
Nanoscale ferromagnetic chromium oxide film from gas-phase
nanocluster deposition

Yanping Chen, Kui Ding, Ling Yang, Bo Xie, Fengqi Song, Jianguo Wan, Guanghou Wang,
and Min Hana�

National Laboratory of Solid State Microstructures and Department of Materials Science and Engineering,
Nanjing University, Nanjing 210093, People’s Republic of China

�Received 21 January 2008; accepted 12 April 2008; published online 1 May 2008�

Ferromagnetic film of densely packing chromium oxide nanoparticles has been fabricated by
vacuum deposition of chromium oxide clusters at room temperature. The clusters were generated
with a magnetron plasma gas aggregation source by introducing a mixture of argon and oxygen as
buffer gas. A magnetic hysteresis loop similar to that of bulk CrO2 was observed in a wide
temperature range. The rise in the ferromagnetic property of the film was attributed to the nanoscale
CrO2 composition. The work demonstrates a simple way to fabricate ferromagnetic films of
chromium oxide nanoparticles under high-vacuum compatible low temperature condition. © 2008
American Institute of Physics. �DOI: 10.1063/1.2919077�

Chromium dioxide is recently of considerable interest
due to its attractive potential for use in spintronic hetero-
structures. It is a unique ferromagnetic oxide that is predicted
to be a half-metallic ferromagnet at room temperature and
has a half-metallic band structure fully spin polarized at the
Fermi level,1–3 which makes CrO2 a good candidate for use
as magnetic components in magnetoelectronic devices that
require a large spin polarization, such as magnetic tunnel
junctions and spin valves.

However, CrO2 is not a stable Cr–O phase under normal
conditions, and the magnetic properties of chromium oxides
are highly sensitive to changes in stoichiometric composi-
tion. At atmospheric pressure, CrO2 is easy to decompose
into insulating antiferromagnetic Cr2O3 phase when heated.
Such metastable nature generates difficulties on fabricating
CrO2 materials and special methods are needed. High-
pressure, thermal decomposition method has been used in
industry, which produces microscale needle powders. Chemi-
cal vapor deposition �CVD� technique was discovered in the
late 1970s, and perhaps is still the most effective way for
epitaxial CrO2 film fabrication.4,5 Nevertheless, it is believed
ineffectual to obtain CrO2 films with standard high-vacuum
physical deposition methods, such as molecular beam epi-
taxy or sputtering.6 Challenge still remains on developing
an efficient way for fabricating CrO2 films at sufficiently
low temperatures,7 which is important for many device
applications.

Gas-phase nanocluster synthesis and deposition provides
a well-developed process able to produce novel nanoscale
materials with a high level of control on physicochemical
properties such as phase and composition.8 Previous study9

showed the possibility to generate two different classes of
very stable and chemically inert CrnOm clusters by control-
ling the formation condition of a laser ablation cluster source
combined with a fast-flow tube reaction apparatus. When
substoichiometric clusters were first formed and then oxi-
dized, CrnO2n+2 series were obtained. Whereas the clusters
produced under energetic conditions favored CrnO3n series.

Especially, CrnO2n+2 clusters were ferromagnetic as pre-
dicted from ab initio calculations. In this letter, we report
that ferromagnetic chromium oxide film could be fabricated
by depositing chromium oxide clusters generated with a
magnetron plasma gas aggregation cluster source. The depo-
sition process is under low temperature condition and high-
vacuum compatible. The film has a magnetic hysteresis loop
similar to that of bulk CrO2. Furthermore, it has a densely
packing nanoparticle-based structure, which may promise as
interesting nanomagnetism model system with potential
applications.

The gas-phase clusters to be deposited were generated in
a magnetron plasma gas aggregation cluster source described
elsewhere in detail.10 The magnetron discharge was operated
in a liquid nitrogen cooled aggregation tube. A stream of
pure �99.99%� argon gas was introduced through a ring
structure close to the surface of a chromium target with
99.9% purity to maintain the discharge. Another stream of
argon mixed with a small fraction of pure oxygen was fed as
a buffer gas through a gas inlet near the magnetron discharge
head. A constant total pressure of 200 Pa and a 2% oxygen-
argon ratio was maintained. Clusters were formed from the
atoms sputtered from the target. During this process, charged
particles in the discharge-generated plasma acquired high ki-
netic energies and collided with the neutrals in the gas, caus-
ing the formation of very reactive species. Therefore the
clusters were efficiently oxided. To avoid strong arcing that
was often accompanied with dc reactive sputtering, a dc
pulse power was used with a 30 kHz pulsing frequency at
0.8 duty cycle. The clusters were swept by the gas stream out
of the aggregation tube into vacuum through a nozzle. Then
they continued to pass through a skimmer into a high-
vacuum �10−7 Torr� chamber and deposited on the substrate.
A deposition rate of 1 Å /s, monitored by a quartz crystal
microbalance, was obtained with a discharge power of 90 W.

The transmission electron microscope �TEM� image of a
typical low coverage deposit sampled on an amorphous car-
bon film of TEM grid is shown in Fig. 1�a�. Individual nano-
particles with size ranging from several nanometers to about
20 nm can be clearly distinguished, although some of them
are coagulated as a result of irreversibly sticking without
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coalescence. The nanoparticles are nearly spherical. The di-
ameters of the smallest ones are around 2 nm, which may
represent the size of the original clusters from the gas phase.
Selected area electron diffraction gives no distinguishable
diffraction rings on the pattern, indicating that the nanopar-
ticles are amorphous, or to say, the bulklike crystalline struc-
tures have not been developed in these particles. Figure 1�b�
gives an atomic force microscope �AFM� image of a heavily
deposited film sampled on a flat silica glass sheet. It can be
observed that the nanoparticles are densely packed, forming
a uniformly continuous film, but each individual nanoparticle
is still clearly distinguishable.

To analyze the oxidation state of the sample, x-ray pho-
toelectron spectroscopy �XPS� was carried out with a
ESCALABMK-II spectrometer using a monochromatic
Mg K� source. Figure 2 shows the photoemission data of the
Cr 2p core levels measured from a film of chromium oxide
nanoparticles. The binding energy of Cr 2p3 /2 core level for
the sample is about 576.5 eV, which is well shifted from the
574.1 eV line of metallic chromium measured from a refer-
ence chromium nanoparticle sample deposited at same con-
dition without introducing of oxygen. The photoemission
data of Fig. 2 were not changed after the sample surface was
cleaned with Ar ion sputtering, indicating that the nanopar-
ticles were completely oxygen passivated. Nevertheless, the
peak of the Cr 2p3/2 core level in Fig. 2 is situated between
the accepted binding energies for Cr2O3 and CrO2 �576.8
versus 576.3 eV�.12 The difference between the binding en-
ergies of these two oxidation states is so small that it is

insufficient to distinguish the Cr2O3 and CrO2 components of
the sample merely from XPS measurement.

The chromium oxide phases were further characterized
by micro-Raman spectroscopy �NT-MDT NTEGRA Spectra�
with 473 nm laser excitation. As shown in Fig. 3, the Raman
spectrum reveals an intense peak assigned to the B2g mode of
CrO2 �Ref. 13� at 695 cm−1 Raman shift. The peak is broad
due to the high level of amorphization of the chromium ox-
ide nanoparticles. In addition, the peaks at about 291, 335
and 540 cm−1 can be assigned to the Raman modes of Cr2O3,
which are redshifted by about 15 cm−1 compared with the
bulk Cr2O3 crystal. Such redshifts have been reported for
pure amorphous Cr2O3 powder with 10 nm grain size.14 Al-
though the most intense A1g band of Cr2O3 at 540 cm−1 has
an intensity comparable to the B2g band of CrO2, the relative
content of CrO2 is not able to estimated from the intensity
ratio between CrO2 B2g and Cr2O3 A1g band, since surface
reactions such as 2CrO2→Cr2O3+1 /2O2 may occur and
change the final composition at the surface of the specimen,
while Raman spectroscopy is surface sensitive. However, it
is clear that the Cr2O3 content is not the dominant of the
specimen.

Magnetic measurements were performed using a super-
conducting quantum interference device �Quantum Design
MPMS XL-7� at various temperatures after a film with an
equivalent deposition thickness of 1000Å had been cooled
from room temperature in a field of 10 kOe. Figure 4 shows
a typical magnetic hysteresis loop taken at 5 K. The sample
exhibits a gradual and rounded hysteresis loop which is ex-

FIG. 1. �a� TEM image of a typical low coverage deposit sampled on an
amorphous carbon film of TEM grid with short deposition time. �b� 1600
�1600 nm2 AFM image of a heavily deposited film sampled on a flat silica
glass sheet.

FIG. 2. XPS Cr 2p core level spectrum of the chromium oxide nanoparticle
assembled film. Vertical dash lines indicate binding energies of chromium
oxides CrO3 �578.8 eV�,11 CrO2 �576.3 eV�,12 Cr2O3 �576.8 eV�,12 and me-
tallic chromium �574.3 eV�.11

FIG. 3. Raman spectrum of the chromium oxide nanoparticle assembled
film.

FIG. 4. Temperature-dependent magnetization curve of chromium oxide
nanoparticle film measured at 10 kOe. �Inset� magnetic hysteresis loop taken
at 5 K.
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pected for the average of the random orientation of spherical
nanoparticles and has a fractional remanence �ratio of rema-
nence to saturation magnetization� of about 0.25, similar to
that for the polycrystalline bulk CrO2 film.3,15 At 5 K, the
coercive field �Hc� is determined to be 168 Oe, well below
that measured from commercial needle-shaped CrO2 pow-
ders �800–1000 Oe� �Ref. 16� but significantly larger than
that measured for polycrystalline CrO2 film �40 Oe�.3 The
commercial CrO2 powder has an aspect ratio of 7:1 or more,
the large shape anisotropy induces high coercivity.17 In our
sample, the nanoparticles are near spherical so that the con-
tribution from anisotropy enhancement is small. It seems the
chromium oxide nanoparticles have large coercive fields,
which may originate from the single domain behavior of the
nanoparticles with such small sizes.18

The saturation magnetization �Ms� observed from the
hysteresis loop is about 98 emu /cm3 at 5 K. If a density of
bulk CrO2 is used, an equivalent Ms of 20 emu /g can be
deduced, which is much smaller than the theoretical value,
Ms=133 emu /g,19 corresponding to an integral moment of
2 �B per Cr ion as expected for a half metal. However, con-
sidering that the density of the nanoparticle-based film
should be considerably lower than the bulk value due to its
porosity nature, the value of Ms per unit mass is obviously
underestimated. The presence of Cr2O3 composition may
also reduce the deduced value of Ms. However, the contribu-
tion of Cr3+ oxidation state composition to the total mass is
not dominant as discussed above. On the other hand, surface
effects can also lead to a decrease of the magnetization of
oxide nanoparticles, with respect to the bulk value, due to
several different mechanisms,17 which might be another pos-
sible source of the reduction of the saturation magnetization
in our nanoparticle sample.

As shown in Fig. 4, temperature dependence of satura-
tion magnetization was taken while warming the film in
10 kOe. The curve has the characteristic of a ferromagnetic
film. However, it seems the magnetization drops much
slower with temperature than that expected for a polycrystal-
line CrO2 film. Below room temperature, the normalized
magnetization M�T� /M�0� is about 10%–20% higher than
that reported for the CVD fabricated CrO2 epitaxial film.20

The magnetization measured for our sample may contain the
contribution of the antiferromagnetic �AFM� Cr2O3 compo-
nent below its Neel temperature ��307 K�. This contribution
is enhanced for AFM nanoparticles due to superantiferro-
magnetism, especially at higher applied field. Around room
temperature, the drop of magnetization becomes sharper. A
Curie temperature �TC� of about 400 K, corresponding to the
TC of CrO2, may be estimated from the extrapolation of the
temperature-dependent magnetization curve. On the other
hand, the magnetization of the sample reflects ferromagnetic
hysteresis loop in a wide temperature range, at least up
to 150 K. Such temperature is well above the block tempera-
ture for common magnetic nanoparticles, at which
magnetization curve should exhibit no hysteresis due to
superparamagnetism.

CrO2 is the only ferromagnetic phase among all the ox-
ides of chromium. We believe the ferromagnetic property of
our chromium oxide nanoparticle film comes from the
nanoscaled CrO2 composition. We think the growth condi-
tion for CrO2 based clusters through substoichiometric oxide
cluster generation and subsequent flow-controlled reaction,

similar to the steps used in the laser ablation experiments of
Bergeron et al.,9 can be realized in the plasma gas aggrega-
tion process. In our cluster source, the blow of argon gas to
the target surface makes an oxygen-deficiency condition near
the target, inducing the nucleation of substoichiometric chro-
mium oxide clusters. Meanwhile, the buffer gas stream of
mixed argon and oxygen generates an oxygen-rich condition
in the area some distance away from the target surface,
where larger clusters grow through the coagulations between
smaller nucleuses and are completely passivated through the
reaction in the oxygen-rich gas flow. In this process, ferro-
magnetic properties are preserved upon cluster growth within
the specific CrnO2n+2 serial.

In summary, a smooth film of densely packing spheric
chromium oxide nanoparticles has been successfully fabri-
cated by deposition of chromium oxide clusters generated
with a reactive magnetron plasma gas aggregation source
under high-vacuum and room temperature. A magnetic hys-
teresis loop similar to polycrystalline CrO2 bulk film was
observed, with an enhanced coercive field of 168 Oe. The
rise in the ferromagnetic property was attributed to the
nanoscale CrO2 composition. Our work demonstrates a
simple high-vacuum compatible way to fabricate ferromag-
netic films of chromium oxide nanoparticles under low tem-
perature condition.
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