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interface, as shown schematically in the left panel of Figure 4.3 (a). This polarization
charge is responsible for the intrinsic electric field £y in LaAlO3; (shown by arrow in
Figure 4.3 (a)) resulting in an electric potential difference between the LaAlOs surface
and the LaAlO;/SrTiO; interface that increases with LaAlO; layer thickness. Above the
LaAlOs critical thickness, charge is transferred to the LaAlO3/SrTiO; interface (shown

by a blue filling) to avoid this polarization catastrophe.

Figure 4.3 The calculated atomic structure of unstrained (A) and compressively strained
(B) LaAlO3(3 unit cell.)/SrTiO; system. In Figure B Ti-O and Sr-O displacements are
amplified by a factor of eight as compared to the calculated results for visual

comprehension. The left and right panels show schematically the 2DEG formation and
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the effect of the polarization P in the strained SrTiO; on the 2DEG as described in text.

The compressively strained SrTiO; layer contains polar displacements of the Ti**
ions with respect to the O ions, shown in Figure 4.3 (b) for the case of uniform
polarization. These displacements are responsible for a polarization P pointed away from
the interface (indicated by an arrow at the bottom of the left panel of Figure 4.3 (b)). The
polarization orientation is determined by the presence of the LAO layer and is likely not
switchable. The polarization produces a negative bound charge at the LaAlO;/SrTiO;
interface (indicated in the left panel of Figure 4.3 (b)) that creates an additional electric
field in LaAlO; equal to P/g, where ¢ is the dielectric constant of LaAlOs, that opposes
the intrinsic electric field Ey. The presence of polarization in the compressively strained
SrTiOs layer reduces the total electric field in LaAlO; and hence enhances the critical
thickness necessary to create a 2DEG at the LaAlOs/SrTiOs interface due to the
polarization catastrophe effect. Above this critical thickness, the mobile interfacial

carrier concentration would be then reduced by the interfacial bound charge [123, 124].

Vacuum
Vacuum
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Figure 4.4 The symmetric atomic structure of (LaAlO3)3/(SrTiOs)s separated by a 8 A

thick vacuum gap.

In order to quantify these effects we have performed first-principles calculations of
the LaAlO;/SrTiOs bilayer under various strain states based on methods described in
chapter 2. We use density functional theory (DFT) and the local density approximation
(LDA) implemented within the VASP method [79, 128]. We consider a LaO/TiO,-
interfaced (LaAlO3),/(StTiO3),, bilayer, where n and m are the numbers of unit cells of
LaAlOs; and SrTiO; respectively.  The LaAlOs/SrTiO; bilayer is placed in a
LaAlOs/SrTiOs/vacuum/SrTiO3/LaAlOs/vacuum supercell, as shown in Figure 4.4,
where the doubled bilayer is used to avoid an unphysical electric field in vacuum which
otherwise would occur due to the potential step within the LaAlOs layer and periodic
boundary conditions of the supercell calculations. The in-plane lattice constant of the
unstrained superlattice is fixed to the calculated bulk lattice constant of SrTiOs, i.e. a =
3.871 A. For the strained systems the in-plain lattice constant was constrained to be by a
certain percentage smaller than the bulk one. To reduce the effect of the SrTiO; surface
on atomic structure and ionic displacements within the SrTiOs layer we use a boundary
condition according to which the atomic positions within one unit cell on the SrTiO;
surface are fixed to be the same as in the respectively strained bulk SrTiOs. The latter are
computed separately for the unstrained and strained bulk SrTiO;. All the other atoms in

the superlattices are relaxed.
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Figure 4.5 B (Ti, Al) cite atom — oxygen (O) atom displacements in the unstrained
(squares), 1.2% (circles) and 2% (half circle) compressively strained

(LaAlO3)3/(SrTiOs3)s structure.

Figure 4.5 shows the calculated ionic displacements for the unstrained 1.2% and 2%
compressively strained (LaAlOs3)s/(SrTiOs3)s structures. It is seen that in the unstrained
case polar Ti-O displacements in the SrTiOs layer are very small, consistent with the
previous calculations [35]. The in-plane compressive strain produces sizable ionic
displacements, polarizing the SrTiO; layer and as the compressive strain increases the
induced polarization increases. The calculation predicts that the induced polarization is

oriented away from the interface and is not switchable. In the case of 1.2% compressive
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strain, the magnitude of the polarization is P~0.18 C/m* as found from the known
polar displacements in the strained SrTiO; layer using the Berry phase method [102,
129].

The critical thickness ¢, in the presence of a STO polarization can be estimated as
follows:

t. =08/ eE | (4.1)
where 6& =e&, +(8£A3 —EH0 ) , &, 1s the band gap of SrTiO;, Env and & are the
valence band maxima (VBM) of SrTiOs and LaAlOs respectively, and E is the electric
field in LaAlO;. In the derivation of 7 below, we only need to consider the situation that
the free charge has not been transfered to the interface and the thickness of LaAlOjs is
less thant . E is reduced from the intrinsic value of Ey due to polarization P of SrTiO3,

so that

E=£-L, (4.2)

8LA0
where ¢,,, 1s the dielectric constant of LaAlO;. Due to the reduced electric field in
LaAlOs; in the presence of the SrTiOs polarization, the critical thickness is enhanced as
indicated in Eq. (4.1). The intrinsic electric field Ey can be estimated from the
experimentally measured critical thickness ! = 4 unit cell. for the unstrained system.

Taking into account the experimental band gap of STO &, = 3.2 eV and the CBM offset

between SrTiOs and LaAlO; €579 — g9 = 0.35 eV [130], we find that 5 = 3.55 eV.

vBM — ©vBM

Using the relationship



81

5E = eE.1° (4.3)

o’c?

we obtain that E, ~ 0.23V/A, which is consistent with our first-principles calculation
predicting E, ~ 0.22V/A, and calculations by others [35, 42, 52]. Using Egs. (4.1), (4.2)

and (4.3) we obtain

L, =——. 4.4)

E

8LAO 0

For the system under strain, when the thickness of LaAlO; is above the critical
thickness, there is a transferred charge at the interface and the charge density o is
estimated as shown below. At first, it is necessary to derive the transferred charge
density o, for the system without strain similar to Ref. [52]. When the LaAlOs thickness
t is above the critical tf , a free surface charge o, is transferred to the LaAlO;/SrTiO3

interface. The electric field inside LaAlOj is then

Oy

E=E, - 4.5)
8LAO
The VBM of LaAlO; is aligned with the CBM of SrTiOs. Therefore
etE = eEyt’ = 5¢ . (4.6)
It follows from Egs. (4.5) and (4.6) that
tO
O, = E40E, (1 —TC], 4.7)

i.e. the transferred charge density increases with the LaAlOs; thickness which is

consistent with the experimental observation, as shown in the insect of Figure 4.2 A.
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Similarly, when the system is under strain, above the critical thickness¢,, electric

field inside LaAlOs is

% __P (4.8)

€10 CLio

E=E, -

Using Egs. (4.4), (4.6) and (4.8), the transferred charge for strained system is then
obtained as follows

)t
O-:gLAOEO 1__7 . (49)

c

It is clear that when there is no strain, i.e. £, =¢., Eq. (4.9) is identical to Eq. (7), as
expected. As the strain increases, due to the increased polarization in SrTiO; (see Figure
4.5) we expect a larger critical thickness ¢,, as indicated both by Eq (4.4) and by the
experimental data shown in Figure 4.2 A. Eq. (4.9) predicts that for the same thickness ¢
of LaAlQOs, as the strain increases, the transferred charge decreases as a result of the
increased critical thickness. This prediction again agrees well with the experimental
results shown in Figure 4.2 B.

Using the calculated polarization value of P~0.18 C/m” for 1.2% compressive strain
in the STO layer, and the calculated electric fields in the LaAlO; and SrTiOs layers in the
strained LaAlOs/SrTiO; system, we estimate the dielectric constant of the 1.2%
compressively strained LaAlOs to be ¢,,, =18¢, . This value is consistent with that
obtained from the induced polarization of 0.34 C/m” in the LaAlO; layer, as is estimated

from the calculated ionic displacements using the Berry phase method. (We note that the
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estimated value of the dielectric constant of the unstrained LaAlOs is ¢, ,, = 24¢, which
is consistent with the previously found result [38]). Using. Eq. (4.4) and the dielectric
constant ¢,,, ~18&, we obtain ¢, * 9 unit cell. This value is higher than the critical
thickness (4 unit cell.) for the unstrained system, and is consistent with the experimental
result for the 1.2% strained LaAlO;/SrTiOs structure. In the experimental situation it is
expected that the surface polarization charge in LaAlO; is screened by adsorbents, and
that the bottom polarization charge in the strained SrTiOs is screened by defects. In the
structural model used in our DFT calculation the SrTiO; polarization is screened by
charge transferred to the SrTiO; surface.

Our computations predict that at the LAO critical thickness of 3 unit cells, when the
unstrained system becomes conducting, the 2% compressive strain expels the electron
charge from the interface making the interface insulating. This results is seen from
Figure 4.6, which shows the density of states (DOS) at the TiO, layer located at the
interface for the unstrained, and the -2% strained (LaAlO3);/(StTiOs3)s structure. It is
seen that the compressive strain eliminates the free electron charge at the unstrained

interface (filled shadow under the red curve) making the system insulating.
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Figure 4.6: Density of electronic states at the TiO, monolayer located at the interface of
the unstrained, and the -2% strained (LaAlO3)s/(SrTiOs)s structure. The vertical line
indicates the position of the Fermi energy. The filled area under the curve for the
unstrained system indicates the free electron charge responsible for the formation of the

2DEG. The strain eliminates this charge making the system insulating.

4.4 Summary

We have demonstrated that properties of the 2DEG formed at the LaAlO;/SrTiOs
interface can be controlled by epitaxial strain. Both the critical thickness of the LaAlO;
overlayer required to generate the 2DEG and the carrier concentration of the 2DEG
depend on the strain of the SrTiO; layer. Compressive strain increases the critical
thickness and decreases the saturated carrier concentration. Our DFT calculations

indicate that a strain-induced polarization stabilized by the LaAlO; overlayer is
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responsible for these changes. Changes in critical thickness and carrier concentration
estimated from the DFT calculations are in agreement with the experimental data.

The dependence of the 2DEG properties at the LaAlO3/SrTiO; interface on the strain
state opens a new correlation between strain-induced polarization and the electrical
properties of oxide interfaces. We believe that such strain engineering can be very useful
for oxide 2DEG device applications, and the relation between strain and 2DEG

properties provides a new tool in the manipulation of oxide interfacial 2DEGs.
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Chapter 5 Spin-polarized 2DEG

Making 2DEG gas spin-polarized is a very exciting prospect for spintronics
applications, where the involvement of the spin degree of freedom broadens the
spectrum of potential applications. Here, using first-principles calculations, we predict
the existence of a spin-polarized two-dimensional electron gas (2DEG) at the LaO/EuO
interface in a LaAlOs/EuO (001) heterostructure. We show that this polar interface favors
electron doping into the Eu-5d conduction bands resulting in a 2DEG formed at the
interface. Due to the exchange splitting of the Eu-5d states, the 2DEG is spin-polarized.
The predicted mechanism for the formation of a spin-polarized 2DEG at the interface
between polar and ferromagnetic insulators may provide a robust magnetism of the

2DEG, which is interesting for spintronics applications.

5.1 Introduction
5.1.1 Overview of spin-polarized 2DEG

Recently it was found that at ultra-low temperatures the 2DEG occurring at the
interface between the non-magnetic LaAlO; and SrTiO; materials may become magnetic
[48]. This behavior was attributed to the exchange splitting of the induced electrons in
the Ti-3d conduction band, which is corroborated by spin-polarized first-principles
calculations of LaAlOs/SrTiOs [33, 36], as well as LaTiO3/SrTiOs interfaces [31]. It

was also proposed that it may be possible to create a fully spin-polarized 2DEG by
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replacing one monolayer of SrO by LaO in StMnOj; [131]. The magnetic ground state of
SrMnOs is G-type antiferromagnetic (AFM) with Mn** (4 geg ), while the ground state of
LaMnOs is A-type antiferromagnetic with Mn®" (£ ge; ). The 2DEG is introduced by the
extra charge of the LaO" layer at interface, where the 2DEG occupies the Mn-e, states
near the interface. Zener double exchange helps to stabilize the ferromagnetic structure
of Mn at the interface, while further layers away from interface retain antiferromagnetic
configuration, and thus a spin-polarized 2DEG is created [131].

Here, we pursue a different route to achieve a spin-polarized two-dimensional
electron gas, by employing a ferromagnetic insulator as one of the constituents in the
oxide heterostructure. Spin-polarized properties of the 2DEG are, in this case, expected
to be inherited from the ferromagnetism of the oxide, and consequently, this approach
may lead to a more robust magnetism in the 2DEG, which is beneficial for applications.
To illustrate the idea we consider EuO as a representative ferromagnetic insulator in
conjunction with LaAlO; to form a spin-polarized 2DEG at the LaAlOs;/EuO(001)

interface.

5.1.2 Ferromagnetic insulator EuO

EuO has a rocksalt crystal structure (Figure 5.1) and is a ferromagnetic insulator
(semiconductor) with a bulk Curie temperature (T¢) of 69 K. The divalent Eu ion in EuO
has a half filled 4f shell leading to the S5, ground state and the magnetic moment of 7ug

per Eu ion. The Heisenberg exchange coupling between the localized 4f electrons causes
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the ferromagnetic ordering in EuO below Tc. The half-filled 4/'band is separated from the
5d-6s conduction bands by a bandgap of 1.12 eV at room temperature [132]. In the
ferromagnetic state of EuO, the direct exchange interaction between the localized 4f
moments and the delocalized 5d conduction band states leads to the spin splitting of the
latter. The spin splitting of the 5d states as large as 0.6 eV produces the full spin
polarization near the bottom of conduction band [133]. These features can also be seen
from the electronic density of states of bulk EuO shown in Figure 5.2, which are obtained

by the first-principles calculation with general description in the next section.

O(1) Eu(1)

Figure 5.1 Rocksalt crystal structure of EuO.
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Figure 5.2 The density of states (DOS) of bulk EuO for different orbitals. The positive
and negative values show the DOS for the spin-up and spin-down electrons, respectively.

Fermi energy is located at zero, indicated by the dashed line.

The large splitting between spin-up and spin-down states at the bottom of the EuO
conduction band allows creating a highly spin-polarized electron gas by appropriate n-
doping of the material. Experimentally it was found that the transport spin polarization of
conduction electrons in EuO doped with La exceeds 90% [134]. In particular, recently it
has been observed that in La-doped EuO, the Curie temperature can be as high as 200 K
due to the enhanced coupling between Eu 4f states and itinerant electrons in Eu 5d states

[135].

5.2 Spin-polarized 2DEG in EuO based heterostructures
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5.2.1 LaAlOs;/EuO

Here we demonstrate that the electron doping may be achieved locally at the
LaAlOs/EuO(001) interface to create a spin-polarized 2DEG. The mechanism
responsible for the 2DEG formation is similar to that known for the LaAlOs/SrTiO;
interface [53]. LaAlO; consists of alternating (LaO)" and (AlO,)” charged planes,
whereas EuO consists of (EuO)” neutral planes. When LaAlOj; is deposited on top of
EuO the divergence in the electrostatic potential can be avoided by transferring half an
electron per two-dimensional unit cell to the LaO/EuO terminated interface. A charge
transfer to the interface also occurs if the LaAlO; layer is non-stoichiometric and
terminated with the LaO monolayers on both sides. In this case an “extra” electron is
introduced into the system due to the uncompensated ionic charge on the additional
(LaO)" monolayer. This electronic charge is accommodated by partially occupying
conduction band states near the interface, producing a 2DEG. In ferromagnetic EuO the
conduction band is formed by exchange split Eu-5d states and so the 2DEG is expected
to be spin-polarized. Thus, by forming the LaAlOs/EuO(001) interface, one can achieve
a spin-polarized 2DEG below the Curie temperature of EuO or for even higher

temperature.
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Figure 5.3 Atomic structure of the LaO/EuO interface in the (LaAlOs)g s/(EuO);s (001)
superlattice containing 8.5 unit cells of LaAlO; and 15 monolayers of EuO within the
supercell. Indices / and m denote atomic monolayers and are increasing with separation
from the interface. / = 8 in EuO and m = 9 in LaAlO; correspond the middle of the

respective layers.

To quantitatively demonstrate our prediction we perform first-principles calculations
of the electronic structure of the LaAlOs/EuO (001) interface within the framework of
density functional theory (DFT). Self-consistent calculations are performed using a plane
wave basis set limited by a cutoff energy of 520eV and the 6x6x1 Monkhorst-Pack k-
point mesh [80] with energy converged to 10” eV/cell. Atomic relaxations are performed
until the Hellmann-Feynman forces on atoms have become less than 30 meV/A.

On-site correlations for the Eu-4f orbitals are included within the local density

approximation (LDA)+U approach [73]. The value of J = 0.6 eV is calculated using the



92

constrained occupation method [136] by considering the 4f states as an open-core shell
and finding the LDA energy difference between the 4f3'4f1° and 4/;°4f,' configurations
[137]. We find, however, that the value of U = 5.3 eV obtained by this method appears to
be too small and leads to the 4f states being too shallow with respect to the conduction
band of EuO. This discrepancy is due to the underestimation by DFT of the intrinsic
insulating gap between the O-2p and Gd-5d states. Therefore, we adjusted the value of U
empirically and found that U = 7.5 eV results in a very reasonable agreement with
experiment. In particular, U + 6J = 11.1 eV agrees well with the occupied-unoccupied 4f
state splitting observed in photoemission-inverse photoemission for Eu metal; the optical
band gap at the X point of 0.94 eV is consistent with the zero-temperature experimental
value of approximately 0.95 eV [138]; and the lattice constant a = 5.188 A agrees with
the experimental value of @ = 5.144 A. The exchange splitting of the Eu 54 orbitals is
found to be A;=0.75 eV. Since the La-4f'bands lie at higher energy then that predicted by
LDA, we impose U=11¢eV and J=0.68 eV on these orbitals to avoid their spurious

mixing with the conduction bands of LaAlOs.
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Figure 5.4 The density of state (DOS) of bulk EuO under strain by LaAlO3 (blue) and

without strain (red).

We consider the LaO/EuO terminated interface of a (LaAlO3)s.s/(EuQO);s superlattice
(i.e., the interface containing 8.5 unit cells of LaAlO;and 15 monolayers of EuO within
the supercell) stacked in the [001] direction, as shown in Figure 5.3. We use periodic
boundary conditions and impose mirror plane symmetry at the central EuO monolayer.
The in-plane lattice constant of the superlattice is fixed to the calculated lattice constant
of cubic LaAlOs, @ = 3.81 A, which is in good agreement with the experimental value a

= 3.79 A. Under this constraint EuO exhibits tetragonal distortion of c¢/a = 0.947. This
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distortion does not change significantly the electronic structure of bulk EuO in the
interested energy region as shown in Figure 5.4. In particular, the band gap of EuO
becomes £, = 1.15 eV and the exchange splitting of the d orbitals becomes A; = 0.66 eV.
The out-of-plane lattice constant of the supercell is determined by optimizing the
interface separation distance between the LaAlO; and EuO sub-units keeping their bulk
lattice constants fixed. Then, we fix the supercell dimensions and relax the atomic

positions of all the atoms in the (LaAlO3)s s/(EuO);s superlattice.
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Figure 5.5 Atomic displacements in the (LaAlOs3)ss/(EuO);s (001) superlattice with
respect to the atomic “bulk™ positions. The latter are determined by fixing the in-plane

lattice constant and optimizing the interlayer distance, as described in text. The vertical
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lines indicate interfaces.

Figure 5.5 shows the calculated atomic displacements within the (LaAlO;)s s/(EuO);s
supercell. It is seen that the largest structural relaxations occur in the vicinity of the
LaO/EuO interfaces and involve a polar distortion in which the negatively charged O
anions are displaced with respect to the positively charged cations (either La, Al or Eu).
When moving away from the interface, the magnitude of the displacements reduces and

the La-La and Eu-Eu distances revert to constant values close to those in the bulk.
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Figure 5.6: Layer- and spin-resolved density of states (DOS) on EuO (a), LaO (b) and
AlO; (c) monolayers located at different planes / and m away from the LaO/EuO
interface (as labeled in Figure 5.3). Top (bottom) panels show the majority(minority)-
spin. In panel (a) the majority-spin states at energies below —1eV are the occupied Eu-4f

states. The vertical lines denote the Fermi energy (EFr).

Figure 5.6 shows the layer resolved majority- and minority-spin densities of states
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(DOS) on the EuO (a) and LaO (b) monolayers located at different planes / and m away
from the LaO/EuO interface (see labeling in Figure 5.3). It is seen that there are occupied
states below the Fermi energy on both the LaO and EuO monolayers near the interface,
which indicate the formation of the n-type 2DEG at the LaO/EuO interface. This 2DEG
comes from the occupation of the conduction band. Although it is pointed out that
metallic phase could exist at surface of EuO [139], here the DOS near the CBM varies
smoothly which distinguishes itself from the sharp surface DOS. The DOS on AlO;
monolayers (Figure 5.6¢) is negligible near the Fermi energy compared to that on the
LaO and EuO monolayers. Far away from the interface, the DOS at the Fermi energy on
both the LaO and EuO monolayers drops to zero reflecting the insulating nature of bulk
LaAlO; and EuO.

The central result of our calculation is the formation of spin-polarized 2DEG at the
LaAlO3/EuO (001) interface. This fact is evident from Figure 5.6a indicating a
significant difference in the occupation of the EuO majority- and minority-spin
conduction bands near the interface. This is the direct consequence of the exchange
splitting of the conduction 5d states in EuO and the occupation of these states due to the
electron doping of the interface. As seen from Figure 5.6a, starting from the second EuO
monolayer away from the LaO/EuO interface only majority-spin states are occupied in
the conduction band of EuO indicating tendency to half-metallicity known for the n-
doped bulk EuO [133]. Figures 5.6b and 5.6¢ also indicate the spin splitting of the

conduction bands of LaAlO; near the interface, which is the result of the exchange
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interaction between the Eu-4f'and La-5d states across the interface.
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Figure 5.7 Spin-dependent charge distribution across the (LaAlOs)gs/(EuO);s (001)
supercell. The notation for the atomic layers is the same as in Figure 5.3. The dashed

lines indicate interfaces.

Similar to the case of the LaAlOs/SrTiO; interface, where the O-2p valence bands of
LaAlO; and SrTiO; are nearly lined up (e.g., Ref. [38]), we find for the LaAlO3;/EuO
interface that the top of the O-2p valence band lies at —3.0eV in EuO and at about —
3.6eV in LaAlO; with respect to the Fermi energy. Due to a larger energy gap between
the O-p valence bands and the conduction bands in LaAlO; than in EuO (the calculated

values are 3.7eV and 2.7eV, respectively, and the experimental values are 5.6eV and
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4.4eV [140], respectively), the conduction band minimum lies lower in EuO than in
LaAlO; resulting in the charge accumulating mainly within the EuO layer. This is
evident from Figure 5.7, which shows the distribution of the spin-dependent charge
across the unit cell. The latter is calculated by integrating the spin- and layer-resolved
DOS from the conduction band minimum up to the Fermi energy . The large spin
polarization of the 2DEG is seen at the EuO monolayers near the LaAlOs/Eu0O interface.
The estimated value of the spin polarization of the free charge density is about 50%.

We note that our calculation is performed for the non- stoichiometric LaAlO; layer
which is assumed to be LaO terminated on both sides. Similar to the previous theoretical
studies [29, 30], in this geometry an “extra” electron is introduced in the system due to
the uncompensated ionic charge on the additional (LaO)" monolayer. For a
stoichiometric LaAlOs layer deposited on top of EuO, it is demonstrated that a 2DEG is
formed at the interface due to the electronic reconstruction resulting from the charge
transfer to the interface that eliminates the increasing electrostatic potential in LaAlO;
[141].

Due to the enhanced coupling between nearest 4/ Eu by itinerant electron, the Curie
temperature of this spin-polarized 2DEG at interface of stoichiometric EuO/LaAlOs can
be as high as 105K, as predicted in Ref. [141]. For the same reason, we can expect an

enhanced Curie temperature in our non-stoichiometric systems.

* The local charges are evaluated within the Wigner-Seitz spheres, as specified by VASP.
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5.2.2 EuO/LaO/EuO
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Figure 5.8 Atomic structure of LaO/(EuO);9 (001) superlattice containing one
monolayer LaO and 19 monolayers of EuO. Indices / denote atomic monolayers and are

increasing with separation from the interface layer LaO.

Due to the experimental difficulties of growing both EuO and LaAlO; in the
same environment, in addition to the heterostructure studied above, here we investigate
another heterostructure EuO/LaO/EuO (001) at the interface of which electron doping
may be achieved locally and spin-polarized. This structure could be grown
experimentally by inserting one layer of LaO in the growing process of bulk EuO. The
considered LaO/(EuO);9 superlattice (i.e., one monolayer LaO and 19 monolayers of
EuO) is stacked in the [001] direction, as shown in Figure 5.8. We use periodic boundary
conditions and impose mirror plane symmetry at the central EuO monolayer. The lattice
constants used are the same as those used for LaAlO3;/EuO. The optimization of the
superlattice spacing follows the same procedure for LaAlO3/EuO. Figure 5.9 shows the

calculated atomic displacements within the LaO/(EuO);9 (001) superlattice. A clear Eu-O
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relative displacement occurs near the interface and reduces when moving from the
interface. The associated dipole distortion pointing away from the (LaO)" ionic layer,
which is the same direction of the electric field produced within this layer. This
distortion is the result of the inoic screening effect in addition to the possible electronic
screening. This distortion makes the dielectric constant of EuO in this superstructure
very different from the bulk value, and thus significantly affects the wedge-shaped
electric potential, and finally strongly influences the carrier distribution near the

interface [29].
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Figure 5.9 Atomic displacements in the LaO/(EuO);9 (001) superlattice with respect to
the atomic “bulk” positions. The latter are determined by fixing the in-plane lattice

constant and optimizing the interlayer distance, as described in the text. The vertical
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dashed line indicates the interface layer LaO.

By examining layer resolved density of state in the our calculations, the electron doping
is found locally near the interface of EuO/LaO/EuO(001) structure. Using the same
approach of calculating the spin-dependent charge distribution in Figure 5.7, we
demonstrate in Figure 5.10 that a spin-polarized 2DEG is formed in both LaO and EuO
layers near the interface of LaO/EuO with a decay length smaller than that in
LaAlOs/EuO. The relatively smaller spin polarization in this superlattice compared with

that in LaAlOs/EuO is due to the large occupation of small spin-polarized states in the

LaO layer.
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Figure 5.10 Spin-dependent charge distribution across the LaO/(Eu0O);9 (001) supercell.
The notation for the atomic layers is the same as in Figure 5.8. The dashed lines indicate

the LaO interface layer.

5.3 Summary

In summary, based on first-principles calculations we have predicted the possibility
to create a spin-polarized 2DEG at the LaO/EuO interface in the LaAlO3;/EuO (001)
heterostructure. We demonstrated that this polar interface favors electron doping into the
Eu-5d conduction bands rendering a 2DEG formed at the interface. Due to the exchange
splitting of the Eu-5d states the 2DEG becomes spin-polarized. The predicted
mechanism for the formation of a spin-polarized 2DEG at the interface between polar
and ferromagnetic insulators may lead to a robust magnetism of a 2DEG which is

interesting for spintronics applications.
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