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ABSTRACT
The first experimental observation of two-dimensional hole gas in (001) SrTiOs/LaAlO3/
SrTiOs heterostructures with carrier mobilities ~10° cm?/Vs at low temperature, has opened
innovative avenues for future oxide electronics, and demonstrated that the elimination of point
defects is instrumental to achieve spontaneously confined hole carriers. Stimulated by these
findings, we analyze the highly polar (111) orientation of SrTiO3 and EuTiOs/SrTiOs3 structures.
Using first-principles calculations, we show that tightly confined and fully spin-polarized hole
and electron gases can be realized at the p-doped and n-doped terminations of these structures,
respectively. The high polarity is key to achieve strong, spontaneous carrier attraction towards
the surface, provided that the macroscopic fields generated by the polarity in the interior of the
material are efficiently screened out. Our findings candidate the (111) EuTiOs/ SrTiOs3 interface
as a credible material for innovative spintronic applications, even capable to outperform its

(001) counterpart.



Introduction

Transition metal oxide heterostructures have come through an extraordinarily intense research
activity in the last 20 years or so, driven by an exciting variety of novel physical phenomena
observed at their surfaces and interfaces. The golden age of modern oxide electronics was
boosted, first and foremost, by the discovery of a 2D electron gas (2DEG) at the LaAlO3/SrTiO3
(LAO/STO) interface!™ exhibiting extraordinary features like high T. superconductivity,*®
large negative magnetoresistance,® Rashba Spin-orbit coupling.” However, some crucial
features of the 2DEG formation have puzzled scientists over the years. A critical aspect
concerns the lack of a 2D hole-gas (2DHG) counterpart, which is a severe drawback to the

practical implementation of an oxide-based nanoelectronics. Past works®’

suggest that this
aspect may descend from the disruption of the perfect surface epitaxy due to structural disorder.
In fact, direct observation of 2DHG was recently reported in (001) STO/LAO/STO
heterostructures'® and at the (001) STO surface,!! and it was made evident that a very high level
of structural order is instrumental to the presence of the hole gas.

Another much debated aspect concerns the presence of ferromagnetic (FM) order in 2DEG’s
which, despite intensive research over the years, was revealed very elusive. Traces of
magnetisms observed in STO and LAO/STO are typically attributed to non-intrinsic origin,
while the insertion of magnetic layers at the interface often results in the disruption of 2DEG
characteristics. At our knowledge, the only clear evidence of FM order was observed in a variety
of EuTiOs; (ETO) heterostructures, specifically the (001) LAO/ETO/STO interface,'> !¢ the
(001) and (110) ETO surface,'’"'° and the (111) LAO/ETO/STO interface.?%?! This encouraging
scenario motivated us to explore the pristine properties of (111) ETO/STO heterostructures: on
the one hand, ETO can enable robust FM behavior; on the other, the still scarcely explored (111)
termination, with its highly polar Ti and SrOs alternate stacking, represents in principle a strong
push towards robust, spontaneous charge confinement. In comparison, intrinsic confinement in

non-polar (001) surfaces>

can only rely on much weaker surface polarization effects.

The (111) termination is challenging from the experimental viewpoint since polarity makes the
surface unstable and prone to various compensation mechanisms. Several structural
reconstructions controlled by annealing time, temperature and oxygen pressure were
reported,?628 but 1x1 unreconstructed surfaces with perfectly flat terraces were observed as
well.?>=32 In particular, the first STM images and RHEED analysis of the (111) STO surface

obtained by UHV annealing showed the presence of both SrOs. and Ti terminations.?® A



different procedure, based on chemical etching and oxygen annealing was used to produce Ti-

rich 1x1 (111) STO surfaces.’®? In absence of reconstructions, other polar-compensating

133-34 35,36

mechanisms should occur. A variety of optica and magnetoelectric measurements
revealed the presence of a 2DEG at the unreconstructed surface, attributed to oxygen vacancies
in the substrate. In fact, the excess electrons produced by oxygen vacancies can migrate to the
surface to generate the electron gas and simultaneously erase the electrostatic divergence. A
similar charge transfer mechanism may act in the generation of the 2DEG observed in (111)
STO/LAO interfaces,>’** and (111) SrIrO3/SrTiO; interfaces,*® with RHEED and STEM

images showing ordered structures and flat terraces.

The theoretical literature about (111) termination of STO surface, >4 LAO/STO
interface, 340424951 and STO bilayers®? is abysmally smaller than that for the (001) analogues.
In fact, for ab-initio supercell simulations, polarity is a major obstacle since it produces spurious
electric fields which must be somehow compensated. In addition, a stoichiometric supercell
necessarily includes both n-type and p-type terminations, thus mixing up in a cumbersome way
their properties. For these reasons, the near totality of theoretical studies is carried out using
tight-binding models drawn on the basis of (111) bulk symmetry, thus without including the
actual surface simulation. To circumvent these obstacles, here we performed our calculations
using the structures illustrated in Figure 1, which include one additional monolayer to the
perfect stoichiometry. Experimentally, this mimic a situation where the (111) slab is cleaved
from bulk with the same termination on both sides. In this way the bulk polarity is compensated,
and charge confinement only comes from genuine surface or interface effects. The additional
monolayer also furnishes excess electrons (for Ti termination) or holes (for SrO3 termination)
which may be assumed as coming from various possible sources (e.g. oxygen vacancies,
doping, or even field-effect). We will show that in this structural setting which only capture
pristine conditions, a spontaneous band bending occurs due to surface polarity, causing both
electrons and holes to remain confined within a few layers from the surface. Furthermore, both
2DEG and 2DHG are found to be fully spin-polarized, consistently with the robust
ferromagnetism found in n-doped ETO bulk for a wide variety of dopants,>*% and in ETO-
based heterostructures.'??! These results furnish sound evidence that the (111) ETO/STO
interface presents highly favorable characteristics to the spontaneous formation of tightly
confined and robustly spin-polarized 2DHG and 2DEG; as such, it can be a valuable building

block for the implementation of an oxide-based spintronic nanotechnology.



Methodology

Ab-initio calculations are performed within the framework of Density Functional Theory, as
implemented in the VASP code.®! Projected augmented wave®? basis set with a cut-off energy
of 550 eV and generalized gradient approximation®® with Hubbard interaction® (GGA+U) are
used, with on-site Coulomb repulsion U =4 eV and 7.5 eV for Ti 3d and Eu 4f, respectively, in
consistency with previous theoretical reports.'®®° -centred Monkhorst-Pack scheme and k-
point mesh of 20x20%1 are used. Structure optimization is performed only along the z-direction,
with a fixed in-plane lattice constant equal to that of STO bulk (ao = 3.905 4), while atoms are
fully relaxed up to a force threshold of 1 meV/A.

Results and Discussions

We start the analysis from the SrOs-terminated STO surface and the EuOs-terminated ETO/STO
interface. For the former we use the symmetric vacuum/STO and vacuum/ETO/STO trigonal

supercells sketched in Figure 1a, the latter with two ETO layers per surface.
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Figure 1: a) Schematic diagram of the Sr(Eu)Os-terminated (111) structures. b) the corresponding electrostatic
potential given by the alternating Ti** and [Sr(Eu)Os]* charged plane stacking. ¢) actual atomic structure for the



SrOs-terminated STO surface after atomic structure relaxation. d) same for the EuOs-terminated ETO/STO
interface. Color code is green (Sr), magenta (Eu), blue (Ti), red (O). In trigonal symmetry x, y, z correspond to the
[110], [011] and [111] axes of the cubic symmetry, respectively; y is perpendicular to the page, and x is at 120°

from y.

Figure 1b displays the electrostatic potential generated by the alternance of +4 and -4 charged
planes. Inversion symmetry with respect to the central SrOj3 layer prevents the electrostatic build
up and the rise of unphysical electric fields across the slab and in the vacuum. In Figure 1c and
1d the actual atomic structures are shown, calculated after atomic relaxations and z-axis
optimization. We notice that the adopted (1x1) planar symmetry rules out antiferrodistortive
oxygen rotations which are known to tightly compete with polar distortions at the (001)
LAO/STO interface.®® This is a reasonable assumption since, unlike LAO, ETO is simple cubic
at room-T, while the oxygen tilting which characterize the low-T /4/mcm tetragonal phase are

too minimal®®

to have any significant impact on the electronic structure.

Charge neutrality compensates the presence of the additional SrO3 monolayer with a built-in
doping charge of 4 holes, i.e. 2 holes per surface. A key question is whether this excess hole
charge is bi-dimensionally confined or homogeneously spread throughout the substrate. This
can be clearly revealed by the layer-resolved orbital-projected DOS, plotted in Figure 2; for
clarity, only the most fundamental orbitals (O 2p, Ti 3d, and Eu 4f) are shown, further separated
in up-spin (positive) and down-spin (negative) contributions. Looking at Figure 2a, and
following the valence band top (VBT) profile across the layers from the figure bottom to the
top, we can immediately visualize how the hole charge is redistributed: at the bottom
(corresponding to the 6 STO layer below SF) the VBT is aligned to the Fermi level (Ey), thus
no holes are present at this deepness, and the DOS is bulk-like and insulating. Moving towards
the surface, the VBT rises above Er and the hole DOS shows up starting from layer SF-3.
Specifically, we found ~80% of the holes present in the surface layer (SF), ~12% on the sub-
surface layer (SF-1), and the remaining portion in SF-2 and (very marginally) in SF-3, thus the
2DHG is entirely confined in just 3-4 layers from the surface. We estimate from our calculations
an upward band disalignment of ~0.5 eV at the SF layer, with respect to the bulk VBT. For what
concerns the orbital characters, the holes are almost entirely located on the O 2p states, with a
marginal (~3%) contribution from the Ti 3d states (detail of the charge distribution is given in
Table S1). Remarkably, we obtain that the hole gas is fully spin-polarized, since the holes
entirely seat in a single O 2p spin channel, i.e. the surface is half-metallic. Since all the holes
are in the positive (up-spin) channel, an overall down-spin magnetization of 2 ug per (1x1)

surface is present in the system. This spin-polarization is purely consequence of the tight charge



confinement and the resulting Coulomb repulsion of the O 2p states in the vicinity of the
surface.

Now we come to analyze the EuO; termination (Figure 2b), for which two Eu layers are
included in place of two Sr. This choice is made in analogy with the (001) LAO/ETO/STO
interface, for which the spin-polarized 2DEG is observed for ETO thickness of no more than 2
unit cells.'?"!> Analogously to the SrOj; surface, the O 2p VBT is aligned to Erat the slab center,
and then it crosses £y while approaching the surface, thereby indicating the presence of a
strongly confined 2DHG. However, the presence of the Eu 4f orbitals makes this 2DHG
different and way more interesting than that at the (111) STO surface.
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Figure 2: a) Orbital-projected DOS of the SrOs-terminated STO surface. Each graph corresponds to a specific
(111) atomic layer of the slab; the inmost (i.e. most bulk-like) SrTiOs layer is at the bottom (labelled SF-6), the
surface SrO; layer (SF) is at the top. Positive and negative DOS indicate up-spin and down-spin components.
Orbitals shown are O 2p (shaded gray) and Ti 3d (cyan). The vertical dotted line indicates Erand is aligned to zero
energy. b) Same quantities and same graph arrangement for the EuOs-terminated ETO/STO interface. Orbital color
code is O 2p (shaded gray), Eu 4f (green), Ti 3d (cyan). ¢) Hole density isosurface (drawn in light blue) for the
ETO/STO interface, calculated from the electronic states lying in 1 eV region above E.

It is worthy to point out that in bulk ETO the Eu 4f states are fully spin-polarized, with an extra-
large (~12 eV) spin-splitting, and ~7 us magnetic moment on each Eu.>*%° Most importantly,
in bulk ETO the spin-majority Eu 4/ bands lie at the VBT and are visibly separated from the

broad O 2p band manifold placed at lower energy. Here the surface produces some dramatic

effects in the electronic properties: the O 2p states in the EuO3 SF layer undergo a large (~ 1



eV) spin splitting, which brings them to largely overlap with the Eu 4f'states in the spin-majority
channel. In fact, we see a sharp (~ 0.3 eV wide) 4/ DOS peak crossed by Ef, superimposed to a
broad (~ 2 eV wide) O 2p DOS feature. The SF-1 layer, on the other hand, shows a ~ 2.0 eV-
wide 4f DOS peak cut by Ey, lying ~2 eV below the conduction band bottom (CBB), in
agreement with photoemission measurements for the (001) ETO surface.!’ Remarkably, the
holes are only present in the spin-majority (positive) channel, i.e. the 2DHG is fully spin-
polarized, with 2 g magnetization per (1x1) surface. Unlike the 2DHG in the STO surface,
which is purely originated by O 2p states, this 2DHG is given by a broad admixture of Eu 4f
and O 2p states. Furthermore, this 2DHG magnetization now contributes to reduce (i.e. is
oppositely oriented to) the bulk-like, up-spin contribution of the Eu magnetic moments, so that
the overall ETO/STO magnetization amounts to ~6 ug per ETO layer. Figure 2¢ displays an
isosurface of the 2DHG spatial distribution obtained from the bands lying within 1 eV above
Es, which gives an immediate feel of the fast hole charge decay with the distance from the
surface. Being fully spin-polarized, this hole charge is tantamount to the 2DHG magnetization
density.

In Figure 3 the band energies calculated for the STO surface and the ETO/STO interface are
presented; in order to highlight the 2DHG characteristics, the bands including some hole
fractions are drawn in blue; also, only a narrow energy window around the VBT is considered.
For the STO surface we have 3 bands hosting the 2DHG, the highest in energy being very flat
and mostly derived by an O p: surface state. Degenerate with the latter at the 7 point, there is a
second O 2p band with effective mass m” =1.13 m, in direction /=M, and a third O 2p band
slightly lower in energy, with m " =1.04 m.. These values are consistent with the typical effective
masses for bands of 2p orbital character. For what concerns the ETO/STO interface, the
situation appears more favorable to hole mobility, since most of the 2DHG is hosted by a single,
broad O 2p band, which runs across the whole Brillouin zone with m" =0.77 m. at the I” point.

At lower energy we find other two bands with m" =1.13 m. and 1.04 m. at I"point. They are



derived by a strong admixture of Eu 4f'and O 2p orbitals; we can notice the flat band segment

located right at £y, corresponding to the Eu 4/ DOS peak present in the subsurface ETO layer.
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Figure 3. a), b): Band energies of the SrOs-terminated STO surface, separated in up-spin (a) and down-spin (b)
channels. The hole bands are drawn in blue; the dashed red lines indicate the Fermi energy. (c), (d): same as before
for the EuOs-terminated ETO/STO interface.

We emphasize that the presence of a hole gas with fairly mobile and fully spin-polarized carriers
at the VBT is a fortunate and rare occurrence, since strong spin-polarization typically derives
from highly localized (e.g. 3d and 4f') orbitals. Here two key factors explain the peculiarity of
this hole gas: the strong O 2p - Eu 4f orbital hybridization, and the narrow charge confinement
occurring at the (111) surface, which is much stronger than in the more familiar (001) titanates,
where the 2DEG’s typically spread across thickness of several nm. In turn, this extreme
confinement can be traced back to the high polarity of the (111) surfaces. To show the influence
of polarity on confinement, we consider a linear chain model, with point charges Z = -4 located
on each SrO; (or EuO3) monolayer of the supercell, and Z = +4 on each Ti monolayer, and 2

additional holes on a specific SrO3 (or EuO3) monolayer. In Figure 4 the electrostatic energy of



the chain E = Zij Z,Z; IRy (here R; are distances between two point charges, and we take

e’/ 4re,=1) is plotted as a function of the SrOs layer where the holes are localized; red and

blue circlets refer to chains of increasing length. The dashed horizontal line (fixed to zero
energy) corresponds to a configuration where the holes are completely unconfined and equally

redistributed on each SrO; (or EuOs) layer of the slab.
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Figure 4. (a): Electrostatic energy of the +4 point-charge chain model (see text), with two additional holes
embedded in one of the SrOj3 layers. The hole location in the chain is indicated by the horizontal axis. The dashed
line is a reference energy (aligned to zero) corresponding to the homogeneous hole distribution, with the 2 holes
equally distributed on each -4 point-charge. Red and blue circles refer to chains of different length (25 and 37 point
charges, respectively). (b) Same model for a hypothetical £1 point-charge chain model, with 0.5 additional holes
embedded in one of the -1 point-charges of the chain. Here the dashed line is the energy of the homogeneous
distribution with the 0.5 holes equally distributed on each -1 point-charge.

We see from Figure 4a that placing the holes entirely on the fifth SrO; layer from the surface
(SF-5) 1s less energetically convenient than spreading them homogeneously across the
substrate; however, localizing the holes closer and closer to the surface, the chain progressively
gains stability, until it becomes more stable than in the unconfined configuration. The reason is
easily understood: the presence of holes reduces the layer polarity and in turn the electrostatic
attraction between adjacent charges. This loss of stability is however reduced for holes located
near the surface due to the proximity with the vacuum side, which reduces the bond
coordination; thus the net effect is an intrinsic hole attraction to the surface. Notice that the
model outcome is not an artifact of the small chain length (i.e. small number of layers in the

supercell): in fact, for longer chain length (blue circles), the localized configurations gain



further stability over the homogeneous hole spread. In Figure 3b we show the result for the
same point charge model, but with Z=+1 (this can mimic, e.g., the AlO-terminated (001) LAO
surface), and additional 0.5 holes per surface ensuring charge neutrality in the slab. We see that
the qualitative behavior is completely analogous to the Z = £4 case, but the energy gain of the
surface-localized hole configuration (with respect to the homogenous distribution) is more than
one order of magnitude lower than for Z = 4. Clearly, stronger polarity means stronger drive
to hole confinement at the surface. This concept can be more rigorously derived by the elegant
formalism developed by Stengel for polar materials,” which relates the bending of the
displacement field, and in turn charge confinement, to the value of formal polarization (i.e. 2e
per unit surface for (111) ETO and STO layers).

Most of the arguments seen for the hole-doped SrO3; and EuOs terminations also apply to the
electron-doped Ti-terminated counterparts. The 2DEG presence at the (111) STO surface is
reported in several previous works?®3*30 (our results are shown in the Supplementary
Information), thus hereafter we focus on the more interesting (111) ETO/STO interface. For the
simulation we use a vacuum/ETO/STO supercell which includes two identical Ti surfaces, each
with 2 electrons in excess (the optimized atomic structure is displayed in Figure 5a). The
corresponding layer-resolved DOS (Figure 5b) displays a band bending at the surface which is
oriented in the opposite verse with respect to that found at the SrO; termination. In fact, just
like the negatively charged SrOs surface acts as attractive basin for holes, the positive Ti
termination is attractive for electrons, so the conduction bands bend downward at the surface
to capture the carriers in excess. This is clearly shown in Figure 5b: the CBB is above Ey for the
bulk-like SF-6 layer, and well below Ey for the layers closer to the surface. Similarly to the
2DHG, this 2DEG is tightly confined within a narrow region of a few layers, and fully spin-
polarized. Clearly, the point-charge chain model used to describe the hole gas gives identical
results upon exchange of charge sign. On the other hand, the quantum chemistry of the electron

gas is completely different, since the 2DEG is entirely hosted by Ti 3d orbitals. The (111)



orientation (cartesian axes are shown in Figure 5a) is characterized by a trigonal, anti-prismatic

D5y crystal field which splits the £, states in one aig singlet (i.e. d-* ) and one e, doublet

(corresponding to a mixture of prevalent dy, di’- y*> and smaller dx., dy. contributions). The
orbital-resolved DOS (Figure 5c¢) shows the presence of one electron charge fully localized at
the SF layer, lying at a very deep energy (from -1.5 eV to -2 eV), thus largely overlapping with

the 4/ DOS peak. Such a d.” dangling bond is likely going to be saturated by surface adsorbates

(e.g. oxygens). The actual 2DEG is hosted by e, states and spatially redistributed across the

layers from SF to SF-2 in a ~0.4 eV wide energy window below Ey (layer-by-layer 2DEG
decomposition is reported in Table S2). Remarkably, the 2DEG charge is entirely hosted in the
down-spin Ti 3d channel, thus fully spin-polarized, with a magnetization verse opposite to that
of Eu 4f magnetic moments. Strikingly, this configures a ferrimagnetic (FiM) half-metallic
material, with an overall magnetization of ~6 ug per ETO layer (just like the EuOj; termination).
It is important to recall that bulk ETO is characterized by a tight competition between
antiferromagnetic (AFM) and ferromagnetic (FM) exchange interactions mediated by the Ti 3d
orbital overlap with Eu 4f and 5d orbitals.>>%° This competition results in the AFM order for
pristine ETO at low temperature, which is reverted to FM order upon inclusion of n-doping or
in the LAO/ETO/STO interface. Here we can infer a qualitatively different mechanism which
occurs in FiM half-metallic perovskites:®® the large spatial overlap between itinerant Ti 3d and
localized Eu 4f electrons makes their respective magnetic moments AFM-coupled, due to
covalent superexchange; since Hund’s rule forces the Ti 3d electrons to be spin aligned, the
overall magnetic order is FiM, with Efcrossing the sole spin-minority Ti 3d DOS channel. This
result is corroborated by the observation of ferromagnetic order in (111) LAO/ETO/STO,?%?!
with canted Ti 3d and Eu 4f magnetic moments (parallel in the surface plane and antiparallel
orthogonally). We remark that these aspects are proper of the (111) heterostructure and set this

2DEG far apart from the electron gas observed in the n-doped (001) ETO/STO interface.



According to our analysis, the tight 2D confinement of the excess electrons near the surface is

at the fundament of the peculiar magnetic behavior displayed by the (111) termination.
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Figure 5: a) Atomic structure of the Ti-terminated (111) ETO/STO interface. Color code is green (Sr), violet (Eu),
blue (Ti), red (O); x, y, and z axes are described in figure 1. b) Orbital-projected DOS. Each graph displays an
atomic layer, with the surface Ti layer (SF) at the top, and the 6% SrTiOs layer (SF-6) at the bottom. Positive and
negative DOS indicate up-spin and down-spin components. Orbitals are O 2p (shaded gray), Eu 4f(shaded green),
Ti 3d (shaded cyan). The vertical dashed line indicates the Fermi level and is aligned to zero energy. ¢) Orbital-
resolved DOS of 3d states contributed by the Ti atoms of the 4 layers closer to the surface. Color code is red for
the d.y, di>-,* doublet, blue for the d.., d. doublet, filled orange for the d.? singlet. d) Atomic structure with the 3D
map of the 2DEG charge density isosurface drawn in yellow.

To display the 2DEG spatial distribution, in figure 5d we plot a charge density isosurface drawn
from the occupied states lying within 1 eV below E, thus not including the d-° dangling bond
at the surface. Just like for the 2DHG, this density also corresponds to the 2DEG magnetization
density.

In Figure 6 the band energies of the (111) ETO/STO interface are displayed; the two excess

electrons are hosted in the 3 bands drawn in blue. The lowest in energy corresponds to the d.’



dangling bond analyzed in the DOS; it runs across the whole Brillouin zone in the down-spin
channel, well separated by all the other bands of the minority channel, and largely overlapping

with the spin majority Eu 4/ bands. The 2DEG resides almost entirely within the second-lowest

band and (residually) within the third-lowest bands. As seen in the DOS, they derive from e

states and display effective mass m” =0.94 m, at the /point along the 7"-M direction. This value
is slightly higher than the typical mass of the dxy bands hosting the 2DEG in the (001) interfaces,
since it is contributed by a mixture of the £, states of the octahedral O, symmetry.

The bottom of these two bands at the /-point (-344 meV and -26 meV) displays a remarkable
splitting from the bulk-like band manifold, located 171 meV above the Fermi energy (the SF-3
layer in Figure 5c¢). If compared with the trigonal band splitting obtained by X-ray linear
dichroism for the n-doped termination of (111) LAO/ETO/STO and (111) STO,* our calculated
values appear to be about an order-of magnitude larger. This indicates that the 2DEG charge in
the calculations exaggerates that present in real samples, thus largely amplifying the surface
band splitting with respect to the pure bulk-truncation effect. This is not surprising since
alternative compensating mechanisms (e.g. cation mixing, surface adsorbates, charged point
defects) can reduce the charge coming from pure electrostatic screening (the effect of charge
confinement on the band splitting is further discussed in the Supporting Information). Finally,
we obtain a large spin gap of 1.113 eV between spin-majority and spin-minority channels; this

suggests that the large spin-polarization is stable against thermal fluctuations.



Figure 6: Band structure plots of the (111) ETO/STO interface; (a) and (b) represent spin-majority and spin-
minority channels. Red dashed line is the Fermi energy (taken as zero energy). In blue are the bands which host
the 2DEG. This is entirely included in the spin-minority channel, i.e. the gas is fully polarized and half-metallic;
since the Eu 4/ magnetic moments are upward oriented, the material is FiM overall.

CONCLUSIONS

We performed GGA+U calculations to analyze the (111) termination of two materials, i.e. the
prototypical oxide STO, and the ETO/LAO interface, which is, at our knowledge, the only
heterostructure where clear signature of magnetically ordered 2DEG was observed. The high
polarity of the (111) termination causes a conceptual inconsistency between experiments and
ab-initio supercell calculations: the former typically consider a few layers of the polar material
grown on-top of an electrostatically neutralized substrate; the latter, when carried out for
stoichiometric multilayers, imply spurious built-in electric fields and the coupling of different
terminations. Here we circumvent these hurdles using smart atomic structures capable to mimic
electrostatically neutralized, doped terminations. This allows us to reproduce the key
experimental conditions, i.e. absence of macroscopic field inside the substrate and surface
effects related to a single, specific termination. Our calculations show that the high polarity
condition is very effective in generating a strong, intrinsic tendency to carrier confinement at
the surface for both p-type and n-type terminations: both hole and electron gases are confined

in a few layers nearby the surface. The holes are accommodated by a broad admixture of fully



spin-polarized Eu 4f and O 2p states, while the electrons reside in Ti 3d orbitals,
antiferromagnetically coupled to the spin-majority Eu 4f magnetic moments. These results leave
us to envision a robustly spin-polarized, mobile hole and electron gases. Spin-polarization arises
from strong confinement, which induces large exchange splitting in the bands hosting the gas.
Since exchange splitting are far larger than the bandwidth, both p-type and n-type terminations
are fully spin-polarized and half-metallic. For what concerns long-range magnetic order, we do
not report the evaluation of exchange interactions (which by far exceeds the limit of our
computational capability). Nevertheless, all the experimental evidence available for n-doped
ETO*>® and ETO-based (001), (110), and (111) heterostructures'?! concordantly envisages
FM order, thus furnishing substantial ground to our theoretical description. Alas, we should
point out that the presence of defects, not included in our simulations, may severely disrupt this
scenario: recent works reporting the direct observation of hole gas in oxide heterostructures'®!!
furnish clear evidence that ionic point defects, especially oxygen vacancies in proximity of the
hole confinement region, are dramatically effective in erasing the hole gas. Achieving defect

control in these materials is clearly the most crucial challenge in the route towards the actual

development of an oxide-based spintronics.
Supporting Information
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Results for the Ti-terminated STO (111) surface (Figure S1), results for the TiO-terminated
STO (111) surface (Figure S2), layer-by-layer 2DHG charge distribution (Table S1) and

2DEG charge distribution (Table S2)
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