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SrTiOs (STO) is the substrate of choice to grow oxide thin-films and oxide heterojunctions, which
can form quasi-two-dimensional electronic phases that exhibit a wealth of phenomena, and, thus,
a workhorse in the emerging field of metal-oxide electronics. Hence, it is of great importance to

know the exact character of the STO surface itself under various oxygen environments.

Using

density functional theory within the spin generalized gradient approximation we have investigated
the structural, electronic and magnetic properties of the oxygen-deficient STO surface. We find
that the surface oxygen vacancies order in periodic arrays giving rise to surface magnetic moments
and a quasi two-dimensional electron gas in the occupied Ti 3-d orbitals. The surface confinement,
the oxygen-vacancy ordering, and the octahedra distortions give rise to spin-polarized t24 dispersive
sub-bands; their energy split near the Brillouin zone center acts as an effective Zeeman term, which,
when we turn on a Rashba interaction, produces bands with momentum-spin correlations similar to
those recently discovered on oxygen deficient STO surface.

I. INTRODUCTION

The interface between two transition metal ox-
ides forms quasi-two dimensional electronic phases' *
that exhibit a rich set of phenomena, including tun-
able  insulator-superconductor-metal  transitions®5,
large  magnetoresistance’, ferromagnetism”  and
superconductivity® '°. The perovskite SrTiO3 (STO) is
the substrate used for many such heterojunctions, and,
therefore, it plays a crucial role in the area of metal-
oxide interfaces'!'2.  Although it is a non-magnetic
wide-band-insulator in bulk with a band-gap of 3.2
eV!, a quasi two-dimensional electron gas (Q2DEG)
with interesting spin-momentum correlations has been
detected on its surface17. This Q2DEG can be
produced through multiple methods, such as gating®!'®,
by creating surface oxygen vacancies'®># or by inserting
a d-doped layer'® 22 inside the bulk crystal.

As seen by angle-resolved photoemission spectroscopy
(ARPES), the Q2DEG has a strongly confined compo-
nent made up of two sub-bands, separated from each
other by about 90 meV, forming concentric circular sec-
tions of the Fermi surface (FS)'317 and a relatively less
strongly confined component, about 200 meV higher in
energy, forming ellipsoidal sections of the FS'*. Ab ini-
ti0?3?* and model®>?% calculations have identified Ti ¢o,
as the host states, though there are open questions about
the nature of the Q2DEG. The two concentric rings of
the F'S on the k,-k, plane are made up of 3d,, orbitals,
and two ellipsoids aligned along the %, and k, directions
are 3d,,/d,. states in nature'*. The 3d,./d,. states are
quasi one dimensional, and as seen from layer-by-layer
ARPES study?” on LaTiO3/SrTiOj3 interface, they have
bulk-like behavior. These FS features have been seen
to be created by intense ultraviolet irradiation'”. They
persist under varying levels of oxygen vacancies and an-
nealing conditions'#, and, thus, seem ubiquitous.

At titanate interfaces with a polar perovskite, such
as LaAlOs, it has been suggested®® that oxygen vacan-

cies (Ov) create magnetic moments through orbital re-
construction and e, occupancy, thereby modifying the
occupied electronic levels produced by the so-called po-
lar catastrophe. Oxygen-deficient STO in bulk has
been discovered to contain optically induced magnetic
moments'®, and the magnetism inverts sign upon switch-
ing between right- and left-circular polarization. Re-
cently, a spin- and angle-resolved photoemission spec-
troscopy (SARPES) study'® has shown that the concen-
tric circular bands have a gap at the I' point, opposite
spin chirality and a large value of split at the Fermi sur-
face that cannot be explained by a purely Rashba-like
model. It was suggested that this state breaks time-
reversal symmetry'®, and an argument in favor of an an-
tiferromagnetic ground state as the result of one of the
instabilities of the 2D Fermi liquid with exchange inter-
actions has been presented?’.

II. GOALS AND MAIN RESULTS

In this paper, through a relaxed spin-unconstrained
DFT study of (001) terminated STO slabs with various
surface oxygen vacancy patterns, we show that stable pe-
riodic arrays of oxygen vacancies can form in a surface
TiOy layer and cause the spin-degeneracy of the occu-
pied sub-bands to be lifted at the GGA level giving rise
to a weakly ferromagnetic ground state. By consider-
ing slabs with multiple surface oxygen vacancy config-
urations (such as those of Fig. 1 and those discussed in
Appendix A) and various surface Ov densities n,, (= 1/4,
1/6, and 1/8), we find that for a given surface Ov den-
sity, the superstructure in which the surface oxygen va-
cancies order in periodic stripe arrays, such as the one
in Fig. 1, is characterized by the lowest energy. In addi-
tion, Fig. 2 shows the particular stripe-ordered vacancy
configuration which is the most stable within an allowed
range of oxygen chemical potential. Furthermore, the Ti
atoms of the top-layer and the layer just below it ac-



quire stable magnetic moments below surface Ov density
of n, = 1/8 (refer to Appendix Table I) producing an
internal Zeeman field, in which the level of doping and
the surface magnetic moments are functions of surface
Ov density. At the I' point, the Q2DEG is spread over
multiple layers and hosted by spin-non-degenerate states
several hundred meV below the Fermi level. These deeper
occupied states near the zone-center, which are strongly
3d,y in character, host a Q2DEG but contribute a rela-
tively small part to the net magnetic moment, most of
which is localized on the Ti atoms at the oxygen-deficient
surface away from the zone center, and hosted by a re-
constructed mixture of ¢y, and e,. Last, these findings
via ab initio calculations are strongly supported by the
following results. Taking into account a Rashba inter-
action in the z — y plane, we find that these spin-split
bands near the zone center acquire the spin-momentum
correlations recently discovered!'® by a SARPES study.
The zone center gap is enhanced by the introduction of a
Coulomb U term via a GGA+U calculation, but the qual-
itative features of the spin-chirality and the momentum-
spin correlations of the bands in the direction parallel to
the surface, as well as the bands themselves near the T’
point are reproduced. The spin chirality perpendicular
to the surface is attributed to a matrix element of the
SARPES process. 630
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FIG. 1. (color-online) (a) Four layers of atomically relaxed
STO bounded in the (001) direction by an SrO surface on
one side and a TiO2 surface on the other side forming a 3 x
1 supercell with an imposed 1/6 surface Ov coverage in a
stripe configuration. The presence of the oxygen vacancies
(the sites of which are denoted by the two red circles) cause
the tetrahedra at the TiOsz surface to buckle and push both
the O and the Ti atoms away from the lower layers. The Ti-Ti
bond length at the surface is larger by about 0.3 A along the
x-axis as compared to that along the y-axis. (b) Top surface
head-on view of the superlattice structure of oxygen vacancy
ordering in periodic arrays.

III. COMPUTATIONAL DETAILS

We consider slabs between four and six STO-layer
thick, terminated in the (001) direction by an SrO sur-
face on one end and an oxygen-deficient TiO5 surface on
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FIG. 2. (color-online)(a) Stability graph of the striped va-
cancy pattern discussed in Fig.1 with different surface Ov
densities. All three densities produce similar sub-surface 3d.y
bands near the zone-center but differ in the magnitude of the
magnetic moments. For an explanation of the free energy
and the allowed range of oxygen chemical potential see Ap-
pendix F. (b) Top view of the various Ti(,,)O(,) units at the
TiO2 surface with one oxygen vacancy per u.c., showing (i) a
2 x 1 u.c. with one eliminated O atom at (0.50, 0.50) creating
a stripe of missing oxygen atoms along the y-axis (Ov surface
density n, = 1/4) and giving each Ti atom exactly one near-
est neighbor vacancy, (ii) a 3 x 1 u.c. with one eliminated
O at (0.33, 0.50) causing a similar vacancy stripe but with
lower density (n, = 1/6), and (iii) a 4 X 1 u.c. with one elim-
inated O at (0.25, 0.50), creating vacancy stripes with a Ov
surface density of n, = 1/8. Further vacancy configurations
are discussed in the Appendix.

the other.

We used at least 15 A of vacuum between repeated
images in the (001) direction to minimize dipole inter-
action. The presence of surfaces in the (001) direction
of our slab geometry creates an electrostatic confinement
potential well which has one minima near the oxygen de-
ficient TiO9 surface, and another near the TiO4 layer on
the opposite (SrO surface) end. This gives rise to low
energy bound states close to both surfaces. We focus
on the dispersive bands localized close to the oxygen de-
ficient TiO5 surface and within the depth-range of the
ARPES study.

All computations were performed using the plane-wave
basis set (plane wave cutoff of 540 eV) with the projector
augmented wave (PAW) methodology®! used to describe
the wavefunctions of the core electrons, as implemented
in the VASP package3? 35, The Perdew-Burke-Ernzerhof
(PBE) exchange correlation functional® was used for all
GGA calculations. The 4s, 4p, 5s electrons of the Sr,
the 4s, 3d, 3p electrons of the transition metal atom and
the 2s, 2p electrons of the oxygen were treated as va-
lence electrons. We checked our results for consistency
by including the semicore s states of the Ti atom as va-
lence states, which caused a negligibly small increase of
the Ti magnetic moments by a maximum of 0.005 B in
ferromagnetic supercells.



The asymmetry of the slab allows us to disregard inter-
actions between vacancies and to model a real slab with
inequivalent surfaces on either side, at the cost of intro-
ducing a net dipole moment and an artificial field induced
in the vacuum region. We compensated for this effect us-
ing internal VASP dipole correction routines, and found
a correction to the total energy of a supercell of 59 atoms
and 474 electrons to be only ~ 30 meV. The smallness of
the correction is due to the STO’s high polarizability?®
and the neutrality of its SrO and TiO2 planes, making
the dipole corrected results accurate.

An initial unit cell length of 3.944 A was used, which
was found by curve-fitting the ground state energies of
bulk STO to find the minimum. This value is about
1% higher than room temperature bulk-STO cubic phase
value (3.905 A). The Brillouin zone was sampled with a
maximum of 5 X 15 x 1 k-point mesh for the self-consistent
cycles”. Forces were converged to less than 10 meV/ A
for each ion. Local Coulomb repulsion of Ti 3d elec-
trons was accounted for within GGA+U approach with
Uri = 2 eV3®. The PBE functional and the PAW po-
tentials reproduce fairly well the bulk behavior of STO
in the cubic phase and in the antiferrodistortive (AFD)
tetragonal phase while being limited to the accuracy of
the PAW PBE methodology. The nature of the Ti d
bands in bulk are correctly reproduced although the gap
is underestimated (2.1 eV in PBE as opposed to 3.2 eV
experimental value). In the cubic phase, we found an ex-
pected instability through frozen phonon calculations in
the form of an imaginary soft phonon mode, and in the
tetragonal phase, we see the expected octahedra rota-
tions. Both these observations agree quantitatively with
existing literature3?.

IV. AB INITIO CALCULATIONS

The Q2DEG in STO has been associated with a band
bending of ~ 300 meV near the surface!37. Confinement
in this potential-well lifts the degeneracy between the
3d,, of different Ti atoms and replaces the smooth k.
dependence in bulk by a discrete series of light parabolic
sub-bands split in energy. The number of parabolic sub-
bands scales with the number of TiO» layers in the slab.
Oxygen vacancy doping lifts the spin-degeneracy in each
of these bands but by different magnitudes, as shown in
Fig. 3.

We would like to discuss the stability of our proposed
Ov ordering configuration to the other competing Ov or-
dering configurations considered in the Appendix A. In
particular the v/2 x /2 configuration shown in Fig. 6 has
been proposed to be the actual oxygen-deficent STO sur-
face reconstruction in a paper (Ref. 40) which became
publicly available after submitting our present work for
publication. The stripe configurations are lower in en-
ergy by ~ 0.2 eV (for n, = 1/4) per supercell used in
the DFT calculations than the non-stripe configurations
shown in Appendix. One, however, might ask, what hap-

pens when one allows for the AFD distortion found in the
V2 x /2 configuration to coexist together with the stripe.
Will the two ordering effects, i.e., the stripe ordering and
the AFD ordering compete or will they coexist? The
above mentioned energy gain by forming the stripe order
is an order of magnitude higher than the internal energy
difference between the cubic and the AFD phase as cal-
culated by ab-initio methods3?:4143 in bulk. Thus, there
is no competition between the two forms of order due
to a much larger gain in energy by forming the stripe or-
der; in addition, these two orders are not frustrating each
other. Therefore, we expect the stripe order to occur at
much higher temperature than the transition to the AFD
phase.

For each of the four, five and six STO-layer slabs and
for stripe ordering of vacancies, we find that there are
multiple spin pair bands (see Fig. 3 and also Fig. 7 of the
Appendix) at the GGA level below the Fermi level. A
question arises as to why ARPES observes'*!¢ only one
light subband pair. The answer to that lies in the fact
that only the lowest two spin pairs of subbands are sig-
nificantly bound to Ti atoms close to each surface, and
only one out of those two pairs is localized strongly near
the TiOy surface on which ARPES measurements are
taken. We illustrate this using a site and Y}, projection
(Fig. 8 of the Appendix). This is a consequence of the
fact that the surface potential creates bound states. The
higher subbands are more delocalized and have a weaker
surface contribution. Furthermore, as we illustrate in
the Appendix (Fig. 9), addition of an on-site Hubbard
Coulomb-U term causes the electrons to repel each other
and move away from the surface, leaving all but one pair
strongly within the range of the ARPES probe. Keep-
ing this picture in mind, We find that four STO-layer
and six STO-layer slabs have qualitatively similar band
structure (see Fig. 7 of the Appendix), hence we believe
that our results and conclusions presented here, which
are obtained from slabs containing only four STO-layers
and 1/6 surface Ov density (Fig 1) may be applicable to
the infinite-slab-thickness limit. The pair of bands associ-
ated with atoms near the TiOs surface has a zone-center
splitting of ~ 48 meV at the GGA level and ~ 70 meV
at the GGA4U (U = 2 eV) level. Around the I'-point,
they are all 3d,,, except the heavy sub-bands ~ 50 meV
below the Fermi surface, which are largely 3d,,. The
nature of these 3d bands are identical to those in DFT
calculations with symmetric slabs, further validating our
use of asymmetric slabs.

By switching on the spin-orbit coupling (SOC) in the
system, we find a slightly modified near-I" band structure
for the four STO-layer slab, as shown in the Appendix
Fig. 10. The change in the 3d;, bands around the I
point is negligible. The biggest effect of SOC can be seen
in lifting the degeneracy of the band-crossing at the cor-
ners, as expected. It preserves the net magnetic moment
at the surface and the spin-polarization of the 3d,, bands
around the I" point. At this mean-field level, SOC effect
is predictably small enough so that the spin-orbit mixing



changes the spin-eigenstates only by a small amount and
the spin up-down characterization remains valid. The
most important role of the spin-orbit coupling is that it
simply selects the direction of the effective internal “Zee-
man field” (which splits our lowest energy bands within
our GGA-spin calculation) to be perpendicular to the
orbital angular momentum = — y plane.
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FIG. 3. (color-online) The near-I' spin-GGA band struc-
ture of the 4 STO-layer with striped vacancy configuration
(nv = 1/6). Up-spins bands are denoted with solid lines and
corresponding down-spin bands denoted with dashed lines.
The 3d., bands are light and dispersive, while the 3d,. and
the 3d,. are heavier and less dispersive due to confinement in
the z-direction, which also produces the observed level quan-
tization of states.

Fig. 4 shows the total density of states (DOS) of a four
STO-layer slab along with the integrated up and down
DOS as a function of energy as well as the orbital pro-
jected DOS of one of the Ti atoms at the surface at the
GGA level. We find that in the absence of a Rashba term
and at 1/6 Ov surface density, the low-lying 3d,, bands
near the zone-center carry finite but small amounts of
magnetic moments. Most of the contribution to the mag-
netic moment comes from heavier sub-bands away from
the zone-center, and depend on a reconstruction of the
eq states. As we can observe in Fig. 4, the spin-polarized
eg states of the Ti atom next to a missing oxygen is
pulled below the Fermi level and get mixed with the o,
states. On the other hand, the occupied bands of the
Ti atoms one layer below the surface are entirely t24 in
nature with almost non-magnetic 3d,, states (refer to
Appendix Fig. 11).

The splitting of the e, states and their mixing with
the to, states give the surface Ti atoms a magnetic mo-
ment (with magnetic moments for the two nonequiva-
lent surface Ti atoms given by Mp;a) = 0.142 uB and
M2y = 0.264 uB) each for n, = 1/6.
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FIG. 4. (color-online) (a) Total up and down DOS of a four
STO-layer slab with 1/6 Ov surface density at the TiO2 sur-
face. The zero is the Fermi level at the present level of doping.
(inset) Integrated up and down dos, showing the onset of mag-
netism at ~ 300 meV below the Fermi level. (b) Projected
DOS of the 3d orbitals of a surface Ti atom next to an oxy-
gen vacancy. The occupied polarized states are a mixture of
spin-polarized t24 and ey located around the S-point of the
BZ.

V. INCLUSION OF THE RASHBA COUPLING

The band picture shown in Fig. 3 does not take into
consideration the Rashba effect, which couples spin with
momentum. In the existence of strong fields caused by
surface termination and oxygen vacancy, inversion sym-
metry is lost and the octahedra buckle, causing previ-
ously forbidden hopping channels to open. This, coupled
with a strong spin-orbit coupling®® produces a prominent
planar Rashba effect. For the band pair localized on the
Ti atom one unit-cell below the oxygen deficient surface,
this effect can be modeled using a simple 2-D Hamilto-
nian for small values of k. Written in the basis of Ti 3d,
Bloch states and S, eigenstates, the Hamiltonian is:

H = eqaa(k)i — a(ouky — oyks) —ho., (1)

where « is the Rashba parameter, o, 0y and o, are Pauli
matrices, 1 is the unit matrix. The last term is the Zee-
man term due to an effective internal mean field in the z-
direction which is responsible for the spin-splitting of the
bands found by allowing for spin- and lattice-relaxation
within the GGA and GGA+U. In the absence of an ex-
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FIG. 5. (color-online) (a) The result of fitting the experimen-
tally determined'® spin z-component via a chi-square fit to
the form given by Eq. 3 indicating a large planar Rashba cou-
pling near the surface. (b) The spin pair of near-surface GGA
bands of the four STO-layer slab after applying a Rashba
spin-split term using Eq. 2 as compared to the experimental
results®. Other occupied d., bands are deeper inside the slab
and are omitted in this figure. (c¢) The same as in (b) using
the bands by GGA+U. The black solid line is the result of
GGA or GGA+U without spin-relaxation. The green and red
solid (dashed) lines are obtained with GGA or GGA+U after
spin-relaxation for down (up) with and without the Rashba
interaction respectively.

ternal magnetic field, both magnetic directions along the
z-axis are equally likely, and we use h = +£|h| to ac-
count for ferromagnetic domains that average to zero in a
macroscopic measurement like SARPES'6. Here eqq A(E)
is the band structure obtained as the average between
the lowest two near-surface subbands close to the oxygen
deficient TiOy surface obtained in our DFT calculation
which correspond to spin-up and spin-down states, and
the value of this field will be chosen to reproduce the
energy splitting of these two lowest bands. In addition,
caca(k) is very close (apart from a constant) to the re-
sults of our DFT calculation when we do not include spin.
The eigenvalues of this Hamiltonian are

ex(k) = eqgaa(k) £ [RAK);  A(k) = V1++2k2. (2)

where k* = k2 4+ k2 and v = a/|h|. The corresponding
expectation values of the spin components are as follows:

o) I 3)
oy = F— —YRg .
(£]o.|%) AR\

In Fig. 5 we compare the experimentally determined
bands to the bands located on the TiOs layer immedi-

ately next to the oxygen deficient surface and obtained
using Eq. 2 by choosing the parameters in the follow-
ing way. Fig. 5(a) shows the result of our fit of the ex-
perimentally determined x-component of the spin to the
form given by Eq. 3 where the only fitting parameter is
~. The solid line is the result of our fit with v = 17.045
A. Fig. 5(b) is obtained using h = 24.2 meV as found by
our spin GGA calculation and the value of v = 17.045 A
determined by the previously discussed fit. This implies
that the Rashba parameter is 412 meVA for the given
value of h.

Fig. 5(c) is obtained using h = 35.5 meV as found in
GGA+U calculation for a four STO-layer slab and o =
300 meV A, illustrating a better agreement of the zone-
center gap and the momentum dispersion of the bands
with experiment.

We note that there is a possibility that SARPES over-
estimates the spin polarization by not accurately estimat-
ing the quasiparticle spectral weight away from the peak
of the spectral function: it is clear that the quasiparticle
function is widely spread around the peak and, thus, the
part of the spectral weight away from the peak can hide
under the contribution of tails from other nearby bands.
In such case the estimation of the Rashba parameter can
be significantly affected.

The photo-excitation process itself mixes states with
different angular momentum components, which depend
on the light polarization, causing a rotation of the elec-
tron spin-polarization through the spin-orbit coupling
term. Thus, the expectation value (o,) picks up a con-
tribution proportional to (o,) and/or to (o,). In the
absence of an external magnetic field, the average value
of the term proportional to h over the entire surface is
expected to be zero. This can explain that the expecta-
tion value of (0,) measured in the SARPES study has a
k-dependence similar to that of (o,) or (o).

VI. CONCLUSIONS

In conclusion, we find that our ab initio calculations
predict very interesting patterns of Ov ordering on the
(001) STO surface which lead to a small ferromagnetic
moment of the surface Ti atoms. Furthermore, major
experimental characteristics of the STO surface can be
qualitatively reproduced by a GGA (and GGA+U) spin
calculation where we have included the effects of the pla-
nar Rashba coupling. The underlying symmetry break-
ing and the presence of a quantum-well potential near
the surface give rise to discrete energy bands in the (001)
direction. When surface oxygen vacancies are introduced
and the structure is relaxed within a spin-dependent
GGA, bands near the TiO2 surface emerge character-
ized by a dispersion near the zone center similar to that
observed by recent SARPES studies. More importantly,
we find that the fully relaxed GGA calculation opens a
spin-gap at the zone center, which is further enhanced by
adding a moderate U in a GGA+U calculation. The con-



1/4, |1/6, Ti(1)[1/6,Ti(2)
0.142 | 0.264
0.053 | 0.118

1/8 |dimer|2 x 1
0.000|0.367 |0.000
0.000|0.0470.000

Surface-layer|0.371
Second-layer|0.023

TABLE I. Magnetic moments of surface Ti atoms and of those
one layer below the surface, in units of pug. For n, = 1/6,
Ti(1) refers to the atom closest to the O vacancy, and Ti(2)
refers to the atom farther away.

tribution to the magnetic moments come primarily from
the neighborhood of the S and X points in the BZ, and
localized at the reconstructed ¢y, and e4 of the Ti atoms
at the oxygen deficient surface (Appendix Fig. 12). At
the spin-GGA level and at the present high levels of dop-
ing, the system is weakly ferromagnetic. Therefore, it is
reasonable to assume a theoretical framework whereby
we identify with these 3d;, bands those seen in the most
recent SARPES study!'®. Then by taking these bands as
a starting point we turned on a planar Rashba term, the
lowest lying, closest to the TiO, surface 3d,, bands qual-
itatively reproduce the experimental SARPES results!®
for the energy bands close to the I' point. Furthermore,
they reproduce the momentum-spin correlations in the z
and y directions seen in SARPES and they have no net
magnetic moment in the x — y plane.
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Appendix A: Other vacancy configurations

Fig. 6 shows the vacancy configurations considered
here which are not shown in the main part of the pa-
per associated with Fig. 1.

The (1/4) stripe and dimer configurations have stable
magnetic moments at the spin-GGA level while the (1/8)
stripe and 2 x 1 configurations have no noticeable mag-
netic moments. In Table I we list the magnetic moments
of the surface and sub-surface Ti atoms for all the sys-
tems under consideration. For the stripe configuration
with n, = 1/4, the two surface Ti atoms have similar
environment and equal magnetic moments. For n, =
1/6, the Ti atoms next to the Ov has less magnetic mo-
ment than the Ti with all nearest neighbor oxygen atoms
present.
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FIG. 6. (color-online) (a) A four STO-layer slab with v/2 x /2
(dimerized) vacancies, causing each surface Ti to have one
nearest neighbor vacancy. (b) A 2 X 1 configuration with
chains of vacancies in the y-direction. The configuration (b)
contains two different types of surface Ti, one with no nearest
neighbor vacancies, and the other with two nearest neighbor
vacancies. Both configurations have doping level n, = 1/4
(25%). (c) Stripe configuration, n, = 1/4 and (d) stripe
configuration, n, = 1/8.

Appendix B: The infinite slab-thickness limit

In bulk SrTiOgs, the conduction d-bands have a smooth
k. dependence and is made out of a superposition of
states from every Ti atom. In a (001) slab of thickness
L, the k. vector does not exist, and the dispersive Bloch
band is replaced by a series of bands with different I'-
point energies. Each of these subbands now have unequal
contribution from each Ti atom depending on the atom’s
z-index. There will be quantum wells of noticeable depth
at the TiO5 surface and at the SrO surface with bound
states in each. These states are found to have the lowest
energy and the wavefunctions corresponding to them will
decay exponentially outside the wells with characteristic
length scales £ and Y, respectively. As we change the slab
thickness, as long as £ << L and y << L, the finite size
effect of these bound surface states will be exponentially
small. However, the other subband states unbound to
the surface potential wells will be affected no matter how
big L is because the wavefunctions always vary over a dis-
tance L. Therefore, in our problem we expect two types
of states. Those bound states which have weak finite-size
effects and those unbound states which no matter how
big L is, they will continually change until they form a
continuum which will give rise to the (001) dependence
of the bands in the bulk limit.

This is almost exactly what we find in our study. Fig. 7
shows the near zone-center bands of a four STO-layer and
a six STO-layer slab for n, = 1/4 . The lowest two spin-
pairs correspond to the bound states close to the SrO
and the TiOs surface respectively in both cases and the
impact of the slab thickness on them is minimal. The
six STO-layer slab has more subbands of d,, character
unbound to either surface wells, but most of these are
away from the depth-range of SARPES (as demonstrated
in Fig. 8 for five STO-layer slabs), and the band structure
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FIG. 7. (color-online) Comparison of the near zone-center
conduction bands of oxygen-deficient (a) 4 layer STO and
(b) 6 layer STO with n, = 1/4. Up-spin bands are denoted
by solid lines and down-spin bands by corresponding dashed
lines. The spin-split is maximum for the bands near the Ov
surface and reduces as we go deeper into the bulk.

near the Fermi level near the surface is the same between
the four and six STO-layer slabs. We therefore believe
that the results obtained from four STO-layer thick slabs
may be valid for the infinite slab-thickness limit.

Appendix C: Orbital- and Site-Projection of Bands

In Fig. 8 the orbital and site-projection of the lowest
four spin-pairs of bands around the I" point and along k,
for the five STO-layer slab with n, = 1/4 at the GGA
level is illustrated with band 1 being the deepest pair.
The colors signify the orbital character of the band (red
= dyy, green = d,,) and the unit cell along the horizontal
axis is a reference to the Ti site-location of these states
inside the unit cell. One spin-pair is seen to have the most
localization near the TiOs surface and is the experimen-
tal surface band pair. However some surface contribution
from the next pair of subbands is also visible. A Coulomb
U in the form of GGA+U repels the spins from one an-
other in real space and causes the spin-pairs to spread, as
a result of which the up-spin and the down-spin bands are
nested on neighboring Ti atoms, there are fewer bands
near the TiOy surface and the spin-gap is widened. We
demonstrate this in Fig. 9 which illustrates the near-I'
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FIG. 8. (color-online) Orbital and site-projection of the lowest
4 spin-pairs of bands of a 5 STO-layer slab (n, = 1/4) around
the I' point and along k,, with band 1 being the deepest pair.
The site locations are shown by the crystal unit cell aligned
along the horizontal axis. On the graph, red is d., and green
is dz~. Up-spin is above the axis and is shown in filled circles
whereas down-spin is below the axis and is shown in empty
circles. The position of the missing oxygen on the surface is
shown with a red circle. Each d., subband can be seen to
prefer different TiO2 planes. The deepest pair of bands is the
Ti dzy near the SrO surface and the next deepest pair is Ti
d 4y next to the TiOz surface. They are the bound states and
are the most localized.

orbital and site projection of the deepest corresponding
occupied bands around the I'-point for a five STO-layer
slab (n, = 1/4) slab (using U =4 eV and J =1 eV).

Appendix D: Spin-orbit coupling

In Fig. 10 we give the results obtained by switching
on the spin-orbit coupling (SOC) in a four STO-layer
slab with n, = 1/4. As can be seen, we get a slightly
modified near-I" band structure as compared to Fig. 7
where the SOC was neglected. The effect of SOC is found
to be maximum where the bands cross-each other, as
expected. It preserves the net magnetic moment at the
surface and the spin-polarization of the d, bands around
the I" point.

Appendix E: Density of States of the Ti atom one
layer below the surface

In contrast to the surface Ti atoms whose occupied
states are a mix of 5, and e,4, the projected density of
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FIG. 9. (color-online) Orbital and site-projection of the lowest
4 spin-pairs of bands of a 5 STO-layer slab (n, = 1/4) around
the I" point and along k,, with band 1 being the deepest pair.
A GGA+U scheme has been used. The site locations are
shown by the crystal unit cell aligned along the horizontal
axis. On the graph, red is d.y and green is d,.. The position
of a missing oxygen on the surface is shown with a red circle.
The Coulomb term causes the spins in a pair to move away
from each other in real space, but the quantization effect of
the confining potential is maintained. Up-spin is above the
axis and is shown in filled circles whereas down-spin is below
the axis and is shown in empty circles.

FIG. 10. (color-online) The near-I' band structure of the
oxygen-deficient 4 layer STO (n, = 1/6) with spin-orbit cou-
pling included. Up-spins are denoted with solid lines and
down-spins denoted with dashed lines. The change in the d,
bands around close to the I' point is negligible. The biggest
effect of SOC can be seen in lifting the degeneracy of the
band-crossing at the corners.
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FIG. 11. (color-online) DOS of the 3d states of a Ti atom one
layer below the oxygen-deficient TiO2 surface (n, = 1/6).
The occupied states around the zone-center are ta24 in nature.
At this GGA-level, the d., states carry negligible magnetic
moments, and most of the spin-polarization is in the d,, state.
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FIG. 12. (color-online) The planar BZ band structure of the
oxygen-deficient four STO-layer slab with n, = 1/6. Up-
spins are denoted with solid lines and down-spins denoted
with dashed lines. The lowest occupied pair of spin bands
is degenerate near the I' point and is contributed by the Ti
atoms away from the oxygen deficient TiO2 surface. The sec-
ond lowest spin-split payer comes from the Ti atoms one layer
below the oxygen deficient TiO2 surface, which are the bands
of interest. The majority of the magnetic moment comes from
the BZ corner and edge where the states are localized on the
doped TiO2 surface as a mixture of t24 and ey with a consid-
erable spin-split.

states in the Ti atom one layer below the surface (Fig. 11)
with n, = 1/6 shows far less polarization, with its oc-
cupied states being predominantly ¢, in character and
located near the zone-center. Here the magnetic moment
is an order of magnitude less than that on the surface,
and most of the polarization is in the d,, state.



Appendix F: Stability of Oxygen Vacancies

The possible range of Oxygen chemical potential pg
can be determined by first noting that the value is
bounded from above by the chemical potential of the
triplet Oy molecule,

po < po,/2 = —4.917eV. (F1)

Furthermore, it is constrained by the relation

psr + pri + 310 = g, Fio, = —40.125eV,  (F2)

where the chemical potentials of Sr and Ti must them-
selves satisfy inequality constrains:

sy < p%F = —1.6840eV, (F3)
pri < phutt = —7.8981eV. (F4)

Therefore the allowable energy of the oxygen chemical
potential is

~10.181eV < po < —4.917eV. (F5)

The free-energy per unit cell plotted in Fig. 2 for each
oxygen deficient structure is taken to be

F=|Fv —Fy+ po|/Nu, (F6)

where Fy is the free-energy of the oxygen deficient struc-
ture, Fy is the free-energy of the no-vacancy structure
and N, is the number of 1 x 1 unit cells needed to make
the supercell used in our DFT.

All three structures are stable at only very low oxygen
chemical potential in equilibrium. Therefore, we believe
that non-equilibrium effects like intense UV irradiation
is necessary to create oxygen vacancies with the density
required for the spin-split.
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