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Defect-free CaTiOs is a band insulator but Angle-Resolved Photoemission Spectroscopy (ARPES)
experiments have demonstrated the existence of a nanometer thin two-dimensional electron system
(2DES) at the (001) oriented surface of this compound. Our ab initio study finds that while oxygen
defects are the driving mechanism for the metallicity, tiltings and rotations of the oxygen octahedra
significantly impact the electronic structure of the 2DES and its response to externally applied strain
deformations. The low energy conduction sub-bands have a mixed to4 - €4 orbital character close to
the center of the Brillouin zone. Good agreement with the experimental spectra is found for TiO2

surface di-vacancy configurations.

Introduction

Multifunctional materials have been identified as key
components for developing low-power technologies. In
this respect, transition metal oxides have been the fo-
cus of renewed theoretical and experimental attention
as they possess tunable properties of ferroelectricity,
magnetism, colossal magneto-resistance, multi-ferroicity
and superconductivity originating from the delicate in-
terplay of structural, electronic and magnetic correla-
tions [Il [2]. Novel functionalities can also be imparted
to heterostructures where at least one of the constitutive
compounds is a transition metal oxide perovskite.[3H6]
A two-dimensional metallic state (2DES) was evidenced
near the interface of the wide band gap insulators LaAlO3
and SrTiOs (STO), which also harbors superconduc-
tivity [(H9] and a large tunable Rashba spin-orbit cou-
pling [10] creating promising opportunities for spintron-
ics [I1L M2]. Additionally, ARPES measurements of bare
or capped surfaces of several ATiO3 perovskites (A = Sr,
Ba, Ca) and KTaO3 have uncovered a confined 2DES [I3+
15]; in the case of STO indications of magnetism were
proposed and the theoretical prediction of a topological
state was made [I6HI8]. For a priori non polar materials,
such as STO and CaTiO3 (CTO), experimental evidence
suggests that oxygen vacancies positioned near the sur-
face provide the conduction band carriers forming the
metallic state [I9H22].

Bulk CTO is an insulator with a band gap of
3.5 eV [23]. Below 1300 K, large rotations and tiltings of
the oxygen octahedra force CTO to become orthorhom-
bic [24] with rotation (¢ = 9°) and tilt (0 = 12°) an-
gles [25]. ARPES [21] [22] spectroscopy on the oxygen-
deficient UHV clean (001) surface reveals an in-gap state
around 1.3 eV below the Fermi energy Fr and three oc-
cupied bands, constitutive of a 2DES. The first and third
bands have a dominant d,, character close to I', the cen-
ter of the Brillouin zone (BZ). The second band is of

mixed d./,. character in the vicinity of I' and the shape
of the Fermi surface suggests a significant hybridization
between the heavy orbitals close to I'. This indicates
that rotations couple to other degrees of freedom, thus
promoting an even broader variety of ground states and
providing extra handles to tune the flow of charge.

In order to set these considerations on firmer ground,
we performed a Density Functional Theory (DFT) study
of the confined metallic bands and in-gap state at the
surface of CTO, in the presence of oxygen defects. We
explicitly allow rotations of the Ti-O octahedra in our
calculations. While these has been previously included
in ab initio computations of bulk CTO electronic spec-
tra, DFT studies of CTO surfaces have been restricted to
a cubic structure [21] 26 27]. Rotations of the octahedra
introduce additional sources of relaxations which make
the computation far more involved than in the simpler
case of STO. Our calculations underscore the impact of
these distortions on the surface characteristics, affecting
the band structure of CTO. For STO, the main features
of the experimental spectra were captured in DFT com-
putations of asymmetric slabs with subsurface apical oxy-
gen di-vacancies positioned at the SrO termination We
explored various configurations of single- and di- vacan-
cies, and considered different values of U. For CTO, a fair
agreement with the experimentally determined electronic
structure is found when we introduce horizontal surface
di-vacancies at the TiO5 termination and set U = 4.5 eV
and J = 0.64 eV. A metallic state is observed as well
as a localized in-gap level positioned approximately 1 eV
below Ep. The impact of rotations is evidenced by the
mixing of all three ¢y, orbitals at the conduction band
minimum and a sizable hybridization between e, and ta4
orbitals in the conduction band states causing a weaker
quantum confinement strength. As a result, compared
to STO where such mixing is not significant, the lowest
energy band lies much closer to Er and the mass of the
carriers is larger.



Computational method

All DFT calculations were performed with the Vienna
Ab-initio Simulation Package (VASP). [28 29] The in-
teraction of valence electrons with ionic cores was de-
scribed within the projector augmented wave (PAW)
method [30, BI] and the Kohn-Sham orbitals were de-
veloped on a plane-wave basis set. Standard calcium and
titanium (including 3p electrons in the valence band),
and soft oxygen pseudopotentials (energy cutoff of 300
eV) provided with VASP were used. The applicability of
soft oxygen pseudopotential was validated with results
obtained with standard oxygen pseudopotential (energy
cutoff of 400 eV), see Supplementary Material in Ref.
[2I]. In order to better capture the main features of
the electronic structure, in particular the position and
character of gap edges, the gradient-corrected exchange-
correlation functional (PW91) [32] was employed within
the DFT+U approach proposed by Dudarev. [33] Hav-
ing fixed the J value to 0.64 eV, we have systematically
tested several values of the U parameter in the range
2.5-5.5 €V, and found that the best agreement with the
experimental results was obtained for U = 4.5 eV, close
to the value reported previously for STO. [34] [35] Since
there are no experimental indications of magnetism, all
of our calculations are non spin-polarized.

Oxygen vacancies were placed at either the TiO5 or
CaO termination of a (001)-oriented asymmetric CTO
slab, Fig. [1} and positions of all atoms were fully relaxed
along the x, y and z directions until all forces became
smaller than 0.01 eV/A. In order to avoid any bias with
respect to the spatial localization of the 2DES, a thick
slab, composed of six CaTiO3 units (12 atomic layers)
was used. Slabs were separated by more than 10 A of
vacuum and dipole corrections were applied to further
reduce the spurious interactions between periodic im-
ages in the direction perpendicular to the surface. The
same (2x2)-CTO(001) surface unit cell was systemati-
cally used in all calculations on perfect and O-deficient
surfaces. It corresponds to a (2v/2 x 2v/2) surface cell
in the pseudocubic basis (with the x and y axes oriented
along the Ti-O-Ti bond directions) to which we will re-
fer in the following in order to compare our data to the
ARPES spectra. We note that a single oxygen defect in
such a surface unit cell results in a 2DEG density of about
0.01 e/A2, very close to the experimental estimation. [21]

The first BZ of the surface cell was sampled on a dense
I-centered (6x6) Monkhorst-Pack grid. [36] Considering
the metallic character of the O-deficient surfaces, the con-
vergence with respect to the k point sampling was further
improved by applying a Gaussian smearing of 0.1 eV. For
band plotting, eigenvalues and eigenvectors at 20 k points
along the I' — X and I' — M directions were evaluated in
dedicated non-self-consistent runs, with the electron den-
sities obtained in prior fully self-consistent calculations.

No further band folding/unfolding was applied. For each
band and at each k point, the orbital character of wave-
functions was estimated with the help of PAW projector
functions.
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FIG. 1: (a) Stoichiometric 2x2x6 slab in the orthorhombic
lattice basis composed of six CaTiO3s blocks, each of which
consist of one CaO and one TiO2 layer. The TiO2 atomic
layers are labeled Li. The index 4, (i = 1 — 6) is the layer
number.We only show Ti atoms (blue) and O atoms (red).
(b) When one (O-vacl) and two (O-vacl, O-vac2) oxygen va-
cancies are created at the TiOz termination (L1) they are
placed along the (pseudo-cubic) x Ti-O-Ti bond direction.

Results

Defect-free slab

Towards the center of the slab, considered to be repre-
sentative of bulk CTO, the values the rotation, tilt and
lattice parameters are ¢ = 9.8°, § = 13.6°, a=5.42 A,
b=5.54 A, ¢=7.74 A. These values compare well with
those reported in the Supplemental Material Table S-1 of
[21]. At the TiO, termination, however, ¢ is nearly 30%
smaller, the apical Ti—O bond length is 1.9 A (1.99 Ain
layers L3, L4), and a reduction of the band gap of about
1 €V is seen in the projected density of states, caused
by the upward shift in energy of the valence band at the
(TiO2) L1 layer as compared to its position at the center
of the slab (Fig. 2).

These deviations stem from the fact that, at the sur-
face, octahedra are missing an apical O and the corre-
sponding bond. This causes distortions of bond lengths
and angles and also entails weaker electronic cohesion af-
fecting primarily the (oxygen) valence band states. Note
that the reduction of the gap size is also seen at STO
and BTO surfaces with very similar magnitudes [37 [38],
suggesting a rather modest influence of the rotations and
tilts of the octahedra for this particular effect.
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FIG. 2: Layer projected density of states (DOS). Contribu-
tions from the O (red), Ti (green) and Ca atoms (blue) are
shown as well as the total DOS of each layer (black).

Oxygen vacancies

Guided by existing ab initio studies of STO [39], we
consider single- and di- vacancies in the direct vicinity
of the TiO4 or CaO end layers, since experiments suggest
that the cleaved surface of CTO, which is predominantly
of TiO4 character, also exhibits patches of CaO ordering.

Vacancies at the CaO termination

Our DFT calculations indicate that a single oxygen
vacancy at the CaO termination results in an insulating
state. By contrast, when di-vacancies are present (Fig.
, the band structure reveals occupied states below Ep
as well as an in-gap state. For the configurations that
we considered, the localized state has an energy on the
order of 1.3 eV with respect to Er (inset of Fig. [3)) and
is of e, character. Fig. |3|a) corresponds to the case of
two oxygen vacancies at the CaO surface. Near Gamma,
the orbital character of the occupied conduction bands
is predominantly of d,, character and the dispersion of
the lowest energy band at Er shows a strong anisotropy.
Fig. [3| b) displays the spectrum for the case of an api-
cal di-vacancy in one of the subsurface (layer L6) Ti-O
octahedra. The lowest occupied conduction band dis-
perses very weakly across the BZ and in the vicinity of
Gamma the orbital character of the three occupied bands
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FIG. 3: Energy dispersion of conduction band states along
a X - I' - M path when di-vacancies are present close to the
CaO termination (a) a slab with a horizontal di-vacancy at
the CaO surface and (b) a slab with an apical di-vacancy in
one of the (L6 layer) TiO2 octahedra. Energies are measured
relatively to Er which is conventionally set to zero (dashed
line). At every k-point the dominant orbital character of a
given band eigenstate is indicated by a color which is assigned
to each of the five d orbitals (see color chart). For instance,
black color corresponds to d,, orange color to comparable
weights of d,. and dy.. Insets in (a) and (b) display the eq4
character in-gap state located ~ 1.3 eV below Ep.

is dominantly dgy (~ 70%) plus a ~ 20% admixture of
dg. or dy, components. For either case, the DFT band
structure of the occupied states does not match its exper-
imental counterpart, at variance with STO where apical
di-vacancies at the SrO end led to a fair agreement with
the ARPES spectra.

Vacancies at the TiO> termination

Fig. [4h) shows that a single oxygen vacancy at the
TiOy layer L1 gives rise to a 2DES where the orbital
character of the eigenfunctions is consistent with ARPES,
but, as seen in the inset, that no in-gap state is present.
This suggests that the electrostatic potential associated
with the defect is not strong enough to localize carriers in
its vicinity. A horizontal di-vacancy at the TiOg surface,
by contrast, gives a band structure in fair agreement with
experiments (Fig), when U = 4.5 eV, J = 0.64 V.
The localized state, located approximately 1 eV below



Er, is of dz2_,» character and it hosts two electrons.
Similar to what is observed in several perovskite oxide
2DES near the BZ center, the lowest conduction band
has a dominant d, character, as it is less affected by the
quantum confinement. However, for CTO, there is also
a ~ 35% admixture of d,. orbital (when the di-vacancy
is along x).
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FIG. 4: Energy dispersion of conduction band states along
a X - I' - M path when vacancies are present at the TiOs
termination (see Fig|l) (a) a slab with a single vacancy and
(b) a slab with a horizontal di-vacancy in layer L1. Energies
are measured relatively to Er which is conventionally set to
zero (dashed line). At every k-point the dominant orbital
character of a given band eigenstate is indicated by a color
which is assigned to each of the five d orbitals (see color chart).
Insets in (a) and (b) span the energy range between the last
valence band and the conduction band. In (b) an in-gap state
of dmz_yz character is located ~ 1 ¢V below Ef.

Near I', the second energy eigenstate is an approxi-
mately equal weight combination of d., dy. and d,= or-
bitals where electrons occupy the first five layers from
the top surface. As k increases, the orbital nature of this
band evolves to a pure d,, or d,. character. The next
band is mainly of d,, character plus a ~ 15% dj2_,2
mix. The bottom of the lowest conduction band is po-
sitioned approximately 100 meV below Ep. The experi-
mental value is around 160 meV [21]. This is significantly
less that what was found for STO [39], which indicates
that confinement is much weaker in the case of CTO. A
parabolic fit near I' yields effective masses m; = 0.9 m,
and my = 2.0 m, along I'X for the lowest and second
lowest bands respectively (m, is the bare electron mass).

orbital weight

orbital weight

Experimental estimates of the masses gave, m; = 1.1
m, and my = 2.7 m,; we comment on this below. Fig
overlays the DFT dispersion on top of ARPES spectrum.
We notice a fair agreement between the two sets of band
structures. As mentioned in the previous paragraph, the
DFT determined I'-point energy of the lowest conduction
band is 40 % higher than its ARPES counterpart.
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FIG. 5: The DFT determined conduction band structure
for a di-vacancy at layer L1 (in red) is overlaid on top of the
ARPES spectrum of Ref [21].
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FIG. 6: d-orbital weights at I' in a slab with a di-vacancy. For
a given band (we show the in-gap and three lowest in energy)
we extract the weights of the five d-orbitals components of
the eigenfunction, projected onto each of the six TiO2 layers.

A map of the carrier occupation at each TiOs layer
(Fig@, shows that the wavefunction corresponding to
the in-gap state resides at the surface layer L1. In fact it



Occupation

peaks at the Ti atom between the two vacancies (Fig.
Furthermore, at I', the d, component of the lowest
three eigenstates is largest at layer L2 while the d,,, part
spreads over the first five layers. Overall, the 2DES elec-
tronic density exhibits a large maximum at layer L2 (Fig.
@ indicative of a sub-surface confinement.
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FIG. 7: The layer resolved electronic density versus the layer
number. A significant fraction of 2DES is located at the sub-
surface layer L2.

The scope of our study is dictated by several ex-
perimental and computational considerations. ARPES
probes extended regions of the sample boundary which
may exhibit local reconstructions, steps and host a broad
range of vacancy configurations. Bond lengths and angles
in the material, Coulomb contributions to the energy, all
show significant deviations from their values in the bulk.
For CTO, rotations of the octahedra add an extra ele-
ment of complexity. Also, given the known limitations of
ab initio calculations, one should not expect to achieve a
fully quantitative match between DFT and ARPES spec-
tra. Hence, we focused on a determination of the band
structure that yields a fair agreement between DFT and
ARPES in two respects, the positions of the in-gap state
and conduction bands relative to the Fermi energy on
the one hand, the orbital weights of the corresponding
eigenstates, on the other. The DFT values of the lattice
parameters and rotation angles at the center of the slab
were considered to be bulk-like (see first paragraph of
the ”Results” section). They are larger than the exper-
imental ones (Supplemental Material Table S-1 of [21])
suggesting an underestimated degree of metallicity for
the 2DES. We note that our ab initio calculations yields
a value of the energy at the bottom of the lowest con-
duction band, relative to Er that is approximately 40
percent less than that extracted from the ARPES spec-
tra (Fig5)), consistent with a weaker metallic trend. Also
larger rotations favor a stronger mixing between the to,
and e4 orbitals. We remarked that the conduction bands
with dominant d;, character also include other ty, or

ey orbital components. Similarly, the wave function of
the second lowest conduction band, which consists of an
equal weight of d,. and d,. components, also features a
sizable d,2» part. Analysis of the ARPES spectra [21] led
to the conclusion that while e, and tg, orbitals do mix,
the weight of the former in the eigenstates is smaller than
what DFT finds. Next, we assess the dependence of the
above markers on the structural parameters of the bulk.
To this end we use two knobs. One is the value of the
Hubbard U that is chosen for the calculations. The other
is the strength of a biaxial in-plane strain which modifies
the corresponding lattice parameters.

Role of Coulomb interactions and strain

Experimental and theoretical investigations of
transition-metal oxides [40H42] suggest that the value
of U that pertains to Ti compounds is between 2 and
5 eV, and accordingly we explored the evolution of the
in-gap and conduction band states when we choose the
value of the Hubbard U in that range. The top panel
of Fig [§] shows the variation of the energy at I' of the
lowest conduction states versus U. Relative to Er , an
increase in U results (in absolute value) in a decrease in
the confinement energy which we interpret as indicative
of a decreasing degree of metallicity.

The weight of the d,, component of the low energy
conduction band eigenstates is only non-zero at layers L2
and L3 while that of the d,., d,, and d,2 components is
distributed across the entire slab, as seen in Figls] We
infer from this observation that U causes a larger rise in
energy for bands with dominant dg, or dg2_,2 character
which are more localized than for those with d., d,.
and d,» dominant character which are more extended.
This helps explain why, between I' and Ep, the eigen-
state consisting of a combination of d,., d,, and d,:
orbitals becomes second lowest in energy for U > 3.5 eV
(top panel in Fig. [§). The impact of Coulomb interac-
tions on octahedral rotations also gives rise to differences
in the response of CTO to changes in U, as compared to
STO. For STO, the energies of the in-gap and conduction
bands at I' vary in a manner qualitatively similar to that
of CTO, but the orbital character of the bands hardly
changes. By contrast, for CTO, within our resolution,
the energy at I' of the lowest conduction state shows only
a small variation but its orbital character evolves signifi-
cantly from being predominantly d;, to being mainly d,,
(bottom panel in Fig. The transfer of weight from the
dzy to the d,, component of the wavefunction mitigates
the increase in the energy of the band, consistently with
Hund rules. Similarly, for the eigenstate combining the
three out-of-plane orbitals, a variation in U causes a re-
distribution of their relative weights with only a minor
change in energy (Fig. [§).

The qualitative impact of an in-plane strain may be
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FIG. 8: Top: Evolution of the band energies at I'. The band
ordering for U = 4.5 eV is chosen as the reference (shown
in the inset). We track the changes in the four lowest band
energies with U variations or with a 1 % compressive strain
when U = 4.5 eV (open squares). Bottom : ratio of the d,.
over dgy orbital weight of the first conduction band, for U =
4.5 eV and U = 5.5 eV; the d,. component of the eigenstate
increases when U gets larger.

rationalized. A compressive deformation changes the
angles of the Ti-O-Ti bonds causing a weaker in-plane
bonding such that hoppings involving in-plane orbitals
get smaller. Conversely, a tensile deformation affects the
out-of-plane orbitals hoppings negatively. This behavior
is indeed observed in experiments and DFT calculations
on STO where conduction bands states essentially con-
sist of a single orbital component [43, [44]. These con-
siderations also pertain to CTO. The top panel in Fig[§]
shows the change in energy at I' of the lowest conduc-
tion bands when our slab is subjected to a one percent
compressive strain with the U value set to 4.5 eV. The
energy of the first, third and fourth bands, which have
a dominant dg, character increases while the energy of
the second band decreases. In addition to the above ef-
fect, the expected response to an in-plane compression
is a decrease of the tilt and an increase of the rotation
([25]). We confirm this evolution when we measure the
angles in layer L2. For instance, the tilt angle decreases
from 14° to 13° upon applying a 1% strain. This entails
that the dgy (d,.) weight of the lowest conduction band
gets smaller (larger). We observe this trend, since the
fraction of the d,. component in the lowest conduction

band wavefunction is approximately 20 % larger than it
is for the stress-free case. For larger values of the defor-
mation, experimental studies of strained CTO thin films
reveal the existence of a robust ferroelectric phase [45].
Our ab initio results highlight a spatial dichotomy across
the slab between a sub-surface region where the 2DES is
confined and a bulk-like region which is insulating and
essentially unaffected by the near surface oxygen defects.
Under strain, the latter region might host ferroelectric-
ity. Exploring such scenario is beyond the scope of the
present work.

Summary and perspectives

When oxygen defects are added to the TiOs surface
of a CaTiOj3 slab, the main features of the conducting
(2DES) states obtained in our ab initio calculations (en-
ergies, orbital character) fairly match ARPES spectra in
the single- or di- vacancy cases. Additionally an in-gap
state is found in the di-vacancy case but also for other
configurations which do not yield a 2DES. Since ARPES
probes an area at the surface with a typical ten microm-
eter linear size, spectra are averages over many types of
impurities. Nevertheless, we focused on the di-vacancy
configuration at the TiOs end as it produces both an in-
gap state and a 2DES that compare favorably with the
experimental data. Rotations and tilts cause all three tog
orbitals to mix and eg components to contribute to the
low energy states. Compared to SrTiO3 or BaTiOg where
such mixing is negligible, confinement is weaker and the
carrier mass of the lowest energy band is larger; this is be-
cause the out-of-plane components of the eigenstates are
far less spatially localized than the in-plane ones and have
a heavier mass. Between I and Ep, the lowest eigenstate
involves (dominant) in-plane and (subdominant) out-of-
plane ty4 orbitals and the second lowest is a combination
of out-of-plane orbitals. The effective mass of the low-
est conduction band near the origin of the BZ is ~ 20%
smaller than that extracted from the ARPES data, indi-
cating a moderately correlated system. Between I' and
Ep, the energy of the lowest band is only slightly sensitive
to changes in U or strain while that of the second lowest
band increases (decreases) when a compressive (tensile)
constraint is applied. The relative weights of the in-plane
and out-of-plane components strongly depend on these
parameters. Such behavior, which should be contrasted
with that reported in DFT studies of strained STO [43],
can be linked to the rotations and tilts of the octahe-
dra. In the large filling limit of the d-shell, rotational de-
grees of freedom give promising magneto-transport prop-
erties to rare earth nickelates [46] and strontium iridate
(SrIrO3) [47, [48]. This suggests that in the low filling
regime,the interplay of rotational and orbital degrees of
freedom could similarly endow the CTO 2DES with or-
bitronic [49] or ferroelectric functionalities [45] [50].
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