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Since the first experimental confirmation of room temperature
ferromagnetism by Matsumoto et al. in 2001, upon doping

Co into TiO2,
1 the field of dilute magnetic oxides (DMOs) has

grown exponentially. Since then, there have been claims of dilute
semiconductor ferromagnetism in a wide range of doped oxides
systems including TiO2 doped with V, Co, and Fe, ZnO doped
withV,Mn, Fe, Cu,Co, andNi, and SnO2 dopedwith Fe andCo.

2

Understanding how magnetism arises within these systems
has long been a source of contention. Due to the considerably
lower doping levels (<5%) found within “dilute” magnetic
oxides, conventional models of magnetism (i.e. super exchange
or double exchange models, which rely on doping levels >10%))
cannot explain the observed phenomenon. As a result, numerous
theoretical models have been developed in an attempt to under-
stand and clarify the phenomenon, detailed descriptions of which
can be found in a number of thorough review articles.3-6

In 2006, Cr-doped In2O3 was reported as a possible DMO
candidate material.7 Thin fims were found to undergo a transi-
tion from an insulating paramagnetic state to a ferromagnetic
semiconducting state with increasing defect concentration, with a
Tc of 850-930 K. This generated a flurry of interest,8-11 due, in
part, to the fact that In2O3 is the prototypical transparent
conducting oxide (TCO) material. Combining ferromagnetic
behavior with high optical transparency and conductivity, offers a
tantalising opportunity for spin-electronic applications.12 Un-
fortunately, initial optimism soon turned to scepticism, as the
material was shown to not display room-temperature ferromag-
netic behavior in bulk, ceramic samples.13 It therefore remains a
significant challenge to understand the unique magnetic phe-
nomenon, which occurs in this and many other systems.

Attempts to determine the origin of this behavior have led to
some interesting arguments. Raebiger et al.14 use density func-
tional theory (DFT) within a band gap corrected approach to
suggest that ferromagnetism can be turned on and off via
extrinsic n-type doping (substitutional Sn) and that these addi-
tional carriers stabilize the ferromagnetic Cr coupling. Recent
experimental work has demonstrated that the band gap of In2O3

is less than 3 eV,15,16 meaning that the further theoretical work
concerning the placement of chromium levels within the host
conduction band needs to be carefully considered. It has also
been argued that p-type intrinsic defects such as In vacancies orO
interstitials mediate ferromagnetism.17 It is clear that there remains
uncertainty over the source of ferromagnetism in Cr-doped

In2O3, because of the lack of control over growth conditions
and knowledge of structure and chemistry of the films.

To date, there remain significant experimental challenges asso-
ciated with characterizing these materials. Sample contamination
from the use of stainless steel tweezers is one of them. It has been
noted that just 20 ng of contaminant, in a thin film sample, is
enough to give rise to intrinsic DMObehavior.2While it is possible
to remove the risk of contamination, determining dopant inhomo-
geneity, clustering, or presence of secondary phases (for example,
CrO2 is a metallic ferromagnet) remains a significant technological
issue. Techniques such as X-ray diffraction (XRD), high-resolution
transmission electron microscopy (HRTEM), secondary ion mass
spectrometry (SIMS), and Rutherford Backscattering are often
utilized to characterize the structure of DMO systems18 yet lack the
required chemical sensitivity and/or spatial resolution to detect
clustering on the atomic scale.While aberration corrected analytical
techniques such as high resolution EELSmight in theory be able to
detect small clusters, the analyses remain limited to a 2Dprojection.

Atom-probe tomography (APT) is a 3D imaging technique
combining field evaporation from specimen in the form of sharp
needles with apex radii of curvature < 100 nm, time-of-flight mass
spectrometry, and position sensitive detection. It has typically
been the technique of choice for investigating clustering in
metallic systems.19 With the development of fast and stable laser
systems, semiconductor and oxidematerials can be quantitatively
analyzed at the nanometer scale.20,21 Recently, APT was used by
Larde et al.22 to investigate Co-doped ZnO, where no Co
clustering, or patterning, was observed. The current study is
concerned with Cr-doped In2O3, where a clear inhomogeneity in
the film is observed, yet no ferromagnetism is present.

Synthesis of ceramic pellets of 6.25% Cr-doped In2O3 were
prepared by the solid state reaction of the appropriate ratios of
In2O3 (Sigma-Aldrich, 99.99%) and Cr2O3 (Sigma-Aldrich,
99.9%). The pellets were fired in a muffle furnace in recrystallized
alumina boats at 1400 �C for 48 h. Thin films were synthesized via
electron beam evaporation (Varian, model 3120). Oxygen was let
into the chamber to a pressure of 1.6� 10-5 mbar. The pressure
during coating was 1.8 � 10-5 mbar. An electron beam was
directed to the (as prepared 6.25% Cr-doped In2O3) ceramic
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sample, with an evaporation rate of between 1 and 4 nm/s, which
resulted in a polycrystalline film of approximately 500 nm
thickness grown on Si(100) substrates (10 mm2 � 0.5 mm).
The film was then postannealed in air at 600 �C. X-ray diffraction
experiments were performed using a Phillips Xpert powder
diffractometer (operating in aΘ-2Θ configuration), confirming
the phase purity and the polycrystalline nature of the ceramic and
thin film samples. No evidence of secondary phases was detected
with the preferred orientation in the (222) plane. Meticulous care
was taken to ensure that no ferromagnetic materials could
contaminate the sample. Magnetic measurements on bulk, cera-
mic samples were obtained on a Quantum Design MPMS
(Magnetic Property Measurement System) XL SQUID magnet-
ometer. Thin-film magnetic measurements were performed on a
temperature controlled ADE model 10 Mark II vibrating sample
magnetometer. The bulk, ceramic material showed paramagnetic
behavior and displayed no evidence of ferromagnetism, from 5 K
to room temperature, and the thin film sample also displayed no
evidence of ferromagnetism. A 50 nm thick sacrificial copper layer
was deposited on top of the film to facilitate the atom-probe
specimen preparation and limit damage due to the Ga beam.
Atom-probe specimens were prepared by standard lift-out
methods23 using a Zeiss NVision dual beam focused ion beam
instrument equipped with a Kleindiek micromanipulator. Speci-
mens were mounted on Si needles, and final sharpening was
performed using 2 kV Gaþ beam. Atom probe analyses were
performed using a Cameca LEAP 3000HR microscope operated
in laser pulsing mode (532 nm wavelength, 3 ns pulse length).
Note that while the use of a shorter wavelength might have
improved the mass resolution,24 the spatial resolution remains
unaffected by the laser conditions that were chosen to ensure
mininal specimen heating. Specimens were cooled to 50 K, and are
pulses were applied with a repetition rate of 200 kHz, pulse energy
between 0.2 and 0.3 nJ, and a 10 μm (4 σ) spot size. TEM
specimenswere prepared by a standard lift-outmethod using either
a Zeiss NVision or a FEI Helios instrument. TEM observations
were performed on a PhilipsCM20microscope operated at 200 kV.

The films exhibit fine grain size as measured by XRD and (the
Scherrer equation was used, giving an average of 39( 4 nm) and
TEM observations of cross section specimens. A representative
TEM image in Figure 1 shows the fine grain structure of the film
with somewhat larger grain sizes near the substrate. The geometry
of an atom-probe specimen is shown in Figure 1b. A typical mass
spectrum is shown in Figure 2. Indium evaporates as atomic
species (Inþ, In2þ, In3þ) and no charged molecular Inx species

are observed (with the exception of InO2
þ). Oxygen is evaporated

as both atomic and molecular species (O, O2). Chromium on the
other hand is mainly observed associated with oxygen (CrOþ,
CrO2

þ, CrO3
þ). The overall measured composition is very close

to the expected stochiometric composition (In2O3), 63.3 ( 1.1
atom %O, 35.5( 1.7 atom % In, with 1.2( 0.5 atom % Cr. The
measured Cr content is lower than the nominal composition
possibly due to loss during deposition. Another possible source
of error originates from the limited detection efficiency of delay
line detectors with respect to events close in time and space. In
the case of In2O3 in particular, the number of detector events
involving more than one hit per pulse is of the order of 45%. This
number could not be decreased by changing the evaporation
conditions. Although the distribution of multiple events appears
to affect all elements equally, preferential loss of Cr is possible.

As illustrated in Figure 3, the Cr spatial distribution is
inhomogeneous and the topology of the Cr distribution suggests
that Cr forms clusters and may be preferentially located at grain
boundaries and at triple lines. The spacing between the Cr-rich
regions is indeed consistent with the grain sizes observed by
electron microscopy (Figure 1) and those measured by X-ray

Figure 1. (a) Bright field TEM image of a cross section specimen. (b)
Scanning electron image of an atom probe specimen (to scale).

Figure 2. Representative mass spectrum.

Figure 3. (a) 3D reconstruction of In, O, and Cr distribution through-
out the tip, including a cross sectional 5 nm thick slide shown in (b).
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diffraction (39( 4.0 nm). To reveal the average Cr concentration
at the grain boundaries, a proximity histogram25 (Figure 4) based
on a 3 atom%Cr iso-surface is constructed. TheCr concentration
reaches above 8 atom % at the grain boundaries and drops to 1
atom% inside the grains. The bulk solubility limit of Cr in In2O3 is
7.5%.26 The segregation of Cr at grain boundaries and presumably
the film surface may result from the specific growth conditions
and annealing treatment, while the grain structure will be strongly
influenced by the choice of substrate.

In conclusion, within the theoretical framework of DMO
materials, the absence of magnetism can be related to Cr segre-
gation to grain boundaries and consequently to a low level of Cr
incorporated in the matrix. The presence of clustering demon-
strates that clustering alone is also not a source magnetism for this
material system. Further work is needed to determine, for
example, the oxidation state of the chromium in the matrix, as
well as the growth parameters such as oxygen partial pressure and
annealing treatments on solute distribution.

Atomic scale chemical and structural characterization is a
necessary path forward to visualize and understand the physical
properties displayed by doped oxide systems. It is hoped that
such a systematic approach will be applied to elucidate the DMO
behavior as well as the properties of transparent conducting
oxides (TCOs), particularly Sn-doped In2O3 (the ubiquitous
indium tin oxide (ITO)).27,28
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Figure 4. Proximity histogram based on a 3% Cr iso-surface.


