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Abstract We report the development of ferromagne-

tism in ~30 nm sized well-characterized Ti1–xCoxO2

powders with x = 0.00015–0.006 and its absence for

x > 0.006. In addition, these studies show the effect of

Co doping on the structural stability and anatase to rutile

phase transformation. X-ray diffraction data of samples

synthesized by a wet chemical method and annealed at

450 �C indicate a limited solubility of ~1.2% for Co in

the anatase TiO2 matrix, and with further increase, the

CoTiO3 phase is formed along with increased presence

of rutile TiO2. The bandgap (~3.23 eV) of the anatase

TiO2 remained almost unchanged for x < 0.006, but

decreased rapidly for x ‡ 0.006 approaching 2.8 eV for

x = 0.03. The magnetic data from Ti1–xCoxO2 samples

with x = 0.006 showed a coercivity Hc ~ 150 Oe and a

weak magnetic moment of 0.2 lB/ion at 300 K. The

ferromagnetism of Ti0.994Co0.006O2 with open hysteresis

loops continue up to a high superparamagnetic blocking

temperature TB ~ 675 K, above which a superpara-

magnetic behavior was observed. Systematic changes in

the structural, magnetic and optical properties suggest

that Co doping is an excellent method to tailor the

physical properties of TiO2 nanoparticles.

1 Introduction

The discovery of room-temperature ferromagnetism

(FM) by Matsumoto et al. [1] in transition metal doped

anatase TiO2 thin films encouraged a tremendous

experimental and theoretical research effort focused on

understanding the FM of this doped metal oxide. Since

then, various research groups [2–11] have investigated

the above room-temperature FM experimentally and

theoretically in anatase and rutile Ti1–xCoxO2 systems

prepared under different synthesis conditions and

attributed the FM to different mechanisms/origins that

are based on oxygen deficiencies, Co metal impurity

segregation and/or electron/hole mediated mecha-

nisms. Shinde et al. [2] found 20–50 nm cobalt cluster

formation in PLD films with a smaller fraction of Co

ions incorporating into the TiO2 matrix and observed

ferromagnetism at higher temperatures. Park et al. [6]

reported ferromagnetism due to Co ions in rutile TiO2

films. Ferromagnetism induced by a small amount of Co

clusters is also observed using magnetic circular

dichroism studies on anatase Ti1–xCoxO2 films [8].

Griffin et al. [9] have reported ferromagnetism in

insulating anatase films, suggesting that free carriers do

not necessarily contribute to the ferromagnetism.

Chemically synthesized colloidal nanocrystals of Co

doped TiO2 showed a stronger ferromagnetic behavior

and do not indicate any sort of impurity formation [3],

signifying alternative routes to prepare DMS materials.

The materials prepared using deposition techniques in

reducing atmospheres could often produce segregation

of magnetic dopants especially when used at concen-

tration exceeding the solubility limits. It is therefore

vital to prepare these materials using wet chemical

routes in oxidative environments, which will intrinsi-

cally eliminate the formation of metallic clusters and

confirm intrinsic FM. In this paper, we describe the

room-temperature FM resulting from Ti1–xCoxO2

nanoparticles prepared by a sol–gel mediated hydroly-

sis method with a very wide range of Co concentration
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x, varying from 0.00015 < x < 0.1. Interestingly, Ti1–x

CoxO2 nanoparticles with low Co contents showed FM

with saturation magnetization, remanance and coer-

civity varying systematically. Further, the effect of Co

doping on structural stability of TiO2 nanoparticles and

anatase–rutile phase transformation is also discussed.

2 Experimental

Appropriate amounts of titanium isopropoxide,

isopropyl alcohol and acetic acid were added to

deionized water to obtain a clear solution. To this

solution a required amount of 0.5 M CoCl2 was added

and stirred vigorously. NH4OH (~30.0% NH3) was

added as the hydrolyzing agent until the pH of the

solution was 9. The resulting precipitate was washed to

remove any chloride by-products and annealed in air

for 3 h at 450 �C. X-ray diffraction (XRD) spectra were

recorded at room temperature on a Phillips X’Pert

X-ray diffractometer with a CuKa source (k =

1.5418 Å) in Bragg-Brentano geometry. High-resolu-

tion transmission electron microscopy (TEM) analysis

was carried out on a JEOL JEM 2010 microscope

operating at 200 kV and image processing was carried

out using the Digital Micrograph software from Gatan

(Pleasant, California, USA). Energy dispersive X-ray

spectroscopy (EDS) was carried out using the Oxford

Link system attached on the TEM. Room-temperature

optical spectra in the ultraviolet and visible light

wavelength ranges were collected using a CARY 5000

spectrophotometer fitted with an integrating sphere

diffuse reflectance accessory. Magnetic measurements

were carried out as a function of temperature (4–350 K)

and magnetic field (0 to ±65 kOe) using a commercial

magnetometer (Quantum Design, PPMS) equipped

with a superconducting magnet. The data reported here

were corrected for the background signal from the

sample holder (clear plastic drinking straw) with dia-

magnetic susceptibility v = –4.1 · 10–8 emu/Oe. Data

analyses were carried out using Mathsoft’s Mathcad.

High temperature magnetic measurements were

carried out using a LakeShore vibrating sample

magnetometer equipped with a high temperature

(300–1,000 K) oven.

3 Results and discussion

XRD patterns of powder Ti1–xCoxO2 samples

annealed at 450 �C showed (Fig. 1a) strong peaks of

tetragonal anatase and rutile phase. For comparison,

JCPDS data from anatase, rutile and CoTiO3 phases

are also given. The phase composition of the samples

was obtained from the following equation [12],

xA ¼ 1=½1þ 1:26ðIR=IAÞ�; where xA is the weight

fraction of anatase in the mixture, and IA and IR are

the peak intensities of the anatase (101) and rutile

(110) diffractions, respectively. For x £ 0.03, the

samples showed pure anatase TiO2 phase and above

this doping range, the rutile phase started appearing

and its relative concentrations increased linearly with

cobalt concentration. The ionic size of tetrahedral

Ti4+ in anatase (0.42 Å) is much smaller than the

Co2+ and Co3+ ions and therefore Co incorporation

into the TiO2 host lattice is likely to produce signifi-

cant changes in the structural properties due to the

difference in the ionic size and charge [13]. No trace

Fig. 1 (a) Powder X-ray diffraction patterns recorded on
Ti1–xCoxO2 samples prepared by annealing the reaction precip-
itate at 450 �C. Reference patterns of anatase, rutile and CoTiO3

are given for comparison. * indicates peaks arising from CoTiO3

phase. (b) The variation of anatase phase TiO2 in the Ti1–xCoxO2

samples with increasing Co concentration
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of cobalt metal, oxides or any binary titanium–cobalt

phases were observed in any of the samples doped up

to 1.2%. However, for x > 1.2%, a mixed CoTiO3

impurity phase started appearing as confirmed by

XRD. It is interesting to note that the anatase phase

was decreasing with increasing cobalt concentration

(Fig. 1b) although the anatase phase is very stable up

to 700 �C in undoped TiO2. Average crystallite size L

of the anatase Ti1–xCoxO2 phase was calculated using

the width of the (101) peak, and the Scherrer relation,

L ¼ 0:9k=B cos h (where h is the peak position, k is

the X-ray wavelength and B = (Bm
2 – Bs

2)1/2 was esti-

mated using the measured peak width Bm and the

instrumental width Bs) and the estimated crystallite

sizes varied in the 10–40 nm range.

High-resolution TEM images from the 0.6% Co

doped TiO2 sample showed (Fig. 2a and b) an aver-

age particle size of ~25 nm, comparable to the esti-

mates from XRD. Electron diffraction patterns of

0.6% Co doped sample (Fig. 2c) taken from an

aggregate of particles revealed the characteristic ring

patterns of TiO2 that confirms the structure and

phase measured by XRD. Energy dispersive X-ray

analysis (shown in Fig. 2d) confirmed the increasing

level of Co doping in the Ti1–xCoxO2 samples with

increasing x.

The optical properties of the samples were charac-

terized by measuring the diffuse reflection percentage

in 300–600 nm wavelength range. Figure 3a shows the

reflectance (in %) versus wavelength plot for Ti1–x

CoxO2 powders which have absorption edges in

375–400 nm range. The diffuse reflectance, R is related

to the Kubelka-Munk function F(R) by the relation,

FðRÞ ¼ ð1� RÞ2=2R, where R is the percentage

reflectance [14]. The band gap energies of the Ti1–x-

CoxO2 powders were calculated from their diffuse-

reflectance spectra by plotting the F(R)2 versus E (eV).

The linear part of the curve was extrapolated to

F(R)2 = 0 to get the direct band gap energy. The band

gap energy for Ti1–xCoxO2 decreased with cobalt

doping and is shown in Fig. 3b. From these calculations

the direct bandgap energy for pure anatase and rutile

phases was found to be 3.23 and 3.01 eV, respectively,

which is consistent with the existing reports. A

decrease in bandgap energy due to TM doping has

been observed in other systems also [15].

Magnetic measurements carried out on pure TiO2

nanoparticles showed the expected diamagnetism with

a negative magnetic susceptibility. Magnetization M

versus applied magnetic field H data from few selected

samples is shown in Fig. 4a. Up to a Co doping

concentration of 0.6%, the Ti1–xCoxO2 samples are

Fig. 2 TEM data of 0.6% Co
doped TiO2 nanoparticles
showing (a) the average
particle size, (b) high
resolution image depicting
good crystallinity and the
lattice spacings, (c) electron
diffraction pattern and (d)
energy dispersive X-ray data
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ferromagnetic at room temperature. The samples with

‡1.2% Co merely showed a linear M versus H variation

at 300 K indicative of pure paramagnetic behavior (see

top inset of Fig. 4a). Figure 4a presents the room-

temperature hysteresis loop for Ti0.994Co0.006O2 nano-

particles showing coercivity Hc ~ 150 Oe (Fig. 4a

bottom-inset) and a magnetic moment of 0.2 lB/Co.

Although the magnetic moment obtained in our sam-

ples are comparable to that reported in some recent

studies [2, 16, 17], much higher moments have been

reported from samples prepared using deposition

techniques [5, 18]. Figure 4b shows the variation of the

room-temperature remanence Mr and saturation mag-

netization Ms of 450 �C prepared Ti1–xCoxO2 as a

function of Co concentration. Also, the coercivities of

the samples varied in the 15–150 Oe range. The

ferromagnetic behavior constantly improves with x up

to 0.6% Co doping, however, the FM was destroyed

completely and only a pure paramagnetic phase was

observed for x > 0.006. This is qualitatively similar to

that observed by the authors in Co doped SnO2

nanoparticles in which the ferromagnetism was

destroyed when x > 0.01 [19]. The anatase phase of

Ti1–xCoxO2 is present in all samples for x £ 0.1,

although its fraction is much less in samples with >1%

Co, increased presence of rutile TiO2 phase and the

mixed phase CoTiO3 might be one possible reason for

the absence of ferromagnetism when x > 0.006. Com-

plete absence of ferromagnetism in samples with

x > 0.001 rules out the possibility of any impurity phase

being the origin of ferromagnetism. Coey et al. [20, 21]

has shown that ferromagnetism is more prominent in

TM doped oxide semiconductors when the dopant

concentration is lower. Increasing the concentration to

above the percolation limit changes the magnetic

interaction antiferromagnetic and will destroy ferro-

magnetism. In Co doped SnO2, Hays et al. [19] have

shown that Co enters into interstitial sites for x > 0.01

leading to significant structural disorder and destruc-

tion of ferromagnetism. The systematic changes in the

anatase to rutile phase change and the magnetic

behavior with increasing x in Ti1–xCoxO2 nanoparticles

Fig. 3 (a) UV–VIS spectra recorded in % reflection mode for
different Co doped TiO2. (b) Direct band gap energy values
estimated from the data in panel (a) as a function of Co
concentration

Fig. 4 (a) Room temperature hysteresis loop measured on 0.6%
Co doped TiO2, bottom inset shows the low field region,
illustrating the coercive field. Top inset (top) shows the M–H
plots of the paramagnetic samples with x > 0.006. (b) Shows
variation of saturation magnetizatioin Ms and remanent magne-
tization Mr of the Ti1–xCoxO2 samples with the different Co%
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investigated in this work suggests that similar struc-

ture–magnetism relationship exists in this system also.

More studies are required to elucidate the exact

mechanism responsible for the destruction of ferro-

magnetism in our Ti1–xCoxO2 for x > 0.006.

Figure 5 shows the variation of magnetization

(normalized to the magnitude at 300 K) from 300 to

1,000 K for Ti0.994Co0.006O2 sample under a constant

applied field H = 8,000 Oe. The magnetization

decreased with temperature and shows a change of

slope near 675 K. Hysteresis loops collected at 300, 600

and 1,000 K, presented in the insets (i–iii) of Fig. 5,

show clear coercivities which decrease with increasing

temperature towards 675 K. This clearly indicate that

675 K is the blocking temperature of Ti0.994Co0.006O2

above which it transforms from ferromagnetic phase

with open hysteresis loops to superparamagnetic phase

with zero coercivity. If the particles size is sufficiently

small, above TB thermal fluctuations dominate and

particle can spontaneously switch magnetization. Such

a system of superparamagnetic particle does not show

hysteresis above TB; hence coercivity and remanant

magnetization are zero although exhibiting the satu-

ration magnetization as observed in Fig. 5(iii) [22, 23].

4 Conclusions

In conclusion, we report the development of room-

temperature FM in chemically synthesized powder

Ti1–xCoxO2 samples with less than 0.6% Co. These

samples exhibit hysteresis behavior with £0.2 lB/Co

magnetic moment. The Ti0.994Co0.006O2 samples show

a ferromagnetism upto the blocking temperature of

675 K and superparamagnetic behavior with further

increase in temperature. Co ion doping instigate the

anatase to rutile phase transformation at relatively

lower temperatures and systematically changes the

structural and optical properties of TiO2.
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