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Magnetism of Co-doped titania thin films prepared by spray pyrolysis
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Co-doped TiQ (anatasg films prepared by spray pyrolysis at 500 °C are investigated for the
possible existence of room temperature ferromagneti®ni). These films were characterized by
x-ray diffraction, Raman spectroscopy, and x-ray photoelectron spectroscopy at room temperature,
followed by studies of the temperature and magnetic field dependence of the magnetization by squid
magnetometry. For Co doping of upto 10 at. %, no phase other than anatase could be detected, and
there is no RTF in these films. Instead, the magnetic susceptigifitg the modified Curie—Weiss

law x= xo+ C/(T+ 6), with #=5 K and magnitude o€ consistent with C&" paramagnetism in
Ti,_,Co0, . Only for T<5 K, a hysteresis loop with coercivity ;=200 Oe is observed. These
observations suggest €o paramagnetism, with exchange interaction becoming important for

=<5 K in the case of 10% Co/Tiofilms. © 2003 American Institute of Physics.

[DOI: 10.1063/1.1590744

Because of the increasing demand of the informatioris similar to that in CoTiQ. The RTF properties were ob-
technology field for faster data processing and larger chargserved in those films where the local coordination of Co was
storage capacity, the field of spintronics is growing raptdly. similar to that in CoTiQ. On the other hand, films with
For this purpose, metal—ferromagnetic—semiconductor baseslibstantial Co outdiffusion to the near-surface regiavith
heterostructures have been studied extensively. However, @o valence state-2 or +3 as revealed by x-ray photoelec-
remains difficult to transfer electron spin across the'[ron Spectroscopy)(PS) ana|ysi§ were essentia”y nonferro-
ferromagnetic—semiconductor interfaces mainly due to theifnagnetic.
dissimilar electronic conductiviti€s.* Another promising In this work, we have synthesized a series of Co-doped
approach is to integrate ferromagnetic semiconductors withjo, thin films (up to 10 at. % Co contenbn commercial
existing semiconductors® For example, fo.r Mn-doped glass substrates by spray pyroly&&Ve do not observe RTF
GaAs coherent transfer of electron spins has beeRenayior in these films which apparently is in contradiction
demonstrated.The Curie temperatureBe of most of these (4 the earlier-mentioned studies. It is argued that the possible

materrl1alts are hol/évevebr bellg"_l‘_é I\F;Tt requltrln% alldd|t|0ntald "€ reason for this contradiction could be due to the nature of Co
search to increasg above RT Matsumotoet al. reported ¢\ i vion in host Tio lattice.

the room-temperature ferromagnetisiRTF) properties in To prepare these films, calculated amounts of titanium

epitaxially grown Co-doped Tipthin films using pulsed la- acetylacetonate and cobalt nitrate, codissolved in ethanol,

ser depositiof. The RTF behavior was also confirmed in o .
Co-doped TiQ thin films prepared by oxygen plasma as- were sprayed over the glass substrates kept at 400 °C using
nitrogen gas. These films were then annealed at 500 °C for

sisted molecular beam epitaXyand reactive cosputtering N . o
3 hin air for organic removal as well as crystallization. The

techniques? The origin of RTF of these films, however, re- | s . )
deposited films had a thickness in the range of 80—190 nm.

mains poorly understood. For example, Matsumetal® ; :
commented that precipitated magnetic Co clusters inzTiOThe nature of phase formation and structural properties of

matrix could be responsible for the observed RTF althougtin€se films were analyzed by x-ray diffraction in conjunction
no evidence for Co clusters was confirmed from the x-rayVith the micro-Raman spectroscopy. Magnetic measure-
diffraction (XRD) or transmission electron microscopy ments on these films were carried out in the range of 1.7—
(TEM) measurements. This possibility was also raised by°>00 K using a commercial superconducting quantum inter-
Parket al.who in a recent study have provided evidence forference device magnetometer. The surface composition and
the presence of Co clusters from magnetic sﬁ?dlshe pres- the chemical states of the constituent elements were analyzed
ence of such clusters has also been reported by Mitarising a XPS.

et al!! Both Matsumotoet al. and Parket al. claimed that As revealed by XRD, all the films were polycrystalline
Co doping(up to 12 at. % systematically dissolves in TiD and crystallized into the anatase crystal structure with no
lattice. Chamberst al.® on the other hand, ruled out the significant shift of the Bragg lines with Co doping. No me-
possibility of Co inclusion in anatase TjQattice and con- tallic Co precipitation or any other Co-Ti pha&/were
cluded that the local coordination of Co in; TiCo,O, films  detected in XRD upto 10 at. % Co doping. The ionic radius
of C&®" is close to that of Ti" ions with equivalent coordi-
dAuthor to whom correspondence should be addressed; electronic mair:‘ation number. Therefore, the lattice spacing does not change
amanivan@wvu.edu significantly even if Co dissolves in TiQOattice and forms
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TABLE I. Composition of undoped and Co-doped Jifiims.
Film O:Ti O:Ti Co:Ti Co:Ti
— composition (nomina) (expt) (nomina) (expt)
= Tio, 21 2611 B
8 TiosCo1016 2.1:1 2.85:1 0.11:1 0.10:1
>
=
2 TiO,-10%Co _ o o
o eV. The shift of 0.45 eV indicates that there is indeed an
£ TiO,-5%Co inclusion of Co in TiQ lattice forming solid solution of
TiO,-1%Co composition Tj _,Co,0,_,. The splitting of Co D5, and
Tio, 2p,, peaks(marked by arrowscould be due to the Ar sput-
. ) . . tering done for surface cleaning prior to the XPS measure-
20 220 420 620 820 ment. The oxygen 4 band for undoped Ti@films is ob-

served at about 529.3 e¥hot shown which corresponds to
oxygen in TiG.*2 The shoulder at the higher binding energy
(~532 e\) corresponds to oxygen in either adsorbed water
molecule or OH group at the film surfa¢eot shown.

As shown in Table I, the atomic content ratio of O:Ti is
S ! L ‘ higher than the nominal composition due to the presence of
least within the detection limit of XRD The local Co in-  54g0rhed water and the Co:Ti ratio is quite close to the ex-
duced structural modification of Tihost was also analyzed pected nominal composition. This is in contrast to the obser-

by micro-Raman spectroscopy. Figure 1 shows the microyation made by Chambeet al® who have reported Co af-
Raman spectra of TiOthin films with various Co content. f,ence at the surface of their films.

All the observed bands are identified from the tetragonal ana-  The results of our magnetic studies on the 10% Co-

tase phase. The presence of any other vibration n®de/ joneq Tig sample are shown in Figs. 3 and 4. In order to
from secondary phadeJ (e.g., metallic Co or various CO-Ti 4iq the background signal from the glass plate, the thin-
oxide specieswere not detected in any of these spectra.  fjim material was carefully scrapped-off the glass plate and
~ Our XPS studies showed the core levels of Pi2and  he magnetic data measured is shown in Figs. 3 and 4. Prior
Ti 2pg, to be approximately at 463.90 and 458.44 @¥ter (4 gcrapping-off the material, the magnetic studies on the thin
cgrbqn correct|o)? respectn{ely, which are as;lgned to the fiims was also done and the data were similar to those in
it in anatase TiQ, assuming the 0.76 eV shifin Ref. 13, rjgs 3 and 4 except for the background diamagnetic signal
the Ti 2ps, position is reported at 459.2 ¢\¢ould be due to 5 the glass plate. The temperature variation of the mag-
the retained strain in thin films. Figure 2 shows the o 2 o4 sysceptibilityy in zero field cooledZFC) and field
level core spectra of 10 at. % Co-doped Ji@in film, the  jeq(FC) cases showed some bifurcation of the data be-
Co 2ps, and 2y, peaks being at 780.85 and 796.78 €V, oy ahout 6 K(Fig. 3). The solid line in Fig. 3 is fit to the
respectively, with a peak separation of 15.93 eV. Comparing,gified Curie—Weiss law: Y=xo+C/(T+6) with
with results in Ref. 13, it is ruled out that in our films Co is Yo=1.2(0.1)x10°% emu/g Oe, C=1.4(0.1)x10 3 emu
in metallic state in anatase TjQmetallic Co 25, has a K/gOe, and #=5(1) K. Using C=Nu2/3kg, with N
peak position at 778.3 eVInstead our result indicates that
Co is in +2 valence state and not bonded to oxygen as CoO

Raman shift (cm™)

FIG. 1. Micro-Raman spectra ¢&) 0.0 (undoped, (b) 1.0, (c) 5.0, and(d)
10.0 at. % Co-doped TiOthin films.

solid solution without any secondary phase precipitatiamn

since Co 25, in CoO has a peak position at 780.4 eV and 25
the observed peak in the present study appeared at 780.8 24
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FIG. 3. Temperature variation of the magnetic susceptibjlifpr the 10%
Co-doped film for FC and ZFC caseshh= 2000 Oe. The solid line is fit to

FIG. 2. XPS snectra of Co®peaks from 10 at. % Co-dored fitania, see the equationy= y,+ C/(T+ 6). The inset shows the data fer the low tem-

text for arrows.

perature region.
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; nealing temperature was kept relatively low to avoid any
a1 O%COIT|02 T=5K O possible secondary phase segregation even in relatively
\ /o/°/ higher doping content. Films so prepared were characterized
by XRD, XPS, and micro-Raman studies in order to establish
the solubility of Co in TiQ lattice up to 10 at. % Co content.
These films were found to be paramagnetic at room tempera-
= 30K ture but on cooling further the magnetic susceptibility fol-
s lowed a Curie—Weiss law with a very lo@~=5 K. Only for
T=<#6, hysteresis loop is observed. The apparent disagree-
ment of our results in the Co:Tifilms prepared by spray
pyrolysis with other reported results on Co/}i@ms pre-

P 10 pared by other methodsvhere RTF has been obsery&d™°
Ar o 04 02 ey 02 04 is most likely due to the different nature of incorporation of

L L Co into the anatase lattice.
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i H | k e A.M. would Iik_e to thank Saitoh for experimental assis-_
Magnetlc Fle d ( 0 ) tance. At WVU, this research was supported by the U.S. Air
FIG. 4. Magnetization vs magnetic field for 10% Co/Jiex 5 and 30 k. ~ Force Office of Scientific Research and at UPR by NASA

The inset shows the data for the low field regions at 5 K. The lines connectGrant No. NCC5-518.
ing the data are for visual aid.

T=5K

!G. salis, Y. Kato, K. Ensslin, D. C. Driscoll, A. C. Gossard, and D. D.
Awschalom, NaturéLondon 414, 619 (2002); F. J. Jedema, A. T. Filip,
=number of magnetic ions/gg=Boltzmann constant, and  and B. J. van Weesbid. 410, 345 (2001).
pu=magnetic moment, yielgk=3.0(0.1) ug for the cat 2D. K. Young, E. Johnston-Halperin, D. D. Awschalom, Y. Ohno, and H.

. o A . . Ohno, Appl. Phys. Lett80, 1598(2002.
ions substituting for Ti" ions in the anatase unit cell for 3p. R. Hammar, B. R. Bennett, M. J. Yang, and M. Johnson, Phys. Rev.

10% Co doping, assuming the composition TCo,0, . Lett. 83, 203(1999; J. A. C. Bland, A. Hirohata, C. M. Guertler, Y. B. Xu,
This magnitude ofu is somewhat lower than the expected and M. Tselepi, J. Appl. Phy®9, 6740(2001).

value of u=3.87ug for 10 at. % C8" with spinS=3/2 but G- Schmidt and L. W. Molenkamp, J. Appl. Phy&9, 7443(2000.

. - : - °H. Ohno, A. Shen, F. Matsukura, A. Oiwa, A. Endo, S. Katsumoto, and V.
the difference can easily be explained assuming the actuallye’ Appl. Phys. Lett69, 363 (1996,

conc_entration of Coin the thin_film is _somewhat less than thes|” kronik, M. Jain, and J. R. Chelikowsky, Phys. Rev.68, 041203R
nominal 10% value. The Curie—Weiss temperattre5 K (2002.
. . . . 7 H
represents antiferromagnetic exchange interaction between‘S(- Chlf_”vT'\QNNf‘v M. C'}eﬁ”’f'(‘j”a”g's“'f;";B'hD-'kaj’L?bseﬁf'fL'“AY'|
+ - . . _ asakl, |. Wojtowicz, J. K. Furdyna, S. J. Potasnhnik, an . Scnirter, Appl.

the C&" ions. The blfurcatlorj of the FC and ZFC data be Phys. Left81 511(2002.
low 6 K may be a manifestation of this interaction. 8Y. Matsumoto, M. Murakami, T. Shono, T. Hasegawa, T. Fukumura, M.

The field dependence of the magnetizationT at5 and Kawasaki, P. Ahmet, T. Chikyow, S. Koshihara, and H. Koinuma, Science
30 K (Fig. 4) shows that the hysteresis is not observed at ?;Ogé‘nA 8%“#;?@2;5 S Thevuthacan R E. C. Farow R. E. Marke. 3. U
or SQO K(nolt shown. However' at>s KMvsHis nonllnear Thiele, L. Folks, M. G. Samant, A. J. Kellock, N. Ruzycki, D. L. Ederer,
and in the inset of Fig. 4, we have plotted the low-field and U. Diebold, Appl. Phys. LetZ9, 3467 (2001).
region of the |oop showing COEI’CiVitMCE 200 Oe and the !°W. K. Park, R. J. O-Hertogs, J. S. Moodera, A. Punnoose, and M. S.

remanant magnetization of about 0.02 emu/g. Seehra, J. Appl. Phy81, '8'093(2003; A. Punnoose, M. S. Seehra, W. K.
. — Park, and J. S. Mooder#id. 93, 7867(2003.
In conclusion, we have successfully prepared Co;TiO g jitani, H. Fujimori, and S. Ohnuma, J. Magn. Magn. Matei5, 141

thin films by spray pyrolysis at relatively low temperature (1997.
(500 °Q. In this technique, the phase formation kinetics is*?A- Manivannan, S. B. Majumder, and R. S. Katiyar, Mater. Res. Soc.

: : ; Symp. Proc. abstract no: P5.13002.
expected to be very different from that in the phyS|caI Vaporl?’J.yF.?\/loulder W. F. Stickle P.? Szobol and K. D. Bombandbook of

deposition techniques since in spray pyrolysis, the constitu- x ray photoelectron Spectroscogperkin-Elmer, Eden Praitie, MN,
ent elements are mixed at molecular level and also the an-1992.



