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The origin of ferromagnetism in cobalt-doped anatase, TiCo:TiO,) has been quite controversial due to
the possible formation of Co nanoparticles. Recently, Shat@g. claimed that high-temperature postannealing
(i.e., at 900 °C should incorporate Co ions into the TiOnatrix even from Co-clustered samples, thus
proposing a new method to obtain intrinsic diluted magnetic semiconductors using GOPFs. Rev. B67,
115211(2003]. In order to verify this intriguing possibility, we investigated the effects of high-temperature
annealing on the magnetic and structural properties of two kinds of Co-doped anatgseamiples, one
prepared by Co ion implantation and another by pulsed laser deposition with a Co-doped polycrystalline target.
After postannealing under oxygen pressure ofX10 8 Torr at 900 °C, we observed drastic changes in the
magnetic properties of both kinds of films. Although the Co nanoclusters, formed during the implantation,
seemed to disappear inside the film, we found the formation of large clusters composed of metallic Co on the
surface of the film using transmission electron microscopy. After annealing the samples prepared by pulsed
laser deposition, similar large Co clusters were found at the interface. The results from x-ray-absorption
near-edge spectroscopy and x-ray magnetic circular dichroism measurements on the postannealed film also
demonstrated that the observed ferromagnetism in our films should come from Co metal.
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. INTRODUCTION grown by different growth methods, which include PES:8

Since the observation of ferromagneti¢fM) by Matsu- ~ 0Xygen plasma-assisted molecular-beam epitédaeactive
moto et al. in cobalt-doped anatase Tj@Co:TiO,) with a  cosputterind, sol gel proces? and so ort-*2The origin of
Curie temperature higher than room temperatutds phe- the FM in the Co:TiQ films remains controversial. The main
nomenon has attracted much attention as well agact underlying such controversies is that the solid solution
controversy? We grew epitaxial anatase Co:TiGhin of Co and TiQ is not thermodynamically stable.
films by pulsed laser depositiofPLD) and found that Co Recently, Shindet al. proposed that anatase Co:Tithin
clusters could be easily created and that they seemed to makbns postannealed in a pure argon ambience at 900 °C could
a major contribution to the FM observed in our filfh¥-ray =~ have FM even without Co nanoclustér¥hey actually ob-
magnetic circular dichroisnfiXMCD) measurements on the served segregation of metallic Co in their anatase Ca;TiO
films, reported by Kimet al, also confirmed that the FM thin films grown by PLD. However, after the postannealing
signals coincide with those of Co mefaHowever, there are  at 900 °C, most of the Co nanoclusters seemed to disappear.
still discrepancies in the properties of Co:LiGamples Based on x-ray diffraction and temperature-dependent mag-
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netization results, they argued that the Co should be incor-
porated into the anatase Ti®natrix. If this is true, it sug-
gests that there might be a thermodynamically stable solid
solution phase of Co and TiCat 900 °C, which could be
metastable and ferromagnetic at room temperature. In that
case, the anatase Co:TiCould be a good candidate material
for spintronics.

More recently, we observed superparamagnetic behaviors
in Co ion-implanted Ti@ thin films 13 which were composed T®
of Co nanoclusters much smaller than those of the films pre-
pared by PLD with a Co-doped polycrystalline Ti@rget?
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FIG. 1. Magnetization vs temperature curves of the Co ion-

. implanted TiQ film after postannealing at 900 °C with an oxygen
We Dbelieve that these samples prepared by the two metho vessure of 18 Torr for 30 min. The filled and empty circles are

can ,be usgd to (,:heCk ,the feaSibi"ty of stabilizing theyeasyred in ZFC and FC conditions at 100 Oe, respectively.
Co:TiO, solid solution using high-temperature postanneal-

ing. In this paper, we report on the drastic changes in mag:.
netic and structural properties of Co ion-implanted epitaxial
anatase TiQ thin films as well as those prepared by PLD
after postannealing at 900 °C under an oxygen partial pre
sure (Pg,) of 10°® Torr. Throughout this paper, the former : :
and the 2Iatter will be referred to as ion-implanted and PLD(TEM) and energy-dispersive -spectroscofizDS) were

' . , ; used. The magnetic properties were measured by using a
grown films, _respectlvely. At first sight, the Co nanoclustersﬁuperconducting quantum interference dev®®UID) mag-

etometer. CK-shell x-ray-absorption near-edge spectros-

he XRD measurements showed that the CosTiilns re-

mained in the anatase phase after the ion implantation and
é_he postannealing. For microstructural analysis, cross-
sectional and plane-view transmission electron microscopy

analysis, we found that the Co clusters diffused to the surfacg
et o o o e Gy v 1 Sopa o W we ued e Synchaon sorce of e
P ' . Pohang Accelerator LaboratoffPAL). To elucidate the ori-
cumstances, we concluded that the ferromagnetism on o

films oricinates from metallic Co Yin of the FM directly!* XMCD measurements were carried
9 ' out at the Dragon beamline at the National Synchrotron Ra-

diation Research Center as well as at PAL.
Il. EXPERIMENTAL TECHNIQUES

To prepare the ion-implanted films, Cdons were im- [ll. RESULTS AND DISCUSSION
planted into epitaxial anatase TiQhin films on SrTiQ
(001 (STO). The films were grown by our PLD and moni-
tored within situ reflection high-energy electron diffractidn. The Co ion-implanted Ti@films showed superparamag-
The thickness of the films was measured and found to beetic behaviors both with and without postannealing below
about 600 nm. The Coions were implanted at a dose of 600 °C undePg, of 1078 Torr. Although detailed data have
(3 or 5 x 10cm™ and an energy of 250 keV, which pro- already been publishéd,we will state here some important
duced incorporation depths of about 2000 A and a peak Ctacts for comparison. The films showed paramagnetism at
ion concentration of either 3 or 5 at.%. A precise descriptiorroom temperature, and an FM-like behavior at 5 K. For the
of the conditions of our sample preparation and Co implanfilms just after ion implantation, the saturation magnetization
tation can be found in our previous rep&ttThe samples and the coercive fieldt® K were 1.Jug per Co and 600 Oe,
were postannealed for 30 min after implantation at a temfespectively. For the films after the 600 °C postannealing, the
perature of 900 °C under vario®,, between 1.6< 10" 6and saturation magnetization and the low-temperature coercive
1.0x 1071 Torr. field became 1.pg per Co and 650 Oe, respectively.

The PLD grown films were prepared on STA01) sub- We observed that the magnetic properties of the Co ion-
strates with the same PLD system described above. A sirimplanted TiQ films altered drastically after postannealing
tered polycrystalline TigeCoy 0/, target was ablated by a at 900 °C undelPo2 of 10°® Torr. Figure 1 shows magneti-
KrF excimer lasenwavelength 248 nmwith a fluence of zation versus temperatufM(T)] curves for the postan-
1.5 J/cnt at 2 Hz. The substrate temperature was maintainedealed film. The zero-field-coold@FC) curve shows an al-
at 600 °C.Pg, was 3.3¥ 1077 Torr. The growth rate was most constant value from 0 to 400 K and the field-cooled
controlled so as to be extremely slow, less than 0.2 nm/min(FC) curve exhibits only a slight deviation from the ZFC
which was reported to be necessary to reduce the Courve atlow temperatures. This indicates that the film can be
inhomogeneity. The thickness of the films used in this study ferromagnetic at room temperature. The drastic change in
was about 1000 A. The postannealing conditions for the PLDM(T) curves might be related to a corresponding change in
grown films are identical to those of ion-implanted films.  the origin of FM, as reported by Shiné¢al® They annealed

To explore the structural, magnetic, and chemical propertheir PLD grown samples with metallic Co clusters at about
ties of the films, we employed several characterization tech900 °C in ambient argon. After being subjected to the high-
nigues. Their structural properties were analyzed by convertemperature anneal, their sample showed almost full matrix
tional and high-resolution x-ray-diffractiofKRD) methods. incorporation of Co resulting in carrier-mediated intrinsic

A. Properties of the ion-implanted Co:TiO, films
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FIG. 2. Magnetization vs magnetic field curves of the Co FIG. 3. Normalized CoK-edge absorption vs effective
ion-implanted TiQ film before and after the 900 °C postannealing photon energy(E-E,) curve after the 900 °C postannealing of
are shown in the dashed and solid lines, respectively. Nkid) the ion-implanted TiQ film is shown in the dashed line. The solid
loops are measured at 5 K. The inset shows an extended view nelime is obtained from a reference of Co metg}, corresponds to
H=0 Oe for the annealed film. 7708.8 eV.

FM. When annealing in Ar at 1 atm, it is only residual oxy- gnergy resolution of the incident light was set to be 0.5 eV
gen in the Ar that would reoxidize the bulk of the film. If the 5,4 the polarization of the light was chosen to be 85% cir-
Ar is sufficiently pure, no reoxidation is expected. Annealingcjar, The XMCD spectra were obtained in a total electron
in vacuum is analogous to annealing in high-purity Ar. yield mode with an about 100 A probing depth. Just after
The magnetization versus magnetic fig(H)] curves iy njantation, the film was introduced into a UHV analysis
after the 900 °C postannealing of the ion-implanted filmschamper without any postannealing process. The detailed pa-
also show magnetic behaviors different from those of thgameters of the measurements can be found in our previous
film just after the implantation. The solid line in Fig. 2 shows eport
the M(H) curve measuredteb K for the for the 900 °C Figure 4a) shows the spectra for the spin directions that
postanne_aleq film, exhibiting ferrom_agnetic behavior. Thegre parallel(p,) and antiparallelp_) to the photon helicity
dashed line is th&/(H) curve of the film just after the Co yector. Their intensities were normalized by the photon flux.
implantation. After the pOStannealing, the value of the Satu’rhe first set Of Spectra is from the film just after imp|anta_
ration magnetization increased to aboutudsper Co atom,  tion. The second set of spectra were taken after annealing the
which is very close to the bulk Co value, i.e., lutZper Co  film inside the analysis chamber at 900 °C und®y of
atom. However, it has a very small coercive field value, i.€..156 Torr for 30 min. The shapes of the x-ray-abszorption

about 100 Oe. The inset shows the enlarlyé) curve near  gpacira of the film after implantation and after postannealing
H=0 Oe. Note that the coercive field of the film after Co ion

implantation is about 600 Oe at 5 R.The M(H) curve

measured at 300 K does not exhibit much difference from - 8 (@) Co L-edge XMCD —— P,
that at 5 K, but there is a slight decrease in the coercive field ‘,:—;, as-imp|am:&
to about 70 Oe. These profound changes in the magnetic & 4 "
properties imply that high-temperature postannealing could A \ 900°C
result in changes in the Co nanoclusters, which provide the %‘ annealed
superparamagnetism for the as-implanted samples. _E 2 a

\]

The first XTEM studies showed that the Co nanoclusters N

inside the ion-implanted Co:TigXilms actually disappeared. 0 L S— ‘ X _c?-fn_et?l
To check whether the Co ions have been completely incor- I

porated into the Ti@ matrix, as claimed by Shindet al.® —_ (b) MCD (p, 'f-),\_ (x 10)
we examined the oxidation state of Co in the ion-implanted £ 2 V as-implanted
films after the high-temperature postannealing with XANES. E (x1.5)
Note that the Co ions incorporated into the Ti site should s 1 ——
have an oxidation state of2 or +3.47 Figure 3 shows the z Y 900°C annealed
XANES spectra of the CK shell of the film. The absorption 8o S~
spectrum of the film is nearly the same as that of the refer- = \ 4 Co-metal
ence Co metal. The spectrum indicates that the Co in our v,
high-temperature postannealed film is in a metallic state and 780 790 800

nlot_ msan oxidized state, which is in contrast to the earlier Photon Energy (eV)
claim:

In order to understand the origin of the observed FM in  F|G. 4. XMCD spectra of the Co ion-implanted TiGhin films
the 900 °C postannealed sample, we performed. Cgedge  before and after the postannealing in comparison to those of Co
XMCD measurements. As we demonstrated in our earliemetal. The temperature, the oxygen pressure, and the duration of the
works? this technique is quite powerful, since it provides postannealing are 900 °C, T0Torr, and 30 min, respectivelya)
spectral features only from elements which exhibit FM. TheCo L, ;edge XMCD spectra antb) MCD signal; p,—p-.
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FIG. 6. Magnetization vs magnetic field curves of the CozliO
films prepared by PLD before and after the 900 °C postannealing
are shown in the dashed and solid lines, respectively. Nikid)
loops are measured at 5 K. The inset shows saturation behaviors
under a high magnetic field.

B. Properties of the PLD grown Co:TiO, films

FIG. 5. (a) An XTEM image of the 900 °C postannealed film,  To investigate the effect of high-temperature postanneal-
(b) another image with a cluster, arid) the corresponding EDS ing on the PLD grown films, we postannealed the Co3liO
mapping of elemental Co. The white arrows indicate clusters on th¢hin film just after the PLD. One would expect almost the
surface formed after the 900 °C postannealing. same outcomes after postannealing the ion-implanted and
PLD grown Co:TiQ films; the high-temperature postanneal-
ing puts the samples in thermodynamic equilibrium, and
should not depend on initial conditions. However, we cannot
completely exclude the possibility of different results: There
are some differences between these samples, such as the den-

the heat treatment. Although there is a huge difference ifiues of defects and oxygen vacancies, that can affect the
their intensities, the shapes of the XMCD spectra are vergliffusion process of the Co ions. _
similar to each other and coincide with those of bulk metallic _After the high-temperature postannealing, measurements

Co. Note that the MCD spectra of the as-grown film, in Fig.of magnetization revealed that the PLD grown Co:7flm
4(b), is magnified 10 times. The MCD spectra show that theshowed similar changes in magnetic properties to those of
ferromagnetism of the film originates from metallic Co, ion-implanted onesM(H) curves for the PLD grown film
which is consistent with our previous results. before and after the high-temperature postannealing are
As we mentioned earlier, our first XTEM studies showedshown in the dashed and the solid lines in Fig. 6, respec-
that the Co nanoclusters inside the ion-implanted Co;TiOtively. The curves were measured at room temperature. The
films disappeared. Where does the Co metal go? To find thimset shows their behavior under a high magnetic field. The
answer, we carefully performed the XTEM studies againvalues of the saturation magnetization of both films were
Figure 5a) shows an XTEM image after the postannealingfound to be about 175 per Co atom, which is similar to that
of the ion-implanted film, which shows the formation of of bulk Co. Note the decrease of the coercive field after the
large particles on the film surface. The size of the particles ifiigh-temperature postannealing. It is highly likely that the
typically greater than 100 nm. From EDS mapping for el-high-temperature postannealing exerts a similar influence on
emental Co, shown in Fig.(§), the density of Co was found the magnetic properties of both the ion-implanted and the
to be very high at the segregation sites. Combined with th@LD grown films.
results from XANES and XMCD studies, it is quite evident  Co L, y-edge XMCD measurements were also performed
that, during the 900 °C postannealing, the Co nanocluster® verify the origin of the ferromagnetism of the PLD grown
originally inside the TiQ matrix moved to the film surface films after the high-temperature postannealing. Figui® 7
and formed large Co particles. The high density of defectsshows the x-ray-absorption spectraggfand p_ geometries.
generated by the ion implantation near the surface, mighthe first set of spectra is from the film just after the PLD and
help the diffusion of the Co dopant to form the large clusterss very similar to that of Co metal, shown in Fig.a$, which
on the surface. These Co particles are the origin of the ohindicates that the ferromagnetism in this sample also origi-
served FM in our heat-treated samples. nates from clusters of metallic Co, as we previously
The formation of large Co particles on the surface carreported®* The second set was taken after the high-
also explain the changes in the magnetic properties of ouwemperature postannealing. The shape of the x-ray-
films, shown in Fig. 2. Note that the saturation magnetizatiorabsorption spectra of the annealed film is very similar to that
after the high-temperature postannealing is nearly the sanef the as-grown film. The high-temperature postannealing
as that of the bulk value. In addition, the decrease in thalso decreases the intensity of the x-ray-absorption signal
coercive field also complies with this picture: namely, thevery much. The rather noisy spectra of the high-temperature
particle size becomes large enough to allow domain-walpostannealed film results from the small intensity. Figure
motion inside the Co particles at the surface. 7(b) shows dichroism spectrgp,—p_) of the PLD grown

were very similar to those for metallic Co, which coincides
with the results of XANES. Figure(®) shows the dichroism

spectrap,—p_), where a degree of circular polarization was
taken into account. The XMCD signal of the film just after

014440-4



EFFECTS OF HIGH-TEMPERATURE POSTANNEALING PHYSICAL REVIEW B 71, 014440(2005

0 (a) Co L-edge XMCD
£ a} —r
A :
: =g,
£
8 as-grown
2 2 N
g 3
S 800°C
= annealed
oF
) L(b) MCD (p, - p.)
g V as-grown
£
% 0 by .. S
E 900°C annealed

780 790 800
Photon Energy (eV)

FIG. 7. XMCD spectra of the Co:TiQfilms prepared by PLD
before and after the 900 °C postannealif®y.Co L, ;-edge XMCD
spectra andb) MCD signal; p,—p_.

films, and the shapes of the spectra are very similar to each

other and coincide with those of bulk metallic Co. The MCD

spectra clearly demonstrate that the ferromagnetism of the

PLD grown film after high-temperature postannealing also

originates from metallic Co. FIG. 8. () An XTEM image after the 900 °C postannealing of
To verify the origin of the changes in the magnetic prop-the Co:TiG, film prepared by PLD(b) a plane-view annular dark

erties, we performed TEM studies on the high-temperaturdield TEM image,(c) the corresponding EDS mapping of elemental

postannealed PLD grown film. Unlike the case of the ion-Co for the image ir(b), and(d) the nanobeam diffraction pattern of

implanted films, we were able to find large Co clustersthe clusters inb). The white arrows indicate large clusters formed

mainly at the interface between the Ti@m and the STO after the 900 °C postannealing.

substrate. Figure (8 shows an XTEM image of the PLD

grown film after high-temperature postannealing, whichdepth of about 100 A, XMCD cannot detect the signal of the

shows large clusters marked by arrows. Most of large clusfarge Co clusters at the interface through the 1000-A-thick

ters were found to be located at the interface, with a fewriQ, films. The high density of large clusters at the interface

small clusters remaining inside the film. The distribution andcan be explained by its structural instabiﬁtﬁor the lattice

the size of the clusters can be seen more clearly in a plarmismatch of about 3% between anatase JJadd STO, there

view TEM study. Figure &) shows an annular dark field should be large numbers of defects that can promote diffu-

TEM image of the same sample, which gives a contrast desjon of Co dopant and, eventually, the coalescence of small

pending on atomic number. Instead of many nanosized clus]yusters.

ters distributed all over the sample, there are a reduced num-

ber of large-sized clusters. The maximum diameter of the C. Effect of oxygen partial pressure on the results

clusters, shown as white spots, is about 170 nm. The EDS of the high-temperature postannealing

mapping image for elemental Co over the same area, as seen _ _ o )
in Fig. 8(c), indicates that the clusters should be mainly com- The incorporation of Co inside an anatase matrix should

posed of Co. From a nanobeam diffraction pattern, the clusi€quire proper oxidizatiorPo, during the annealing, which
ters were found to be metallic Co. The diffraction pattern,determines the oxidation state of Co, is very important. To
shown in Fig. &d), is that of hexagonal Co along tli#213 study the effect oPOZ, we annealed the films under precisely
direction. For the PLD grown films, the large clusters aftercontrolled P, varying it from 10° to 107 Torr. After
the postannealing are the origin of the observed ferromag200 °C postannealing was done with a hl@ljlz of 107! Torr
netism. The reduction of the coercive field M(H) curves  for 30 min, neither the ion-implanted nor the PLD grown
can be explained by the formation of the large-sized clusterdjims showed FM. This indicates that the ferromagnetism and
in which a magnetic domain can be formed. the diffusion of Co are very sensitive to oxygen pressure
The high density of large Co clusters near the interfacaluring annealing. Oxygen vacancies, which can be easily
after the high-temperature postannealing can explain the irgenerated under a low oxygen pressure, can help the process
tensity reduction of the x-ray-absorption spectra and thef diffusion, which results in large-sized Co clusters. Accord-
XMCD signal. As shown in Fig. 7, the intensity of XMCD ing to generally accepted theories of DMS, the matrix should
spectra was decreased by 1/3 with high-temperature postanentain enough carriers to mediate exchange interaction be-
nealing, resulting in the noisy spectra. With a limited skintween the doped magnetic impuriti€sin our Co:TiO, thin
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films, the carriers might be generated by oxygen vacanciesf large Co particles on the film surface or at the interfaces

However, they can accelerate diffusion of the magnetic dopfor the films prepared. Results from x-ray-absorption near-

ant, Co, which will eventually result in magnetic clusters. Toedge spectroscopy, x-ray magnetic circular dichroism mea-

realize carrier-mediated magnetism in this system, thersurement, and transmission electron microscopy also support
needs to be some means of introducing magnetic impuritiethis conclusion. Our investigations demonstrate that it is very

as well as carriers without disturbing the thermodynamic staimportant to check whether ferromagnetic secondary phases
bility. are formed in oxide-diluted magnetic semiconductors.
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