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This work focuses on the generation of ferromagnetism at the surface of anatase TiO; films by
low-energy ion irradiation. Controlled Art-ion irradiation resulted in a thin (~ 10) nm ferro-
magnetic surface layer. The intrinsic origin and robustness of the magnetic order has been char-
acterized by X-ray magnetic circular dichroism at room temperature revealing that a Ti band is
spin-polarized. These results, together with density functional theory calculations, indicate that
Ti vacancy-interstitial pairs are responsible for the magnetic order. Superconducting quantum in-
terference device measurements show the existence of a perpendicular magnetic anisotropy and a
low remanent magnetization. Magnetic force microscopy reveals that this low remanence is due to
oppositely aligned magnetic domains with magnetization vectors normal to the main surface. The
weak domain-wall pinning, the magnetic anisotropy, together with the simplicity of the preparation
method, open up interesting possibilities for future applications. As example, single domain patterns
of ~ 1 um width and several um length can be easily prepared.

I. INTRODUCTION

Since ferromagnetism at higher temperature in semi-
conductors, such as ZnO or GaAs, was theoretically pre-
dicted, many groups have investigated this topic'. For
example, co-doped TiOs has drawn interest as dielec-
tric material exhibiting colossal permittivity? as well as
magnetism?®, thus, turning it into a multiferroic sys-
tem. Over the years, ferromagnetism has been observed
also in many undoped oxides, such as HfOx* 7, CeO5®,
TiOy 710 Tny 0378, ZnO®11 13 Al,038 or SnOy%8 14,
It became evident that doping was not necessary be-
cause the magnetism is related to crystal defects and,
consequently, it can be accompanied by a magnetocrys-
talline anisotropy. Magnetic oxides are not only inter-
esting from the physics point of view, but are also im-
portant for applications in many fields, such as mag-
netic storage'®, hybrid complementary metal oxide semi-
conductor or magnetic logic'®17, high-frequency compo-
nents'® 2! magnetic field sensors??, biomedical applica-
tions?? or giant magnetoresistance sensors?*?®>. Perpen-
dicular magnetic anisotropy (PMA) is a desired condi-
tion for magnetic thin films because of its importance
for high-density energy-storage as magnetic random ac-
cess memory devices?6 32, the enhanced magneto-optical
Kerr rotation®33%, spin-transfer torque3®7 and spin-
orbit torque®®. The requirements for new magnetic stor-
age devices demand miniaturization, i.e. magnetic bits of
the order of 10 nm or less. To extend the superparam-
agnetic limit and obtain higher bit densities®”, materials
showing PMA with large anisotropy are of special inter-
est40.

Magnetic anisotropy can have bulk and/or interfacial
contributions originating from spin-orbit interactions?*!,
which induces a coupling between the magnetization and
the crystallographic lattice? 44, Large anisotropies are
usually found in materials that have large spin-orbit cou-
pling, such as heavy elements (Pt, Au,...) or rare earths
with nonzero orbital momentum. In multilayers, mag-
netic anisotropy has been found in case of a broken sym-
metry at interfaces?®%6, a crystallographic mismatch be-
tween the layers leading to magnetostriction effects?” or
electron hybridization across the interface®. This oc-
curs especially at the metal/oxide interfaces, due to hy-
bridization of the metal 3d,., 3dy. or 3d,» orbitals and
the oxide 2p orbitals??:5Y. Studies also showed that the
interfacial effects are sensitive to their quality,’' and in-
terfacial anisotropy energies of the order of ~ 1.5 mJ/m?
for e.g. Co(Fe)(B)?""2, are typical. Such interfacial
PMA is mainly known to occur in bi(tri)-layers made

of an oxide and a magnetic layer (and a heavy metal
film ) 28:46,50,53-58.

In contrast to Co/Pt-based multilayers, films based on
ferromagnet /oxide interfaces® exhibit a much lower co-
ercivity, despite the PMA. This is favorable for studies
of domain wall propagation as record domain wall speeds
were obtained®?%0 and are, therefore, good candidates
for racetrack memories®!. Voltage control of magnetism
in such systems®?:52-64 could be a way to low-power non-
volatile memories and logic devices, in contrast to current
controlled devices.

This work presents a way to produce a magnetic layer
at the surface of TiOy anatase by low-energy Ar*-ion ir-
radiation%?. Defect induced magnetism in TiO5 has been



studied in the past,”%0~70 achieving Curie temperatures
of up to 880 K'%%9, The main difference of our approach
to those published is related to the low ion energy and
fluences we use, which allow us to produce a robust mag-
netic layer close to the surface of the films. In general,
magnetism could arise from cations and anions defects.
Several mechanisms have been proposed for both cases
in TiO,"10:66-7  To clarify the nature of the ferromag-
netism, we used element-specific techniques, i.e. X-ray
absorption spectroscopy (XAS) and X-ray magnetic cir-
cular dichroism (XMCD). The spectra were obtained by
recording the total electron yield (TEY) and the lumi-
nescence yield (LY). Detailed theoretical investigations
of structural and magnetic properties of defects by means
of density functional theory (DFT) serve to calculate the
XMCD spectra and indicate that the origin of the mag-
netism are di-Frenkel pairs (di-FPs), that the Ti band
is spin polarized and, to an extent, also the hybridized
O-2p band. Magnetic force microscopy (MFM) shows
the presence of magnetic domain structures with oppo-
site magnetization directions aligned normal to the film
surface.

II. METHODS
A. Sample Preparation and Irradiation

The samples were prepared in three steps: (i) growth
of amorphous TiO; films by ion beam sputter deposi-
tion (IBSD), (ii) crystallization by post-growth anneal-
ing, and (iii) defect-generation by low-energy ion irradi-
ation.

IBSD uses a low-energy ion beam for sputtering a tar-
get”™®. The sputtered particles condense on a substrate
and a film begins to grow. In the case of compound ma-
terials, for instance oxides and nitrides, additional O or
nitrogen background gas is provided in order to generate
stoichiometric thin films. The amorphous TiO; thin films
were grown using a Ti target, Xe ions with an energy of
1000 eV, and Os background gas with a partial pressure
of about 1.5 x 10° mbar on LaAlO3 (100) substrates (size
5 x 5 mm?). The sputtering geometry with a scattering
angle of 110° was chosen in order to get a low fraction of
Xe particles inside the TiOo film (less than 0.1 %). The
film thickness was about 40 nm. More details are given
in ref.”".

Post-growth annealing was performed at 7' = 1000 K
for one hour at ambient conditions. As a result, polycrys-
talline and epitaxial samples were obtained. Thereafter,
the anatase films where irradiated with Ar*-ions with an
energy of 200 eV, a fluence of 1 x 10'® cm™2s7!, and at
normal incidence. The penetration depth is about 10 nm.

B. Magnetic Force Microscopy

Magnetic force microscopy (MFM) measures the mag-
netic stray fields of a sample, making it possible to detect
magnetic domain structures. The film for MFM mea-
surements was patterned using standard lithography pro-
cesses, i.e. a thin film was covered with a resist and elec-
tron beam lithography was used to prepare a mask. The
resulting irradiated lines have a width of &~ 750 nm. Af-
ter irradiation with ArT-ions, the whole mask was com-
pletely removed. The MFM measurements were per-
formed using a conventional MFM device (Veeco) with
standard MFM tips (Bruker, ¥ = 3 Nm~!, Q = 220,
r = 35 nm). During the measurement of the magnetic
lines, the lift scan height was kept at 50 nm and the tip
velocity was 5 pm/s.

The MFM measurements of the film, which has also
been characterized using the SQUID, were done using
different parameters. To enhance the sensitivity, a nega-
tive lift height of —10 nm was chosen and the drive am-
plitude was reduced during interleave scan, such that the
tip did not strike the surface. Yet, surface artifacts can
not be avoided completely and are visible in all pictures
as bright dots.

C. Density Functional Theory

The density functional theory (DFT) calculations
were carried out using the projector augmented-wave
method®7 as implemented in the Vienna ab initio sim-
ulation package (VASP)8%8l.  The exchange correla-
tion functional of Perdew-Burke-Ernzerhof®? is used with
an isotropic screened on-site Coulomb interaction®? of
U =4 eV, applied on Ti-3d orbitals. The literature pro-
pose a large variety of U values from U = 2.5 eV to
U = 10 eV. We refer, for example, to the work of Hu®*,
where an intensive discussion of the different U values for
TiOs is given. Our choice of U = 4 eV is based on the
best compromise between the reported values for both
defect and defect-free systems®*. The kinetic energy cut-
off for the plane waves was set to 600 eV. Brillouin zone
integrations were made using a I-centered k-point mesh
sampling of 2 x 2 x 3 k-points for the structural relaxation
and 6 X 6 x 8 k-point mesh for the density of states cal-
culation. The atomic coordinates in the supercells were
relaxed with the conjugate gradient method and within
a force convergence threshold of 10 meV/A to minimize
the internal forces. The cell volume is fixed to its exper-
imental value®® throughout the whole work.

The defects are simulated using a supercell repeating
the tetragonal cell 3 x 3 x 1 times, resulting in total
in 108 sites and a defect concentration of about 5.5 %.
The di-FP defect is formed by two Ti vacancies and
two Ti interstitials simultaneously, thus the total num-
ber of atoms is conserved. The extent of each Frenkel
pair (distance vacancy to its corresponding interstitial)
is varied from 3 A (first nearest neighbour (NN)) to
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FIG. 1. Scheme of the experimental setup for the X-ray mag-
netic dichroism measurements. The anatase film is covered
with 2 nm Au.

10 A (twelfth NN). The interstitial atoms were inserted
at the empty spheres positions which were determined us-
ing the STUTTGART TB-LMTO program®. This latter
takes into account the space group symmetry operations
to fill in the voids between atoms with empty spheres. As
well, the distance separating two vacancies in the di-FP
is varied from first NN to ninth NN. This leads in total to
108 different defect configurations. The structural data
found in the DFT calculations will serve as input for the
XMCD calculations.

D. X-ray Absorption Spectra and Magnetic
Circular Dichroism

The XAS Ti-L edge calculations were performed with
MultiX®7. Within this program, the energy levels of an
emitting atom in a crystal field are calculated depend-
ing only on the charges and positions of its neighbours.
Thus, one is not limited to certain crystal symmetries
since the position of each individual atom is included.
A multiplet Hamiltonian is used to calculate eigenvec-
tors and eigenvalues of ground state and core-hole state
while the XAS spectra are then determined by Fermi’s
Golden rule. As a result, the spectra are obtained by
sticks whose intensities arise out of the transition prob-
abilities between ground and final states. Afterwards,
these sticks are broadened by Gaussian (experimental
resolution) and Lorentzian functions (finite lifetime of
core-hole state) to obtain a spectrum comparable to the
experimental ones®®.

The XAS and XMCD measurements were performed
at beamline 6.3.1 at the Advanced Light Source at the
Lawrence Berkeley National Laboratory. All experi-
ments were done at room temperature, positive circu-
lar polarized X-rays were used (with normal incidence)
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FIG. 2. X-ray diffraction results of the amorphous and crys-
tallized TiO2 thin film. The inset is an enlargement around
20 = 38°.

and the applied magnetic field was switched between
woH = £1 T for the XMCD measurements. Total elec-
tron yield (TEY) as well as luminescence yield (LY) was
used to measure the Ti-Ly/3 and O-K edges. In order
to measure TEY, the insulating films were covered with
a 2 nm thick Au-film using magnetron sputtering, for a
scheme see FIG. 1. The pre-edge signal has been sub-
tracted from the XAS data.

III. RESULTS AND DISCUSSION
A. X-ray Diffraction (XRD)

The sample was investigated with X-ray diffrac-
tion measurements (Philips X-Pert Diffractometer with
Bragg-Brentano goniometer). The results can be seen
in FIG. 2. The substrate is oriented in (100) direction
and the last kg Bragg peak corresponds to (400) LaAlOg
(LAO). The as-prepared amorphous thin films show no
TiOy peaks within the experimental resolution. After
annealing at 1000 K for 1 hour in ambient atmosphere,
the anatase (004) peak can be clearly recognized (see in-
set in FIG. 2). No other peaks are present, confirming
that the thin films are anatase in (001) direction. From
the (004) peak we find a lattice constant of ¢ = 9.49 A,
which is slightly smaller compared to the literature value
of 9.51 A%,

B. Defect Structure

The existence of di-Frenkel pairs (di-FPs) produced by
low-energy ion irradiation, as found by Robinson et al.”°
by MD-simulations using a Buckingham pair potential®!,
was the starting point for a detailed investigation of dif-
ferent configurations of such defects on the DFT level.



FIG. 3. In (a) the unit cell of anatase is shown, with Ti and
O atoms in blue and red, respectively. In (b), two unit cells of
anatase with di-FP1 is shown, where the Ti interstitials are
black and the Ti vacancies are circles. The magnetic moment
density is colored yellow (transparent). Image (c) is similar
o (b) but for anatase with di-FP2.

Theory done in this work suggests that two neighbour-
ing Ti vacancy-interstitial defects (di-Frenkel pairs) are
metastable in anatase and are likely to be produced us-
ing low energy ion irradiation consistent with previous
studies™™ 0. Anatase is a crystalline phase of TiOy and
crystallizes in a tetragonal system, i.e. each Ti is sur-
rounded by six O atoms. The unit cell of anatase can
be seen in FIG. 3(a). By means of DFT calculations,
as described in Section IIC, Ti vacancies (Tiy) and in-
terstitials (Ti;) were introduced into the material. After
introducing the Tiy-Ti; defects (Frenkel pair), the inter-
stitials migrate back to the vacancy positions, recovering
the pristine structure. However, when two Frenkel pairs
exist as nearest neighbours, they can be metastable at
room temperature®®. Among the 108 different di-Frenkel
pairs (di-FPs) configurations, only 5 of them relax to a
spin polarized ground state with a total magnetic mo-
ment of 2 ug per supercell. The total energies of these 5
magnetic structures are close to each other but almost
400 meV/f.u higher in energy than the non-magnetic
TiOs pristine system, implying the metastability of these
structures. In the following, we will solely discuss the two
metastable configurations that give spin polarized ground
states and have the lowest energies among all studied
structures. We mention here that the total energies of
these two configurations differ only by 7 meV /f.u.

In the first configuration, di-FP1, has a distance of
3.03 A between vacancies (dy1—v2) and distance of
5.97 A between each vacancy and its corresponding in-
terstitial atom (dy1—_r1 and dya_g2), see FIG. 3(b). The
distance between the two interstitials (dj1_r2) is 6.52 A.
Each of them is five-fold coordinated (FIG. 3(b)) and
has a magnetic moment of 0.7 ug. The transformation
of the TiOg octahedra to TiO5 caused by the di-FP was
also predicted by Robinson et al.”’ by means of molecu-
lar dynamics simulations. In ref.?® distances of 3 A for
dvi_ve and 2.9 A for dy1_;1 and dyo_jo are reported,
indicating that they considered only the nearest intersti-
tial coordinates (see Section IIC).

On the other hand, di-FP2 is obtained with dy1_yo =
4.96 A, dyi_r1 = 5.75 A shorter than dya_12, which
equals to 5.95 A. However, dji_o is 3.81 A, which is
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FIG. 4. The density of states (a) of TiOg; (b) of TiO2 with
5.5 % di-FP1; (c) of TiO2 with 5.5 % di-FP2. The total den-
sity of states is shaded in gray. The partial density of states
(PDOS) of O-2p is shown by the filled orange areas. The
decomposed PDOS of Ti-3d is presented by the colored solid
lines, green for dgy, red for d,., light blue for d,., dark blue
for d,» and brown for d,2. The black dashed lines indicate
the zero energy levels of the considered systems. The spin up
and down directions are indicated by arrows in (a).

about half the distance in di-FP1 (see FIG. 3(c). Only
interstitial I1 in di-FP2 is five-fold coordinated; the sec-
ond Ti forms again an TiOg octahedron.

C. Electronic Structure

The density of states (DOS) of defect-free anatase is
shown in FIG. 4(a); no spin polarization is visible. The
DOS of anatase with di-FP1 (FIG. 4(b)) shows a strong
hybridization between Ti-d,, orbitals and O-2p orbitals
close to the (arbitrary) zero energy. The conduction band
minimum is mainly formed from the d,, orbital con-
tribution. Each interstitial is five-fold coordinated (see
FIG. 3(b)) and has a magnetic moment of 0.7 ug. We
have also calculated the magnetocrystalline anisotropy of
di-FP1 and found that the easy axis is along z-direction
with an energy difference of 0.08 meV to the x-axis and
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0.04 meV to y-axis.

On the other hand, for di-FP2, the shrinking of the dis-
tance between the interstitials dj;_jo and the stretching
of dy1_vo compared to di-FP1 induces a magnetic mo-
ment of 0.62 ug on the O atom close to one Ti vacancy
(see FIG. 3(c)). Only one Ti interstitial (I1) is polarized
(0.7 up) in di-FP2, and it is five-fold coordinated like in
di-FP1. However, the second Ti forms a TiOg octahe-
dron. The density of states of di-FP2 (FIG. 4(c)) at the
zero energy is formed by the Ti-d,, hybridized with O-2p
orbitals. A shallow peak from the O-2p orbitals develops
in the conduction band minimum, which is related to the
polarization of O atom in di-FP2.

D. Magnetic Moment Measurements

In FIG. 5, the magnetic moment m and magnetiza-
tion M vs. applied field B are shown. The open sym-
bol curves show m(B) of the non-irradiated anatase thin
film. A small initial magnetic moment of ~ 1 nAm? is
present. This can be due to strain induced magnetism
at the substrate-film interface and/or due to impurities
in the substrate or film. For example, interfacial mag-
netism at LAO and (TiO5 terminated) SrTiOj3 interfaces

was previously reported®®°3. This initial moment of sim-
ilar samples grown on SrTiO3 was already discussed in
Ref.%5.

The full symbols in FIG. 5 represent m(B) data after
irradiation with ArT™ ions with the field applied parallel
and perpendicular to the thin film surface. Besides an
increase of the saturation magnetic moment by a factor
of ~ 20, a PMA with the easy axis pointing out of the
film is measured. In order to estimate the PMA con-
stant K, the area difference of the two hysteresis curves
in FIG. 5 is used and yields K ~ 0.26 mJ/m?. This
result is similar to previously reported results for oxide
thin films and multilayers274%:°¢ or for metallic multilay-
ers’. The five d orbitals (in-plane: Ay, dy2_y2; out-
of-plane: d,., dy., ds,2) play a crucial role regarding the
magnetic anisotropy. For thin films or surfaces, the struc-
tural anisotropy results in different contributions of the
orbitals to the density of states. For example, when con-
sidering a monolayer, the in-plane orbitals have a larger
overlap than the out-of-plane orbitals. This leads to nar-
rower out-of-plane bands and decreased population in
bands with lower energy (spin down). Thus, the differ-
ence between spin-up and spin-down population is larger
compared to the in-plane orbitals?®. Such asymmetries
resulting in out-of-plane magnetic anisotropies can also
be induced through defects in TiO5".

The remanent magnetization is rather temperature
independent®®, which rules out superparamagnetism.
There is small hysteresis with a coercive field of
B, ~ 10 mT. The magnetization M in FIG. 5 was cal-
culated assuming a layer thickness of ~ 10 nm (see
also Section IIIG). Furthermore, the thermal stabil-
ity factor E/kpT has to be bigger than 40°7 to ensure
that the magnetic information is retained for at least 10
years. With £ = MguoHkA/2 being the energy bar-
rier that separates the two magnetization directions, and
K = mgyuoHk /24, one gets E/kgT = KA/kgT. With
the PMA constant of K = 0.26 mJ/m?, we find that
the thermal stability factor is large enough for an area
A > (25 nm)?.

The temperature dependence of the magnetic moment
can be seen in FIG. 6. The measurements were done
in the following way: at zero field the temperature was
swept from T = 300 K to T" = 5 K, a magnetic field of
woH = 0.05 T was applied and the heat-up (zero field
cooled (ZFC)) and cool-down (field cooled (FC)) curves
were monitored. A clear irreversibility is visible, as ex-
pected for ferromagnetism. Furthermore, the field was
turned off and the remanence was measured. The rema-
nent magnetic moment m(7) remains finite at 7' < 300 K
and, in addition to the irreversibility in the ZFC-FC mea-
surements, this implies a Curie temperature well above
room temperature.
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FIG. 7. Magnetic force microscopy measurements with the
sample (M®) and tip (MT) magnetization (a) antiparallel
and (b) parallel to each other, (c) shows the corresponding
line scans. In (d) a measurement is shown in three dimen-
sions, where the magnetization direction of the sample was
changed using a permanent magnet. The arrows indicate the
z-component of MT.

E. Magnetic Force Microscopy (MFM)

The results of the MFM measurements on a patterned
anatase surface are shown in FIG. 7 for the sample mag-
netized either antiparallel (a) or parallel (b) to the MFM
tip magnetization direction. The film and the tip have

been magnetized accordingly, prior to the MFM mea-
surement and no external field was applied during the
measurement. The phase shift of the MFM signal clearly
depends on the magnetization direction, as expected for a
pinned ferromagnetic signal. Changing the relative mag-
netization direction, there is a sign change in the phase
shift, see FIG. 7(c) for the line scans indicated in (a) and
(b). In FIG. 7(d), the phase shift of the same magnetic
pattern is shown in three dimensions. Using a perma-
nent magnet, during the scan an external magnetic field
was applied perpendicular to the thin film surface such
that the magnetization direction of the sample was re-
versed, as can be seen in FIG. 7(d) where the phase shift
changes its sign. This, and also the previous results, rule
out electrostatic influences. There is no correlation be-
tween phase shift and topography. The surface rough-
ness is unchanged by the irradiation and remains below
1 nm. The magnetic signal remains homogeneous over
tens of micrometers, indicating a continuous and smooth
distribution of magnetic defects (within a maximum scan
size of 20 pm), this is a clear advantage for applications.
Furthermore, the low ion-irradiation energy allows other
masking techniques, e.g. with macromolecules®®, to pre-
pare a magnetic pattern on the anatase surface.

The low remanence of the unpatterned and irradiated
thin film (see FIG. 6) indicates the existence of ran-
domly ordered domains on larger areas. Thus, MFM
measurements were also conducted on the thin film,
see FIGs. 8((a)—((d)). Three different positions were
measured and all show a magnetic domain structure.
FIG. 8(d) shows the topography of the MFM measure-
ment shown in FIG. 8(c). Surface artifacts due to the
extremely low lift height are obvious, yet the oppositely
aligned domains as well as the domain boundaries are
not related to topography effects. The magnetic do-
mains explain the low remanence in the SQUID mea-
surements and show that the magnetization of the film
is directed out-of-plane. An in-plane domain structure
would only be seen at the domain walls as the out-of-
plane field vanishes within the domains. These results
provide an explanation of the magnetic moment measure-
ments and prove the existence of ferromagnetic domains
at the surface. These results contradict the theory of
paramagnetism due to vacuum fluctuations®?, at least in
its current state!% where a hysteresis/remanence and a
magnetic domain structure cannot be explained.

F. X-ray Absorption Spectra and X-ray Magnetic
Circular Dichroism

In FIG. 9, the XAS of the irradiated sample are shown
for the Ti-Ly 3 edges using TEY. The spectra consist of
two edges, the L3 edge originates from electron transi-
tions from the inner 2ps/, orbitals to empty 3d states,
and the Lo edge comes from 2p; 5 to 3d transitions. The
two edges are split further, where the number of addi-
tional peaks depends on the valence state as well as the
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FIG. 8. Magnetic force microscopy measurements at three
different positions ((a)—(c)) of a fully irradiated thin film. In
(a) and (b) the domains have been segmented with a barrier
of 40 % and an Gaussian smoothing of 8 px. The topography
of region (c) is shown in (d); artifacts due to the negative lift
height of -10 nm cannot be avoided completely, despite the
reduced excitation voltage.

coordination and site symmetry'91-14, The four stan-

dard peaks, A, B, C and D, are common to all tetrava-
lent Ti compounds with TiOg coordination'®® and are a
result of the spin-orbit splitting of 2p states (La3) and
the 3d splitting to t2, and e, states. In case of rutile
and anatase, there are additional peaks a and b. The
two pre-peaks a can be understood using multiplet cal-
culations®®196; a transition from 2p%3d° to 2p°d' yields
a pre-peak a, which splits into 2 peaks within an octahe-
dral crystal field®®195, The origin of the b peak remains
an open question. A possible explanation could be a
non-cubic ligand field due to distortion of the TiOg oc-
tahedra®®, but this remains doubtful’®”. Another expla-
nation has been found taking into account particle-hole
coupling, which gives good results for both anatase and
rutile!®®. Regardless, the splitting into the B — b peaks
is a fingerprint of anatase and rutile and does not occur
in other octahedra with similar Ti-O bond lengths, such
as SrTiOs.

In FIG. 10, the room-temperature XAS of an untreated
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FIG. 9. Room temperature X-ray absorption spectra (top)
and magnetic circular dichroism around the Ti-Ls 3 edges
(blue line) for applied fields of £1 T of an irradiated TiO2
sample, measured using total electron yield (TEY). Below,
the results of the MultiX XMCD calculations are shown for
the two di-Frenkel pairs and d°/d" ground states.
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FIG. 10. X-ray absorption spectra and magnetic circular
dichroism around the Ti-L2 3 edges for applied fields of £1 T
and at room-temperature of an untreated sample. The XAS
spectra have been recorded using total electron yield.

anatase film are shown for the Ti-Lq 5 edges measured us-
ing TEY. The peak energies are shown in Table I, and
agree well with literature results®®92,101-103,105,108-111
The four main peaks (A-D) as well as the b-peak are
visible, in agreement with the anatase structure. The
difference in the B/b intensity ratio confirms the anatase



Peak position (eV)

A B C D b
TiO, TEY 457.5 459.2 462.9 464.7 460
TiO2 LY  457.6 459.2 462.9 464.9 460.2

TABLE I. XAS peak positions for anatase TiO2
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FIG. 11. Room temperature X-ray absorption spectra and
magnetic circular dichroism around the Ti-L2 3 edges for ap-
plied fields of £1 T of an irradiated sample. The XAS spectra
have been recorded using luminescence yield. Below, the re-
sult of MultiX XMCD calculation for TiO» anatase with d*
ground state is shown.

phase, where Ig/, > 1 (I, < 1) for anatase (rutile). In
the XAS of the irradiated sample (FIG. 9), the b peak
is present, yet the intensity is reduced compared to the
untreated anatase. The decrease in intensity of the b
peak already shows that the crystal structure has been
modified during irradiation.

Further, a XMCD can be seen in case of the irradiated
sample (blue line (i) in FIG. 9), which shows that the Ti
atoms have a magnetic moment after irradiation. There
is no XMCD signal for the untreated sample, confirming
that there is no magnetic contribution of Ti at the surface
in the non-irradiated anatase films.

The XAS measured with LY of the Ti-Lg 5 edges are
shown in FIG. 11. The LY of the Ti-Ls 3 edges also shows
a small XMCD feature that could explain the initial mag-
netic moment measured in the SQUID. This signal might
be due to charge-transfer at the TiO2/LAO interface,
similar to what has been observed for TiO2/SrTiO3 in-
terfaces®>112. The bottom line in FIG. 11 is the cal-
culated XMCD signal for anatase with d' ground state
and agrees very well with the measured signal. It must
be kept mind that LY probes a larger part of the sam-
ple and that the contribution of the anatase surface is
reduced (larger mean free path of photons compared to
electrons). Also, the presence of the b peak in the XAS
shows a larger contribution of defect-free anatase com-
pared to the TEY spectra. This confirms that the struc-
tural changes, and thus the increase of magnetism upon
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FIG. 12. X-ray absorption spectra and magnetic circular
dichroism around the O-K edge for applied fields of +1 T
and at room-temperature of an irradiated sample. The XAS
spectra have been recorded using total electron yield.

irradiation, are located close to the surface of the thin
film.

The O-K edge of an irradiated sample can be seen in
FIG. 12. The XAS show several peaks, which give in-
formation about the environment of the O atoms. The
sample was measured using TEY to avoid influence of
the O in the LAO substrate. There are two main peaks,
A and B, located at 530.1 eV and 532.6 eV. They are
of 3d character, i.e. the O-2p orbital is hybridized with
Ti-3d orbitals. The Ti-3d molecular orbitals (MO) are
tag — €4 split, i.e. the ey orbitals (d.» and d,2_,2) are
directed at the Ti and the ty, orbitals (day, dy. and d,.)
are directed between O. The corresponding transitions
for the A and B peaks are (Ols) — [(O2p)-(Ti3d{t2,})]
(7* bond) and (Ols) — [(O2p)-(Ti3d{e4})] (¢* bond),
respectively!91:198:113 = The second set of peaks, C, D
and FE, can be attributed to O-2p orbital hybridized
with Ti-4s and 4p MOs!'3114, This feature is related to
the Ti-O octahedra configuration and is absent in non-
octahedral structures'©%198:113 = Ap alternative explana-
tion was found in terms of resonance scattering within
shells of neighbouring anionic backscatterers''®. A small
XMCD signal can be seen around 530 eV at the onset
of the first O peak, see FIG. 12. This small signal is
due to hybridized O 2p and Ti-3d orbitals!!®, see also
Section IITG.

G. Origin of the Magnetic Moment

The computed structures were used to calculate the
XAS and XMCD spectra of the Ti di-FPs in an anatase
crystal; the results are shown in FIG. 9, curves (ii)—(v).
The four possible combinations (di-FP1/2 and ground
states d°, d') have been shifted for clarity. The best
agreement was found for di-FP2 with d' ground state.
Ti3* as origin of the magnetic moment agrees also with



the loss of the TiOg octahedra and formation of TiOs,
where a Ti dangling bond acts as an O defect, thus ex-
plaining the d' magnetism. Note that none of the cal-
culated XMCD curves agree completely with the experi-
mental data, which leads to the conclusion that also other
structural changes might be involved in the formation of
a magnetic moment within the TiO2 samples. Assuming
a defect concentration of one di-FP per 2 unit cells, and
a magnetic moment of 2 pug per di-FP, one finds a defect
depth of &~ 10 nm and a magnetic defect concentration
of ~ 8 at.%.

There is a small XMCD signal at the onset of the O-K
edge (= 530 eV) (see FIG. 12) which is due to hybridized
0-2p and Ti-3d,, orbitals''6. The origin of XMCD is
different for the Ly 3 and K edges. The spin-orbit in-
teraction (SOI) connects the spin and angular momenta
of the core electron and incident circularly polarized X-
rays. In the case of Ls 3 edges, the 2p states have orbital
angular momenta and strong SOI due to their large bind-
ing energies, which yields the large Lo 3 XMCD and also
the splitting into the 2p; /5 and 2p3/, levels. The orbital
magnetic moment, i.e. the SOI in the valence bands, is
not essential to provide large XMCD. The core s states,
however, have no SOI due to the absence of orbital an-
gular momentum. But, the SOI on unoccupied p states
at the absorbing atom is essential to yield the K-edge.
In general, the SOI at light elements is weak compared
with that of heavier elements, due to weaker gradients of
Coulomb potentials. Thus, the SOI is important at the
core 2p states in the absorbing atom, and the XMCD is
a projection from the Ti-3d orbitals hybridized with O-
2p level®?117. Therefore, we can conclude that the main
contribution to the magnetic moment is located at the

Ti3t in di-FP defects.

IV. CONCLUSION

In conclusion, ferromagnetism at room temperature
with perpendicular magnetic anisotropy has been in-
duced in (001) anatase after irradiating the sample with
low-energy Art-ions. XAS and XMCD experiments of
the O-K and Ti-L3 2 absorption edges have shown that
the magnetic moment arises at the Ti-3d shell. XAS and
XMCD calculations of Ti di-FPs are in agreement with
the results and the assumption that di-Frenkel pairs are
responsible for the observed magnetism and anisotropy.
SQUID measurements were used to estimate the mag-
netic anisotropy. Magnetic force microscopy proves the
existence of oppositely aligned magnetic domains with
out-of-plane magnetization directions, thus explaining
the low remanence of the samples. The efficiency of the
production method can be easily combined with other
techniques allowing the production of arbitrary magnetic
patterns with perpendicular magnetic anisotropy at the,
in other respects unaltered, anatase surface.
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