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Two-dimensional electron systems in ATiO; perovskites (A=Ca, Ba, Sr): Control of orbital
hybridization and energy order
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We report the existence of a two-dimensional electron system (2DES) at the (001) surface of CaTiOs. Using
angle-resolved photoemission spectroscopy, we find a hybridization between the d,. and d, orbitals, not observed
in the 2DESs at the surfaces of other ATiO; perovskites, e.g., SrTiO; or BaTiO;. Based on a comparison of
the 2DES properties in these three materials, we show how the electronic structure of the 2DES (bandwidth,
orbital energy order, and electron density) is coupled to different typical lattice distortions in perovskites. The
orbital hybridization in orthorhombic CaTiOs results from the rotation of the oxygen octahedra, which can also
occur at the interface of oxide heterostructures to compensate strain. More generally, the control of the orbital
energy order in 2DES by choosing different A-site cations in perovskites offers a gateway toward 2DESs in oxide

heterostructures beyond SrTiOs.

DOI: 10.1103/PhysRevB.96.041121

Introduction. ABOQOj perovskites, where B is a transition-
metal ion, present many appealing phenomena, including
ferroelectricity, ferromagnetism, superconductivity, and strong
electron correlations [1,2]. One reason for such a diversity is
that the perovskite lattice can accommodate a large variety
of differently sized A and B cations as described by Gold-
schmidt’s tolerance factor [3]. This factor can be widely varied
by the size of the A-site cation, resulting in different lattice dis-
tortions which strongly influence the electronic structure [4,5].

Such a variety of functionalities within the same oxide
family, together with the epitaxial compatibility amongst
many of its members, has boosted the interest in oxide
heterostructures over the last two decades. One prime example
of these emerging properties is the two-dimensional electron
system (2DES) found at the LaAlO;/SrTiO; interface [6],
which shows a wide range of properties including the co-
existence of superconductivity and magnetism [7,8] as well
as a possibly unusual electron pairing mechanism [9]. More
recently, the discoveries of 2DESs at bare surfaces of various
perovskites such as the paraelectric SrTiO3 [10-14], the strong
spin-orbit coupled KTaO3 [15-17], the catalyst TiO, anatase
[18], or the ferroelectric BaTiO3 [19] triggered new avenues
of research by providing deep insight into the microscopic
electronic structure of such 2DESs, including orbital energy

“Present address: Laboratory for Photovoltaics, Physics and Ma-
terial Science Research Unit, University of Luxembourg, L-4422
Belvaux, Luxembourg.

fandres.santander @ csnsm.in2p3.fr

2469-9950/2017/96(4)/041121(6)

041121-1

order, symmetries, and electron-phonon interaction effects
[10,11,20,21].

Here we report the discovery of a 2DES at the (001) surface
of CaTiO3;. Moreover we find a significant hybridization
between the d,; and d,, orbitals forming the 2DES, not
observed in the 2DESs at the surface of other perovskite
titanates, and show that it is induced by the rotation of the
oxygen octahedra in the orthorhombic lattice resulting from
the small size of the Ca ion. This is very appealing, as the
possibility to use octahedral tilts to control the properties
of oxide interfaces, such as magnetism, has attracted much
attention lately [22-24]. To further explore the connection
between lattice distortions in the perovskites and electronic
structures in 2DES, we compare the 2DESs measured by
ARPES at the surface of different titanates, ATiO3 (A = Ca,
Sr, Ba) [19]. We thus show that the bandwidths, the order of
the orbital energies, and the orbital symmetries (hybridization
between different orbital characters) all depend on the size of
the A-site cation.

Methods. The angle-resolved photoemission spectroscopy
(ARPES) measurements were conducted at the Synchrotron
Radiation Center (University of Wisconsin, Madison) and
the CASSIOPEE beamline of Synchrotron Soleil (France)
at temperatures 7 = 7-20 K and pressures lower than P =
6 x 10~ Torr. Details on the surface preparation and creation
of the 2DES are discussed in the Supplemental Material [25].
Density Functional Theory (DFT) calculations were carried
out on bulk CaTiOj3. Values of the lattice parameters, tilt angles,
and band gaps were estimated and compared to experimental
data reported in [26]. Of the three exchange-correlation
functionals tested, the hybrid one (HSE06) gave the best
agreement with the experimental values (see Supplemental
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FIG. 1. (a), (b) Fermi surface intensity maps of the 2DES measured at the surface of CaTiO3(001) close to ['gos(hv = 57 eV) using LH
polarization, and close to I'j;5(hv = 67 eV) using LV polarization, respectively. (c), (d) E — k intensity maps measured at ['gps using LH
and LV polarization. The red curves are based on a one-layer tight-binding model assuming orbital hybridization between the d,, and d,,
orbitals. The yellow markers in (c) are the peak positions of the fits of the energy distribution curves (EDCs). (e), (f) Fermi surface and E — k
map corresponding to the electronic structure of the 2DES at the (001) surface of SrTiOs. The shown intensity maps are a superposition of
measurements using LH polarization at zv = 90 eV and LV polarization at hv = 47 eV. The red curves are, in this case, based on a tight-binding
model without hybridization between the different #,, orbitals. (g)—-(i) Momentum-resolved fraction of orbital character of the d, or d,, band
visible in the £ — k maps in (c), (d), and (f) based on the tight-binding model showing the orbital hybridization in the 2DES at the (001) surface

of CaTiOs.

Material [25] for a comparison of the results obtained with
different functionals). With this choice, the calculated lattice
parameters differ from the experimental estimates by less than
0.01 A and the tilt angles by less than 0.2°. The band gap
is estimated to be 3.62 eV as compared to the experimental
value of 3.50 eV [27]. All through this Rapid Communication,
directions and planes are defined in the quasicubic cell of
CaTiOs. In this way, the (x,y,z) axes used to express orbitals
and wave functions are defined along the Ti-O-Ti directions.
In contrast, for experimental convenience, the indices 4, k,
and [ of ', correspond to the reciprocal lattice vectors of the
orthorhombic unit cell.

Experimental results. Figures 1(a) and 1(b) show the differ-
ent observed Fermi surfaces in the (001) plane of pseudocubic
CaTiOj3. They were measured, respectively, around I'yps using
hv = 57 eV photons with linear vertical (LV) polarization, and
around I'j;5 using hv = 67 eV photons with linear horizontal
(LH) polarization. One Fermi sheet consists of a four-pointed
star as shown in Fig. 1(a), while two other Fermi sheets are
circular as seen in Fig. 1(b). Figures 1(c) and 1(d) present the
energy-momentum maps close to the bulk I"yys point along the
(010) direction, using, respectively, LH and LV polarizations.
In Fig. 1(d) one observes two dispersive light bands and a

portion of the heavy band close to the Fermi level, whereas the
other part of the heavy band, with the bottom about 62 meV
below Ef, can be seen in Fig. 1(c).

To understand the originality of the 2DES in CaTiOs, it is
instructive to compare its electronic structure with that found
in StTiOj3. Figures 1(e) and 1(f) show, respectively, the Fermi
surface and E — k map obtained at the Al-capped SrTiO3(001)
surface—-a protocol recently developed by us to create highly
homogeneous 2DES on several oxides [19]. We thus identify
three bands, two light and one heavy, in the E — k maps of both
materials. In SrTiOs, the two light bands have d,, character,
while the heavy band has d,; (d.;) character along k, (k)
[10,11]. For CaTiOs, as will be fully justified by our DFT
calculations below, we also identify the subbands as states of
the #,, manifold. The two light bands correspond to d,, bands
forming circular Fermi surface sheets (see the Supplemental
Material [25] for additional data close to I'gos and I';s, as
well as photon energy dependence of ARPES data in CaTiOs,
to confirm their orbital and 2D characters). However, the
dispersion of the heavy band is clearly different in SrTiO3
and CaTiOs. The rotation of the oxygen octahedra in CaTiO3
breaks the cubic symmetry of the ideal perovskite lattice
(StTiO3) and thus can result in the hybridization of orbitals
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FIG. 2. (a) Top: Total, Ti-, Ca-, and O-projected densities of states
of bulk CaTiO; obtained from DFT — HSEQ6 calculations. Bottom:
Decompositions into Ti e, (d2 + d,2_,2) and Ti ty, (dyy + dy; + d.;)
components shows that the conduction band minimum of CaTiO;
is mainly formed of #,, orbitals (see details in the DFT section of
the Supplemental Material [25]). (b) Cut into the pseudo-TiO, plane
(blue plane) of the charge density plot (white contours) for the lower-
energy state of the conduction band in CaTiO;. Ca, Ti, and O atoms
are represented by cyan, gray, and red spheres, respectively. Orange
arrows show the (x,y,z) axes of the pseudocubic unit cell.

of different azimuthal quantum numbers. The hybridization of
the d,; and d,, bands in CaTiO3 is evident from the star-shaped
Fermi surface in Fig. 1(a), which can be understood as resulting
from the hybridization of the two elliptic Fermi surface sheets
in Fig. 1(e), and is further supported by the nonparabolic
dispersion as well as the light polarization dependence of the
heavy band in Figs. 1(c) and 1(d). In fact, the dispersions of
the heavy subbands in CaTiO3 can be fitted using a minimal
one-layer tight-binding model assuming hybridization of the
dy; and d,, bands, as shown by the red curves in Figs. 1(a),
1(c) and 1(d). Based on such model, Figs. 1(g)-1(i) show the
momentum-resolved fraction of the orbital character of the
hybrid heavy band, demonstrating the hybridization between
the dy, and d,, orbitals in CaTiOs, and the pure d,, orbital
character of the heavy band in SrTiOs. Details on the used
tight-binding model are provided in the Supplemental Material
[25].

From Figs. 1(c) and 1(d), the bottoms of the d., subbands
at the surface of CaTiO; are located at —158 meV and
—27 meV, while the bottom of the hybrid (d,;,d,;) heavy
subband is at —62 meV. Parabolic fits around I' yield an
effective mass of approximately m,,, = 1.1m, for the d,,
bands,andmg,_ (I') = 2.7m, for the heavy band. Based on the
tight-binding model described before, the mass of the heavy
band sufficiently away from I" (close to its Fermi momenta k,
where orbital hybridization is negligibly small) ismg,_  (kr) ~
15m,. The Fermi momenta of the d,, subbands are 0.07 and

020 A", and 0.38 A~ for the hybrid heavy subband. This
gives an electron concentration of nyp & 1.2 X 104 cm™2, or
about 0.17 electrons per a*, where a is the pseudocubic lattice
constant of the orthorhombic lattice.

Numerical calculations. We carried out DFT calculations
to understand how the rotation of the oxygen octahedra
surrounding the Ti** cation, and the concomitant altered
bonding angle Ti-O-Ti, affect the energy order of the crystal
field split t, (dyy,dy;,dyx;) and e, (d2,d,>_y>) orbitals in
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bulk CaTiOs;. In fact, as shown by the projected densities of
states in Fig. 2(a), top panel, the top of the valence band
(set as zero of energy) has mostly oxygen character, while Ti
states contribute mainly to the bottom of the conduction band
(CB). Moreover, as demonstrated in Fig. 2(a), bottom panel, a
decompositioninto Ti e, and t,, components shows that the CB
minimum displays predominantly a f,, character, consistent
with the octahedral environment of Ti cations. Thus, despite
the non-negligible tilt of the TiOg octahedra in the bulk CaTiO3
structure, the contribution of the e, component to the bottom of
the CB is small, and it totally vanishes at the CB minimum at I".
In fact, as shown in Fig. 2(b), the projection of the lower-energy
conduction state into the experimentally studied pseudo-TiO;
plane shows clearly that the electron wave function in this
plane presents the symmetry of #,, orbitals. Thus, the 2DES at
the (001) surface of CaTiO3 should be mainly composed of the
I, states, which justifies the choice of tight-binding orbitals
used to fit the experimental data in Fig. 1.

Indeed, note from Figs. 1(a)-1(d) that such minimal
tight-binding model explains very well the measured band
dispersions and Fermi surface. This implies that filling of the
bulk conduction band plus confinement on the surface are
the main ingredients needed to explain the observed 2DES,
and additional surface-induced modifications of the crystal
structure, if present, play a secondary role.

The Supplemental Material [25] presents a detailed descrip-
tion of our DFT calculations.

Comparison between various ATiOs perovskites. The
2DES at the surface of CaTiOs, presented in this Rapid
Communication, is a new member of the family of ATiO3;
perovskites hosting a 2DES on its surface (SrTiO3 and BaTiO3)
[10,19]. The comparison of these 2DESs gives insight into
the coupling of the electronic structure to different lattice
symmetries, as the three oxides show fundamentally different
lattice distortions. While SrTiO; is (close to) the perfect
cubic perovskite structure, the oxygen octahedra are rotated
in CaTiOs3, and in BaTiO3 the Ti cation moves away from the
center of the octahedra resulting in a ferroelectric distortion.
These rotations/distortions and the corresponding electronic
structure of the 2DESs, based on our ARPES measurements,
are schematized in Figs. 3(a)-3(c). The ARPES results on the
2DESs are also summarized in Table 1. The differences in the
electron structure will be discussed in the next paragraphs.

The effective mass of the d,, subbands is larger by a
factor of 1.6 in CaTiO3; compared to SrTiOs;, due to the
rotation-induced decrease in the Ti d bandwidth [28]. This
reduced bandwidth or, respectively, increased density of
states was related to a more robust ferromagnetism at the
LaAlO;/CaTiOj3 interface compared to the LaAlO3/SrTiO3
interface, although the driving force for the magnetic order
is the d,; and d,., not the d,,, orbitals [23]. Due to the
orbital hybridization of the d,, and d, bands, mj is about
five times smaller close to I' than far away from I' (near
Ep) in CaTiO;3. These insights are also of relevance for
SrTiO5-based heterostructures, as rotations of octahedra can
occur at interfaces [28-30].

‘While the electron densities are rather similarin CaTiO5 and
SrTiOj3 (factor of 1.2), nyp in BaTiOs is at least twice as large
compared to the other oxides. The ferroelectric polarization
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FIG. 3. Oxygen octahedra in ATiO5; (A = Sr, Ba, Ca) perovskites and schematic of band dispersion observed in the 2DESs in SrTiO5 (a),
BaTiO; (b), and CaTiO; (c). The black arrows in (b) and (c) indicate the distortion occurring in BaTiO3 and CaTiOj;. The broad red band and
the question mark in (b) indicate that the band structure of the d,, band was not resolved well by ARPES in BaTiOj3. The colors of the bands
correspond to different orbital characters. The size of the blue filled and green empty circles in (c) represents the fraction of the d,, (green) and

the d,, (blue) in the band dispersion.

in single domain BaTiO3/SrTiO3 thin films is in the upward
direction, i.e., toward the surface [31]. The resulting electric
field will influence the confining field of the 2DES and thus,
the electron density can be altered. Hence, in principle, n;p
can be controlled by the polarization in the thin film which
can be manipulated by choosing different substrates [31] or by
applying strain gradients [32].

TABLE I. Relationships between crystal structure and electronic
properties of the 2DES at the surface of CaTiO3, SrTiO3, and BaTiOs.
The Goldschmidt’s tolerance factor and the lattice symmetry are given
in the first two rows. The effective masses m* (in units of the free
electron mass m,) of the dy, and d,.,d,. bands are given in the next
two rows. The subsequent four rows give the bottom energies of the
t, bands (E,zg) together with the energy difference between the two
dy, subbands, AE, . The ninth row specifies the observed order of
orbital energies. The last row gives the electron density 7n,p of the
2DES. All data correspond to the maximal electron density observed
for each of the 2DESs.

CaTiO; SrTiO; [19]  BaTiO; [19]
Tolerance 0.97 1.01 1.08
Phase at RT Orthorhombic Cubic Tetragonal
my [m, 1.1 0.7 0.3+0.2°
my, /me 2.7atT 7£1 10+2
EY (meV) 158 223 200 =+ 60°
EJ (meV) 27 110
AE,, (meV) 131 113
E,,.,,. (meV) 62 50 135+ 10
Orbital energy order xy,(xz/yz),xy Xy,Xy,xz/yz  Xy,X2/yZ
nap (10 cm2) 1.2 1.4 28+04

*The dispersion of the light d,, band in BaTiO3 has not been resolved
well by ARPES. The light electron mass m;_is estimated from the
band bottom and Fermi momenta of the d,, or d,, band along the
“light” direction (x for d,,, y for d,;). The band bottom E[(,R in
BaTiOs is estimated from the peak in the EDC at I' (Supplemental
Material [25]).

The order of the orbital energies in 2DESs is mainly
determined by the effective mass along the confinement
direction m} [10]. As shown previously, the orbital mixing
in CaTiO;3 influences mjmz in the surface plane, and will
also influence m7 for this band. Thus, the combined effects
of hybridization and electron confinement determine the
hierarchy or orbital energies. Consequently, as seen in Fig. 3
and summarized in Table I, the hybridized band in CaTiO; is
in between two d,, subbands, in contrast to the dyy-dyy-dy;/y:
energy order in SrTiO3 [10,19].

The ordering of orbital energies in the 2DES at the
LaAlO3/SrTiO; interface is essential to understand its prop-
erties. Many of the unusual phenomena at this interface are
related to the Lifshitz transition occurring at electron densities
at which the heavy bands d /d, start to be populated [33-35].
In contrast, other phenomena are only observed in pure d,,
systems, e.g., the quantum Hall effect [36]. In SrTiO3-based
interfaces the control of the orbital energy order and occupancy
is based on adjusting the electron density and the spatial
extension as well as depth of the quantum well confining the
electrons, depending, for example, on the composition of the
oxide heterostructure [36]. Another way is to choose different
surface or interface orientations in SrTiO3 [13,37]. The present
study demonstrates another possibility by choosing different
A-site cations in the perovskite lattice. New insights into
the properties at the interfaces of complex oxides could be
gained by studying Lifshitz transition in 2DESs in CaTiO3
and BaTiOs.

Conclusions. We studied the coupling between the lattice
structure and the electronic structure of 2DES at the surface
of three different insulating perovskites ATiOs. Our reference
system is the 2DES in cubic SrTiO3 which has been intensively
studied at its bare surface as well as at the LaAlO3/SrTiO3
interface. The orthorhombic distortions in CaTiOs3 result in a
hybridization of the d,, and d,, orbitals. The ferroelectric
distortions in BaTiO; result in a macroscopic polarization
which influences the electron density of the 2DES. Moreover,
the distortions change bandwidth as well as the energy order
of the 7, manifold in the 2DES. Both bandwidth and order
of orbital energies influence the macroscopic, e.g., magnetic
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and transport, properties of the 2DESs [23,34]. Our results
motivate the study of interfaces beyond SrTiO; as so far
the question of whether the properties of the LaAlO3/SrTiO3
interface can be generalized to 2DES in other perovskite oxides
remains largely unanswered.

Note added. Recently, we learned of a related work [53].
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