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a b s t r a c t

Co-doped anatase and rutile bulk-samples prepared by the sol–gel technique are found to be

paramagnetic at room-temperature. Only further annealing in Ar/H2 gas results in a ferromagnetic

behavior. X-ray diffraction and electron-microscope studies reveal for low doping levels o4% the

formation of Co-doped rutile samples and the formation of CoTiO3 as a new phase. Co3O4 can be

detected in anatase samples with Co doping levels X4%. The observed Co oxides are reduced by Ar/H2 to

Co metal. The room-temperature ferromagnetism can therefore be traced back to a segregation of

metallic Co.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

Co-doped TiO2 was considered to belong to the class of diluted
magnetic oxides (DMO) after thin film samples of Co-doped
anatase and rutile were reported to exhibit ferromagnetic
behavior at room-temperature [1,2]. However, besides the
preparation of such samples by means of oxygen plasma assisted
molecular beam epitaxy (OPA-MBE) [3,4], pulsed laser deposition
(PLD) [1,5–7], and reactive co-sputtering [8–10] techniques, the
reported results are quite contradictory. In particular, the chemical
nature of the ferromagnetic phase is subject to discussion. Since
most of the above film synthesis methods were performed under
vacuum or low oxygen conditions, the occurrence of metallic
cobalt clusters as the origin of the ferromagnetism must be
considered. In fact Kim et al. [5] and Murakami et al. [11] found
metallic cobalt in their samples. Also the variation of the oxygen
partial pressure during the synthesis of Co-doped TiO2 leads to
significant changes of the magnetic properties [5,12].

The significant discrepancies in the results reported on doped
TiO2 films in different studies is complicated furthermore by
crystal chemical considerations that question the solubility of Co
in TiO2. Considering the differences of the ionic radii of
23% between Co2+ (76 pm [13]) and Ti4+ (61pm [13]), a substitu-
tion of Ti4+ by Co2+ is less feasible. Additionally, the differences of
the valence state between Ti4+ and Co2+ either require the creation
ll rights reserved.

).
of oxygen-holes (v2�) or an interstitial substitution (Co2+
int)

according:

Ti4þ
¼ Co2þ

þ v2�

Ti4þ
¼ Co2þ

sub þ Co2þ
int

In the former case a structural rearrangement to a Magnéli type
phase (TinO2n�1, 4pnX9) [14] may be expected at a doping rate of
10 at% Co or higher, which has not been observed so far.

One may still think of stuffing voids in the corresponding TiO2

host lattices, i.e. the highly distorted octahedral void at ð0 1
2

1
2Þ and

the highly distorted tetrahedral voids at ð0:155 0:115 1
2Þ in the

rutile structure type. Even in case of Co3+ those are too small, in
particular when taking into account the exclusive preference of
Co3+ to octahedral coordination.

It is unclear, whether the discrepancies between the theore-
tical considerations that appear to limit the Co solubility and the
partially contradictory results of the previous experimental
studies are due to different experimental techniques used,
including the particular characteristics of thin films (REF), or to
analytical difficulties caused by small sample volumes. To answer
these questions, a systematic study of the Co solubility in TiO2 is
needed. Here, we present a detailed experimental investigation of
the Co solubility in TiO2 bulk samples. The advantage of the
present approach is an easily reproducible synthesis technique
that avoids a complex interplay between substrate and thin film,
and thus provides more general results. In addition, large sample
volumes allow a more detailed analysis of the phase equilibria and
the magnetic bulk properties of the doped samples. These results
can therefore provide a basis for the interpretation and re-
evaluation of previous thin-film and nano-scale studies.
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Fig. 2. Lattice parameters a and c of 0–8 at% Co-doped rutile. The error bar is

equivalent to 3s.
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2. Experimental

2.1. Synthesis

The Co-doped TiO2 samples are prepared by a sol-gel method.
Ethanolic solutions of CoCl2�6H2O and Titanium(IV)-isoprop-
oxide were mixed in varying ratios. The hydrolysis is started by
addition of a small amount of hydrochloric acid solution (pH ¼ 3).
All gels prepared looked visually homogeneous concerning color
as well as turbidity pointing towards a homogeneous distribution
of the different cations in the gels. Further details are reported
elsewhere [15]. The gels were annealed in air at 400 and 800 1C in
order to obtain Co-doped anatase and rutile samples, respectively.
Afterwards a part of the samples were annealed again in a H2/
argon atmosphere.

2.2. Characterization

The X-ray diffraction patterns for identification of the several
phases in the samples were recorded with a Bruker D8 X-ray
diffractometer with CuKa radiation in reflection geometry. The
lattice parameters were refined by means of LeBail fits using Jana
2000 [16].

For the microprobe (MEMS) and scanning electron microscope
(SEM) analysis the samples were embedded in epoxy resin,
ground and polished. The measurements to obtain microprobe
backscattered electron (BSE) images were performed with a JEOL
JXA-8200 (15 kV) microprobe and a LEO 1530 (6 kV) scanning
electron microscope operating either in wavelength dispersive
X-ray (WDX) or energy dispersive X-ray (EDX) mode. Operating
conditions were an accelerating voltage of 15 kV, a beam current
of 20 mA and 10 s counting time for all elements. The electron
microprobe diameter was �0.5mm. A matrix correction program
was applied to the raw data. Synthetic oxide or mineral standards
were used for calibration. The element concentration traverses
through sample grains were performed as a check for homo-
geneity.

The magnetic measurements were performed with a Quantum
Design MPMS-XL-5 (SQUID) at 300 K between 40 and �40 kOe
Fig. 1. X-ray diffraction pattern of 0–8 at% Co-doped TiO2 samples after annealing

at (a) 800 1C and (b) further annealing in H2/argon. Arrows mark the reflections of

the second phase corresponding to the calculated patterns of ilmenite (CoTiO3) and

Co metal (ß-Co). Also the calculated pattern of rutile (Rt) is shown.
and at 5 kOe between 300 and 5 K. The susceptibility including the
diamagnetic correction was calculated according to: w ¼ (Mm/H)
+0.0000142 mol�1 [17].
3. Results and discussion

3.1. Structural characterization

The X-ray diffraction patterns (Fig. 1a) of the Co-doped samples
annealed at 800 1C show reflections corresponding to rutile
(P42/mnm, a ¼ 4.594 Å, c ¼ 2.959 Å) plus further reflections. These
can clearly be assigned to the Ilmenite-type CoTiO3. This means
that the doping with Co does not result in a substitution of Co into
rutile. In addition, the lattice parameters of the rutile phase in
these samples do not exhibit any dependence on the cobalt
concentration (Fig. 2). As expected, annealing of the Co-doped
rutile samples in a H2/argon atmosphere leads the formation of
b-Co (Fig. 1b).

In the case of the samples annealed at 400 1C and a Co doping
o6 at% the X-ray diffraction patterns (Fig. 3a) exclusively exhibit
reflections corresponding to anatase (I41/amd, a ¼ 3.7886 Å,
Fig. 3. X-ray diffraction pattern of 0–20 at% Co-doped TiO2 sample after annealing

at (a) 400 1C and (b) further annealing in H2/argon. Arrows mark the reflections of

the second phase corresponding to the calculated patterns of spinel (Co3O4) and Co

metal (ß-Co and a-Co). Furthermore, the calculated pattern of anatase (An) is

shown.
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c ¼ 9.507 Å). At 6 at% Co additional reflections due to Co3O4

emerge. After annealing in H2/argon atmosphere the patterns of
Co-doped anatase samples with Co o6 at% exhibit no change
(Fig. 3b). In contrast, the diffraction patterns of the higher doped
samples exhibit reflections of a-Co and b-Co after annealing in
H2/argon atmosphere. This suggests a substitution of Ti by Co of
up to 6 at% anatase. Due to the larger ionic radius of the Co2+

cation, a substitution of Ti4+ by Co2+ should be associated with a
significant change of the lattice parameters. Yet, the refined lattice
parameters of the anatase phase do not vary within the 3s range
upon Co-doping (Fig. 4). This indicates toward a very low
solubility of Co in anatase TiO2.

3.2. Chemical and morphological characterization

The BSE images of the Co-doped rutile samples show square-
edged crystals embedded in a fine grained basic matrix. The
crystals are interspersed with bright inclusions (Fig. 5). The
Fig. 4. Lattice parameters a and c of 0–8 at% Co-doped anatase. The error bar is

equivalent to 3s.

Fig. 5. BSE pictures of a rutile-sample doped
determination of the chemical composition with the SEM-EDX
and the microprobe reports a distinct enrichment of Co in the
inclusions (Table 1).

The Co-doped anatase samples show a similar microstructure
as the rutile samples, but the crystals of the anatase samples
exhibit only few bright inclusions. Instead there are clefts in the
crystals, and the basic matrix is filled up with light material
(Fig. 6). The EDX and WDX measurements of an anatase sample
doped with 4 at% Co exhibit at most 3.1–3.5 at% Co in the
homogeneous parts. Further increase of the bulk Co content does
not result in an increased Co content in the homogeneous parts of
the crystals (Table 1). Yet, Co is enriched in the clefs. This finding
is represented as well by an element mapping experiment of a
4 at% doped anatase sample (Fig. 7). Therefore, the Co solubility in
anatase must be lower than 4 at%.
3.3. Magnetic properties

Fig. 8a shows the field and temperature variations of the
magnetization for the Co-doped rutile samples. All samples are
with 4 at% Co (a, b) and 8 at% Co (c, d).

Table 1
Co content [Co/Co+Ti] determined from the EDX-measurements of (a) Co-doped

anatase and (b) Co-doped rutile.

x Homogeneous parts Clefts Inclusions

(a) Anatase

0.04 0.031–0.043 0.032–0.08 0.04

0.06 0.047–0.7 0.103–0.247 0.049–0.07

0.1 0.048–0.079 0.067–0.381 –

(b) Rutile

0.04 0.014–0.039 – 0.045–0.203

0.08 0.029–0.088 – 0.042–0.228
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Fig. 6. BSE pictures of anatase sample doped with 4 at% Co (a, b), 6 at% Co (c) and 10 at% Co (d).

Fig. 7. Element mapping experiment of (a) Ti and (b) Co in a 4 at% Co-doped anatase sample, (c) Ti and (d) Co in a 6 at% Co-doped anatase sample.
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paramagnetic at room temperature. The 1/w vs. T plot (Fig. 9a)
shows a Curie–Weiss behavior between 300 and 38 K. At 38 K an
antiferromagnetic transition occurs. The antiferromagnetic transi-
tion temperature corresponds to the Néel temperature of CoTiO3
[18]. According to the formation of metallic Co during the
annealing in H2/argon, the reduced Co-doped rutile samples are
ferromagnetic (Fig. 8b) with a saturation magnetization of
MS ¼ 1.8mB/Co.
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The doped anatase samples also exhibit paramagnetic behavior
at room temperature (Fig. 10a). The antiferromagnetic transition
of Co3O4 (TN ¼ 33 K [19]), which was detected for the X4 at% Co-
doped samples, is exclusively observable in the very heavily doped
samples (Fig. 11). After annealing in H2/argon atmosphere the
anatase samples are ferromagnetic for Co-contents X4 at%
(Fig. 10b). The 2 at% Co sample remains paramagnetic. The
saturation magnetization increases upon increasing the Co-
content (4 at%: 0.07mB/Co, 6 at%: 1.03mB/Co, 20 at%: 1.26mB/Co).
If Co metal, which was detected in the X6 at% Co-doped anatase
samples, were the origin of the ferromagnetism, the saturation
magnetization should be 1.8mB/Co for all samples. Furthermore,
the temperature dependent magnetic measurements exhibit an
Fig. 9. Magnetization (b) and susceptibility (a) vs. temperature at 5 kOe of 2% Co-

doped (black square) and 4% Co-doped (triangle) rutile samples annealed in air.

Fig. 8. Magnetization vs. magnetic field at 300 K of 2% Co-doped (black square)

and 4% Co-doped (triangle) rutile samples annealed in (a) air and (b) H2/argon.
anomalous depression between 300 and 50 K (Fig. 12), which
clearly departs from the magnetic behavior of Co metal. A possible
explication could be the presence of a third, antiferromagnetic
phase with TNE300 K besides metallic Co and TiO2, i.e. CoO
(TN ¼ 293 K [20]).

The magnetic behavior of the 2 at% Co-doped anatase sample
does not change after reduction. This may be an important
evidence for the incorporation of Co2+ into anatase, preventing the
reduction to metallic Cobalt in H2/argon atmosphere.
4. Conclusions

The doping of rutile with Co does not lead to a homogeneous
CoxTi1�xO2�y rutile phase. Instead the rutile crystals show
inclusions of ilmenite CoTiO3 above a minimum doping of 2 at%
Co as shown by means of X-ray diffraction and temperature
dependent magnetic measurements. Due to the presence of
CoTiO3 besides rutile, annealing of the samples in H2/argon
atmosphere leads to the reduction of CoTiO3 and formation of
metallic Co. The observed room-temperature ferromagnetism of
the reduced Co-doped rutile samples is clearly caused by the
presence Co metal clusters. These results strongly indicate that Co
is not incorporated in the rutile structure.

The doping of anatase with X4 at% Co leads to the formation of
a mixture of anatase and antiferromagnetic Co3O4. After annealing
these samples in H2/argon atmosphere, the magnetic behavior
Fig. 10. Magnetization vs. magnetic field at 300 K of 2% Co-doped (black square)

and 4% Co-doped (triangle) anatase samples annealed in (a) air and (b) H2/argon.

Fig. 11. Magnetization (mB/Co) and susceptibility (1/w) vs. temperature at 5 kOe of

20% Co-doped anatase samples annealed in air.
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Fig. 12. Magnetization vs. temperature at 5 kOe of (c) 2% Co-doped (black square)

and 4% Co-doped (triangle), (b) 6% Co-doped and (a) 20% Co-doped anatase

samples annealed in H2/argon.
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also changes from paramagnetic (antiferromagnetic) to ferromag-
netic due to formation of Co metal and CoO.

The case of ao4 at% doping is not fully resolved. In the low
doped anatase samples no evidence was found for other phases
beside anatase or inhomogeneities. Furthermore the paramagnet-
ism of the sample is unaffected by annealing in H2/argon
atmosphere; therefore we can assume the limit of solubility of
Co2+ in TiO2 anatase lies between 2 and 4 at%.

The experimental studies of this works clearly exclude the
possibility of substitution of Ti4+ by Co2+ in TiO2. The reports
about ferromagnetic Co-doped TiO2 films and nanosamples could
possibly be explained by an overlooked second phase. However,
the influence of the substrate used for preparing films may be an
important factor in the formation and properties of these films
[1,2]. Based on this work we cannot exclude the possibility of a
forced Co-substitution aided by a suitable substrate. This might be
a goal of future research.
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