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ABSTRACT: Tailoring the two-dimensional electron gas (2DEG) at the
n-type (TiO,)°/(LaO)*" interface between the polar LaAlO; (LAO) and
nonpolar SrTiO; (STO) insulators can potentially provide desired
functionalities for next-generation low-dimensional nanoelectronic
devices. Here, we propose a new approach to tune the electronic and
magnetic properties in the n-type LAO/STO heterostructure (HS) system
via electron doping. In this work, we modeled four types of layer doped
LAO/STO HS systems with Sn dopants at different cation sites and
studied their electronic structures and interface energetics by using first-
principles electronic structure calculations. We identified the thermody-
namic stability conditions for each of the four proposed doped
configurations with respect to the undoped LAO/STO interface. We
further found that the Sn-doped LAO/STO HS system with Sn at Al site

Undoped Sn@Sr Sn@Ti Sn@Al
AlQ —© © % ©—o
LaO + + (+] [+
al ° A ‘ °
Tio, 9—(@)— @ ‘ ~C8) 6 ~—1F-1
Sr()o + + 9 o > o
Tio, 6—(@ ®) T‘\f’* | —0 ~—IF-IIl
s0@ ¢ $ 9 {0 ‘o
Tio, 6—© ° T‘ ©)—o © —0 ~—IF-V
so @ + + ? + (+) + (+]
TiO, —© ° —e— © —0 ~—IF-vIl

(@)

5

c

(@]

(Sn@Al) is energetically most favorable with respect to decohesion, thereby strengthening the interface, while the doped HS
system with Sn at La site (Sn@La) exhibits the lowest interfacial cohesion. Moreover, our results indicate that all the Sn-doped
LAO/STO HS systems exhibit the n-type conductivity with the typical 2DEG characteristics except the Sn@La doped HS
system, which shows p-type conductivity. In the Sn@Al doped HS model, the Sn dopant exists as a Sn** ion and introduces one
additional electron into the HS system, leading to a higher charge carrier density and larger magnetic moment than that of all the
other doped HS systems. An enhanced charge confinement of the 2DEG along the c-axis is also found in the Sn@Al doped HS
system. We hence suggest that Sn@Al doping can be an effective way to enhance the electrical conduction and magnetic moment

of the 2DEG in LAO/STO HS systems in an energetically favorable manner.
KEYWORDS: 2DEG, perovskite oxide heterostructure, first-principles, doping, interface energetics, charge carrier density

1. INTRODUCTION

Over the past decade, the formation of two-dimensional
electron gas (2DEG) at the TiO,-terminated n-type interfaces
between the two insulators, nonpolar SrTiO; (STO) and polar
LaAlO; (LAO), has stimulated extensive research interests
because of its potential applications in the next-generation
nanoelectronics.' ™ The 2DEG occurring at the interface of the
LAO/STO heterostructure (HS) is proposed to arise from the
electronic reconstruction caused by the polar discontinuity
between the polar (LaO)* and nonpolar (TiO,)° layers."***
Ideally, a net charge transfer of 0.5¢” from the LAO film to the
STO substrate per unit cell is required to compensate the polar
discontinuity at the interface, forming interface metallic states
by partially occupying Ti 3d orbitals,">'>~'* which corresponds
to a charge carrier density of about 3.2 X 10" cm™. Actually,
the experimental charge carrier density is observed in the order
of 10 cm™, less than the ideal charge transfer of 0.5¢7/
cell>'*'% This can be attributed to several possible reasons
such as the existence of the oxygen vacancies in the STO
substrate,'” and the polarization effects in the LAO film that
partially counteract the polar discontinuity.'®
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Nevertheless, the 2DEG at perovskite oxide interfaces still
has an exceptional electron transport property because of its
high charge carrier density and mobility.">'® Besides this, the
2DEG on the LAO/STO interface also exhibits many other
unique properties such as 2D Shubnikov-de Haas quantum
oscillations,***! ferromagnetism,zz_24 and coexistence of
magnetism and superconductivity,”>>® though the presence
and nature of the intrinsic magnetism in the LAO/STO system
is still under debate. On the one hand, there is no consistent
conclusion on the observation of the magnetism from the
experimental side. For example, Fitzsimmons et al. observed no
magnetism in the LAO/STO superlattice via polarized neutron
reflectometry measurements.”” Salman et al. only found
relatively small moments of ~2 X 107> yy per unit cell using
P-detected nuclear magnetic resonance.”® Kalisky et al. found
that magnetism appears only above a critical LAO thickness
below which magnetism is not observed, similar to the case of
conductivity, using scanning superconducting quantum inter-
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ference device microscopy.”” On the other hand, theoretical
work indicates that the 2DEG in the LAO/STO HS system
may”® or may not>' > produce intrinsic interface ferromag-
netic order. Actually, the ferromagnetism is proposed to be
induced by oxygen vacancies based on first-principles
calculations.*”** Randeria et al>* even proposed that the
evolution of the spiral state to ferromagnetic state in the
external magnetic field is responsible for the experimental
torque magnetometry data.”® Despite the controversy of the
mechanism on the interface magnetism, these unique properties
provide great potential to enhance the functionality of the
2DEG-based nanoelectronic devices.

To maximize the functionality of the 2DEG in the LAO/
STO system, a number of experimental®”>73*73% and
theoretical®* ™ efforts have been made to tune its physical
properties. There are several approaches such as defect
engineering,u"m_47 strain engineering,7’3'5’3’9_41 and doping
engineering, such as inserting new doping layers between the
two perovskites,**** 75 to tailor the physical properties of the
2DEG in the perovskite oxide HS. For example, the oxygen
vacancy in the LAO/STO HS was found to be able to
dramatically tune the electron transport property'***** and
enhance the magnetic moment,***” while the Al vacancy was
proposed to induce ferromagnetism in LAO/STO HS.*

In terms of the strain engineering, the tensile strain on the
STO substrate was found to be able to enhance the interfacial
conductivity and lateral charge confinement effects of the
2DEG in the LAO/STO.2>%~*! Nevertheless, considering the
practical difficulty of applying strain engineering on the STO
substrate, inserting a new doping layer between the two
perovskites appears to be more effective to tailor the properties
of the 2DEG.****75¢ For instance, the transition metal and
rare-earth metal doping at the STO side in the LAO/STO HS
can significantly enhance the interfacial conductivity.*>>®
Insertion of one unit cell of ATiO; (A = Ca, Sr, Sn, and Ba)
at the interface and the rare-earth metal doping at the Sr site of
the STO substrate can effectively modulate the sheet carrier
density of the 2DEG in LAO/STO HS.*> It was found that,
compared with that of the undoped HS system, the La and Sn
doping at the A site can lead to higher carrier density in the
LAO/STO system. Hwang et al.>* found that LaTiOs-layer-
doping can increase the charge carrier density of the LAO/STO
HS, as predicted from first-principles calculations,* and the
total charge carrier density reaches its maximum value at the
doping of 0.5 unit cell of LaTiO;. This is because extra
electrons are introduced on the interface from the Ti ** ions of
the LaTiO;, and thus the interfacial charge carrier density is
expected to continuously increase as more LaTiO; layers are
introduced.** Nevertheless, it is experimentally observed that
when more LaTiO; layers are introduced, the total charge
carrier density of the LAO/STO HS decreases unexpectedly
and slightly,>* which is different from first-principles calcu-
lations.” This is probably because, in such a case, the LaTiO;
layers far away from the STO substrate reserve more Mott
insulating character, which is beyond the capability of standard
density functional theory (DFT) calculation in describing the
electronic states of Ti ions accurately, even within the frame of
generalized gradient approximation (GGA) plus U approach.
Besides enhancing the electrical conductivity, the o-doping of
EuTiO; layers between LAO and STO even leads to
ferromagnetism.>®

In a broader perspective, 2DEG is one exemplar showing that
interfaces can exhibit properties that are drastically different

from the corresponding bulk materials; such interfaces may be
considered as 2D interfacial phases generally. Just like bulk
phases, one effective way to tune the properties of 2D
interfacial phases is to dope them with certain additives. Recent
studies demonstrated that the formation of dopant- or defect-
based 2D interfacial phases (also called complexions) can be
utilized to tailor free surfaces,>® grain boundaries,®" and
phase boundaries® either to achieve unique properties
unattainable by conventional bulk materials or to control the
materials fabrication processing. In this study, we explore a
similar doping-based interfacial engineering strategy to tune the
properties of LAO/STO interface by doping Sn at different
atomic sites to form Sn-based stable or metastable 2D
interfacial phases/complexions and to examine their stability
conditions, that is, whether and at which conditions they may
form and the impacts of their formation on 2DEG properties.
Specifically, to effectively tune the electron transport
property of the 2DEG in the LAO/STO, one potential strategy
is to introduce additional electrons into the polar LAO film via
“electron doping”. This can lead to more charge transfer from
the LAO film to the nonpolar STO substrate, and thus the
charge carrier density of the HS system can be significantly
improved. Sn dopant often exists with an oxidation state of +4,
and thus the substitutional Sn doping at AI** site can introduce
one more electron into the HS system, which can potentially
increase the charge carrier density and thus enhance the
electrical conductivity of the HS system. To verify this
hypothesis, in this work, we modeled four substitutional Sn-
doped LAO/STO HS structures, that is, Sn at Sr site (Sn@Sr),
Sn at Ti site (Sn@Ti), Sn at La site (Sn@La), and Sn at Al site
(Sn@Al), and studied their interfacial energetics, electronic,
and magnetic properties using first-principles electronic
structure calculations. We identified the thermodynamic
stability conditions for each of the four proposed doped
configurations with respect to the undoped LAO/STO
interface, which can guide the search of the experimental
conditions to growth such doped interfacial structures. We
found that the Sn@Al doped LAO/STO HS system is
energetically most favorable (with respect to decohesion)
among the undoped and the other three doped HS systems
(representing the highest mechanical stability), while the Sn@
La doped HS system exhibits the lowest cohesion. As expected,
the Sn@Al doping significantly amplifies the charge carrier
density of the 2DEG and the magnetic moment of the
interfacial Ti atoms compared with that of the undoped HS
system. The electronic and magnetic properties of the other
three Sn-doped LAO/STO HS systems are also detailed.

2. CALCULATION METHODS AND STRUCTURAL
MODELING

Spin-polarized DFT calculations were performed using the Vienna Ab
initio Simulation Package (VASP).®*** The projected augmented wave
(PAW) potentials were used to treat the electron—ion interactions,®
and the GGA parametrized by Perdew—Burke—Ernzerhof (PBE)®
plus on-site Coulomb interaction approach (GGA+U) was used for
the exchange—correlation functional along with U = 5.8 and 7.5 eV for
Ti 3d and La 4f orbitals, respectively. A cutoff of energy of 450 eV was
used for the wave function expansion, and a 10 X 10 X 1 k-space grid
was found to converge well for the self-consistent calculations. Self-
consistency was assumed for a total energy convergence of less than
1075 eV. The density of states (DOS) was calculated with a Gaussian
smearing of 0.05 eV. The initial magnetic moments of Ti ions in the
spin-polarized DFT calculations were set in a ferromagnetic alignment.
To resemble the experimental material growth process, all the atomic
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positions and lattice parameters along the z-axis of the HSs are fully
optimized until all components of the residual forces were smaller than
0.02 eV/A, while the cell parameters along the x- and y-axis were fixed.
The supercell approach was used to model the (LAO)4s/(STO);;5
HS, which contains two periodic n-type (TiO,)°/(LaO)*! symmetric
interfaces. The experimental lattice constant of STO, 3.905 A, was
fixed in the ab-plane to construct all the HS systems. In this work, four
Sn-cation-doped LAO/STO HS models were considered in which the
Sn cation replaces the Sr (Sn@Sr), Ti (Sn@Ti), La (Sn@La), and Al
(Sn@Al) atom near the interfacial region, respectively.

3. RESULTS AND DISCUSSION

3.1. Structural Relaxation and Interface Energetics.
The interfacial local structure reconstruction such as TiOg4
octahedron distortion strongly influences the interfacial
electronic states of the LAO/STO HS."*~% To examine Sn
doping effects on the interfacial structural deformation, we
listed the optimized interfacial Ti—O (Sn—O and La—O) bond
length along the c-axis and O—Ti—O (O—Sn—0) bond angles
in Table 1. For comparison, the Ti—O (La—O) bond length

Table 1. Calculated Interfacial Ti—O, Sn—O, and La—O
Bond Lengths (A) along the c-Axis (or ac-Plane) and O—Ti—
O (0—Sn—0) Bond Angles in the ab-Plane for Undoped
and Sn-Doped LAO/STO HS Systems

HS systems Ti—O Sn—O O-Ti—O O—-Sn—-0O La—-0O
undoped 2.04 172.4° 2.72
Sn@Sr 2.05 168.5° 2.70
Sn@Ti 2.16 164.1° 2.67
Sn@La 1.97 2.90 176.9°
Sn@Al 2.30 163.7° 2.49

and O—Ti—O bond angle of the undoped LAO/STO HS
system are also listed. In all the doped and undoped systems,
the interfacial TiOg or SnOg4 octahedra show structural
distortion toward the STO substrate. In the Sn@Sr and Sn@
Al doped systems, the interfacial Ti—O bond lengths increased
by 0.01 and 0.26 A, while the interfacial O—Ti—O bond angle
decreased by 3.9° and 8.7°, respectively, with respect to that of
the undoped LAO/STO system. This indicates that the
interfacial TiO4 octahedron becomes more distorted in the
Sn@Al doped system than that in the undoped and Sn@Sr
doped systems. As shown later, the structural distortion leads to
a significant shrink of the La—O bond along the ac-plane and
the resulting large cleavage energy and strong interfacial
cohesion. In the Sn@La doped system, in contrast, the
interfacial Ti—O bond distance decreases by 0.07 A, while
the O—Ti—O bond angle increases by 4.5° compared with that
of the undoped LAO/STO system, which shows the opposite
trend compared with the Sn@Sr and Sn@Al systems, implying
that the interfacial TiO4 octahedron is less distorted.
Interestingly, the La—O bond length along the ac-plane in
the Sn@Sr, Sn@Ti, and Sn@AI systems decreases by 0.02, 0.0S,
and 0.23 A, respectively, with respect to that of the undoped
system, suggesting that the interfacial La—O bond becomes
stronger upon structural relaxation. In the Sn@La system, the
Sn—O bond that corresponds to the La—O bond in the
undoped system increases by 0.18 A. As discussed below, the
interfacial La—O bond length is correlated with the cleavage
energies (interfacial cohesion) of the LAO/STO HS system.
To rigorously determine the relative thermodynamic stability
of the undoped and various Sn-doped complexions, we need to
know the relative interfacial energies, which depend on the

chemical potential of individual element, while the chemical
potential strongly relies on the specific condition of materials
synthesis. In other words, the relative thermodynamic stability
of Sn-doped complexions is determined by the specific
materials synthesis condition. The following equation compares
the relative interfacial energies between the undoped and
various Sn-doped LAO/STO HS complexions (interfacial
structures):”°

= (B2O = BT o, - 20,)/24

(1)

Ysnax (X = Sr, Ti, La, and Al) and Yundoped Stand for the
interfacial energies of the Sn-doped and undoped complexions,
respectively. Epi®* and Ejjg°P*® are the total energies of the
doped and undoped LAO/STO HS systems. yix (X = Sr, Tj, La,
and Al) refers to the chemical potentials of the host ions, and
Hs, is chemical potential of Sn. A is the interface area, and the
factor of 2 in the denominator indicates that two symmetrical
interfaces are present in the HS system. The factor of 2 of the
chemical potentials yyx and g, means two Sn atoms replacing
two X atoms for constructing symmetrical interfaces. Note that
the chemical potentials of the host ions and the Sn dopant
depend on the materials growth conditions in the actual
experiments. Ys,@x — Yundoped < O suggests that the Sn@X
doped HS system is energetically more favorable than the
undoped HS system. Accordingly, ux — s, < Eyndoped _ pin@X
suggests that the Sn@X (X = Sr, Ti, La, and Al) doped LAO/
STO HS complexion (specific interfacial structure) is energeti-
cally (or thermodynamically) more favorable to form than the
undoped system. Our calculations formulate this condition as
the following four possibilities: (i) the Sn@Sr doped complex-
ion is preferred to form with respect to the undoped LAO/
STO interface when pg, — pig, < 2.4 eV; (ii) the Sn@Ti doped
complexion is preferred when pr; — pg, < 5.05 eV; (iii) the
Sn@La doped complexion is preferred when p;, — pg, < 6.8
eV; and (iv) the Sn@Al doped complexion is preferred when
Hal — Hgn < 625 €V.

In addition, we calculated their cleavage energies (E..,,)
using the following formula:”*”*

}/Sn@X - 7/undoped

STO LAO
Ejee = (Eslab + Eq, — EHS)/ZA 2)

where Eyg is the total energy of the LAO/STO HS system,
while EJ1Y and ES” represent the total energy of the STO and
LAO slab system, respectively. The STO and LAO slab systems
are modeled using the same supercell with the HS system to
maximize the error cancellation. As mentioned above, A refers
to the interface area, and the factor of 2 in the denominator
means the two symmetrical interfaces in the HS system. The
physical meaning of the cleavage energy refers to the energy
required to separate the HS system into two parts,”® that is, the
interfacial cohesion, which is independent of the specific
chemical potentials of individual elements; therefore, E,, can
be robustly calculated with well-defined physical meaning (a
measure of the mechanical stability or strength of the interface).
As a result, the larger cleavage energy the HS system has, the
stronger (generally more stable) interface. It is noted that the
cleavage energy strongly depends on the interfacial bonding
strength that can be partially reflected from the bond length.
Herein, we plotted the interfacial La—O (Sn—O in Sn@La
system) bond distance and cleavage energies of the undoped
and Sn-doped LAO/STO HS systems in Figure 1, panels a and
b, respectively. Our calculations show that the Sn@Sr, Sn@Tij,
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Figure 1. (a) Calculated A—O (A = La and Sn) bond distance along
the ac-plane near the interfacial region and (b) cleavage energies as a
function of undoped and Sn-doped LAO/STO HS systems. A—O
bond refers to the La—O bond in the undoped, Sn@Sr, Sn@Ti, and
Sn@Al doped LAO/STO systems, and Sn—O bond in the Sn@La
doped system.

and Sn@AI doping strengthen the LAO/STO interfaces. The
Sn@AI doping leads to the highest interfacial cohesion among

the undoped and various doped systems, implying that Sn@Al
doping can stabilize significantly the LAO/STO HS system.
This phenomenon can be understood from the changes of the
interfacial chemical bond caused by the Sn doping, shown in
Figure 1, panel a. Upon Sn doping, the interfacial La—O bond
length is shortened in the Sn@Sr, Sn@Ti, and Sn@Al systems,
which means the La—O bond strength increases. The Sn@Al
doped system has the shortest La—O bond, that is, strongest
interfacial bonding, and thus the highest cleavage energy. In
contrast, in the Sn@La doped system, the Sn—O bond
increases to 2.90 A with respect to the corresponding La—O
bond in the undoped LAO/STO HS system, which implies a
weaker interfacial bonding and thus lower cleavage energy than
the undoped and the other three Sn-doped HS systems. Hence,
one would expect that Sn@La doping is energetically less
favorable than the undoped and other three doped structures,
and its preparation is relatively difficult. In short, our
calculations indicate that the interfacial La—O bond length
along the ac-plane could be used as effective descriptor for
qualitatively evaluating the interfacial cohesion, and the
substitutional Sn doping at Sr, Ti, and Al sites can enhance
the La—O bonding strength.

3.2. Electronic Properties. In this section, we explored the
electronic properties of various Sn-doped LAO/STO HS
systems. The Sn-doping influence on the electronic states
near the interfacial region was analyzed by plotting the total,
partial Ti 3d, and Sn 5s/Sp DOS for Sn@Sr, Sn@Ti, Sn@La,
and Sn@AIl doped LAO/STO HS systems, see Figure 2. It is
well established that the 2DEG in the LAO/STO HS system is
mainly caused by the partially occupied Ti 3d orbitals of the
first interfacial (IF-I) TiO, layer of the STO substrate along
with a small contribution from the third interfacial (IF-III)
TiO, layer.**™*" The fifth interfacial (IF-V) TiO, layer has
almost negligible contribution, and the other layers away from

— S5sSn
— 5p Sn

T
I
I
|
|
|

DOS (states/eV)

Figure 2. Calculated spin-polarized total and partial DOS projected on Ti 3d and Sn Ss/Sp orbitals near the interfacial region of n-type (LaO)*!/
(TiO,)° interface for Sn@Sr (first row), Sn@Ti (second row), Sn@La (third row), and Sn@Al (fourth row) doped LAO/STO HS systems.
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the interface have no contribution to the interfacial
conductivity. The width of the conducting layers along the c-
axis in the LAO/STO HS system is ~9.6 A (about 3 unit cells
of the STO), showing the two-dimensional characteristics of
the 2DEG. Accordingly, we focused on the interfacial Ti 3d
electronic states in the Sn-doped LAO/STO HS systems. The
first, second, third, and fourth row in Figure 2 represent the
Sn@Sr, Sn@Ti, Sn@La, and Sn@Al doped LAO/STO systems,
respectively. To analyze the valence states of Sn ions, we also
plotted partial DOS of Sn including its Ss and Sp orbitals for
each system. The total DOS indicates that Sn@Sr, Sn@Ti, and
Sn@AIl doped LAO/STO systems exhibit n-type conductivity,
while the Sn@La doped LAO/STO system shows p-type
conductivity. As discussed below, the different conductivity
types are caused by the different valence states of the Sn
dopants.

For Sn@Sr doped LAO/STO system, it shows the nearly
same total and partial DOS as found in the undoped LAO/
STO HS, with a small decrease in the partial occupation of the
DOS near the Fermi level, which will be reflected from the
number of the orbital occupations in Figure 3. The partial DOS

S 16} @—@ Orb. occ. (a)
= o—on 19 —
g o
S0k g
5 1.2 l¢ S
g =
=)
:_e N
O 04r
—_— 0
@O IF-ITi (b)
1t @@ IF-III Ti E
/Mm
= 0.5} ]
O —_— —
undoped Sn@Sr_ Sn@Ti Sn@AI

Sn-doped LAO/STO

Figure 3. Calculated (a) total orbital occupation (Orb. occ.) numbers
and corresponding charge carrier densities (1) and (b) partial Ti
magnetic moments (up) near the interfacial (IF-I and IF-1II) TiO,
layers in the undoped and various Sn-doped LAO/STO HS systems.

of the Sn dopant illustrates that Sn Ss orbitals are fully
occupied, while its Sp orbitals are fully empty. This means that
Sn dopant has its electron configuration resembling that of a
Sn** (s’p°) ion, which shares the same valence state with that of
the host Sr ion. Similarly, the Sn@Ti doped system also shows
the nearly same total and partial DOS with that of the undoped
LAO/STO HS system. The partial DOS plot of the Sn dopant
shows that the majority of both Sn Ss and Sp orbitals are
unoccupied, indicating that the Sn dopant has an electron
configuration like that of a Sn** (s°¢°) ion, same with that of the
host Ti*" ion. In both cases, the charge transferred from the
polar (LaO)*! layer to the nonpolar (TiO,)° layers toward the
STO substrate. However, no additional electrons are
introduced into the system, implying that Sn@Sr and Sn@Ti

doping is not an effective way to tune the conduction of the
2DEG in LAO/STO HS.

For Sn@La doped LAO/STO system, surprisingly, the Fermi
level is pinned in the valence band tail, exhibiting p-type
conductivity, see the third row in Figure 2. The partial DOS of
the Sn shows that Ss orbitals slightly cross the Fermi level, while
the majority of the Sp orbital is in the conduction band,
indicating that the Sn approximately remains in the +2 state at
the La site. That is to say, the Sn>* doping at the La®* site
introduces one hole into the system, thus leading to the p-type
conductivity. Our partial DOS analysis indicates that the hole
states contributing to the p-type conductivity mainly come from
the Sn Ss and O 2p orbitals in the SnO layer, along with a small
contribution from O 2p orbitals in the interfacial TiO, layer, see
Figure 1S of the Supporting Information. This mechanism,
however, is different from the predicted but not observed yet p-
type conductivity in SrO terminated (SrO)°/(AlO,)~! undoped
LAO/STO HS system, in which the charge transfer from the
(SrO)° layer to the (AlO,)™" layer induced by the polar
discontinuity plays a crucial role.'

The most striking result of the present study involves the
Sn@Al doping near the interfacial region, where the electron
transport property of the 2DEG is expected to be substantially
enhanced as compared with all other Sn-doped systems,
including the undoped LAO/STO HS, see the fourth row of
Figure 2. The total and partial Ti 3d gap states at the IF-I layer
shrink toward the conduction band but grow near the Fermi
level, increasing their orbital occupation. As in the case of Sn@
Ti doped LAO/STO system, the partial DOS of Sn shows that
its Ss and Sp orbitals are both unoccupied, indicating that the
Sn dopant exists as an Sn*" ion. As a result, by replacing the
AP* with Sn*, one extra electron is added into the system,
which almost resides at the Ti site in the IF-I layer. This
enhances the orbitals occupation and hence the charge carrier
density. The partial DOS shows that the metallic states are
mainly contributed by the Ti 3d states on the IF-I layer, and the
Ti 3d orbital occupation is much higher than that in the
undoped and other Sn-doped LAO/STO HS systems. This
indicates that the electron transferred from the polar (LaO)*'
layer to the nonpolar (TiO,)° layer and introduced by Sn@Al
doping mostly resides on the Ti ion in the IF-I layer.

3.3. Charge Carrier Density and Magnetic Moment.
For a qualitative comparison of the various Sn-doped LAO/
STO HS systems excluding Sn@La doped system, we
computed their total charge carrier density and partial magnetic
moments on the Ti atoms near the interfacial (IF-I and IF-III)
TiO, layers for undoped, Sn@Sr, Sn@T1i, and Sn@Al doped
systems. To do so, we calculated the partial occupation by
integrating the total DOS of the occupied gap states near the
Femi level and then proceeded to determine the charge carrier
density in each system. The estimated occupation numbers and
their corresponding charge carrier densities of the undoped and
Sn-doped LAO/STO HS systems are shown in Figure 3, panel
a. Our theoretical results affirm that the highest orbital
occupation number and charge carrier density are obtained in
the Sn@Al doped LAO/STO HS system. As discussed above,
this phenomenon occurs because Sn replacement of Al donates
one extra electron into the system, which extensively increases
the orbital occupation number of the DOS near the Fermi
energy and hence elevates the charge carrier density. In
contrast, the Sn@Sr and Sn@Ti doped LAO/STO HS systems
exhibit nearly the same orbital occupation number. This is
because that Sn dopant shares the same valence state with the
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host ions in the LAO/STO system, that is, Sn** at Sr** and Sn**
at Ti", respectively.

Next, we addressed the Sn doping effects on the magnetic
moments of the above-mentioned doped HS systems. It is well-
known that the partially occupied Ti 3d orbital mainly
contribute to the magnetic moment of the n-type LAO/STO
HS system.’”> Hence, herein we show the calculated local
magnetic moment on the Ti atoms near the interfacial (IF-I and
IF-1I) TiO, layers for the undoped and Sn-doped LAO/STO
HS systems in Figure 3, panel b. The Sn@Al doped LAO/STO
system has the largest IF-I Ti magnetic moment compared with
all other systems in the present study. This is because one more
electron was introduced into the Sn@Al doped system, and the
additional electron mostly resides on the Ti 3d orbital in the IF-
I layer, resulting in the larger magnetic moment. In contrast, the
Ti atoms in the IF-III TiO, layers exhibit very weak spin-
polarization with magnetic moments of 0.12 . This is because
tewer electrons are transferred to the IF-III layers as compared
with the IF-I from the LaO layer. The layers away from the
interface in the STO substrate show no spin-polarization. For
Sn@Sr and Sn@Ti doped LAO/STO HS systems, the deeper
TiO, layers in the STO substrate exhibit significant spin-
polarization with magnetic moments of 0.26 y3/0.09 py and
0.25 py/0.12 py in IE-III/IF-V layers, respectively.

This variance is because Sn@Sr and Sn@Ti doping
considerably distort the TiO4 octahedra in deeper layers of
STO as compared with the undoped and Sn@AI doped systems
(discussed later), which lead to stronger electrical polarization
and thus facilate the charge migration to deeper TiO, layers in
the STO substrate. In short, our results indicate that Sn@Al
doped LAO/STO HS system is expected to show higher
interfacial charge carrier density and more robust magnetic
moment than the undoped and other Sn-doped LAO/STO HS
systems. In addition, to elucidate the effect of U value on the
electronic property, interfacial charge carrier density, and
magnetic moment on the interfacial Ti ions, we took the
Sn@Al doped LAO/STO system as an example and
recalculated its electronic structure within U = 0 eV for Ti 3d
and U = 7.5 eV for La 4f. The calculated total, partial Ti 3d, and
Sn Ss/5p DOS were provided in the Figure 2S of the
Supporting Information. Our calculations show that Ti 3d
states from the IF-I TiO, layers are mainly contributing to the
metallic states, and the 2DEG mostly resides in the interfacial
TiO, layer in the STO substrate, as observed in the case when
U = 5.8 eV was applied on Ti 3d orbitals. The calculated
interfacial charge carrier density and magnetic moment on the
interfacial Ti ions within the U = 0 eV for Ti 3d are 8.6 x 10"
cm™ and 0.73 uy, respectively, less than the corresponding
values of 9.5 X 10** cm™2 and 1.13 py; with U = 5.8 eV for Ti 3d
orbital. Our results indicate that the U value (5.8 eV) on the Ti
3d orbital does not alter the electronic property dramatically,
but improve the magnetic moment of interfacial Ti ions by
about 55%.

3.4. Quantum Confinements of 2DEG along the c-
Axis. To examine Sn doping effects on the quantum
confinement of electron gases along the c-axis, charge density
plots projected on the occupied bands forming the 2DEG for
undoped, Sn@Sr, Sn@Ti, and Sn@AIl doped LAO/STO HS
systems are shown in Figure 4, which give a direct visualization
of the spatial extension of the 2DEG. In the undoped LAO/
STO system, a majority of the transferred electrons from the
LAO are localized in the first TiO, layer (IF-I) in the STO
substrate, and the remaining electrons are transferred to the

Undoped Sn@Sr Sn@Al
AIQ © © O—Q—¢
LaO + +
TiO, —(@D)— (o) 5 < IF-I
S (
0@ ¢ $
TiO, ©)—o (8 ® ~—IF-TII
s0@ ¢ $
TiO, ° ©) ©—0 ~—IF-V
St + + +
TiO, © ° © —0 ~—IF-vI
(2) (b) (d)

Figure 4. Charge density projected on the bands forming the metallic
states near the interfacial region for (a) undoped, (b) Sn@Sr, (c) Sn@
Ti, (d) and Sn@Al doped LAO/STO HS systems, respectively.

third (IF-III) and fifth (IF-V) layers of the STO substrate
(Figure 4a). For the Sn@Al doped HS model, unexpectedly,
the electrons transferred from the polar (LaO)™" layer to STO
are almost completely confined in the first (TiO,)° IF-I layer
(Figure 4d), and only a very small amount of charge is
transferred to the IF-III layer, forming a nearly ideal 2DEG. In
the Sn@Sr doped HS system, besides the electrons localized on
the IF-I TiO, layer, a substantial amount of electrons is
transferred to the IF-III, IF-V, and IF-VII TiO, layers,
extending the spatial thickness of the 2DEG substantially
along the c-axis (Figure 4b). A similar phenomenon also occurs
in Sn@Ti doped LAO/STO HS system. In this model, the
interfacial SnO, (IF-1) layer cannot capture any electrons, and
hence the electrons are further transferred to the IF-III, IF-V,
and IF-VII TiO, layers. This indicates that the Sn@Sr and Sn@
Ti doping weaken the quantum confinement effects of the
2DEG.

The extension of 2DEG is strongly related to the TiOg
octahedra distortion in the STO substrate. To examine the
degree of distortion, we calculated the angles of O—Ti—O in
the ab-plane at the IF-III, IF-V, and IF-VII TiO, layers for
undoped, Sn@Sr, Sn@Ti, and Sn@AI doped systems in Table
2. For the undoped system, one can clearly see that the TiOg4

Table 2. Calculated O—Ti—O Bond Angles in the ab-Plane
at IF-III, IF-V, and IF-VII TiO, Layers for Undoped, Sn@Sr,
Sn@Ti, and Sn@Al Doped LAO/STO HS Systems

undoped Sn@Sr Sn@Ti Sn@Al
IF-1II 177.6° 175.2° 172.9° 179.6°
IF-V 178.7° 176.3° 176.1° 179.8°
IF-VII 179.3° 178.1° 178.4° 179.8°

octahedra are distorted up to the third TiO, layer (IF-III), and
therefore charge transfer from the LaO layer to the TiO, layer
extends to three unit cells of the STO substrate, as indicated in
the project charge density plot (Figure 4a). For the Sn@Al
doped HS system, in contrast, very little TiO4 octahedral
distortion is found at the IF-III layer and is nearly absent at the
IF-V/IE-VII TiO, layers. Therefore, less charge migrates to
deeper layers, and a highly confined 2DEG is obtained. For
Sn@Sr and Sn@Ti doped HS systems, the degree of TiOg
distortion in deeper TiO, layers is much higher than that in the
undoped and Sn@AIl doped HS system. The TiO4 distortion
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toward the STO substrate results in an electric dipole moment,
which further promotes the charge transfer to deep TiO, layers
of the STO substrate and thus substantially extends the spatial
thickness of 2DEG along the c-axis (see Figure 4b,c). It is worth
mentioning that in the Sn@AI doped system, the shape of the
charge density forming the 2DEG is vastly different from those
in the undoped and other doped systems. To understand this
phenomenon, we calculated the orbitally resolved Ti 3d DOS at
the IF-I TiO, layer for undoped, Sn@Sr, and Sn@Al doped
LAO/STO HS systems in Figure S, panels a, b, and ¢

2
Undoped (@) | [Sn@Sr ®)| [Sn@Al }&q (c)
1 t L

A O]
A V|

-2 -1 0 1 2-2

DOS (states/eV)
(=1

-1 0 1
EE, (eV)

Figure S. Calculated orbital-resolved Ti 3d DOS at the interfacial TiO,
layers in (a) undoped, (b) Sn@Sr, (c) and Sn@Al doped LAO/STO
HS systems.

respectively. For the undoped LAO/STO model, only d,,
orbitals cross the Fermi level and are entirely responsible for
the 2DEG, while the d,, and d,, orbitals remain unoccupied and
do not contribute to interfacial conductivity, see Figure S, panel
a. A similar case also occurs in the Sn@Sr doped system, see
Figure S, panel b. For Sn@Al doped LAO/STO model, in
contrast, the d,. and d,. orbitals contribute to the metallic
states, while the d,, orbitals remain unoccupied and stay at
higher energies in the conduction band, see Figure S, panel c.

4. CONCLUSION

In conclusion, spin-polarized DFT calculations were performed
to study the interfacial energetics, electronic, and magnetic
properties of Sn-doped LAO/STO HS systems. Four substitu-
tional Sn-doped LAO/STO HS structures, that is, Sn@Sr, Sn@
Ti, Sn@La, and Sn@A]l, are modeled. Our calculations identify
the thermodynamic stability conditions of the four proposed
doped structures with respect to the undoped LAO/STO HS
and further show that Sn@Sr, Sn@Ti, and Sn@Al doping
strengthens the LAO/STO interface by strengthening the La—
O bonds, while the Sn@La doping weakens the interface. The
relative interface cohesion of the four layer-doped LAO/STO
systems (complexions) follows the order: Sn@Al > Sn@Ti >
Sn@Sr > Sn@La. The Sn@Al, Sn@Ti, and Sn@Sr doped
LAO/STO HS systems both show n-type conductivity with
typical 2DEG characteristics, while the Sn@La doped HS
system exhibits the p-type conductivity. The Sn@Al doped
LAO/STO HS system is found to exhibit much higher charge
carrier density and larger magnetic moment than those of the
undoped, Sn@Sr, and Sn@Ti doped LAO/STO systems. This
is because Sn@AIl doping introduces one additional electron
into the LAO/STO HS system, and the extra electron mostly
resides in the 3d orbitals of interface Ti atoms. Thus, we
propose that the electrical conduction and magnetic moment of
the 2DEG in LAO/STO HS system can be amplified by Sn@Al
doping in an energetically favorable way.
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