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Structure of epitaxial (Fe,N) codoped rutile TiO, thin films by x-ray absorption
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Homoepitaxial thin films of Fe:TiO, and (Fe,N):TiO, were deposited on rutile(110) by molecular beam epitaxy.
X-ray absorption near edge spectroscopy (XANES) spectra were collected at the Ti L-edge, Fe L-edge, Ti K-edge,
O K-edge, and N K-edge. No evidence of structural disorder associated with a high concentration of oxygen
vacancies is observed. Substitution of Fe for Ti could be inferred, and secondary phases such as Fe, 03, Fe;O4,
and FeTiO; can be ruled out. The similarity of the N K-edge spectra to O, and the presence of a strong x-ray
linear dichroism signal for the N K-edge, indicates that N is substitutional for O in the rutile lattice and is not
present as a secondary phase such as TiN. Simulations of the XANES spectra confirm substitution, although N
appears to be present in more than one local environment. Neither Fe: TiO, nor (Fe,N):TiO, exhibit intrinsic room
temperature ferromagnetism, despite the presence of mixed valent Fe(II)/Fe(I1I) in the reduced (Fe,N):TiO, film.

DOI: 10.1103/PhysRevB.86.035322

I. INTRODUCTION

Efficient visible light photocatalysis could revolutionize hy-
drogen production, chemical synthesis, and pollution mitiga-
tion. Binary oxides such as TiO, have received much attention
for these applications since they are stable under aqueous and
oxidizing conditions and show promise as ultraviolet-light
photocatalysts."> However, to operate in the visible portion
of the solar spectrum, the wide bandgap of these oxides (3.0—
3.2 eV for TiO;) must be reduced. Anion doping of anatase
TiO, by N shows promise as a means to reduce the bandgap
into the visible region, resulting in visible-light photoactivity.>
The photocatalytic activity of N-doped TiO,, typically in
the form of nanoparticles and powders, has subsequently
been widely explored.*’ Recently, codoping schemes such
as Fe cation doping along with N anion doping have been
explored and in some cases have shown promise to increase
photocatalytic activity.>!' Codoping is speculated to both
promote visible light absorption and facilitate photogenerated
charge separation and transfer.®!! However, in nanoparticles
and fine powders, establishing the detailed mechanism of
photocatalytic activity is significantly hindered by difficulties
in determining the structural and electronic behavior of
dopants.

Transition-metal-doped TiO, has also been extensively
explored as a potential dilute magnetic semiconductor (DMS)
for spintronics applications.!> Recently, Fe-doped TiO, was
shown to exhibit weak room-temperature ferromagnetism
in films with reduced oxygen content.'*!* The mechanism
of ferromagnetic ordering was hypothesized to require the
presence of Ti(IIl) defect states'* or mixed-valent
Fe(Il)/Fe(III).'> However, these studies did not characterize
the spatial distribution or substitutional nature of the Fe
dopant. Previous studies found that, with a relatively fast
deposition rate, Fe dopants segregate to the film surface
and form Fe;O4 clusters which provide a room temperature
ferromagnetic signal.'> To elucidate the mechanism of fer-
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romagnetic ordering in these materials, careful and thorough
materials characterization is necessary, particularly regarding
the speciation and location of the transition metal dopants.
Recently, we showed'® indirect evidence of N substitution
in (Fe,N) codoped rutile TiO, homoepitaxial thin films
deposited by plasma-assisted molecular beam epitaxy
(PAMBE). A combination of characterization techniques
indicated that N was present as N3~, which appeared to be
substitutional in the lattice. Codoping with N also increased
the extent of Fe incorporation in the rutile lattice, reducing
surface segregation of Fe dopants. Although optical absorption
indicated a bandgap reduction to approximately 2.4 eV for
N-doped TiO, and (Fe,N) codoped TiO,, no significant visible
light photocatalytic activity was observed for either film.
X-ray absorption (XAS) is a powerful technique to deter-
mine the charge state, structural environment, and electronic
structure of materials in an atom-specific manner. Previous
XAS studies of N-doped TiO, have focused on x-ray absorp-
tion near edge spectroscopy (XANES) of the O K-edge, Ti
K-edge, Ti L-edge, and in some cases the N K-edge of N-doped
anatase powders and nanoparticles. For example, Stewart
et al.'” found evidence of substantial O vacancy formation
from both the O K-edge XANES and the pre-edge features
of the Ti K-edge XANES. Changes to the electronic structure
and atomic ordering were attributed to these vacancies and did
not directly correlate with the small amount of N detected.
Chen et al.'® interpreted the N K-edge XANES of anatase
reacted with NH; at various temperatures as substitutional
N in a TiN-like environment, in addition to the presence of
interstitial N. Reaction at higher temperatures produced a TiN
secondary phase. Braun et al.” observed an additional feature
in the pre-edge region of the O K-edge XANES, correlated
with additional intensity in the Ti L-edge spectrum; with
increasing N content, an increase in the relative amplitude of
this feature and a decrease in visible light photoactivity were
observed. Zhang et al.® utilized N and O K-edge XANES
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and x-ray photoelectron spectroscopy (XPS), in addition to
other techniques, to associate high visible light photoactivity
with near-surface substitutional N species and neighboring O
vacancies.

In this paper, we present XANES and x-ray linear dichroism
(XLD) for the Ti K-edge, Ti L-edge, Fe L-edge, O K-edge,
and N K-edge in the Fe-doped rutile TiO, (Fe:TiO,) and
(Fe,N) codoped rutile TiO; ((Fe,N):TiO,) homoepitaxial thin
films discussed in detail previously.'® Analysis of epitaxial
films provides substantial benefits compared to the study of
nanoparticles to understand the fundamental role of dopants
in a material, in particular due to the elimination of underco-
ordinated surface defects and surface-adsorbed species. The
well-defined single crystal structure of epitaxial films also
facilitates insightful XLLD measurements, where the incident
x-ray polarization is switched from parallel to perpendicular
polarization relative to a given crystalline direction in the
film; the difference in the XANES spectra arising from these
signals is the XLD. X-ray linear dichroism is very sensitive
to small changes in the fine structure of XANES, revealing
subtle differences in local coordination and structure around
the absorbing atom. In some cases, the XLD difference
spectrum can be accurately modeled, allowing a quantitative
measure of the number of dopants which are substitutional
in the lattice.'>?° By employing XLD difference spectra for
O, N, and Ti in Fe:TiO, and (Fe,N):TiO,, the structural and
electronic role of N in rutile TiO, is elucidated. In addition, the
dopant speciation and room temperature magnetic properties
of Fe:TiO, and (Fe,N):TiO, are presented.

II. EXPERIMENTAL DETAILS

Fe-doped rutile TiO, and (Fe,N) codoped rutile TiO,
homoepitaxial thin films were deposited on rutile(110) single
crystals by PAMBE, as described previously.'® Briefly, Fe
and Ti were evaporated from effusion cells, and activated
oxygen and nitrogen were supplied from the same electron
cyclotron resonance microwave plasma source at an N»:O;
supply ratio of 3:1, maintaining a total chamber pressure of
2 x 107 Torr. Films were deposited at 550 °C to a thickness
of approximately 500 A. Two films are investigated in this
study: Feg 02 Ti.98O», which showed surface segregation of Fe
by angle-resolved x-ray photoelectron spectroscopy (XPS),
and Fe 02 Tio.05(00.908No.02)2, which indicated no surface seg-
regation of Fe.'¢

X-ray absorption spectra for the O K-edge, N K-edge, Ti
L-edge, and Fe L-edge were collected on beamline ID08 of
the European Synchrotron Radiation Facility (ESRF); spectra
were collected in total electron yield (TEY) mode to minimize
signal from the underlying rutile substrate. The Ti K-edge
spectra were collected on beamline ID12 in fluorescence yield
(FY) mode. Due to interference with the Ti K-edge, the weak
Fe K-edge signal could not be measured. The incident x-rays
were perpendicular to the sample surface, and the electric field
vector (E) was aligned either parallel or perpendicular to the
c axis of the film by flipping the linear polarization of the
synchrotron light from vertical to horizontal using either a
quarter wave plate (ID12) or the undulator (IDOS8). For rutile
TiO,(110) films, the ¢ direction ([001]) lies in the plane of the
film, and the in-plane direction perpendicular to the ¢ direction
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is the [110] direction [see inset to Fig. 1(a)]. Unless noted
otherwise, spectra were normalized with respect to the edge
jump. The powder-averaged XAS spectra were calculated as
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FIG. 1. (Color online) Self-absorption-corrected Ti K-edge
XANES spectra for (a) Fe:TiO, and (b) (Fe,N):TiO,. Inset in (a)
sketches parallel and perpendicular polarizations. Inset in (b) com-
pares averaged XANES spectrum with multiple-scattering simulation
of unrelaxed TiO,. (c) XLD difference spectra, along with multiple
scattering simulation of unrelaxed TiO,.
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([001] 4 2*[110])/3.>' The Ti K-edge spectra collected in
FY were corrected for self-absorption effects by taking into
account the chemical composition and density, the essentially
infinite thickness of the bulk sample, the various background
contributions (fluorescence of subshells and matrix as well as
coherent and incoherent scattering), the angle of incidence of
the x-ray beam, and the solid angle of the detectors.?” The
XLD spectra were calculated as [110]-[001].

The XANES spectra and XLD difference spectra were
simulated using the FDMNES code.”> FDMNES can utilize
two different density functional theory (DFT) techniques to
calculate the x-ray absorption final states: multiple scattering
theory (MST) with approximate potentials or the more precise
finite difference method (FDM) with full potentials. The Ti
and Fe L edges are qualitatively simulated utilizing MST with
muffin tin (MT) potentials. Simulation of the O and N K edges
are the primary focus of the current study and are calculated
using FDM with a self-consistent evaluation of the electronic
structure. We have confirmed that this is required in order to
obtain good agreement with experiment.

For the simulations, a 2 x 2 x 3 supercell (24 Ti, 48
O) of rutile was utilized; one cation in the center was
replaced with Fe (except when simulating N:TiO,), and an
adjacent anion was replaced with N. This rigid structure is
referred to below as “unrelaxed”. For the “relaxed” structure,
the supercell was allowed to relax in three dimensions, as
described previously.'® However, upon relaxation the fourfold
axis relaying the chains of octahedra in rutile?* is lost, and
the [110] and [110] directions are no longer equivalent. This
is artificial because, at these low doping levels, long-range
ordering of the dopants is not expected, and thus the dopants
substitute with equal probability in Jahn-Teller distorted
oxygen octahedra whose distortions lie along either [110]
or [110]. To recover the fourfold experimental axis, which
exhibits an isotropic dependence on polarization in the ab
plane, the simulated spectra for polarization along [110]
and [110] must be averaged. Therefore, the powder-averaged
simulated XAS spectra were calculated as ([001] + [110] +
[110])/3, and the simulated XLD spectra were calculated as
([110] + [110])/2 — [001].

To increase the signal for room-temperature magnetic
measurements, thicker films of Fe:TiO, and (Fe,N):TiO,
(2000 A) were deposited under the same conditions as above.
To reduce external sources of magnetic contamination, the
rutile(110) substrates were etched in concentrated HNOj3 (back
and sides only) before deposition; residual ferromagnetic
signals were <5 x 107® emu. X-ray photoelectron spectra
were collected with a GammaData/Scienta SES 200 analyzer
and a monochromatic Al Ko X-ray source. A low-energy
electron flood gun was utilized for compensation of sample
charging. The Fe K-edge XANES was measured for the
thick (Fe,N):TiO, film at PNC-CAT beamline 20-BM at the
Advanced Photon Source (APS); perpendicularly polarized
x-rays were incident on the sample at a grazing angle, and
sample spinning was employed to reduce Bragg diffraction
effects. With this measurement geometry, sufficient Fe K-edge
signal could be collected on the thick doped films. Magnetic
properties were measured at room temperature by vibrating
sample magnetometry (VSM) with the magnetic field applied
in the plane of the film.
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III. RESULTS AND DISCUSSION

A. X-ray linear dichroism of Ti and Fe

The Ti K-edge XANES spectra in both vertical and
horizontal polarizations are shown in Fig. 1(a) for Fe:TiO,
and Fig. 1(b) for (Fe,N):TiO;; all spectra have been corrected
for self-absorption. As expected for single-crystal films, the
XANES fine structure depends on the polarization of the
incident x-rays when aligned either parallel or perpendicular to
the ¢ direction. The inequivalent bonding environments sensed
in these two orientations give rise to differences in XANES
fine structure, as observed previously for rutile(110).23 The
position of the absorption edge inflection point at ~4981 eV
indicates Ti is present as Ti(IV)*® with no evidence of
reduced Ti(III). The relative intensities of the three pre-edge
peaks, labeled A;, A,, and Aj in Fig. 1, are consistent with
the rutile crystal structure.”® The nature of the transitions
(dipole or quadrupole) giving rise to these pre-edge peaks
has been controversial.’®>” However, recent density functional
theory (DFT) calculations?® have strongly supported the
interpretation®>?’ that peak A is due to a quadrupole transition
from 1s to 3d (t2,) in the Ti absorber, peak A, arises from
a dipole transition from 1ls to hybridized p-d (f2,) on the
neighboring Ti [for E parallel to ¢, there is also a small
contribution from the quadrupole 1s to 3d (e,) transition of
the Ti absorber], and peak Aj is a dipole transition from 1s to
hybridized p-d (e,) on the neighboring Ti. The small additional
quadrupole contribution to A, in the parallel polarization
can be seen as a relative increase in the intensity of A,
compared to A; and Aj in this polarization in Figs. 1(a)
and 1(b).

The XLD is calculated as the direct difference between
the XANES spectra at the two polarizations and is shown in
Fig. 1(c) for both Fe:TiO, and (Fe,N):TiO,. The strong simi-
larity in the XLD signals for Fe:TiO, films with and without N
codoping indicates that adding a small fraction of N does not
substantially disrupt the rutile lattice. In addition, because of
the bulk sensitivity of FY in the hard x-ray regime, the XANES
and XLD spectra also contain a considerable fraction of signal
stemming from the underlying rutile substrate. Figure 1(c)
shows an FDMNES multiple scattering simulation within the
muffin-tin approximation utilizing self-consistent potentials of
the XLD signal from unrelaxed, undoped TiO,. Comparison of
the powder-averaged XANES spectrum with the simulation is
given in the inset to Fig. 1(b). The MST simulation reproduces
the experimental XANES spectrum fairly well, although the
agreement in the pre-edge region and along the leading edge
is not as good as previous simulations with the FDMNES
code using the finite difference method (FDM).?> The poor
agreement leads to a clear discrepancy between experiment
and simulation for the XLD spectrum in the range of 4980 to
5000 eV. This is in contrast to wurtzite GaN or ZnO, where
the muffin-tin approximation works rather well to simulate the
XLD spectrum, >0

The Ti L-edge absorption spectrum, collected in TEY mode,
is plotted in Fig. 2(a) for (Fe,N):TiO,. The L-edge spectra
of 3d metals such as Ti are dominated by the dipole 2p-3d
transition. Spin-orbit splitting of the 2 p orbitals into 2p3,> (L3)
and 2py > (L), and crystal field splitting of the 3d orbitals into
e, and t,, results in a manifold of four absorption peaks for
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FIG. 2. (Color online) (Fe,N):TiO, Ti L-edge (a) XAS and (b)
XLD. Multiple-scattering simulation of unrelaxed TiO, is given for
XLD in (b) and powder-averaged XAS in the inset. FDM simulation
of XLD is shown for comparison in (b).

the Ti L-edge of TiO,. The e, states are further split due to
the tetragonal distortion from perfect octahedral symmetry,
which occurs for both anatase and rutile. However, the
intensity ratio of the split peaks is opposite for the two crystal
structures; the TiO, L3 spectrum presented in Fig. 2(a) indi-
cates the higher-energy e, peak is more intense than the lower-
energy peak, consistent with previous reports of rutile L-edge
spectra.”’

Braun et al.” observed an additional feature in the Ti L-edge
spectra which increased with increasing N content in N-doped
anatase nanopowders. This new feature, located between the
I, and e, peaks, was tentatively assigned as the contribution
from the 2p-3d (e, d.?) transition, arising from the substantial
quantity of oxygen vacancies introduced with N doping during
nanoparticle synthesis. In the present work, the lack of Ti**
observed by XPS, as well as the transparency of the films,
indicates that a comparable quantity of oxygen vacancies
are not present despite the relatively high N concentration
(2.8 anion% or 1.9 at%). Likewise, the e, d.? feature observed
by Braun et al. is not present in the Ti L-edge spectrum in
Fig. 2(a).

The XLD difference for the Ti L3 edge is plotted in
Fig. 2(b). The FDMNES MST simulation within the muffin-tin
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approximation of the XLD signal for unrelaxed, undoped
TiO, results in qualitative agreement with the experimental
data. The main features of the XLD are reproduced, although
the predicted intensity is approximately six times higher than
the experimental value. The inset shows the powder-averaged
XAS spectrum and the MST simulation of the XAS; the
., region is well reproduced (except for the mismatched
intensity), but the first peak in the e, region is underestimated
by the simulation. The theoretical framework necessary to
simulate the L, 3 edges of transition metals such as Ti and Fe
is in principle more complex than that required to describe
the K edges, since for the L,3; edges, the photoelectron
probes localized orbitals, and multielectronic phenomena can
dramatically influence the spectra. Even for Ti(IV), which is
3d° and thus not expected to present “multiplet” features,
the experimental branching ratio between L3 and L, is far
from the expected value of 2:1 [see Fig. 2(a)], indicating
multiplet effects are occurring. For these reasons, it might
be expected that a full FDM simulation would be necessary to
accurately reproduce the Ti L-edge features. Unexpectedly,
however, the full FDM simulation (without self-consistent
potentials) shown in Fig. 2(b) reproduces the experimental Ti
L-edge much more poorly than the MST simulation. Including
self-consistent potentials decreases the quality of the fit even
further (not shown). It is unclear why the FDM simulation fails
to reproduces the Ti L-edge satisfactorily. A time-dependent
DFT (TD-DFT) approach utilizing a Hubbard correction may
be useful to accurately reproduce the experimental L edges;
however, this is beyond the scope of the present work.

The Fe L-edge absorption spectrum for (Fe,N):TiO, is
shown in Fig. 3(a). These spectra do not closely match the Ti
L-edge spectra shown in Fig. 2(a), which is to be expected
considering the different electron configuration of Fe(III)
(3d>) compared to Ti(IV) (3d°). Thus, a simple line shape
comparison with the Ti spectra cannot determine whether the
Fe dopants are substitutional in the rutile lattice. Notably,
however, the Fe L-edge spectra in Fig. 3(b) exhibit fine
structure at both the L3 and L, edges, in contrast to the
L-edge spectra for metallic Fe, where any fine structure at
the L3 and L, edges is absent. While the L3 and L, peak
positions do not differ significantly for Fe(Il) and Fe(IIl),
the fine structure is sensitive to the local environment of
the absorber. The fine structure of the Fe L-edge spectra
in Fig. 2(a) are not similar to reference spectra of «-Fe,O3
(hematite),’® Fe;04 (magnetite),31 or FeTiO; (ilmenite),?'32
indicating that the majority of Fe is not present as a secondary
phase of Fe, O3, Fe;0y4, or FeTiOj3 in (Fe,N):TiO,. In addition,
the Fe L-edge signal is rather weak despite the use of
the surface-sensitive TEY mode to collect the spectra; this
excludes a significant Fe-enrichment at the surface, which
would lead to a much more pronounced Fe signal. These results
are consistent with previous XPS spectra for these samples,'®
which indicated that Fe occurs exclusively as Fe(Ill) with
little surface segregation. Combining the XPS and L-edge
XAS data, Fe substitution for Ti in the rutile lattice can be
inferred.

Small differences are observed in the Fe L-edge spectra at
the two x-ray polarizations, leading to a weak XLD signal,
which is plotted in Fig. 3(b). The presence of an XLD
signal implies that at least a portion of the Fe dopants are
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FIG. 3. (Color online) Fe L-edge (a) XAS and (b) XLD. Multiple-
scattering simulation of relaxed (Fe,N):TiO, is given for XLD in (b)
and powder-averaged XAS in the inset.

preferentially oriented in the film and not in the metallic
form, consistent with the visible fine structure in the XAS.
However, the strong and inhomogeneous background in the
weak XAS spectra at the two polarizations is difficult to
remove completely and thus may influence the XLD difference
spectrum. A multiple scattering simulation of the XLD of
(Fe,N):TiO, is also shown in Fig. 3(b); the powder-averaged
XAS spectrum is compared to experiment in the inset of
Fig. 3(b). Similar to the Ti L-edge, the simulated XAS
spectrum matches the experimental line shape reasonably well
for the main L3 peak (except for an overestimation of the
intensity), but not the fine structure above 710 eV. In contrast
to the simulation of the Ti L-edge, the agreement between
simulation and experiment for the Fe L-edge XLD is poor,
with only the main peak reproduced, although with a much
higher intensity. Again, this is likely due to the multielectronic
phenomena mentioned above. It may also arise in part from
structural disorder in the Fe cations; previous characterization
of Fe in the (Fe,N): TiO; film found evidence of Fe substitution,
but significant disorder in the film when investigating both Fe
and Ti with Rutherford backscattering spectrometry rocking
curves.'® Nonetheless, the qualitative reproduction of the main
XLD peak supports the assignment that Fe is predominantly
substitutional for Ti and not present as secondary phases,
interstitials, or on antisite locations.

PHYSICAL REVIEW B 86, 035322 (2012)

B. X-ray linear dichroism of O and N

Figure 4(a) shows the O K-edge XANES spectra for
(Fe,N):TiO, in both parallel and perpendicular polariza-
tions. Again, strong anisotropy is observed, indicative of
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peak. (c) Experimental XLD difference spectra for the O and N
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well-ordered oxygen anions in the single-crystal lattice.
Previous studies on N:TiO, nanoparticles found a loss of fine
structure in the O K-edge, which was attributed to the presence
of a substantial fraction of oxygen vacancies.'” The prominent
fine structure in Fig. 4(a) implies that the concentration
of oxygen vacancies formed during film synthesis is much
less than in previous nanoparticle work!” and is below the
detection limit of O K-edge XANES. The O K-edge of TiO,
is understood to consist of two strong pre-edge peaks arising
from transitions from O 1s to hybridized Ti 3d-O 2 p orbitals;
the Ti 3d orbitals are further split into #,, and e, components.
The main absorption edge arises from O 1s to hybridized
Ti 4sp-O 2p transitions.’ As with the Ti absorption edges,
differences in the distortion from octahedral symmetry for the
anatase and rutile crystal structures leads to slight changes in
the O K-edge line shape, particularly past the main absorption
edge.’* As expected, the measured O K-edge XANES line
shape for (Fe,N): TiO, is consistent with that reported for
rutile’*33 [see also the inset to Fig. 5(a) below].

Correlated with the additional feature observed in the Ti
L-edge spectra, Braun et al.” observed an additional feature
between the 1, and e, peaks of the O K-edge spectra of N:TiO,
anatase nanopowders, assigned as a transition to the e, d,?
orbital. The lack of such a feature in Fig. 4(a) confirms the lack
of oxygen vacancies present in the (Fe,N):TiO; films. It should
be noted, however, that the increase of the additional feature
was found to correlate with reduced photocatalytic activity;
the highest activity was found for the nanopowders with the
lowest N content and smallest e, d.? feature.” In contrast, the
(Fe,N):TiO, films contain a relatively high concentration of
N without producing the e, d,? feature, but no visible light
photoactivity was detected.!®

The N K-edge XANES spectra for (Fe,N):TiO, are shown
in Fig. 4(b). The line shape of the N K-edge spectra are
qualitatively similar to previous results for N in anatase TiO,'®
and in TiN.?® The spectra exhibit similar fine structure to the O
K-edge XANES spectra in Fig. 4(a), particularly past the main
absorption edge, providing evidence that N occupies a similar
crystalline environment as O in the rutile lattice. No evidence
of interstital Ny, with a sharp peak at 401.4 eV,’® is seen.
Likewise, XANES spectra collected in fluorescence yield (not
shown), which is bulk sensitive, did not reveal the signature
of interstitial N, in the bulk of the film. By analogy to the O
K-edge, the pre-edge peaks can be assigned as transitions from
N 1s to hybridized Ti 3d-N2 p orbitals; again, the Ti 3d orbitals
are split into #,, and e, components. The main absorption edge
is assigned as transitions from N 1s to hybridized Ti 4sp-N 2p
orbitals. In contrast to the O K-edge spectra, the e, pre-edge
peak for the N K-edge appears to have a double-peak structure,
as illustrated by arrows in Fig. 4(b).

The N K-edge spectra presented in Fig. 4(b) vary markedly
from the XANES spectra presented by Zhang et al. for samples
processed at <500 °C, which were assigned to substitutional
near-surface N in TiO,. However, the N 1s binding energy ob-
served by XPS for substitutional N in (Fe,N):TiO;, 396.0 eV,!o
matches the binding energy observed by Zhang et al., 395.7
eV, reasonably well. The N 1s binding energy in TiN is
reported to be 397.0-397.4 eV,*”*® which shifts to lower
binding energy (~396 eV) as the TiN film is oxidized and
presumably forms an oxynitride.’” In polycrystalline samples
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such as the nanoparticle powders studied previously,®'? it can

be difficult to distinguish from the N K-edge XANES spectrum
whether N is substitutional in TiO, or forms a secondary
phase of TiN. The advantage of single-crystal epitaxial films
is the ability to probe the crystalline anisotropy through the
incident x-ray polarization. If an N-containing secondary
phase of any type exists in the lattice as randomly oriented
crystalline grains, it will not exhibit crystalline anisotropy
when the x-ray polarization is changed. Even if TiN, which
is the most likely secondary phase in N:TiO,, were present
with a single, epitaxial orientation, its cubic crystal structure
would not exhibit crystalline anisotropy when the incident
x-ray polarization is switched to an orthogonal direction.
However, the N K-edge XANES data in Fig. 4(b) clearly
exhibits anisotropy. This is seen quantitatively by plotting the
XLD signal as in Fig. 4(c). The presence of a clear XLD
signal itself provides strong evidence that the majority of N
is substitutional in the rutile lattice; any secondary phases are
negligibly small. The experimental N XLD data matches well
with the O XLD in Fig. 4(c), implying that N is substitutional
for O in (Fe,N):TiO,.

Further corroboration that N substitutes for O in the
(Fe,N):TiO, film is provided by FDM simulations of both the
O and N K-edge XANES and XLD. For ease of comparison,
both the O and N K-edge experimental and simulated spectra
have been normalized to the tallest peak in the main absorption
region for the perpendicular polarization. These simulations
are shown in Fig. 5. The simulations of unrelaxed (Fe,N):TiO,
predict XANES and XLD signals for the O K-edge, which
are quantitatively similar to those observed experimentally
[Fig. 5(a)]. For the N K-edge, the agreement between experi-
ment and simulation reveals subtleties in the local environment
around N. Figure 5(b) plots the powder-averaged experimental
N K-edge spectra, as well as FDM simulations using both
relaxed and unrelaxed TiO, structures, with and without the
presence of Fe in addition to N. In all cases, the simulations
semiquantitatively reproduce the primary features of the
experimental spectra, including the #,, and e, pre-edge peaks
and the structure of the main absorption edge. As shown above
inFig. 4(b), the experimental N K-edge XANES spectrain both
polarizations show a double-peak structure in the e, pre-edge
peak, which is retained in the averaged data. Finite difference
method simulations of the N K-edge do not reproduce this
double-peak structure. However, the simulations show relative
energy shifts of the single e, peak depending on the details
of the simulation, indicating that the experimental spectrum
likely arises from a convolution of various local environments
around the N absorber. The position of the e, pre-edge peak
appears to correlate with whether the structure is relaxed or not,
regardless of the presence of neighboring Fe. It should be noted
that the (Fe,N):TiO; structure was allowed to relax in three
dimensions, without consideration of the epitaxial constraint
of the substrate, and only one Fe-N dopant configuration was
considered. Thus, the relaxed structure determined by DFT
total-energy calculations may not precisely reflect the relaxed
(Fe,N):TiO, film structure.

Discrepancies between the experimental and simulated N
K-edge XANES can be more clearly seen when comparing the
experimental and simulated XLD difference spectra, as shown
in Fig. 5(c). The FDM simulations of unrelaxed (Fe,N):TiO,
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FIG. 5. (Color online) (a) O K-edge XLD of (Fe,N)TiO, and
FDM simulation of unrelaxed (Fe,N):TiO,. Inset: Averaged O K-
edge XANES comparison. (b) Comparison of N K-edge XANES
of (Fe,N):TiO, with FDM simulations. (¢) N K-edge XLD of
(Fe,N):TiO, with FDM simulations.

and relaxed N:TiO, appear to match the experimental XLD
signal fairly well, while relaxed (Fe,N):TiO, and unrelaxed
N:TiO; do not reproduce the pre-edge region. For all models,
the main absorption region above ~405 eV agrees well with the

PHYSICAL REVIEW B 86, 035322 (2012)

experimental XLD. The success of these models to reproduce
the main features of the N K-edge clearly indicates that the
majority of N is substitutional in the rutile lattice, although
more advanced modeling would be required to quantify the
fraction of substitutional N and the precise local environment.

The presence of strong XLD at the N K-edge, providing
direct evidence of N substitution for O in the rutile lattice,
is consistent with previous nuclear reaction analysis (NRA)
measurements in the channeling geometry for both N:TiO,
(Ref. 39) and (Fe,N):TiO,.'® The substitution of N for O
in the lattice implies that N participates in the electronic
structure of Fe:TiO,, at least locally. Despite this, however, no
ultraviolet (UV) or visible light photoactivity was observed for
(Fe,N):TiO, homoepitaxial thin films. This inactivity has been
attributed to hole-trapping at N sites, and carrier recombination
at defects may also play a detrimental role.'®

C. Magnetic properties of thick Fe:TiO; and (Fe,N):TiO,

To elucidate whether a uniform depth distribution of Fe
dopants in TiO,, achieved by codoping with N, will induce
intrinsic room temperature ferromagnetism attributable to
substitutional Fe(IT) and/or Fe(III), thick films of Fe:TiO, and
(Fe,N):TiO, were deposited on magnetically clean substrates
and measured by VSM. As expected from analysis of the thin
films discussed above,'® the Fe:TiO, film showed extensive
surface segregation of Fe; by in situ XPS, the cation fraction
[Fe/(Fe + Ti), corrected for photoemission cross section*’] in-
creased from 0.04 to 0.19 when the photoelectron takeoff angle
was changed from the sample normal to low-angle emission
(12° off the surface plane). In contrast, the (Fe,N):TiO; film
showed less surface segregation, with an increase in Fe cation
fraction from 0.02 (normal) to 0.06 (12°). The corrected*’
anion fraction N/(N + O) was 0.028 at both normal and
12° takeoff angles. The thick Fe:TiO, sample was transparent,
as were the thinner samples discussed above. However, the
thick (Fe,N):TiO, film was dark blue, indicating reduction of
the oxide. Comparison of the Ti 2p core level XPS spectra
in Fig. 6(a) for (Fe,N):TiO, and Fe:TiO, reveals spectral
intensity at lower binding energy for (Fe,N):TiO,, which is
not present for Fe:TiO,. This intensity can be fit with a Voigt
peak placed ~0.9 eV below the main peak, indicating it is due
to TiOs_sN/, s bonding, not the presence of Ti(IIT).'®*° The
N 1s spectra shown in the inset to Fig. 6(a) indicate that N is
present primarily as substitutional N with a binding energy
of ~396 eV.!¢

In contrast to the thick Fe:TiO, film and the thin
(Fe,N):TiO, films discussed above, the Fe 2 p core level spectra
for the thick (Fe,N):TiO, film indicates substantial reduction
of the Fe dopants. After shifting both spectra to align the O 1s
peak at 530.1 eV, the primary Fe 2 p3/, peak is shifted to lower
binding energy compared to the thick Fe:TiO, film, as shown
in Fig. 6(b), indicating a reduction from Fe(III) to Fe(I).*142
The suppression of the Fe(IIl) satellite and appearance of a
satellite at a position consistent with Fe(Il) further supports
this assignment.*> From the weak intensity of the spectra, it
is difficult to discern whether a fraction of Fe(IIl) remains
in the film. Little or no intensity is observed at the binding
energy position for Fe(0), indicating that a significant fraction
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FIG. 6. (Color online) XPS core level spectra for thick Fe:TiO,
and (Fe,N):TiO,. All spectra have been shifted to place O s at
530.1 eV. (a) Ti 2p spectra collected at 90° takeoff angle (symbols)
and best fit lines (solid). Inset: N 1s spectra at 90° and 12° for
(Fe,N):TiO;. (b) Fe 2p spectra collected at 12° takeoff angle. Dotted
lines indicate approximate positions of known Fe spectral features
for comparison.

of metallic Fe is not present in the near-surface region probed
by XPS at a takeoff angle of 12°.

Figure 7(a) plots the room temperature hysteresis loops for
2000 A Fe:TiO, and (Fe,N):TiO, films at room temperature.
Each loop has been plotted as Bohr magnetons per Fe (u 5/Fe),
assuming the film stoichiometry is that calculated by XPS
at normal takeoff angle. It should be noted that the strong
surface segregation observed for the Fe:TiO, film may lead
to an overestimation of the Fe concentration by XPS. As
shown in Fig. 7(a), the saturation moment for the Fe:TiO,
film is very small (0.03 p g/Fe), with no clear hysteresis. This
signal likely originates from either external contamination or
a very small fraction of Fe present as a secondary phase. In
contrast, the saturation moment for the (Fe,N):TiO, film is
much larger, 0.46 ppg/Fe, with clear hystersis and a coercive
field of approximately 300 Oe. However, before this magnetic
signal can be attributed to uniformly distributed, substitutional
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FIG. 7. (Color online) (a) VSM hysteresis loops for thick
(Fe,N):TiO, and Fe:TiO, after subtraction of a linear background
signal. Dotted line indicates expected saturation moment if 28% of
Fe was present as Fe(0). (b) Fe K-edge XANES of thick (Fe,N):TiO,,
along with reference spectra for several Fe compounds. Inset: fit
to (Fe,N):TiO, spectrum with a linear combination of Fe reference
compounds.

Fe in TiO,, the charge state and local environment of Fe must
be further investigated.

The Fe K-edge XANES spectrum for (Fe,N): TiO, is shown
in Fig. 7(b), along with reference standards of Fe metal, FeO,
and Fe,O3 for comparison. In agreement with the XPS data
shown in Fig. 6(b), the XANES spectrum does not indicate Fe
is present as exclusively Fe(IIl). Instead, the leading absorption
edge is consistent with a substantial fraction of Fe(II), and the
intensity in the region before the absorption edge implies a
significant fraction of Fe(0) is present. The reduced state of Fe
is consistent with the blue color of the film after deposition.
The observation of Fe(0) by XANES but not by XPS at low
takeoff angle indicates that the Fe(0) is present deeper in the
film, not at the surface. The fraction of Fe(0) can be estimated
by fitting the pre-edge and leading-edge X ANES regions with
a linear combination of XANES spectra from Fe metal, FeO,
and Fe,03. As shown in the inset to Fig. 7(b), the best fit to the
experimental data is achieved with 28% Fe(0) from Fe metal,
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59% Fe(II) from FeO, and 13% Fe(III) from Fe,0;. It is clear
that the linear combination of Fe metal, FeO, and Fe, O3 does
not exactly reproduce the experimental spectrum, indicating
that Fe may be present in other phases. However, since the
position of the leading absorption edge is reasonably well
reproduced by the linear combination, the fit can be taken as a
rough estimate of the various charge states of Fe present in the
film. If 28% of the Fe dopants are present as metallic clusters
which are ferromagnetically ordered with bulk magnetic
properties (2.22 pp/Fe), and the remaining Fe dopants are
not magnetically ordered, an apparent magnetic moment of
0.62 wp/Fe for the (Fe,N):TiO, film would result. This value
is indicated in Fig. 7(a) as a dotted line. Since the measured
saturation moment for the (Fe,N):TiO, film does not exceed
this value, it can be reasonably concluded that the Fe(II) and/or
Fe(IIl) dopants are not ferromagnetically ordered, and the
magnetic signal originates solely from Fe(0) secondary phases.

Coey et al." found that room temperature ferromagnetism
does not occur for fully oxidized Fe-doped rutile thin films
prepared by pulsed laser deposition on Al,O3(1102). Instead,
the authors postulate that ferromagnetic ordering is medi-
ated by defects present in reduced films; this mechanism
requires a charge reservoir to facilitate magnetic ordering.
The charge reservoir was hypothesized to be the mixed valent
Fe(Il)/Fe(IIl) present in reduced Fe:TiO,/Al,O3 films. The
magnetic results presented above can be compared to this
model. The lack of ferromagnetic ordering in the fully oxidized
Fe:TiO, film is consistent with the results of Coey et al. How-
ever, the lack of ferromagnetic ordering for the (Fe,N):TiO,
film, beyond that predicted for the Fe(0) secondary phase, is
not consistent with the charge reservoir model. From the fitting
of the XANES spectrum, it is likely that at least some regions
of mixed valent Fe(IT)/Fe(IIl) are present, but these regions do
not appear to have facilitated ferromagnetic ordering.

IV. CONCLUSIONS

Homoepitaxial Fe:TiO, and (Fe,N):TiO, thin films de-
posited on rutile TiO,(110) were investigated by XAS and
associated theoretical simulations to elucidate the detailed
structure of the doped materials. Ti K-edge XANES and
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L-edge XAS, as well as O K-edge XANES, confirmed that the
films possessed a high-quality rutile structure which was free
from significant defects, disorder, and oxygen vacancies. Fe
L-edge XAS ruled out secondary phases such as Fe, O3, Fe; Oy,
and FeTiOs3, although substitutional Fe in the rutile lattice
could not be confirmed. The presence of a strong N K-edge
XLD signal in the epitaxial film, similar to the O K-edge
XLD signal, indicated conclusively that N is substitutional for
O in the rutile lattice. Due to the single-crystal orientation
of the epitaxial films, secondary phases such as TiN could
be ruled out, in contrast to studies of randomly oriented
N:TiO;, nanoparticles. Careful analysis of the polarized N
K-edge XANES spectra, and comparison with theoretical
simulations, indicated that N is present in more than one
local environment in the films. Although codoping with N was
shown to significantly enhance Fe incorporation in rutile, the
observed room temperature ferromagnetism for (Fe,N):TiO,
was shown to arise entirely from the presence of Fe metal
secondary phases. No intrinsic ferromagnetism was observed
despite the presence of mixed-valent Fe(I)/Fe(Ill) in the
(Fe,N):TiO, film.
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