K, are shown in Figs. 9�b� and 9�c�. The Hall
resistance is the sum of two contributions: the OHE from the
classical Lorenz force and the AHE due to an asymmetric
scattering in the presence of a magnetization. This is ex-
pressed by the equation

RHall =
R0

d
��0H� +

RS

d
��0M� � ROHE + RAHE, �1�

where the ROHE and R0 are the ordinary Hall resistance and
coefficient, RAHE and RS are the anomalous Hall resistance
and coefficient, and d is the film thickness. H and M are the
magnetic field and the magnetization perpendicular to the
film plane, and �0 is the free space permeability, respec-
tively. In Fig. 9, the Hall resistance data are dominated by a
linear contribution with a negative slope from the OHE. The
sign and magnitude of the slope provide information on the
carrier type and concentration, respectively. The nonlinear
component of the Hall resistance is from the AHE. After
subtracting the linear background from OHE, the AHE com-
ponent is shown in the inset in Fig. 9�a�. A small amount of
hysteresis is observed from the field dependence of M,
though the size of the hysteresis loop seems to be larger than
that found with magnetization measurements. So far very
few AHE results have been reported in ZnO DMS
materials,49–53 and for all these reports, the AHE contribu-
tions in ZnO DMS are very small compared to other DMS
materials, such as GaAs:Mn �Ref. 2� and GaAs:In �Refs. 5
and 6�. Most researchers consider the AHE to be a useful tool
for demonstrating the intrinsic nature of ferromagnetic
order.49,52

The first term in Eq. �1� dominates, but it is possible to
determine RS by extrapolating high-field ��3 T� RHall data,
where M is saturated, back to the origin. The data for RHall, at
positive and negative high fields, were each fit to straight
lines. The slopes of these lines correspond to R0 /d. The dis-
tance between the two intercepts on the vertical axis is
2RS�0M /d. The ordinary Hall coefficient R0 and anomalous

FIG. 8. �Color online� �a� Transverse MR, MR= �R�H�−R�0�� /R�0�, of a
ZnO:Co thin film �sample E� measured at different temperatures from 2 to
300 K. The applied magnetic field was perpendicular to the plane of the
film. ��b�–�e�� The temperature dependence of the MR at different magnetic
fields of 8, 5, 2, and 1 T.

FIG. 9. �a� The Hall resistance as a function of the applied magnetic field
for a ZnO:Co thin film �sample E� measured at a temperature of 50 K. The
inset shows the AHE data over an expended field range near the origin after
the linear OHE contribution was subtracted. ��b�–�c�� The Hall resistance as
a function of the applied magnetic field for the same ZnO:Co thin film
sample measured at the temperatures of 10 and 300 K.
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Hall coefficient RS, determined with this procedure, at 10,
50, and 300 K are listed in Table II. The electron carrier
concentration n of this sample at 10, 50, and 300 K were also
listed in the table, which were derived from the Hall coeffi-
cient R0 and the relation n=−1 / �eR0�. The error bars on RS

come primarily from the high-field extrapolation of data with
some experimental noise. The error bars on R0 are orders of
magnitude smaller than the R0 values. So no error bar for R0

or n was included in Table II. To our knowledge, we are the
first to report RS for ZnO-based DMS materials. Even though
the AHE contribution to the Hall resistance is much smaller
than the OHE contribution, RS for ZnO:Co is large in com-
parison to values for transition metal ferromagnets.68 The
AHE is difficult to observe in ZnO:Co because the OHE
contribution is increased by a small carrier concentration
�comparing to metals and III-As:Mn DMS� and the AHE
contribution is reduced from a small magnetization per unit
volume.

Figure 10 shows the temperature dependence of the re-
sistivity �xx of ZnO:Co thin film sample E measured from 2
to 350 K. The �xx does not show strong temperature depen-
dence �with orders of magnitude� over the temperature range,
because the ZnO:Co thin film is a degenerate semiconductor
with this electron carrier concentration. The resistivity values
of sample E at 10, 50, and 300 K are also listed in Table II.
In general, the anomalous Hall resistivity �AHE has both a
linear and quadratic dependence on the film resistivity �xx as

�AHE = �sk�xx + bsj�xx
2 . �2�

The linear term is from skew scattering and the quadratic
term originates from a side jump mechanism related to a
material’s intrinsic properties. The anomalous Hall resistivity
�AHE is defined as �AHE= ��0M�RS from �Hall=RHalld
= ��0H�R0+ ��0M�RS��OHE+�AHE, an equivalent equation

as Eq. �1�, where �Hall and �OHE are Hall resistivity and or-
dinary Hall resistivity, respectively. Figure 11 shows
�AHE /�xx versus �xx, measured at three temperatures. From a
linear fit to the data, �sk=−3.2�10−3 and bsj

=0.39 �−1 cm−1. The physical meaning of �sk is the skew
scattering angle of a material in radian unit. The negative
sign and milliradian magnitude of �sk are common for intrin-
sic ferromagnetic materials, such as most of the transition
metal ferromagnets.69 The presence of a side-jump contribu-
tion further support an intrinsic origin for the ferromag-
netism in ZnO:Co thin films.

IV. SUMMARY

In summary, the structural, magnetic, and electrical
transport properties of ZnO:Co thin films were comprehen-
sively characterized. No secondary phases were observed by
TEM and XRD. Ferromagnetism was observed in ZnO:Co
thin films with a Curie temperature far above room tempera-
ture. The saturated magnetization of the ZnO:Co thin films
increases dramatically when the free electron carrier concen-
tration exceeds �1019 cm−3, indicating a carrier-mediated
mechanism for ferromagnetism. The ZnO:Co thin films show
magnetic anisotropy with the easy magnetization axis paral-
lel to the film plane. A strong temperature dependence and
competition between positive and negative contributions
were observed in MR of the ZnO:Co thin films. Finally, an
AHE was observed and analyzed in the ZnO:Co thin films,
consistent with long-range ferromagnetism. These experi-
mental results lend support to an intrinsic carrier-mediated
mechanism for the ferromagnetic exchange in ZnO:Co DMS
materials.

TABLE II. The resistivity �xx, ordinary Hall coefficient R0, anomalous Hall coefficient RS, electron carrier
concentration n, and the ratio �AHE /�xx for ZnO:Co thin film sample E. Data were measured at the temperatures
of 10, 50, and 300 K.

T
�K�

�xx

�10−3 � cm�
R0

�10−5 � cm T−1�
RS

�10−4 � cm T−1�
n

�1019 cm−3�
�AHE /�xx

�10−5�

10 8.62 −2.40 6.3�0.6 2.6 17�2
50 8.49 −2.35 3.4�0.1 2.7 9.2�0.2
300 8.33 −2.26 1.5�0.1 2.8 4.1�0.2

FIG. 10. Temperature dependence of the resistivity of a ZnO:Co thin film
�sample E�.

FIG. 11. The ratio of the anomalous Hall resistivity �AHE to the resistivity
�xx as a function of the resistivity �xx.
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