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To evaluate local atomic structures around Co in high temperature diluted ferromagnetic
semiconductor Co-doped TiO,, x-ray fluorescence holography and x-ray absorption fine structure
experiments were carried out on rutile paramagnetic Tipg9Co0g O, and ferromagnetic
Tig.95C00.050, films. The Co atoms in the Tiy99C0g 0O, simply substituted for Ti sites in the rutile
structure, whereas a suboxidic arrangement of CoO,Ti4 formed around Co in the Tig95C0¢ 0502
films. A theoretical investigation based on a series of first-principles calculations indicated the sta-
bility of the aggregated suboxidic clusters in the rutile TiO,, supporting our hypothesis for the for-
mation of suboxidic coordination in the highly Co-doped sample. The suboxidic coordination may
be the source of strong exchange interaction, resulting in the high Curie temperature in Co-doped

TiO,. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4921847]

High-Curie-temperature diluted ferromagnetic semicon-
ductors (high-T- DFSs) are strongly desired for the room-
temperature operation of semiconductor spintronic devices.
Among them, high-T- DFS oxides have been intensively
studied since the discovery of room temperature ferromag-
netism in Co-doped TiO, in 2001," where the high-T¢ fer-
romagnetism was realized by the dilute doping of transition
element ions as well as carriers and/or defects.> The T of
Co-doped TiO,, ~600K, is extraordinarily high considering
conventional carrier-mediated ferromagnetism seen in
GaMnAs (~200K). However, the microscopic origin of the
high-T ferromagnetism has remained a mystery for a long
time.

Previously, extrinsic scenario such as Co clustering
experimentally observed was proposed as a source of the
high-T¢ ferromagnetism.*> However, recent studies support
intrinsic scenario due to the observation of divalent high-spin
Co ions without Co metals via soft and hard x-ray photoelec-
tron/absorption  spectroscopy.®™ While defect-mediated
exchange interaction without itinerant carriers was pro-
posed,®? the observation of magnetotransport/magnetooptical
properties'®!! and the room temperature ferromagnetism
induced by electrostatic and chemical carrier doping'*'? indi-
cated the evidence of carrier-mediated ferromagnetism.

The significant amount of oxygen vacancy adjacent to
Co is believed to exist in order to satisfy the charge neutral-
ity in Co-doped TiO, owing to the divalent Co ion
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substituting tetravalent Ti ion, probably resulting in a signifi-
cant lattice distortion around the Co atoms. Since the micro-
scopic structure could be related with the role of defect in
the ferromagnetism, atomic structure particularly around Co
ion has to be resolved. Various groups have applied
synchrotron-based x-ray spectroscopic techniques.

Using the Co K-edge x-ray absorption fine structure
(XAFS), Chambers et al. reported that Co atoms were substi-
tuted for Ti atoms along with the introduction of oxygen
vacancies in Co-doped TiO, anatase.'* Murakami ez al. sug-
gested that both oxidized Co>" and metallic Co contribute to
the ferromagnetism of rutile TiO, as indicated by XAFS and
XPS studies.'”” An x-ray resonant scattering study by
Matsumura et al. observed no anomaly between the diffrac-
tion intensities at the Co K edge, suggesting that the Co ions
are located at least 0.6 and 1 A apart from the exact Ti sites
in rutile and anatase TiO,, respectively.'® Although Griffin
Roberts et al. predicted that Co atoms occupy preferential in-
terstitial sites in anatase Co-doped TiO,,” the accurate
atomic structure around the Co atoms is still unclear experi-
mentally. To investigate the relationship between high-T¢
ferromagnetism and the local structure, further clarification
of the local structure by experimental and theoretical
approaches is necessary.

X-ray fluorescence holography (XFH) is a powerful tool
for resolving the local structure, enabling the 3D atomic
environment to be visualized around a selected element
within a radius of nanometers orders without assuming any
prior models.'”'® To date, the advantageousness of XFH has

© 2015 AIP Publishing LLC
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been demonstrated for the evaluation of local lattice distor-
tions around specified elements'®?° and for the detection of
nanocluster-like structures.”’ In this work, we experimen-
tally determined local structures around the Co atoms in par-
amagnetic and ferromagnetic rutile Co-doped TiO, films by
measuring the XFH holograms. In addition, first-principle
calculations based on density functional theory were carried
out to evaluate the validity of the structure model obtained
by the XFH. In the ferromagnetic Co-doped TiO, film, sub-
oxidic coordination around Co embedded in the rutile struc-
ture was observed. This suboxide coordination may generate
a ferromagnetic embryo leading to the strong exchange inter-
action realizing the high-T¢ in Co-doped TiO,.

In the present work, two rutile Ti;_,Co,O, films with
x=0.01 and 0.05 were used, where the former and latter are
paramagnetic and ferromagnetic, respectively, as discussed in
Ref. 22. These films were grown on R-Al,O3 substrates by
pulsed laser deposition at an oxygen partial pressure PO, of
10~ ®Torr. Details of the procedure are described in Ref. 10.
The size of each sample is approximately 3 x 4 mm? and the
surface orientation is that of rutile (101). The XFH experiment
was carried out at BL39XU, and XAFS measurements at the
Co and Ti K edges were performed at BL22XU of the syn-
chrotron radiation facility SPring-8, Japan. XFH data were
recorded at incident x-ray energies of 8.0-12.0keV in 0.5 keV
steps. Using a toroidally bent graphite crystal,”®> Co Ku
(6.93keV) fluorescent x rays from the samples were analyzed
and focused on an avalanche photodiode detector. The Co
holograms were measured by scanning the azimuthal angle of
the sample ¢ in the range of 0° < ¢ < 360° and the incident
angle 0 in the range of 0° <0 <75°, both in 1° steps. Details
of the setup are given elsewhere.'® It took approximately six
hours to obtain each hologram. The intensities of the fluores-
cent x rays were normalized using the incident x-ray inten-
sities and the hologram oscillation data were obtained by
subtracting the background. Figure 1(a) shows the measured
hologram pattern of the Tig¢5Co0g0sO,. The hologram data
were mirror-symmetrized with respect to the dashed circle in
Fig. 1(a) and then extended using the rotoreflection symmetry
as shown in Fig. 1(b). Such data manipulation is important for
providing accurate and high-resolution atomic images.”* The
3D atomic arrangements around the fluorescent element Co
were reconstructed from multiple-energy holograms using
Barton’s algorithm.?

The 3D atomic images of Tio_ggCOo.()]Oz and Ti0.95C00.()502
are shown in Figs. 2(a) and 2(b), respectively. In Fig. 2(a), the

(a) (b)

FIG. 1. Co holograms of Tig95C00 050, film. (a) Raw data and (b) symme-
trized data. In (b), the data are mirror-symmetrized with respect to the dashed
circle and then rotoreflection-symmetrized with respect to the (100) plane.
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reconstructed 3D atomic images are superposed on the ideal
Ti atomic positions of the rutile TiO, as marked by open
circles, while the images of O atoms are hardly visible owing
to their low scattering powers. According to the atomic
arrangement of the rutile structure in Fig. 2(c), Fig. 2(a) shows
that the Co atoms in the paramagnetic Ti( 99C0p 01O, substi-
tuted for Ti atoms without a large lattice distortion from the
rutile structure. In contrast, the 3D atomic images in Fig. 2(b)
are markedly different from the rutile structure. The surround-
ing atomic arrangement exhibits fourfold symmetry with
respect to the normal to the rutile (101) plane (z-axis). The
distance between the central Co at the origin and the four
nearest-neighboring atomic images at z =0 indicated by the
arrow is 2.5 A. This distance is similar to the Co-Co or Co-Ti
bond length in a Co-Ti alloy,?® indicating a metal-like in-
plane atomic arrangement around the Co. In addition to these
four atoms, eight equivalent atomic images are observed at
z=2.5A. The interatomic distance between the origin and
these atomic images is 3.5 A, which is much longer than the
aforementioned Co-Co or Co-Ti bond length. Taking into
account the very low visibility of O atoms, we can assume
that the O atoms are located just above and below the Co
atom along the z-axis as denoted by dashed circles (Fig. 2(b)),
corresponding to CoO,Ti4 coordination as discussed below.
To confirm the validity of our structure models in Figs.
2(c) and 2(d), we measured the Co K-edge XAFS spectra.
Figure 3(a) shows the XAFS spectra of the Tiy99C0g 0102
and Tip.95C0g 050,. These dissimilar spectral shapes reflect
the different local structures of these samples. To confirm
the validity of the XFH results, we calculated XAFS spectra
using the structure models and FEFF.?’ The XAFS spectrum
of the Tiy.99Co0¢ 010, agrees with that calculated using the ru-
tile structure in Fig. 2(c), as shown in Fig. 3(a), indicating
the validity of the structure obtained by XFH (Fig. 2(c)). The
spectrum of the Tiy95C00 050, does not only agree with that
of standard TiO, but also those of Co metal, CoO, and

FIG. 2. Reconstructed real-space images around Co in (a) Tip00C00.0102
and (b) Tip.95C0g 050, films. (c) and (d) Structure models obtained from the
images in (a) and (b), respectively.
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CoTiO5 powder crystals.'> Hence, the spectra were calcu-
lated using the structure model in Fig. 2(d). Here, because
the element (Co or Ti) at the four nearest-neighboring atoms
in Fig. 2(b) cannot be identified from the XFH result, both
Co00,Co, and CoO,Tiy structure models were used for the
calculation, in which O atoms were placed in the two dashed
circles (Fig. 2(b)). As shown in Fig. 3(a), a difference
between these spectra can be seen at the four maxima indi-
cated as a—d. The CoO,Ti, structure model more closely
reproduces the experimental spectrum of the Tiy95C0¢ 0502
film. By fitting the XAFS oscillations calculated using the
CoO,Tiy model to the experimental oscillations, the intera-
tomic distances of Co-Ti and Co-O were obtained to be 2.53
and 2.06 A, respectively, in good agreement with the XFH
results given above.

From the results of the XFH and XAFS measurements,
we concluded that CoO,Tis clusters were formed in the
Tip.05C00050,. These clusters are an intermediate state
between the metallic alloy and the oxide. Such a structure is
called “suboxide” and is sometimes formed in nonequilibrium
states such as Ru902.28 Since the Co-doped TiO, film was
fabricated in a nonequilibrium process, the formation of a sub-
oxide network is reasonable. In the present case, it is sug-
gested that the large number of oxygen vacancies in the
vicinity of the Co®" resulted in the short bonding length
between the Co?" ions and the neighboring Ti ions. Taking
into account the fact that metallic precipitation was not
observed by TEM, ' the size of the suboxide cluster is limited
to nanometers order. Since the ferromagnetism in Co-doped
TiO, often occurs in nonequilibrium films, the relation
between the high-T ferromagnetism and the suboxide net-
work is interesting.

We also measured the Ti XAFS of the Tig99C0g 0105
and Tig 95C0( 050, to examine the effect of suboxide forma-
tion on the electronic state of Ti as shown in Fig. 3(b). The
x-ray absorption near-edge structure (XANES) spectrum of
the rutile TiO, is characterized by three pre-edge peaks

(A1-3), a shoulder (B), and a split main absorption line
(C1,2). Compared with the spectrum of standard TiO,, those
of the two samples showed a slight shift toward a lower
energy by 0.5eV. This feature is noteworthy for the pre-edge
peaks corresponding to the 1s — 3d transition, indicating a
considerable fraction of Ti*" ions in both films.*’ In addi-
tion, a significant difference between the spectra of the
Tip.909C00.010, and Tip95C0g 050> can be seen; the shoulder
B and peak C1 of Tipo5C00 050, appear to be larger than
those of Tig99C0g;0,. Since the shapes of B and C1 are
closely related to the atomic arrangement around the absorb-
ing Ti within a radius of 5.5 A,30 this result indicates the dis-
tortion of the host TiO, rutile structure possibly due to the
formation of suboxide clusters. This feature can also be seen
in the Ti K-edge XANES spectrum of a Fe-doped TiO,.!

To evaluate the stability of the suboxide cluster in the
host rutile TiO,, we carried out a series of first-principles
calculations using the VASP code with the HSEO6 hybrid
functional for several possible atomic configurations.*>** As
the first step, to represent an isolated cluster model, the sin-
gle CoO,Tis 4+ (Tig) cluster depicted in Fig. 2(d) was embed-
ded in the rutile 3 x 5 x 4 supercell structure while keeping
the nearest Ti atoms trivalent. The cluster soon changed into
an arrangement similar to that of the rutile crystal during the
structure optimization process. This result indicates that an
isolated CoO,Ti, cluster is very unstable, also supporting the
absence of the suboxide cluster in the low Co-doped
(x=0.01) film. Next, we aligned two CoO,Ti, clusters in the
rutile 3 x 3 x 4 super cell structure (Co,0g4Ti34), as shown
in Fig. 4(a), with an initial configuration where the O atoms
are located above and below the Co atom orthogonal to the
cluster alignment, and we obtained the structure in Fig. 4(b)
by structure optimization while maintaining the fourfold
symmetry of the CoO,Ti, clusters around the z-axis (see Fig.
2(d)). This structure preserves the original arrangement sur-
rounding the CoO,Tiy cluster, reproducing the XFH result of
Fig. 2(b). We also calculated the partially and fully relaxed
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FIG. 4. Possible structures of the suboxide cluster embedded in rutile TiO,.
The structures were obtained by structure optimization based on a first-
principles calculation. (a) Two aligned suboxide clusters embedded in rutile
TiO,. (b) Clusters subjected to the constraint condition, where the positions
of the oxygen atoms below and above the Co atoms are locked. (c) Fully
relaxed clusters.

structures for this two-cluster model. The results exhibit
large displacements of the four nearest Ti atoms when the
two O atoms are constraint on the z-axis. Moreover, in addi-
tion to this displacement, those of the two O atoms deviate
considerably from the original direction when no constraint
is imposed. The fourfold symmetry is broken, although the
isolated cluster is preserved, as shown in Fig. 4(c). These
results imply that the alignment of several clusters may
increase the robustness of the local structure against the sur-
rounding rutile structure. It is also suggested that the whole
system including the suboxide clusters is an insulator and
possesses a finite magnetization regardless the presence or
absence of the displacement revealed by the structure optimi-
zation. Therefore, the suboxide cluster model is likely to be
related to the ferromagnetism.

We also examined a simple substitution model of the
Co-V,, (oxygen vacancy) complex, where the Co substitutes
for the Ti site with the neighboring O vacancy in the rutile
structure. The displacement of the Co ion from the exact Ti
site was 0.16 A which is much shorter than the value of
0.6 A estimated by x-ray resonant scattering.'® Thus, such a
large displacement cannot be attributed to only simple cou-
pling between the substituted Co and the neighboring O va-
cancy. Instead, in the case of a large amount of Co and/or
Vo, special suboxidic nanoclusters will be formed, generat-
ing the irregular Co position with respect to the crystallo-
graphic Ti site in rutile TiO, structure. Thus, the suboxide
cluster model is more plausible than the substitution model
with vacancies for explaining the result of the x-ray resonant
scattering.

Appl. Phys. Lett. 106, 222403 (2015)

An XAFS spectrum similar to that of the Tiy95C0050>
in Fig. 3(a) was also reported by Kaspar er al.,** who con-
cluded that their Co-doped TiO, films contained 10%—-50%
Co metal because of the similarity of XANES spectrum to
that of Co metal. Considering that Co clusters are not
observed usually by TEM and XRD like the report by
Murakami er al.,'> Kaspar et al. called this mysterious Co
only observed spectroscopically as “hidden Co.” However,
our experimental result strikingly indicated that the “hidden
Co” corresponds to the Co-included suboxide. Some previ-
ous XAFS studies suggested the substitution of Co for the Ti
site with the neighboring oxygen vacancies.'**> However,
such simple substitution could not explain the large lattice
distortion around Co, as mentioned above.

The Co-included suboxide could be the embryo of the
ferromagnetism observed even in the insulating Co-doped
TiO,. The carrier mediated exchange interaction between
these embryos could induce global ferromagnetism with
enhanced magnetization. This scenario could reconcile the
long standing two contradictory pictures of this compound:
the carrier mediated exchange interaction and defect-
mediated one. Some researchers have claimed that the Co-
V, complex is one of such embryo,®'** but the suboxidic
coordination around Co is more plausible from the results of
the present experiment and first principles calculations. If the
suboxidic coordination stimulates stronger exchange cou-
pling between the electron carriers and the localized spins
than ordinary coordination, the high-T- mechanism in Co-
doped TiO, can be rationalized. This assumption is to be
clarified by further theoretical consideration based on first-
principles calculations.

In conclusion, the presence of suboxide coordination in
a rutile Tig95C0g 05O, was revealed by the XFH and XAFS
measurements. Possible atomic configurations of the subox-
ide network were investigated by first-principles calculation,
which justified the reason why the clusters appear only at a
high Co concentration. Furthermore, the suboxide network
might be the source of the strong exchange interaction lead-
ing to the high T in Co-doped TiO,. Note that such a meta-
stable suboxide network can be reproducibly stabilized by a
state-of-the-art epitaxial thin film growth technique, as al-
ready demonstrated for Co-doped TiO,. Extension of the
concept of suboxide coordination to other oxide systems will
be an important step forward realizing novel room-
temperature DFSs.

The XFH experiments were performed at BL39XU
(Proposal Nos. 2010A1098 and 2012B1387). The XAFS
experiments were performed at BL22XU (Proposal No.
2011A3714). This work was supported by the Japan Society
for the Promotion of Science (JSPS) with Grant-in-Aid for
Scientific Research on Innovative Areas ‘3D Active-Site
Science’ (Nos. 26105006, 90333880, and 26105010) and
Grant-in-Aid for Scientific Research (No. 25286040).
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