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Controlled transformation of paramagnetism to room-temperature
ferromagnetism in cobalt-doped titanium dioxide

A. Manivannan,® G. Glaspell, and M. S. Seehra
Department of Physics, West Virginia University, Morgantown, West Virginia 26506

(Received 25 June 2003; accepted 9 September)2003

Samples of Cg4Tig ¢O,_ 5 (anataseprepared by the sol—gel technique are found to be paramagnetic
at room temperature, with the magnetic susceptibility following Curie—Weiss law in the investigated
range of 2-370 K. However, transformation from paramagnetism to room-temperature
ferromagnetism{RTFM) is observed by hydrogenation of the sample at 573 K. The increase in the
hydrogenation time from 1ot6 h increases the remanance, and the Curie temperatiir® K is
determined by extrapolation. X-ray photoelectron spectroscopy and transmission electron
microscopy of the hydrogenated samples failed to detect Co nanopatrticles, suggesting that the
observed RTFM in the hydrogenated samples may be intrinsic20@3 American Institute of
Physics. [DOI: 10.1063/1.1622991

The recent reports* of room-temperature ferromag- 750 K for 1 h which yielded a dark-green sample. X-ray
netism (RTFM) in  transparent  semiconducting diffraction (XRD) of this powder confirmed the anatase form
Co,Ti;_,O,_ 5 thin films for x=0.01, for both anatase and of TiO,, with only a trace amount of rutile phagEig. 1).
rutile phases, have attracted a great deal of attention in paRart of this powder was used for magnetic measurements and
because of the application of such magnetic semiconductoi§e remainder used for 1, 3@® h ofhydrogenation carried
in spintronics. However the cause of this RTFM remainsout at 573 K. The hydrogen reduction setup consisted of a
controversial since more recent repdrfshave indicated the tubular furnace kept inside a continuously vented hood. The
presence of Co nanoparticles in the thin films prepared byample, contained in an open glass boat, was placed inside
sputtering and pulsed laser depositions. This raises the seff€ tubular furnace andziyas was passed over the sample at
ous possibility that the observed RTFM could be due to un573 K with the help of a gas flow control unit. Temperature
detected Co nanoparticles, which because of the high Curihd magnetic field variations of the magnetizatiom, of
temperature of bulk Col,=1388K) could easily account these four samples were t_hen measured using a commercial
for the observations. In a recent report from our laboratory, SUPerconducting quantum interference deviQUID) mag-

it was observed that GgTio¢O,. 5 anatase films prepared Netometer. These results are presented below.
by a different technique, for example, spray pyrolysis are TTe te_mperart]u:je variation oj(hfor the Ff_;\s-pzrepﬁred
paramagnetic at room temperature. The temperature depe?f—"mp es(prior to hydrogenationis shown in Fig. 2 where

dence of the magnetic susceptibilify of this sample fol- EPﬁ solid I'tr.]e 1S f|t_to_|Cu;|eIr:Nelss laVW:tX%JFfC/(;_ 0). |
lowed Curie—Weiss behaviory—yo+C/(T—6). with is variation is similar to the one reported for the sample

6~—5 K and only forT<5 K was a hysteresis loop ob- prepared by spray pyrolysisNote that the temperatures in
served. In the work presented here, we report tha ig. 2 are plotted on a log scale in order to show details of

. he xy vs T behavior at lower temperatures. From the Curie
Cay.1Tiog0,- 5 (anatasg powder prepared by the sol-gel o ‘oo o5 61072 emy K/g Oe andC=Npu?/3kg (With

technique is also paramagnetic at room temperature and fo[- the number of magnetic ions/g, the Boltzmann constant
lows a similar Curie—Weiss law. However, by controlled hy- and u the magnetic m0m8ht/l,:4l-3.1,u3 for the C&* ion is
drogenanon O_f this sample_at 573 K, the par?magm_at'%btained. This magnitude q& is consistent with the high
Cop1Tio 0, 5 Is transformed into a ferromagnet with Curie g, gtate of C3, assuming that G substitutes for the
temperatureT ;=470 K, without any observable change in Ti** ions in the anatase unit cell for 10% Co doping, with
the crystal structure as revealed by x-ray diffraction. X-rayihe palance of the charge compensated by O In the inset

photoelectron spectroscog)PS) and transmission electron ¢ Fig. 2, the linear variation oM vs H at T=300K is
microscopy(TEM) studies of the hydrogenated sample failedspown, confirming paramagnetism.

to detect the presence of any Co nanoparticles. Details fol-  After hydrogenation at 573 K, the sample acquires

low. _ o RTFM. The hysteresis loops were measured for samples hy-
The sample of CeqTio.dO,-; was prepared by mixing  drogenated for 1, 3 and 6 h, taking a new sample for hydro-
(reacting appropriate amounts of titanium isopropoxi@éd-  genation each time. For ¢h6 h sample, Fig. 3 shows the

drich) and cobalt nitratgAldrich) in ethanol. The solution temperature variation of the remananklg (M at H=0)
was dried in an oven and the powder obtained was heated tom 5 to 350 K for the 1, 3 ah6 h samples and in the inset
the hysteresis loop measured at 350 K fa 1h sample is
dAuthor to whom correspondence should be addressed; electronic maif’?hown-('vleasurementS fof >350K could not be made be-
amanivan@wvu.edu cause of experimental limitationsrhese variations d1, vs
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FIG. 1. X-ray diffraction patterns of the as-preparé h) sample of Temperature (K)

Cq,Ti;_4O,_ s and the sample hydrogenated for 1, 3d&h at 573 K. The

expected line positions for the anatase and rutile phases are shown. FIG. 3. Temperature variation of remanaride of the sample hydrogenated

for 1, 3 and 6 h at 573 K. Theotted lines are extrapolations, indicating
T.=470 K whereM, goes toward zero. In the inset, the hysteresis loop for
the 6 h sample at 350 K is shown.

T are typical of a ferromagnet, with,=470K determined

from extrapolating theM, data to zero(Fig. 3 at higher
temperatures. The primary effect of increasing the hydrogeThus an increase iff; with an increase in hydrogenation
nation time from 10 6 h is toincreaseM, , demonstrating a time is not ruled out for the data in Figs. 3 and 4.
similar source of the RTFM for the three samples. This is  In light of the recent reports on the presence of Co nano-
further confirmed by the temperature variation of the coerparticles in Co/TiQ films prepared by sputtering in different
civity which also tends toward zero at.=470K (Fig. 4). partial pressures of oxygérf,we carried out several experi-
Thus it appears that with the increase in hydrogenation timenents in addition to XRD to check for Co nanoparticles in
more of the sample is transformed into a ferromagnet. Againgur samples. XPS analysis of the as-prepared and the 6 h
it is noteworthy that this hydrogenation does not appear tdydrogenated samples indicated that neither Ti nor Co is in a
affect the crystal structure since no significant differences argetallic state. For the hydrogenated sample, (li@eaks
observed in the XRD patterns of the four samplEgy. 1).  were observed at 457.5 and 463.2 eV and @qgiaks at
From the widths of the XRD lines, the average particle size/79.5 and 795.2 eV. The corresponding values for the as-
of the anatase phase is10(2) nm, without any major prepared samples were 458.1 and 463.8 eV forpTehd
changes upon hydrogenation. Although in the extrapolatior780.5 and 796.2 eV for Co® These magnitudes indicate
of Figs. 3 and 4, similail,; is implified for the 1, 3 and 6 h 2+ and/or 3+ states of Co and-2 and/or 4+ states for Ti
samples, the extrapolations are clearly very approximatéthe metallic Co® peak position should be at 778.3 eV
since M, and H, are often nonlinear on approach 1q. High resolution TEM studies of the hydrogenated samples
clearly showed particles of about 10 nm whose energy dis-
persive x-ray(EDX) spectra yielded the presence of Co, Ti
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FIG. 2. Temperature dependence of the magnetic susceptibility of the as-
prepared sample of ¢d&i,_,O,_s. The solid line is fit to the equation
shown. In the inset is th®l vs H variation at 300 K.

Temperature (K)

FIG. 4. Same as in Fig. 3 except that the plot is for coercikity.
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16 change coupling between Co ions, and lead to intrinsic
RTFM.X2 This indeed was the motivation for our hydrogena-
tion experiments, since His likely to extract oxygen from

the sample and produce oxygen holes. From our experiments
described above, we were unable to detect the presence of

—~

12k Field Cooled . . S
g Co nanopatrticles, thus suggesting the intrinsic nature of
o RTFM in our hydrogenated samples. Additional experiments
é 10 such as accurate measurements of electrical conductivity
o Zero-Field Cooled § 6 hrs with time of hydrogenation would be useful to confirm these
'g s | & H =100 Oe observations.
bl
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