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Ferromagnetic V-doped ZnO films were fabricated by the conventional pulsed-laser deposition
technique onR-cut sapphire substrates from a ceramic target that was made by sol-gel method. All
films are highly crystallized to be wurtzite. V-doped ZnO thin films grown at 600–650 °C show
room-temperature ferromagnetism along with a spin-glass-like behavior at low temperatures. It is
found that V atoms were distributed very uniformly in the ZnO matrix. However, different growth
conditions could result in different values of the saturation magnetic moment, and an increase
of the substrate temperature above 650 °C seems to favor a secondary phase, which is
antiferromagnetic. ©2005 American Institute of Physics. fDOI: 10.1063/1.1848451g

Recently, many research groups have been pursuing the
search for ferromagnetic semiconductors with a Curie tem-
peraturesTCd well beyond room temperature. One of the
most recent interests is the quest for highTC ferromagnetism
sFMd in oxides such as ZnO doped with Co1 and TiO2 doped
with Co,2,3 Fe,4,5 Ni,5 or V,6 and SnO2 doped with CosRef.
7d or Fe.8

Besides the search for materials having a highTC and a
large magnetic moment, it is also important to find doped
compounds that have great homogeneities, or in other words,
the dopants could be well dissolved and dopant atoms are
distributed uniformly among the host matrices.

Theories predicted that V doping might introduce FM
into semiconducting oxides;9 however, so far, not much work
has been done in this direction. V-doped TiO2 thin films are
room-temperature ferromagnets with a very large magnetic
moment,6 while V:ZnO films might be ferromagnetic but
only when the films were conductive.10 sNote that, in fact, in
Ref. 10, V:ZnO films were deposited on top of a 5-nm-thick
layer of ZnO; therefore, the properties of those are not of
V:ZnO monolayers alone.10d In this study, we investigated
the magnetic properties of V-doped ZnO thin films.

A Zn0.95V0.05O ceramic target was made by a sol-gel
method. V:ZnO films were grown by the pulsed-laser depo-
sition technique using KrF lasersl=248 nmd on R-cut sap-
phire s1 −1 0 2d substrates. The typical thickness of the
films is 200 nm. The repetition rate was 3 Hz and the energy
density was 2 J/cm2. The temperature of the substrate was
kept as 600, 650, or 700 °C. During deposition, the oxygen
partial pressuresPO2

d was 10−1 Torr, and after deposition,
films were cooled down slowly to room temperature under a
PO2

of 300 mTorr. The structural study was done by x-ray
diffraction sXRDd. The resistance of the samples were mea-

sured by the two-probe method using a resistance meter.
Magnetization measurements were performed by a Quantum
Design superconducting quantum interference device system
from 0 up to 0.5 T under a range of temperatures from
400 K down to 5 K. The chemical compositions were deter-
mined by the Rutherford backscattering spectroscopysRBSd
method.

As seen from Fig. 1sad, the XRD pattern showed that
V:ZnO films are well crystallized to be single-phased hex-
agonal wurtzite and no impurity peak is foundsnote the high
intensity of the peaksd. Based on the RBS data, the V content
in V:ZnO films is determined to be 12.87%, 11.11%, and
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FIG. 1. Structural analysis:sad XRD patterns ofsad V-doped ZnO films
fabricated at 650 and 700 °C andsbd RBS spectra of the V-doped ZnO films
fabricated at 650 °C.
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8.36% for films fabricated at 600, 650, and 700 °C, respec-
tively.

All of our V:ZnO films are semiconductors with a resis-
tivity at room temperature of about 1.5V cm, it rises up
quickly when the temperature decrease. This is worth noting,
because if the FM in the samples is not associated with the
semiconductivity, it might be due to the remaining of V
metal clusters or, as in the case of V:ZnO films10 or Co:TiO2

films,11 the FM observed originated from dopant clusters;
therefore the films are metallic at room temperature.

RBS spectra showed that both Zn atoms and V atoms are
distributed very uniformly in the films. As seen from Fig.
1sbd, the peaks of Zn and V are clearly separated, indicating
that the determinations of Zn and Co content in the films
could be rather precisesif there is an overlapping, it is not
possible to determine precisely the number of atoms of each
elementd. The V peak has a rectangular shape similar to that
of the Zn peak, showing that the V distribution in the
V-doped ZnO films is greatly uniform over the whole thick-
ness of the filmsthe same result is found from detailed simu-
lations for the ratio of V and Zn in each layerd. This is com-
pletely different from what was found in Co/Fe/Ni-doped
TiO2 film12,13 and Co-doped ZnO film,14 where the dopant
atoms were localized mostly in the layer of 40 nm taken
from the surface. While Jinet al. reported that among all the
elements of the transition-metal group, Cr, Mn, Fe, and Co
are the most soluble,15 on the contrary, our case shows that
compared to Co and Fe, V seems to be easier to dissolve into
ZnO. Therefore, we must say that not only does the nature of
dopant decide whether its distribution is uniform or not, but
it must also depend to some extent on the growth conditions.

V:ZnO films fabricated at either 600 or 650 °C are fer-
romagnetic at room temperaturessee Figs. 2 and 3d. How-
ever, the saturation magnetizationsMsd of the films fabri-
cated at 650 °C is one order larger than that of films grown
at 600 °C. The maximum value ofMs that we could obtain
in V:ZnO films is 0.6mB/V, and it is rather modestsit is
much smaller than the value as of 4.23mB/V obtained in
V:TiO2 filmsd.6 From theMsTd curve, one can see that there
is a shoulder at about 220 K and it shows that in the film,
there are some minor parts that tend to be antiferromagnetic,
but the majority certainly remains ferromagnetic, and such a
ferromagnetic phase is still dominant over the whole range of
temperatures. As evidenced from the value ofu at 335 K
seen from the inset of Fig. 2sad, and from well-defined hys-
teresis loops inMsHd curves taken at various temperatures in
the range from 10 to 300 Kfsee Fig. 2sbd and Fig. 3g, even
though the Ms is small, the films are clearly room-
temperature ferromagnetic. At low temperatures, there is a
clear discrepancy between the zero-field-cooledsZFCd and
field-cooledsFCd temperature dependence of magnetization,
which indicates a spin-glass-like behavior. It is similar to
what was observed in Co-doped ZnO thin films16,17and Mn-
doped ZnO bulk,18 and it seems to be typical for a transition-
metal-doped ZnO system. Since the isolated V atom has a
magnetic moment of 3mB and bulk V is paramagnetic, the
value ofMs as small as 0.6mB cannot come from those. Some
theoretical work reported that when the size of the V cluster
is two atoms, it can give such a value.19 However, from the

uniform distribution of V seen from the RBS data, it is not
possible to assume that the whole specimen consists of many
clusters with the same sizestwo atomsd, distributed homoge-
neously in the samplessnote that the number of V atoms on
the films of 535 mm2 is about 2.531016 atomsd. Thus, it is
more convincing if the magnetism we found in V:ZnO films
originates from the V-doped ZnO matrix. However, when the
substrate temperature was increased to 700 °C, the antifer-
romagnetic phase, which appeared slightly in the samples
grown at 600 and 650 °C, seemed to be more prevailing
below 200 Kssee Fig. 4d. Even though theMsHd curve taken
at 10 K with a hysteresis proves that the sample is still
weakly ferromagnetic at low temperatures,19 the MsTd curve
confirms the existence of the antiferromagnetic phase with
TNéel<200 K. This may be explained that at higher tempera-
tures, there are more dopant-dopant associations, which may
decrease the magnetic moment, and some precipitations thus

FIG. 2. Magnetization of a V-doped film fabricated at 600 °Csad versus
temperature measured at ZFC and FC of 0.2 T andsbd versus magnetic field
at 10 K. The inset shows 1sM sat FCd versusT. The interception of the
dashed line andT axis indicatesu at 335 K.

FIG. 3. Magnetization versus magnetic field taken at 300 K for a V-doped
ZnO film fabricated at 650 °C.
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may exist sthe magnetic moment of a V cluster of a size
bigger than 15 atoms can give a value of about 0.03mBd.20,21

In conclusion, V-doped ZnO thin films grown at
600–650 °C by laser ablation on sapphire substrates show
room-temperature ferromagnetism along with a spin-glass-
like behavior at low temperatures. It is found that V atoms
were distributed very uniformly in the ZnO matrix. Films
fabricated with different conditions could have different val-
ues of the saturation magnetic moment, and an increase of
the substrate temperature above 650 °C likely favors a sec-
ondary phase, which is antiferromagnetic.
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FIG. 4. Magnetization versus temperature under 0.2 T for a V-doped film
fabricated at 700 °CsFC and ZFCd.

10D312-3 Hong, Sakai, and Hassini J. Appl. Phys. 97, 10D312 ~2005!

Downloaded 07 Aug 2007 to 150.65.7.70. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp


