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We report ferromagnetism above 300 K in ZnO:xCu �x in at. %� sputtered thin films. For x�1, a large
magnetic moment of 1.6 �B /Cu was observed, which decreases monotonically with increasing x. We find
evidence that the ferromagnetic moment is due to Cu-O planar nanophase inclusions in ZnO basal planes. The
presence of CuO nanophase is confirmed by transmission electron microscopy, x-ray diffraction, and Raman
spectroscopy studies. These inclusions are present even for x�3, where Cu-O structures of a few nanometers
in size are observed. Field-cooled and zero-field-cooled magnetization measurements show a bifurcation for
temperatures below 300 K.
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I. INTRODUCTION

For the last two decades, diluted magnetic semiconductors
�DMSs� have been extensively studied for potential applica-
tions to spintronics and with the goal of identifying doped
semiconducting materials with large magnetic moments M
and with a high Curie temperature TC.1,2 High values of TC
and M are desired for the operational stability and integrity
of spintronic based devices at room temperature. Many
DMSs exhibit a TC well above room temperature and, in
particular, ZnO has been identified as a promising host semi-
conductor material, exhibiting ferromagnetism when doped
with most of the transition metal elements—V, Cr, Fe, Co,
and Ni.3,4 ZnO is also a candidate material for short-
wavelength magneto-optical applications because of its large
band gap value �3.4 eV�.

Among the transition elements, the ferromagnetic behav-
ior of Cu-doped ZnO is not well understood, with conflicting
reports on the magnetic properties of this system.5–12 Early
investigations of its ferromagnetic properties were performed
using numerical simulations. Sato and Katayama-Yoshida
used ab initio calculations and predicted that ZnO:Cu cannot
develop ferromagnetic order,5 which was later confirmed
experimentally.6 Using local spin-density approximation,
Coulomb correlation, and spin-orbit calculations,7 it was
shown that for a particular concentration of Cu, i.e.,
Zn0.9375Cu0.0625O, ZnO:Cu becomes half-metallic, where
Cu 3d states are partially occupied atomiclike t2 states near
the Fermi energy EF and Cu ion is in a 2+ state. This ferro-
magnetic �FM� phase has a predicted magnetic moment of
�1.0 �B /Cu. A different mechanism8 involving a distortion
in the ZnO lattice on doping with Cu was suggested to in-
duce ferromagnetic coupling between the Cu moments in
ZnO:Cu. Recently, using full-potential linearized augmented
plane-wave and DMOL3 calculations, it was shown9 that
ZnO:Cu can develop FM order with a magnetic moment of
�1.0 �B /Cu. At a higher concentration of Cu �12.5%�, they
also observed a competing antiferromagnetic �AFM� phase;
however, the FM phase still remained stable by 43 meV
against the AFM phase. Using ab initio electronic structure
calculations, a fundamental insight about the magnetic be-

havior of dopant d bands and its exchange splitting between
the occupied and unoccupied 3d states can be obtained.
However, the conclusions from these calculations, including
the nature of the FM phase, the value of TC, and other prop-
erties, critically depend on the electronic correlations5–7 em-
ployed in the calculations. In real systems, disorder arising
due to doping introduces additional interaction effects, which
can significantly alter magnetic properties and the mecha-
nism for the phase transition.13

Experimentally, observations of ferromagnetism in
ZnO:xCu remain unclear. A strong magnetic circular dichro-
ism signal near the band gap of ZnO films was observed10

when doped with Cu. This indicates the presence of an ex-
change interaction between sp-band carriers and the d elec-
trons localized on Cu ions and suggests the possibility of
realizing ferromagnetic order in Cu-doped ZnO. So far, only
very few experiments have observed FM order in ZnO:Cu
films and their results are inconclusive.8,10–12 One of the
problems is that it is difficult to fabricate high-quality
samples with controlled dopant concentrations because of the
poor solubility of Cu in ZnO due to the strong localization of
the Cu 3d states without hybridizing with Zn 4s conduction
band. Ferromagnetic hysteresis loops did appear in powder
samples, but Cu-doped ZnO films were nonmagnetic.8

ZnO:Cu films grown by radio-frequency magnetron sputter-
ing on n-GaN/Al2O3 substrate claimed FM order mediated
by electrons.11 However, very recently, electron mediated
FM order was ruled out in Cu-doped ZnO films grown by
pulsed-laser ablation,12 but p-type films exhibited FM order
with TC�390 K, magnetic moment �0.4 �B /Cu, and a co-
ercive field �40 Oe.

Despite a large number of theoretical predictions and ex-
perimental investigations, there is still no consensus on the
origins of the FM state in ZnO:Cu films. Therefore, it is
important to clarify the nature of the ferromagnetism,
whether intrinsic or extrinsic, for such a technologically im-
portant material. In magnetic thin-film materials, substrate
and structural features have been found to strongly influence
the magnetic properties. In this paper, we report a systematic
investigation of the structural and magnetic properties of
ZnO:xCu films �x in at. %� grown on quartz and sapphire
substrates by reactive magnetron cosputtering. Our experi-
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mental observations lead us to conclude that FM in
ZnO:xCu films may originate from planar Cu-O nanophase
lying in the basal planes of ZnO crystal.

II. EXPERIMENT

ZnO:xCu films were deposited by reactive magnetron
cosputtering of highly pure �99.99%� metallic zinc and cop-
per targets �Ø=75 mm� by using dc and rf power sources.
High-purity oxygen and argon were used as the reactive and
sputtering gases. The partial pressures of these gases are con-
trolled for precision by using mass flow controllers. The base
pressure in the turbo-molecular pumped sputtering chamber
was 10−6 mbar and the total pressure during deposition was
maintained at 1�10−3 mbar. The oxygen partial pressure re-
quired to deposit zinc oxide films has been optimized to 2
�10−4 mbar. The rates of deposition from the zinc and cop-
per targets were varied independently by controlling the tar-
get power, with a copper target in an off-axis configuration to
tune the doping concentration of copper. The typical deposi-
tion rate was 4 nm/min, and the films used in the present
study had thickness in the range of 500–700 nm. Deposi-

tions have been carried out separately on quartz and sapphire
�0001� substrates maintained at ambient temperature without
any deliberate heating. The substrates were cleaned succes-
sively in 10% HCl, distilled water, acetone, and trichloroet-
hylene using ultrasonic agitation, and finally, dry nitrogen
fluxing. The films were annealed after deposition ex situ in
ambient environment at 500 °C and characterized by various
techniques.

The structural quality of the films was investigated by
x-ray diffraction �XRD� using Cu K� radiation, high-
resolution transmission electron microscopy �HRTEM�, and
micro-Raman spectroscopy. Raman spectra were recorded
using 514.5 nm excitation line in backscattering geometry
�z�x+y ,x+y�z̄�. In this backscattering geometry with inci-
dent light parallel to the c axis, only E2, A1�TO�, and E1�TO�
are allowed for wurtzite ZnO. Magnetic measurements were
done using a Quantum Design MPMS2 superconducting
quantum interference device magnetometer with magnetic
field parallel to the film surface.

III. RESULTS

All the ZnO and ZnO:xCu films are transparent with a
smooth surface consisting of uniformly distributed round
particles of 30–50 nm. The cross-sectional scanning electron
microscope �SEM� micrograph revealed densely packed co-
lumnar grains growing perpendicular to the substrate surface
�Fig. 1�a�, inset�. The average atomic concentration of cop-
per in ZnO films is determined to be in the range of
0–8 at. % using energy dispersive x-ray spectroscopy
�EDXS� analysis. The x-ray diffraction patterns of all the
films �Fig. 1�a�� show only �00l� reflections of ZnO. No

FIG. 1. �a� X-ray diffraction patterns of ZnO:xCu films on
quartz substrate with x=0.6, 2.7, 3.8, and 6.3 at. %. Numbers in the
figures denote x. Inset: The topographic and cross-sectional SEM of
a typical Cu-doped ZnO. �b� Change in lattice constant c of
ZnO:xCu films �grown on quartz and sapphire substrates� as a func-
tion of Cu concentration. The line is a guide to the eyes.

FIG. 2. �Color online� The Raman spectra of Cu-doped ZnO
�x=0–8.3% � thin films on sapphire substrate along with CuO film
and the bare sapphire substrate. Peaks from the sapphire substrate
are indicated by * �cf. the spectra given for pure sapphire sub-
strate�. The inset shows the deconvoluted curves. The overlapping
sapphire peak is also seen.
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peaks corresponding to copper/copper oxide or any other
secondary phases were discerned in the XRD scans for
samples with x�3. This indicates that, within the x-ray de-
tection limits, the films are monophasic. In contrast, at higher
copper concentration �x�3 at. % �, a small CuO peak is de-
tected irrespective of the substrate used. This is associated
with the decreased intensity of �00l� reflections compared to
pure ZnO and the appearance of �103� reflection at 2�
�63°, which imply some local structural disorder due to Cu
doping. The change in the hexagonal lattice constant c of
ZnO:xCu films as a function of Cu concentration is shown in
Fig. 1�b�. The lattice constant c shows a small decrease with
an approximate linear dependence at low Cu concentration
but deviates at higher concentrations. The shift in the XRD
peak position clearly suggests incorporation of Cu into ZnO
lattice without altering the crystal structure.

To investigate the presence of nanoscale sized local struc-
tures in these films, we have used micro-Raman spectros-
copy. Figure 2 shows the Raman spectra of ZnO, ZnO:xCu,
and CuO sputtered films along with sapphire substrate. At
low concentrations �x�1% � of Cu, the Raman spectrum
shows a broad asymmetric mode at �580 cm−1. This mode
is attributed to the E1�LO� mode of ZnO. Although this mode

is not allowed in the scattering geometry used, its observa-
tion shows breakdown in the Raman selection rules due to
the incorporation of Cu into the ZnO crystal lattice. The
broadening of the E1�LO� mode is due to defects associated
with the oxygen sublattice or cation interstitials.14 At higher
concentrations ��3% �, this band evolves into two distinct
peaks: broad peaks at 580 and 634 cm−1. We have deconvo-
luted the spectral profiles in the 450–700 cm−1 range using a
multiple Lorentzian peak fitting procedure. For low concen-
tration samples, a single Lorentzian peak did not fit the peak
profile satisfactorily. However, the inclusion of an additional
broad peak corresponding to CuO in the fitting process gave
a satisfactory fit. Thus the broad asymmetric band
�600 cm−1 at low concentrations ��3% � was deconvoluted
into two distinct peaks �580 and �634 cm−1, which are
attributed to E1�LO� of ZnO and Bg mode of CuO.15 Distor-
tions in the oxygen sublattice result when CuO nanophase is
incorporated into the �001� cationic planes of ZnO at Zn
atom positions, with the oxygen atom situated in the adjacent
anion planes.16 The presence of uniformly distributed small
nanoscale amounts of Cu-O at concentrations less than
2 at. % does not seem to induce observable distortions in the
structure of ZnO as determined from HRTEM.16 However,

FIG. 3. HRTEM of ZnO:xCu
films with �a� x=0.6, �b� x=2.7,
�c� x=3.8, and �d� x=6.3 at. %.
Inset: �a� Fast Fourier transform
of the image along �010� and ��b�–
�d�� low magnification images of
columnar grains. Formation of a
dislocation is shown by an arrow
in �b�. The bottom panels in each
figure show the EDXS spectra
from the samples. The x axis
shows the x-ray energy �keV�.
The EDXS spectra shown in the
bottom panel of �d� are acquired
from the regions marked �i� and
�ii� in the inset.
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Raman spectra show evidence for the presence of CuO
nanophase in ZnO even at such small dopant concentrations.
At 8.3 at. % of Cu very strong bands are observed at 296,
345, and 634 cm−1, which coincide with the Raman spectrum
of CuO.17 It should be noted that the Cu ions remain pre-
dominantly in a +2 �d9� valence state under the present re-
active sputter deposition and annealing conditions, as con-
firmed by x-ray photoelectron spectroscopy.

In order to investigate the dopant distribution, defect
structure, or phase segregation correlations for different Cu
concentrations, combined HRTEM imaging and EDXS
analyses using a focused electron probe has been carried out
at a number of locations throughout the specimens. For
higher values of x, a nonuniform intensity distribution in-
dicative of numerous defects, likely to be dislocations, is
observed. The arrangement of copper in ZnO as planar CuO
clusters and the associated dislocations studied by HRTEM
are reported by Klenov et al.16 Planar clusters can be incor-
porated in �001� cationic planes of ZnO at the Zn atom po-
sitions, with oxygen atoms situated in the adjacent anion
planes. This gives rise to the appearance of a dislocation
loop. The atomic weights of CuO and ZnO are not suffi-
ciently different to explain the nonuniform intensity distribu-
tion. However, the associated oxygen lattice distortion pro-
vides additional contrast in the HRTEM images, as observed
in Fig. 3. HRTEM images were taken at different regions on
the film and the representative lattice images with Cu-rich
regions are shown in Fig. 3. The corresponding EDX spectra
are also shown at the bottom panels of each figure. For
ZnO:xCu �with x=0.6 at. %�, the grain interior and grain
boundary regions show an ordered structure with no discern-
ible segregation, secondary phases, or clustering of copper
cations �Fig. 3�a��. This is indicative of a homogeneous dis-

tribution of copper atoms in the ZnO crystal lattice by incor-
poration into Zn sites or by the presence of small Zn-rich
CuO nanophase as interstitials in ZnO.16 Occasional disloca-
tions seen can be attributed to CuO nanophase segregation
within ZnO lattice for x=2.7 at. % �Fig. 3�b��. At higher con-
centration of Cu �x=3.8 and 6.3 at. %�, the lattice images
exhibit distortions along �001� planes, as seen by the
bending/wrinkling of the lattice fringes caused by stacking
faults in the atomic rows �Figs. 3�c� and 3�d��. HRTEM im-
ages of such grains with Cu-rich regions clearly suggest that
the location of copper atoms within the bulk of the zinc
oxide crystals are located along the c planes. In the bottom
panel of Fig. 3�d�, two regions with different Cu concentra-
tions, corresponding to regions �i� and �ii� marked in the
inset, are shown. Thus Cu atoms alloyed with ZnO exist as
planar nanophases of Cu-O ��1–10 nm� interspersed into
the �001� cationic planes of ZnO.

One of the goals of this investigation is to correlate the
magnetic properties of ZnO:xCu films with their structural
characteristics. Figure 4�a� shows the M-H loops for
ZnO:xCu �x=0.6, 2.7, 3.8, and 6.3 at. %� films measured at
300 K with applied field parallel to the film surface, after
proper correction for the diamagnetic term arising from the
substrate. The inset in Fig. 4�a� shows the M-H loop for
ZnO:0.6Cu before background correction for the substrate.
These hysteresis curves provide evidence for ferromagnetic
ordering at room temperature, with a coercive field �Hc� of
approximately 50 Oe. The large value of the magnetic mo-
ment, M ��B /Cu atom�, at 300 K indicates that TC is well
above room temperature, and the moment remains almost
constant down to 5 K. We do not observe any significant
anisotropy in the magnetization when measured with field
perpendicular to the film surface. The dependence of M on
Cu concentration in ZnO:xCu films was investigated over a
range of x �0–8.3 at. % � values shown in Fig. 4�b� at 5 and

FIG. 4. �a� M-H loops at 300 K for ZnO:xCu �x in at. %� films.
Pure ZnO showed diamagnetic behavior. �b� Cu concentration de-
pendent magnetization changes measured at 5 and 300 K. The lines
are guides to the eyes. Inset: M-H curve for ZnO:0.6Cu before
substrate correction.

FIG. 5. The magnetization measured at H=500 Oe as a function
of temperature for ZnO:xCu films. Both zero-field-cooled �open�
and field-cooled �filled� curves are shown.
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300 K for films grown on different substrates. No significant
effects on M due to different substrates were observed. Be-
cause we expect the crystallinity and defect concentration of
the sample to depend strongly on the choice of substrate, this
suggests that the ferromagnetism is relatively insensitive to
film quality. Films with x�1 at. % showed a very large
value of M =1.6±0.2 �B /Cu at 300 K, and for x�1, M de-
creases rapidly to 0.4±0.05 �B /Cu at x�2 at. % and
0.1 �B /Cu for x�6 at. %. For x�2 at. %, the linear de-
crease of M with x is similar to that observed by Buchholz et
al.12 in their p-type ZnO:Cu films. A large M �1.85 �B /Cu
is predicted for half-metallic Cu-doped ZnO films due to the
orbital magnetic-moment contribution to the total moment
value of the occupied minority spin t2 states near the Fermi
energy.7

These measurements �Raman spectra for different x val-
ues, XRD, and HRTEM� suggest that magnetic properties
arise from the presence of a Zn-rich CuO nanophase. This is
consistent with our observation that the ferromagnetic mo-
ment is insensitive to film quality. One of the important sig-
natures of nanosized magnetic particles is the separation of
M�T� zero-field-cooled �ZFC� and field-cooled �FC� curves
below the blocking temperature, TB. The magnetic moment
is plotted as a function of temperature in Fig. 5 while warm-
ing under an applied field of 500 Oe parallel to the film plane
for both ZFC and FC protocols. These curves show no mag-
netic anomaly at the Néel temperature for bulk CuO, which
is consistent with previous studies on CuO nanoparticles.18

The splitting between the FC and ZFC curves strongly sug-
gests the presence of superparamagnetic blocking in mag-
netic nanoparticles, although it is impossible to definitively
rule out some other origin for the bifurcation. Because the
maximum temperature for all magnetic measurements was
300 K, we can only state that the proposed superparamag-
netic blocking temperature in Cu:ZnO nanoclusters is above
300 K for all samples. The estimated effective magnetic an-
isotropic constant for these CuO nanophase structures, as-
suming square clusters with sides �5 nm, considering TB
=300 K �which is expected to underestimate the correct TB,
hence also the value of anisotropy�, is �107 erg/cm3, which
is comparable to highly anisotropic magnetic materials.19

IV. DISCUSSION AND CONCLUSION

In general, two main theoretical models—Ruderman-
Kittel-Kasuya-Yosida-type indirect exchange interactions
and interactions between bound-magnetic polarons
�BMPs�—are used to explain the ferromagnetic order in
DMS materials.20 The highly resistive nature and weak cor-
relation between the d orbitals of Cu ions observed9 in these
films indicate that d-d double exchange is not energetically
favorable and would not promote a ferromagnetic transition.
In contrast to TiO2 based FM materials, oxygen vacancies
are known to destroy9 the FM order in ZnO:xCu films. Per-
colation based FM order arising from the formation of BMP
does not explain these data. Similarly, the BMP model of
Coey et al.4 can also not induce FM order in these highly
resistive films.

The presence of Cu-O planar nanophase may give rise to
the ferromagnetism in ZnO:Cu. In the bulk form, CuO crys-
tallizes in the monoclinic space group C2/c.21 The structure

consists of stacks of CuO ladders along �110� and �1̄10�
which intersect in the direction of �001� by sharing O2− ions.
Experiments show an incommensurate antiferromagnetic
phase transition between TN1=230 K and TN2=213 K, with a
commensurate AFM phase below TN2.21 Small CuO particles
are known to acquire ferromagnetic order,22 and the mag-
netic susceptibility of these CuO nanoparticles increases rap-
idly when their size decreases. This strong magnetic behav-
ior in nonmagnetic CuO has been attributed to the
uncompensated spins of the surface Cu ions in
nanoparticles.22 Further, the lattice distortion, as evidenced in
the Raman spectra and HRTEM, can promote FM superex-
change interaction in Cu-O-Cu complex lying in the basal
plane. When cluster sizes are small, e.g., at small Cu doping,
the residual spins of the Cu ions at the cluster interface can
couple ferromagnetically with planar spins to generate larger
values of the moment. The surface field becomes pronounced
for small cluster sizes and leads to a dramatic increase in the
M values. As the Cu doping increases, the bulklike Cu-O-Cu
antiferromagnetic superexchange interaction begins to
dominate,23,24 which leads to smaller values of M at higher
concentration of Cu. We have been unable to identify other
extrinsic sources for the observed ferromagnetism, and these
films are found to be free from spurious impurities. Further-
more, measurements on pure ZnO films prepared under iden-
tical conditions failed to detect any ferromagnetism, ruling
out the deposition chamber as a possible source of contami-
nation. Although Cu metal has no spontaneous magnetiza-
tion, Cu ions can be spin polarized in some compounds, such
as the CuO2 planes in the high-temperature superconductors.
Therefore, additional investigations using theoretical calcu-
lations on Cu-O planar nanostructures embedded in a ZnO
lattice may provide additional insight into the role of these
planar structures in producing FM order in nonmagnetic
materials.

In conclusion, we argue that ferromagnetism in Cu-doped
ZnO originates from the formation of planar CuO nanophase.
HRTEM, XRD, and Raman spectral analysis show that Cu
ions in ZnO lattice are not uniformly incorporated but form
CuO planar nanophase structures in ZnO:xCu films. ZFC
and FC magnetization curves are bifurcated up to 300 K,
consistent with the supposition that the magnetic order arises
from Zn-rich CuO nanoclusters. The role of these clusters in
the development of ferromagnetic order remains to be clari-
fied, but the presence of the nanoscopic secondary phase
cannot be neglected for ZnO:xCu, and should be considered
for other transition-metal-doped semiconducting oxides.
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