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Defect-mediated ferromagnetism in insulating Co-doped anatase TiO, thin films
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The nature of the defect responsible for room-temperature ferromagnetism in Co-doped anatase TiO, has
remained elusive. Here we report atomic-resolution Z-contrast images of epitaxially grown Co o3:TiO, films
showing that Co atoms are dispersed and occupy preferred interstitial sites. Density-functional calculations
found that these sites are the lowest-energy configuration of Co in anatase and that O vacancies (Vg), intro-
duced by annealing, anchor the Co atoms into Co-Ti*3-V complexes. The calculated magnetic moment is in
agreement with our measured value and the calculated Co x-ray absorption spectrum is in agreement with data

published in the literature.
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I. INTRODUCTION

With the discovery of room-temperature ferromagnetism
(RTFM) in Co-doped anatase TiO,,' transition-metal (TM)
doped oxides/nitrides have been a major focus in spintronics
research.””8 However, many questions remain regarding the
origin of ferromagnetism (FM), and its relationship with
semiconducting properties and film microstructure in single-
phase TM doped oxides. In particular, conventional FM
theories in insulators’ cannot explain their magnetism where
the dopant concentration is well below the percolation
threshold.!? Similarly, theories of carrier-induced FM, such
as the hole-mediated p-d exchange model* and the spin-split
impurity band exchange model,'? are not applicable to mate-
rials such as Co-doped anatase, which are FM yet highly
insulating.!-13

Various reports highlight the important role of structural
quality and either native'* or dopant-introduced defects in
activating RTFM in TM oxides.!'"'7 Our previous
work!11819 on anatase Co:TiO,, exhibiting weak RTFM in
as-deposited form, shows an enhanced FM on postgrowth
vacuum annealing. Related compositional analyses'"-'® show
that the Co ions are homogeneously distributed in the lattice
before and after annealing, eliminating the consideration of
any magnetic impurity phases, and yet these films remain
highly insulating. The activation of RTFM by the annealing
process, which leads to the generation and migration of Vg’s
and the diffusion of Co impurities, points to a defect-related
mechanism. Theory has shown that dilute concentrations of
lattice defects and impurity-defect complexes can produce a
FM state in doped oxides e.g., Ca vacancies in Ca0,,2° Hf
vacancies in HfO,,”! and vacancy-impurity complexes in
doped insulators.”> Moreover, if specific impurity-defect
complexes are responsible for such RTFM, it can be argued
that the saturation moment would be independent of the Co-
doping level. In fact, evidence in the literature®® can be in-
terpreted to mean that the saturation moment is independent
of Co-dopant concentration. Specifically, in the Co:TiO,
systems where experimental evidence has ruled out the pos-
sibility of metallic Co clusters, the observed FM has been
attributed to (a) dispersed substitutional Co,” possibly with

1098-0121/2008/78(1)/014409(6)

014409-1

PACS number(s): 75.70.—1, 71.15.Mb, 79.20.Uv, 85.75.—d

Vo’s,?*? (b) interstitial Co, with V’s playing no role,?® or
(c) high concentrations of substitutional Co.?’” While most of
these studies!'?” point to a FM mechanism associated with
defects, the precise nature of the pertinent defect has not yet
been established.

In this work we report a comprehensive study of epitaxi-
ally grown films of a single doping level of Cog;:TiO,
using atomic-resolution Z-contrast imaging combined with
electron-energy-loss spectroscopy (EELS). This enables us to
determine accurately the Co concentration, ensure the ab-
sence of clusters or other Co phases, and image directly ar-
rays of Co-Ti*>-V defect complexes in which Co atoms
occupy select interstitial sites. For the processing conditions
adopted here, these defects are seen only in annealed samples
that are ferromagnetic at room temperature. First-principles,
spin-polarized density-functional theory (DFT) calculations
are used to confirm that these defects are preferred energeti-
cally over other configurations [the difference being of the
order of 1-1.5 eV, as we will discuss later, and have a mag-
netic moment in agreement with the sample’s measured
value (within ~0.25uz/Co atom)]. Spin-aligning interac-
tions appear to be sufficiently strong even in the dilute limit
to account for FM ordering. Finally, calculated x-ray absorp-
tion spectra of Co in the Co-Ti*?-V, defect are in agreement
with published data’ in single-phase Co-doped anatase but
differ markedly from the spectrum of substitutional Co in
anatase.

II. EXPERIMENT

Films of anatase Co;:TiO, were epitaxially grown by
rf-magnetron  sputter  deposition on lattice-matched
LaAlO5(100) substrates to a film thickness of 100 nm. The
base pressure of the sputter deposition chamber was 5
X 1077 torr and the films were grown in a pure Ar atmo-
sphere at 4 X 10~ torr at a deposition rate of 0.01 nm/s.
The films underwent a postgrowth annealing process in
vacuum <107 torr at 450 °C for 1 h. Both as-grown and
annealed films were analyzed structurally by x-ray diffrac-
tion (XRD) and transmission electron microscopy (TEM),
and were found to be of high structural quality, as reported
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FIG. 1. (a) M vs H hysteresis loops measured at 300 K for the
as-grown (solid line) and the UHV annealed (dotted line)
Cog 03: TiO, samples. (b) TRM curves taken from 5-365 K of as-
deposited (solid line) and annealed (dashed line) films, illustrating
the enhancement in magnetic properties with annealing. For TRM
experiments, the sample is cooled to 5 K and saturated in a 1 T
applied magnetic field; the field is then removed and the Mgy, as
a function of increasing temperature, is measured up to 365 K.
TRM is useful as a direct measurement of the magnetic signal from
the sample alone because the measurement is taken in zero applied
field, and there is no contribution from the diamagnetic substrate.
The increase observed below 50 K could point to a multiphase
system, which could perhaps be related to the slight variations of
Co distribution (always below 8%) observed in these samples (Ref.
19). Additionally, field cooled and zero-field cooled measurements
of the same sample have revealed that the film exhibits no super-
paramagnetism; these results further support that there are no
nanometer-scale metallic Co clusters present in the film, as these
would contribute a peak in the zero-field cooled measurement.
Note: Data adapted from Ref. 11. The moment per Co atom differs
slightly from Ref. 11 because of a difference in Co concentration
measurement (2% for Ref. 11, 3% here).

elsewhere.!"!8 Their magnetic properties [for hysteresis and
M vs H at 300 K, see Fig. 1(a); for thermoremanent magne-
tization (TRM) and Mgy from 5-365 K, see Fig. 1(b)] were
measured with a superconducting quantum interference de-
vice (SQUID) magnetometer. As shown in Fig. 1, the as-
deposited film is weakly FM with a saturation magnetization
Mg of 0.15 up/Co atom, a coercivity Hc of 100 Oe, and a
Mgy at 300 K of 0.03 up/Co atom. The data shows that
vacuum annealing at 450 °C yields an increase in My to
0.65 up/Co atom, H¢ to 350 Oe, and Mgy to 0.20 ug/Co
atom (the M, value is somewhat different from that reported
in Ref. 11 because the present method of measuring the Co
concentration is more accurate). The Curie temperature was
greater than the limit (>365 K) of the SQUID magnetome-
ter. Both as-grown and annealed samples are highly insulat-
ing with resistivity >10° ) cm. Moreover, the as-deposited
film has an average oxygen content ~5 at % higher than the
annealed film, confirming that the vacuum annealing process
is reducing the oxygen and creating V’s. Finally, near-edge
x-ray absorption fine-structure results on samples processed
under identical conditions have confirmed Co to be uni-
formly in the +2 state.!!

The STEM and EELS results reported here were obtained
using aberration-corrected VG microscopes HB603U (300
kV) and HB501UX (100 kV). The HB501UX allows con-
secutive acquisition of EELS data with a Gatan Enfina spec-
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trometer, and Z-contrast images to form spectrum images
with a spatial resolution of 0.11 nm and an energy resolution
below 0.5 eV.?83! Core-loss (EELS) spectrum images were
taken at a number of locations and magnifications throughout
the cross-sectional TEM specimens. Detailed compositional
analysis (with better accuracy than our previous measure-
ments reported in Ref. 11) using the Co and Ti L edges
(~779 and 455 eV, respectively, using hydrogenic cross sec-
tions including corrections for white lines), and the O K edge
(~530 eV, using a Hartree-Slater cross section) reveals that
the Co is dissolved uniformly throughout the film thickness.
The average Co/Ti ratio was calculated to be 0.030*0.03
and 0.028 = 0.02 for as-deposited and annealed samples, re-
spectively. Both samples showed small spatial variations in
Co maps with some increase in Co near the substrate-film
interface and the top 20 nm of the film thickness with maxi-
mum Co concentration of 8§ at %. The average oxygen con-
tent (atomic %) was calculated from the background sub-
tracted O K edge and normalized relative to the Ti content
(calculated from the Ti L edge). The details of the composi-
tional analysis of a series of our Co:TiO, films are reported
in Ref. 19. Although the structural analyses in Refs. 11 and
19 reveal the films to be of high crystalline quality, it is
evident during the STEM imaging that the presence of struc-
tural defects such as grain boundaries and interfaces play a
role in Co distribution. From this we determine that the Co
concentration is not perfectly uniform throughout but is dis-
persed throughout the film thickness and has some correla-
tion to the presence of structural defects. However, it is im-
portant to re-emphasize that no highly Co-enriched clusters
or secondary phases were observed anywhere in the films of
this report, including the grain boundaries.

III. RESULTS AND DISCUSSION

Anatase has a body-centered tetragonal unit cell (lower
inset of Fig. 2) and its epitaxial growth with high structural
quality in the (100) orientation on the LaAlO5 substrate was
confirmed by high-resolution Z-contrast images (Fig. 2). The
Ti/O columns, appearing as dumbbells, are the brightest
while the O columns are dimmer and spaced between. Close
inspection of the annealed Co-doped TiO, film specimen re-
veals a clear ordering in the O columns, resulting in a differ-
ence in intensity for neighboring O columns [see Fig. 3(a)
and the intensity traces in Fig. 3(b)]. Furthermore, one of the
two O columns of the annealed Co-doped TiO, sample [a in
Fig. 3(a), and red arrows in Fig. 3(b)] is consistently brighter
than the other adjacent column [b in Fig. 3(a) or blue arrows
in Fig. 3(b)] in both the raw data and also after maximum
entropy deconvolution [Fig. 3(a)]. This difference is too high
to be explained in terms of a few oxygen vacancies in the
dim columns. A more likely explanation is the presence of
Co atoms either in or near the bright O columns. Indeed, a
line trace of some of the brighter O columns shows a double
peak [Fig. 3(b)]. This double peak structure is present only in
the annealed Co-doped TiO, film, allowing us to conclude
that it is due to Co atoms preferentially occupying a particu-
lar interstitial site. The ordering of Co ions is consistent
throughout the annealed Co:TiO, film specimen. While at
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FIG. 2. (Color online) Z-contrast (high angle annular dark field)
image of the annealed Co:TiO, film (right) on the LAO substrate
(left). The image has been smoothed to remove noise (the upper
inset shows the raw data). The lower inset shows a schematic of the
anatase lattice with gray and red spheres representing Ti and O
atoms, respectively, along the projection in the image.

this point we cannot explain why the Co-Vy complex
chooses one of the O columns over the other one, the fact is
that once it happens the order has long-range character.
Long-range ordering of O vacancies is typical in perovskite-
based structures such as Brownmillerite (see, for example,
Ref. 32). The sample thickness for the microscopy experi-
ments is 10-20 nm so the length scale of this ordering is
longer than this value. Even though Co scatters about 50%
more than Ti, our noise limit is around 10%. Therefore, it is
possible that up to 20% of the total Co could be substitu-
tional but would be undetectable. The possibility of the site
ordering being due to lattice distortion from the LaAlO5 sub-
strate can be ruled out by the fact that both the as-deposited
Co:TiO, films and the annealed, undoped TiO, films (both
also grown on LaAlO;) do not exhibit the O site ordering. As
to why there is any RTFM in the as-deposited Co: TiO, films
where we do not see the defect ordering—it is possible that
some of the defect complexes are present but not in an or-
dered enough state for them to be detectable. Alternatively,
the ordered domains may be smaller so that several domains
of different polarity will be superimposed during the imag-
ing, and consequently, the Co column would be less intense
and could be invisible below the noise threshold. Also, the
complexes may not be the only ones responsible for the
RTFM. What we do know for a fact is that after the anneal-
ing, the RTFM is enhanced significantly when the extended
ordered arrays of defects become visible. Most likely, the
ordering helps to establish long-range FM correlations.

IV. THEORY CALCULATIONS

To further analyze the data, we performed first-principles,
spin-polarized DFT calculations using the generalized gradi-
ent approximation (GGA),* ultrasoft scalar relativistic
pseudopotentials, and the VASP code** with supercells con-
taining 120 host atoms. To address the disagreements in the
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FIG. 3. (Color online) (a) Magnified image of the anatase lattice
after maximum entropy deconvolution (from the same area as the
upper inset of Fig. 2). The HREM Research Inc. plug in for digital
micrograph was used, using a physical probe with a full width at
half maximum of 0.071 nm. Red circles mark O columns while
gray circles correspond to Ti/O columns. (The probe was simulated
using the estimated aberration parameters convoluted with a Gauss-
ian to account for the source size. The results are not sensitive to the
exact probe shape used for the deconvolution.) (b) Intensity traces
along the atomic planes marked with red arrows on (a), compared to
traces from the raw image, before deconvolution. The blue lines
represent an average of over five lateral pixels along boxes taken on
the ME processed image, such as the white box on (a). The red dots
represent the intensity traces from the same regions and averaged in
the same way on the raw data image. It is seen that the bright O
column actually comprises two peaks: one (red arrow) in the ex-
pected position for O and the another (green arrow) displaced away
from the O column. This peak is due to preferential segregation of
Co interstitials.
literature,”*?” we performed new calculations and found that
the lowest-energy interstitial site is precisely the same as
observed in the Z-contrast images. The interstitial Co was
placed at a large number of interstitial sites and it always
relaxed to the same site. Stable interstitial configurations that
entail disruption of the network were also found but their
energies are of order 1-1.5 eV higher.

Using the theory of Ref. 35 for the competition between
interstitial and substitutional sites for an impurity, and the
results of our total-energy calculations, we find that the
interstitial-substitutional energy difference AE(I-S) for neu-
tral defects is given by AE(I-S)=-0.8 eV +kT log p, where
p is the partial pressure of O, molecules. Since
p=1,AE(I-§) <0, and interstitial Co is always preferred
over substitutional Co.

In anatase, the Co interstitial breaks the tetragonal sym-
metry (Fig. 4): in the [010] projection the surrounding O
atoms in the same row shadow the Co atom more efficiently
than in the [100] projection. We find that two Co interstitials
on the same O row in adjacent unit cells (down the O col-
umn) are energetically unfavorable, accounting for the ab-
sence of Co aggregation even after annealing. However, Vq’s
are attracted to the Co interstitials with a Co-V binding
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FIG. 4. (Color online) A schematic of the interstitial atomic
configuration for a single Co impurity. Ti atoms are shown in gray,
O in red, and Co in blue. (a) and (b) correspond to views down the
[100] and [010] projections, respectively. In (c) a projection along
the [001] axis of the atomic plane where the Co is sitting is shown.
The position of the O vacancy has been marked with a red dotted
circle. The Co-Ti*3-V complex is highlighted with a yellow tri-
angle. (d) Contour plots (in arbitrary units) for the difference be-
tween the majority- and minority-spin electronic densities in the
plane of the Co-Ti*3-V defect complex [blue box in (c)]. Grey
circles mark the position of Ti atoms while red circles mark the O
positions, approximately. The blue areas correspond to the maximal
negative value of this difference (majority-spin accumulation),
which is located mainly at the Co atom. The two surrounding O
atoms and the oxygen vacancy (dashed red circle) are also signifi-
cantly spin polarized. The spin-polarization of the surrounding Ti
atoms is much weaker and is opposite in sign (red color).

energy of 1 eV. We infer that postgrowth annealing produces
arrays of interstitial Co atoms, each of which is associated
with a V.

Finally, in the absence of Vo we calculated a magnetic
moment, mc,~2.24up, per Co atom. When a Vg is adjacent
to the interstitial Co, mc, is ~0.9up per atom in fair agree-
ment with the measured value of 0.65up. To investigate
magnetic ordering of the Co-V, defect complexes, we placed
two such defects in the same supercell at adjacent equivalent
columns, as observed in the Z-contrast images [e.g., the sec-
ond atom is placed at points marked a or b in Fig. 4(a), or at
site ¢ located below a in the next plane]. The Co-Co dis-
tances for such defects pairs are 0.399, 0.537, and 0.564 nm,
respectively. In all cases, FM ordering has lower energy than
anti-FM ordering with the energy differences being 0.38,
0.24, and 0.22 eV, respectively. FM ordering is preferred
even though the atoms along the line connecting Co atoms in
the three cases are completely different. As expected, the
energy difference decreases with increasing Co-Co distance
but cannot be tracked with sufficient accuracy to the mean
Co-Co distance at 3 at % doping (~10 A). The evident or-
dering of Co atoms in only half of equivalent columns sug-
gests an average Co-Co distance that is half the mean value
corresponding to 3 at % doping, i.e., about 5 A. We con-
clude that DFT and LSDA capture the spin-aligning interac-
tions that lead to FM ordering of the magnetic moments of
Co-V,, defects.
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FIG. 5. (Color online) (a) PDOS for the majority (positive) and
minority (negative) spin states on the interstitial Co atom in the
Co-Ti*3-Vg defect complex (upper panel). The lower panel com-
pares the PDOS for the Ti atom by the Co interstitial [green, Ti(1)]
with the PDOS for a general Ti atom [blue, Ti(2)] in the anatase
lattice. Only one spin component is shown for both Ti atoms (the
spin polarization is insignificant). (b) Energy-loss near edge struc-
ture at the Ti L, 3 edge around 455 eV (left) and the O K edge
around 530 eV (right) from inequivalent Ti/O atomic columns of an
annealed Co:TiO, sample. The red spectrum was acquired by plac-
ing the electron beam on a Ti/O column adjacent to a Co interstitial,
such as the one labeled on Fig. 3(a). The spectrum in black comes
from a Ti/O column adjacent to a conventional O column (with no
Co nearby). A typical example of an averaged EELS Cobalt L edge
around 779 eV is shown in the inset (total acquisition time of 10 s).

Figure 4(d) shows the difference in spin-up and spin-
down total electron densities in the defect complex plane
[illustrated in Fig. 4(c)], and confirms that the unpaired spins
are located primarily on the Co atom. Projected densities of
states (PDOS) show that the unpaired spins originate in de-
fect states within the energy gap. In the absence of Vg'’s,
there are three electrons in the gap states (two spin down,
one spin up). When the Co is paired with a V5, we have five
electrons in the gap states (three spin down and two spin up).
In Fig. 5(a) we plot the PDOS on a Ti atom far from (blue)
and next to the Co and Vg (green). The peak in the gap
corresponds to roughly an electron in Ti orbitals, suggesting
that its “oxidation state” is smaller by one relative to that of
the Ti atoms far from the defect (Ti*3, as opposed to Ti**). In
summary, the results of these calculations together with the
Z-contrast images suggest that dilute arrays of Co-Ti*3-V
complexes are responsible for ferromagnetism in these sys-
tems. The fact that the system is insulating suggests that the
annealing process generates only Vq’s bound to Co atoms,
for which the calculations find no free carriers (in contrast,
isolated vacancies generate free carriers with experimental
evidence is discussed below, see also Ref. 36).

V. ATOMIC-RESOLUTION ELECTRON-ENERGY-LOSS
SPECTROSCOPY

The presence of Co-Ti*3-V defect complexes is con-
firmed by atomic column-by-column EELS measurements.
For nonspherical symmetry such as octahedral coordination,
the crystal field further splits the L3 and L, peaks into 7,, and
e, levels with relative intensities (,,/e,) proportional to their
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oxidation state.’” The L, edge exhibits a more pronounced
change in 1,,/ e, peak ratio than the L; edge [see Fig. 5(b)]. A
different prepeak splitting is also observed at the O K edge
[Fig. 5(b), right].383° A significant decrease in the Ti L,
lole, ratio was observed from the bright O columns
(0.87 =0.008) compared to the dim columns (0.80 % 0.008).
Therefore, the brighter O columns, with higher Co content,
have an increased number of Ti*? nearest neighbors, in good
agreement with the theoretical calculations. Note that the
EELS analysis of the Ti oxidation state on the atomic col-
umns included an analysis of the Co/Ti ratio, where all col-
umns had a Co concentration falling within the 2—-5 at % Co
range. The most likely scenario, consistent with the images,
the EELS, and the theory, is an ordering of Co interstitials
close to the bright O columns with associated Vq’s and Ti*?
ions, as illustrated in Fig. 4(c).*® Again, no evidence of de-
fect ordering was found in either the as-deposited Co:TiO,
films or in the annealed, undoped TiO, films.

Finally, we calculated the L, 3 x-ray absorption spectrum
of interstitial Co in our Co-Ti**-V, complex and of substi-
tutional Co, and compared these calculations with the pub-
lished spectrum’ of Co in FM 7%-Co-doped anatase (Fig. 6).
The calculated spectrum of substitutional Co is in better
agreement with the experimental data. The comparison pro-
vides further confirmation of our conclusion that Co-Ti*3-V,,
is the defect responsible for RTFM in Co-doped anatase.

VI. CONCLUSION

Combining atomic-resolution Z-contrast imaging and
electron-energy-loss  spectroscopy  with first-principles
density-functional theory and magnetic property measure-
ments, we have shown that the activation of RTFM in highly
insulating Co-doped anatase TiO, is defect mediated and in-
volves the formation of ordered Co-Ti**-V, defect com-
plexes. The as-deposited Co-doped anatase TiO, films of this
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FIG. 6. (Color online) L3 x-ray absorption spectrum of Co in
Co-doped anatase (from Ref. 7, in blue), and calculated Lz spectra
for Co in the interstitial Co-Ti*3-V complex (black line) and for
substitutional Co (red).

study exhibit only weak RTFM, indicating that a vacuum
annealing process is required to form an ordered distribution
of defect complexes by the creation and diffusion of Vg’s to
Co ions. Because undoped anatase TiO, becomes conducting
when annealed, it is clear that O vacancies create carriers.
However, the presence of a few atomic percent Co creates a
superstructure of specific defect complexes that then trap
these carriers and mediate the ferromagnetism.
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