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Two-dimensional electron gases (2DEGs) at oxide interfaces have been a topic of intensive research due to
their high carrier mobility and strong confinement. Additionally, strong correlations in the oxide materials
can give rise to new and interesting physics, such as magnetism and metal-insulator transitions at the
interface. Using first-principles calculations based on density functional theory, we demonstrate the
presence of a highly spin-polarized 2DEG at the interface between the Mott insulator GdTiO; and a band
insulator SrTiO;. The strong correlations in the dopant cause ferromagnetic alighment of the interface Ti
atoms and result in a fully spin-polarized 2DEG. The 2DEG consists of two types of carriers distinguished by
their orbital character. The majority of the interface charge is strongly localized on the Ti-d,, orbitals at the
interface and a smaller fraction resides on the delocalized Ti-d,,,, states.

I. INTRODUCTION

The ability to grow atomically abrupt oxide interfaces
has enabled the new field of oxide electronics.”*** A
key development is the discovery of a two-
dimensional electron gas (2DEG) at the interfaces
between two insulators SrTiO; and LaMO; (M = Ti, Al,
or V).>®*”%% One of the advantages of oxide 2DEGs,
over the semiconducting analogs, is that oxide
materials exhibit a wide variety of properties, such as
magnetism and ferroelectricity. These properties can
be utilized as means to engineer new functionalities.
Examples include interfaces with ferroelectric oxides,
where the ferroelectric polarization is used to control
of the 2DEG charge density,'>**? and interfaces with
ferromagnetic oxides, where the magnetization of the
host induces spin polarization of the 2DEG.****

The mechanism of the 2DEG formation in the
LaMO3/SrTiO; (001) and similar systems is attributed
to a polar discontinuity at the interface. Along the
[001] direction, the LaMO; consists of alternating
(LaO)™ and (MO,)" charged planes, whereas the
SrTiO; consists of alternating (Sr0)° and (TiO,)°
neutral planes. Thus, when LaMO; is grown on the
TiO,-terminated surface of SrTiO;, the polar
discontinuity at the interface creates an increasing
electric potential in the system. To eliminate the
diverging potential, % electron is transferred from the

surface of LaMO; to the LaMO;/SrTiO; interface,
which  mechanism is known as electronic
reconstruction induced by polar catastrophe.® A
charge transfer to the interface may also occur in the
LaMO5/SrTiO3 (001) superlattices if the LaMOs layer is
non-stoichiometric and terminated with the LaO
monolayers on both sides (in a limiting case a
monolayer of LaO replaces a monolayer of SrO in a
SrTiO3 (001) crystal). In this case, an ‘extra’ electron is
introduced into the system due to the
uncompensated ionic charge on the additional (LaO)"™
monolayer, which mechanism is equivalent to
electron doping.’® The origin and confinement of the
2DEG at LaMO3/SrTiO; interfaces has been the subject
of numerous first-principles studies, which largely
confirm these mechanisms.//!#1920212223.24.2526 T
formation of the 2DEG has also been observed in
other oxide systems, such as wurtzite ZnO/Zn(Mg)O
interfaces, where the different polarization in the two
materials leads to polarization discontinuity at the
interface.”’*®

Standard electronics devices, such as field effect
transistors, make use of the charge of the carriers to
process information. Using the spin of the electrons
to carry information is advantageous, not only
because of the improved the energy efficiency, but
also because it enables new device paradigms such as
spin transistors.” Therefore, spin-polarized 2DEG is of



particular interest for spintronics applications. It has
been shown that magnetism can be induced at the
interface between the non-magnetic insulators
LaAlO,/SrTi05.°%*"*? However, the magnetism appears
to be weak, Stoner-type exchange splitting produced
by geometric confinement of the carriers in the SrTiO;
slab.*®*** A number of other systems have been
predicted theoretically to support spin-polarized
2DEGs, including  Stoner-type magnetism in
LaAlO,/FeS,,* and systems with magnetic insulators
to host the 2DEG such as in LaMnOs/SrMn0s* or
LaAlO3/Eu0.**3°

Recently, rare-earth titanates, other than LaTiOs,
have also been used to interface with SrTiO;. These
materials are known to be affected by strong
electron-electron correlations that can be used to
engineer interfacial metallic or charge-ordered states.
For example, doping of SrTiO; lattices with a single
layer of rare-earth oxide can result in either
conducting (La, Pr, Nd) or charge-ordered (Sm, Y)
state depending on the dopant.’” A great deal of work
has been reported on GdTiOs/SrTiO; interfaces, at
which a very high-charge density 2DEG has been
observed in variety of geometries, such as GdTiO;
doped with single layers of Sr0,***%* SrTiO; quantum
wells embedded in  GdTiOs,*  GdTiOs/SrTiOs
supperlattices,*”** and single interfaces.***

As a consequence of the strong electronic
correlations, the rare-earth titanates reveal
interesting magnetic properties.***** The compounds
containing rare-earth atoms with larger ionic radius,
such as LaTiO;, exhibit a G-type antiferromagnetic
order where Ti atoms are antiferromagnetically
ordered in the pseudocubic (001) plane.*® However,
with decreasing ionic radius there is a transition to
ferromagnetic ordering of the Ti atoms in the (001)
plane.”®**” In particular, GdTiO; has a ferrimagnetic
ground state, where the Ti-3d moments are aligned in
the (001) plane and antiferromagnetically aligned to
the Gd-4f moments in the neighboring planes.”’
Furthermore, GdTiO; doping has been shown
experimentally to induce spin-polarization of the
2DEG at low temperatures: magnetization and
hysteresis of the magnetoresistance have been
observed in both SrTiO; quantum wells embedded in
GdTiO;**%*! and thin GdTiO; layers embedded in
SrTiO;3 host.>**?

First-principles calculations based on density
functional theory (DFT) have yielded a great deal of
insight in the physics of oxide interfaces. In the case
of rare-earth titanates, such first-principles
calculations have been employed in a variety of ways.
On the most fundamental level, the bulk band
structure of the titanates was used to infer the band
alignment at interfaces between titanates and other
perovskite oxides.”*>> A major area of research has
been the study of metal-insulator transition induced
by single-layer doping of strongly correlated oxides.
Supercell calculations have been performed of single
layers of rare-earth oxides (La,Y)’’ embedded in
SrTiO; host and conversely single layers of SrO doping
of GdTi0s.>® Bulk calculations show that the metal-
insulator transition in SrTiO; embedded GdTiO; can be
explained by the high charge density doping due to
the interface charge.”” Another important area of
research, where first-principles calculations have
been applied, is the effect of the boundary conditions
on the critical thickness for the appearance of the
2DEG and the charge density of the 2DEG at these
interfaces. Such calculations have been carried out of
for band insulator/band insulator interfaces
(LaAlO5/SrTiO3) and band insulator/Mott insulator
interfaces (GdTiOs/SrTiOs).>®* Finally, ab initio band
structure has been used to interpret angle-resolved
photoemission (ARPES) measurements of the 2DEG at

the interface of small-period  GdTiO;/SrTiO;
superlattices.”
In this work, we use first-principles DFT

calculations to investigate the formation, distribution,
and properties of 2DEG at the interface between the
band insulator SrTiO; and the Mott insulator GdTiOs.
By making the parallel to the 2DEG at the
LaTiO3/SrTiO; (001) interface, we show that the
stronger electron-electron correlations at the
GdTiOs/SrTiO;  (001) interface lead to the
ferromagnetic alignment of the Ti magnetic moments
and a fully spin-polarized 2DEG. We find that the
2DEG consists of two types of carriers, distinguished
by their orbital character and characterized by
different spatial distribution and mobility.

Il. METHODS AND STRUCTURE

In the study the electronic structure of RTiOs/SrTiOs
(R = La, Gd) heterostructures, we use first-principles



DFT calculations within the projected augmented
wave approach as implemented in the VASP
package.®® The exchange-correlation effects are
treated within the Perdew-Burke-Ernzerhof (PBE)
generalized gradient approximation for the density
functional.®® The rare-earth titanate are Mott
insulators with one electron in the Ti-3d band. This
necessitated the use of Hubbard U to account for
strong electron correlations (PBE+U).”> We use the
Hubbard parameters U = 8.5 eV for R-4f and U = 3.0
eV for Ti-3d electrons previously reported in the
literature.’”*® The self-consistent calculations are
performed using a plane-wave basis set limited by a
cutoff energy of 500eV, 8x8x1 Monkhorst-Pack k-
point mesh in the Brillouin zone, and energy
convergence threshold of 107° eV/cell. For the self-
consistent and density of states calculations
Methfessel-Paxton smearing was used with smearing
width ~ 0.05eV. The standard VASP  PBE
pseudopotentials were used. Both La and Gd have the
valence configuration 5s6s5p5f4f with occupation of
11 and 18 electrons respectively.
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Fig. 1: Side and top view of RTiO; in the GaFeOj; crystal
structure. The octahedral tilts () and rotations (¢) are
indicated. The rare earth atoms, in between the octahedral,
are not shown for clarity.

Before we proceed with the study of the
heterostructures, we calculate the electronic
structure of bulk RTiOs. The rare-earth titanates grow
in the GaFeO; crystal structure,”® shown in Fig. 1,
which derives from the cubic perovskite structure
(Pm3m) with rotations and tilts of the Ti octahedra
around the c-axis, lowering the symmetry to
orthorhombic (Pbnm). The octahedral rotations are
the same for each plane but opposite within the
plane, while the octahedral tilts are opposite on all
neighboring octahedra. As a result, the unit cell size
increases to V2 X /2 X 2 with two Ti atoms in the
(001) plane. In our case, the in-plane lattice constant

a is fixed to the calculated value for cubic SrTiO3 (3.95
A). The c-axis lattice constant and the ionic
coordinates are optimized while retaining the
orthorhombic symmetry of the crystal. The atomic
structure optimization is performed within PBE+U
until the Hellmann-Feynman forces on each atom
became less than 1.0 meV/A.

We compare two titanates, LaTiO; and GdTiO;,
which differ by the occupation of the f-orbitals and
the atomic radius of the rare-earth atom.”” The
structural optimization of bulk GdTiO; grown on
SrTiO; substrate gives a c/a ratio of 1.431. The
magnitudes of the octahedral tilts and rotations are
0 = 19.4° and ¢ = 12.8° respectively. Bulk LaTiOs
grows in the same GaFeOs crystal structure as GdTiOs.
However, due to the larger ionic radius of La, the c/a
ratio is larger 1.490 and the octahedral tilts and
rotations are smaller, 8 = 16.5° and ¢ = 11.7°, than
those in GdTiOs.
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Fig. 2: Spin-polarized band structure (left panels) and
corresponding density of states (right panel) of bulk GdTiOs.
Majority- (blue curves) and minority- (orange curves) spin
contributions are indicated by up- and down-pointing arrows,
respectively. The Fermi level is at zero energy. The orbital
character of the bands is indicated.

The band structure of bulk GdTiO; and the
corresponding density of states (DOS) are shown in
Fig. 2. The band structure indicates that the material
is a Mott insulator with a band gap of about 2eV
which opens due to the lifting of the degeneracy of
the Ti t,; majority states. The magnetic ground state
of GdTiO; is ferrimagnetic, where the Ti magnetic
moments of 1.0up are ferromagnetically coupled in
the (001) plane and antiferromagnetically coupled to
the Gd magnetic moments of 7.0up in the



neighboring planes. These properties are different
from LaTiO3.% Although electronically LaTiOs is also a
Mott insulator, the magnetic ordering in LaTiOs is G-
type antiferromagnetic, with the Ti magnetic
moments of 1.0 ug antiferromagnetically aligned to
their neighbors. Due to the antiferromagnetic order,
the band structure of LaTiO; is spin-independent,®
although it is locally different for majority- and
minority-spin states.

The magnetic ordering the rare-earth titanates is
determined by a competition between the
antiferromagnetic R-O-Ti and Ti-O-Ti interactions.”’
The main driver of these interactions is the difference
in the rare-earth atom’s f-orbital configuration. In
addition, the smaller atomic radius in the heavier
rare-earths is associated with smaller lattice volume
and stronger R-O-Ti interaction. In the case of LaTiO;,
the La atoms have no magnetic moment, thus the R-
O-Ti interaction does not play a role. As the result, the
Ti-O-Ti superexchange interaction leads to a G-type
antiferromagnetic ordering of the Ti atoms in the
plane. In the case of later rare-earth titanites, the R-
O-Ti interaction is mediated by the partial overlap
between the unoccupied R 4f-orbitals and the Ti 3d-
orbitals. In Gd the 4f orbitals are half filled. The
occupied majority f-band resides between 8-9 eV
below the Fermi level and its main role is to produce
the magnetic moment on the Gd atom. The
unoccupied f-band resides between 5-6 eV above the
Fermi level and is hybridized with the unoccupied Ti
3d band. This hybridization is responsible for breaking
the spin degeneracy of the Ti t,; band resulting in the
magnetic moment on the Ti atom. In GdTiO; the Gd-
O-Ti coupling dominates, causing both the Gd and Ti
atoms to order ferromagnetically in the plane and
antiferromagnetically with each other.”’

lll. RESULTS AND DISCUSSION

With this preliminary information we turn to the
study of RTiO5/SrTiOs (R = La, Gd) heterostructures. In
order to obtain the distribution of the 2DEG in the
depth of the SrTiO; host, we consider fairly large
superlattices consisting of V2 x /2 x 14 unit cells.
Within these up to three SrO layers are replaced with
RO and the corresponding octahedral distortions are
introduced as in the bulk structures. The atomic
positions within the supercell are then optimized. In

both cases, the octahedral distortions of the rare-
earth titanate cause similar distortions in the
neighboring layers of the SrTiO; host. Generally, the
optimized structures show that the octahedral
rotations die out in the SrTiO; host very quickly,
however, octahedral tilts decrease more gradually.®
The octahedral tilts approach zero within 6-7 unit cells
from the interface while the octahedral rotations
vanish within 3 unit cells.

02 —

0.1 F/

0.0 F
0.1 F
02}

03 |

Energy (eV)

0.4 F
05 F - 3

-0.6 :— 12 (xy) :— :_

07F - :
E bl 1

X DOS

X r M XX r M

Fig. 3: Band structure and density of states of
(GdTi0;)4/(SrTiO3),3 superlattice around the Fermi level. The
partially occupied bands are color-coded and numbered. Their
orbital character is indicated in the brackets.

We first consider the case of doping of the SrTiO;
(001) slab with a single layer of RO.*” The resulting
atomic structure is equivalent to R atoms substituting
Sr atoms in the SrO monolayer of SrTiOs. The
electronic structure of the (GdTiO3):/(SrTiO3):3
superlattice around the Fermi level is shown in Fig. 3.
Due to the mirror symmetry of the structure, the
bands come in nearly degenerate pairs, one for each
equivalent Ti atom on either side of the interface. We
have assumed the convention that each pair of bands
is drawn in a different color and one of the bands is
indicated with a solid line and the other with a dashed
line. The breaking of the degeneracy is due to the
interaction of the bands through the GdO layer. The
band structure in a larger energy scale is given in the
supplement.®®

The principal observation following from Fig. 3 is
that the interface is nearly half-metallic. It is seen that
there are partially occupied majority-spin Ti-3d states,
while the minority-spin Ti-3d band is nearly empty.
This is due to balance between the total electron



charge at the interface and the exchange splitting of
the spin-bands, which places the Fermi energy at the
bottom of the minority-spin band. The total amount
of charge is one electron per Gd atom, when Gd** ion
substitutes Sr** in the SrO monoloyer of SrTiOs. This
charge is equally shared between Ti atoms in SrTiO;
above and below the GdO layer, resulting % electron
charge per ‘interface’.

The electron correlations induce significant
distortions of the Ti octahedra around the GdO
layer,® however, they are smaller than the distortions
in the bulk GdTiO; and not sufficient to lift the
degeneracy of the Ti t,; levels and cause a Mott
transition. This results in the interface-induced charge
residing in the partially filled t,; band on the Ti atoms
close to the interface. Similar results are obtained in
the case of the (LaTiO3)./(SrTiO3):3 superlattice.63 In
that case also, the electronic correlations are not
strong enough to lift the degeneracy of the Ti t,, and
the 2DEG resides in the partially occupied t, band.*’
However, in the case of LaO doping the 2DEG is not
spin polarized.
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Fig. 4: Space and band decomposition of the 2DEG charge
density in the (GdTiO3),/(SrTiOs3):13 superlattice. Bottom panel
shows the total 2DEG charge density. The top two panels
show the charge density of the individual bands crossing the
Fermi level, grouped by orbital character. The numbers and
coloring correspond to Fig. 3. The x-axis numbers the Ti layers
on either side of the interface. The arrows in the bottom
panel represent the magnetic moment per Ti atom.

As for the bulk materials, this difference between

LaTiO; and GdTiOs interfaces can be explained by the
f-orbital occupation of the rare-earth atoms and the
strength of the R-O-Ti interaction. In the case of LaO
doping, the La f-orbitals are unoccupied and the R-O-
Ti interaction does not play a role. In this case, the Ti
atoms at the interface order independently and
antiferromagnetically and the induced interface
charge is distributed equally between the minority-
and majority-spin channels. On the contrary, the half-
filled f-band of Gd and its small atomic radius result in
strong coupling between the Gd and the Ti atoms.
Therefore, the Ti atoms at the interface order
ferromagnetically in the plane and the induced
interface charge resides in only one spin band. The
charge is confined at the interface by the electrostatic
potential, which is established in the process of
electronic and ionic screening.

The DOS at the Fermi level is evidence for the
presence of nearly 100% spin-polarized 2DEG. We can
obtain further details of the 2DEG distribution by
projecting the bands on particular atoms and orbitals.
The obtained spatial distribution of the 2DEG in the
depth of the SrTiO; host is shown in Fig. 4. This charge
density is obtained from integration of the orbital-
decomposed charge density in the energy window of
the 2DEG, i.e. between E = —0.6eV (bottom of the
2DEG) and the Fermi level in Figs. 3. The numbering
and color-coding of the bands corresponds to that in
Fig. 3. Bands of different color correspond to atoms
positioned at a different distance from the interface.
From the total charge density of the 2DEG, we can see
that the 2DEG is strongly localized close to the
interface and the charge density decreases in the bulk
of the host. Figs. 3 and 4 provide evidence for two
types of confinement resulting from orbital ordering.
The majority of the charge is strongly localized on the
in-plane d,, orbitals of particular Ti planes. There are
four pairs of nearly degenerate d,, bands (1-6,10-11 in
Fig. 3), one from each interface, crossing the Fermi
level which are localized on the four Ti layers closest
to the interface. More than 90% of the total 2DEG
charge resides on these levels, of which more than
60% is localized on the interface Ti atoms. In addition
to this in-plane localized charge, less than 10% of the
charge is delocalized throughout the slab. This charge
resides in three out-of-plane bands with d,, and d,,
character (7-9 on Fig. 3).

Instead of talking about spin-degenerate and



spin-polarized 2DEG, in the case of LaO and GdO
doping respectively, we can interpret the results in
terms of induced magnetization at the interface. In
the case of LaO doping, the net magnetization
induced at the interface is zero. While, GdO doping
induces magnetic moments on the Ti atoms close to
the interface. The size of the magnetic moments per
Ti on each layer is indicated in Fig. 4 and the total

magnetic moment is 0.5ug per Ti per interface.
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The existence of two types of carriers in the 2DEG
has been shown in calculations of LaXO3/SrTiO; (X =
Al, Ti) interfaces’***®** and evidence of the Oz yz
character of the 2DEG far from the interface has been
observed experimentally.*® This orbital ordering,
which affects the 2DEG distribution and properties, is
a direct consequence of the non-trivial band structure
of the SrTiO; host. This separation of the 2DEG into a
strongly-confined portion, conducting strictly in-
plane, and a more dispersed portion could have
potentially interesting consequences. One implication
is that the strictly 2D part of the 2DEG can be
localized by defects and not participate in the
transport, which could partially explain the
discrepancy between theoretical predications and
experimental observations of the amount of interface
charge.”’ Another option is that by controlling the
electrostatic boundary conditions, less than the
nominal 0.5 electron per interface can be introduced
to the interface.’®*° Thus, it could be achieved that
the all the charge resides at a single layer at the
interface resulting in an artificial strictly 2D system.

Single-layer doping of the host lattice is a very
special case of RTiO3/SrTiO; (001) superlattices where
there is no proper bulk rare-earth titanate. Thus, the
next step in this study is to increase the size of the
RTiO; doped region. We consider (RTiO3)s/(SrTiOs)11
superlattices, which is the thinnest RTiO3 slab to have
at least one RO layer not at the interface. The
electronic structure of the GdTiO;/SrTiO; superlattice
is shown in Fig. 5 around the Fermi level and in the
supplement in a larger energy scale.”’ Similar to the
previous case, the total amount of charge is %
electron per Ti atom per interface due to RO doping.
We find that the interface is still half-metallic.
However, in the bulk of the GdTiO; slab the electron
correlations become strong enough to induce a Mott
transition. In the GdTiO; slab, the t,, levels of the Ti
atoms split producing the occupied bands located
between —0.5 and —1.0eV below the Fermi level.
These bands reside on the Ti atoms below the
interface and do not participate in the transport. On
the contrary, in the Ti atoms at the interface and in
the bulk of the host, the degeneracy is still present
and the carriers occupy partially filled Ti t;;, bands.
The first pair of 2DEG bands (1-2 in Fig. 5) overlaps in
energy and hybridizes strongly with the bulk Ti bands
(1’-4’) which breaks their degeneracy. The bands
further away from the interface are not affected and
are very similar to those in the single-layer doping
case (Fig. 3). These results corroborate recent
theoretical calculations of small-period GdTiO3/SrTiO;
heterostructures aiming to correlate the electronic
structure at the interface to the results of ARPES
measurements.”® The results of ref. 43 also predict a
nearly fully spin-polarized 2DEG and a different
spatial dependence of the orbitals with the d,, and
dx,y. character. They fail, however, to capture the
decay length of the 2DEG into the bulk SrTiO; due to
the small thickness of the SrTiOs layer used in their
calculations.

We obtain similar results for the electronic
structure of (LaTiO3)s/(SrTiOs)14 superlattices.63 Here
the Mott transition in the bulk of the LaTiO; slab also
takes place producing the occupied band around
—1.0eV. In this case, the octahedral distortions are
smaller and there is less charge transfer between the
Ti and O atoms, which results in smaller band
dispersion of this state. The t,, levels on the interface
and the host Ti atoms are still degenerate forming the



partially occupied band where the 2DEG resides. As
before, the Ti moments are antiferromagnetically
aligned and the band structure is the same for the
majority- and minority-spin channels. The charge is
equally distributed between the spin channels. The
smaller occupation of each spin channel, together
with the smaller band dispersion of the bulk Ti bands,
causes the bulk Ti and the 2DEG bands not to overlap
in energy as in the case of (GdTiO3)s/(SrTiOs)1y
superlattices.
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arrows in the bottom panel represent the magnetic moment

The spatial distribution of the 2DEG charge
density for the (GdTiO3)s/(SrTiOs)11 superlattice is
shown in Fig. 6. The lowest lying bands (1’-4’) reside
on the Ti atoms in the bulk of the GdTiO; slab. The
partially occupied bands (1-9) reside on the Ti atoms
at the interface and in the host. As before, there are
two types of confinement. The majority of the charge
is strongly localized on the d,, orbitals of the three Ti
planes closest to the interface (1-6). Due to the
hybridization between the bulk and interface Ti bands
in the majority-spin channel, some of the 2DEG

penetrates in the bulk of the GdTiO; slab, which is
evident from the satellite peaks in the top panel of
Fig. 6. A smaller portion of the charge, residing on
out-of-plane d,, and d,, orbitals, is delocalized in the
host.

In order to obtain further insight in the
confinement of the 2DEG, we plot in Fig. 7 the unit
cell averaged charge density  for both
(GdT|O3)1/(SrT|03)13 and (GdTIOg)g/(SfTIOg)B
superlattices. We obtain the charge density of the
2DEG, n,pgg, for the energy window below the Fermi
energy containing the 2DEG, while manually removing
bound states coming from Ti atoms in the interior of
the GdTiO; slab in the latter case. Close to the
interface the dielectric constant, &, varies with
position. Therefore, the Poisson equation has the
form, V"' + &'V’ = nyppe, and solving it requires
knowledge of the spatial variation of the dielectric
constant close to the interface.
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Fig. 7: Macroscopically averaged 2DEG charge density (blue

dashed line) and the corresponding confining potential (red

solid line) for (a) (GdTiO3);/(SrTiO3)13 and  (b)

(GdTi03)3/(SrTiO3),; superlattices.

Instead of doing that we solve the one-

dimensional Schrodinger equation —%1/)” + VY =

EY with the constraint || = n,ppg, Where the
effective mass m* is obtained from the band
dispersion of the 2DEG bands close to the I' point and
it is assumed to be constant. Thus, Y is an effective
wavefunction having the property that it reproduces
the charge density of the 2DEG. Inverting this
equation at the Fermi level (E = 0), we obtain the
effective confining potential, V, that the electrons in
the 2DEG experience. In the case of doping with a



single layer, Fig. 7 (top panel), the confining potential
is a shallow potential well which is consistent with the
metallicity of the GdO layer. The LaO doping case is
qualitatively similar and differ only by the depth of
the potential well.®® These results support the
conclusion that the embedding of a single layer of RO
in SrTiO; host suppresses the Mott transition in the
rare-earth titanate. The potential plot shows that the
classical electrostatic potential extends over the
interface Ti atoms. The charge on those is
electrostatically confined. From there the charge
tunnels into the SrTiO; host which accounts for the
exponential decay of the 2DEG charge density. The
plot of the 2DEG charge density is not quite a straight
line in logarithmic scale. Instead, it appears to be a
superposition of couple of different decay rates, one
large and one significantly smaller. This is consistent
with the spatial distribution of the charge shown in
Figs. 4 and 6. The large rate of decay corresponds to
the localized charge on the d,, orbitals and the smaller
rate of decay to the charge on the d,,,, orbitals. The
stronger hybridization between the out-of-plane
orbitals on different layers contributes to the latter.

In the case of (GdTiO;)s/(SrTiOs)11 (Fig. 7, bottom
panel), there is a barrier in the GdTiO; slab which is
due to the fact that the material undergoes a Mott
transition in the bulk and the slab becomes insulating.
The confining potential in the case of a LaTiOs slab is
the same except for the height of the barrier.®® These
results demonstrate that one bulk TiO, layer is
sufficient to induce the Mott transition. The classical
confining potential extends over the interface Ti
layers from where the charge tunnels into the bulk of
the host. Again, the plot of the 2DEG charge density
indicates multiple rates of decay.

IV. CONCLUSIONS

Overall, our calculations show that interfaces
between the ferrimagnetic Mott insulator GdTiO; and
the band insulator SrTiO; supports a half-metallic
2DEG. The 2DEG exhibits large charge density of %
electron per interface. The spin polarization of the
2DEG is due to the strong electronic correlations in
the GdTiO;, which cause the Ti moments at the
interface to be aligned ferromagnetically in the plane.
We also find that, in the case of doping of the host
with a single RO layer, the Mott transition is

suppressed making the doping layer metallic. While in
doping with a thicker RTiO; layer, the Mott transition
in the bulk of the doping layer makes it insulating.
Finally, we also find that non-trivial orbital ordering in
the SrTiO3 host results in two types of carriers with
different confinement and mobilities. The first carrier
type strongly confined at the interface and it is
localized at particular Ti planes. The second type
resides on out-of-plane orbitals which are dispersed
and penetrate deeper in the host.
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