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Controlled Electronic and Magnetic Landscape in
Self-Assembled Complex Oxide Heterostructures

Dae-Sung Park,* Aurora Diana Rata, Rasmus Tindal Dahm, Kanghyun Chu, Yulin Gan,
Igor Maznichenko, Sergey Ostanin, Felix Trier, Hionsuck Baik, Woo Seok Choi,
Chel-Jong Choi, Young Heon Kim, Gregory Jon Rees, Haflidi Pétur Gislason,

Pawet Adam Buczek, Ingrid Mertig, Mihai Adrian lonescu, Arthur Ernst, Kathrin Dérr,

Paul Muralt, and Nini Pryds

Complex oxide heterointerfaces contain a rich playground of novel physical
properties and functionalities, which give rise to emerging technologies.
Among designing and controlling the functional properties of complex oxide
film heterostructures, vertically aligned nanostructure (VAN) films using a
self-assembling bottom-up deposition method presents great promise in
terms of structural flexibility and property tunability. Here, the bottom-up

1. Introduction

Over the last three decades, the rapid
and continued development of thin film
growth technologies of strongly correlated
complex oxides (e.g., those composed of
transition metals with the variable oc-
cupancy of d-/fband electrons and/or

self-assembly is extended to a new approach using a mixture containing a
2Dlayer-by-layer film growth, followed by a 3D VAN film growth. In this work,
the two-phase nanocomposite thin films are based on LaAlO;:LaBO;, grown
on a lattice-mismatched SrTiO;,; (001) single crystal. The 2D-to-3D transient
structural assembly is primarily controlled by the composition ratio, leading to
the coexistence of multiple interfacial properties, 2D electron gas, and
magpnetic anisotropy. This approach provides multidimensional film
heterostructures which enrich the emergent phenomena for multifunctional

applications.

with orbital orderings) provide rich and
emerging functionalities such as high-
mobility 2D electron gases (2DEGs),!!
ionic conduction,!?l topological states,’!
ferroelectricity,[*]  ferromagnetism,®! and
multiferroicity.[*®”] These functionalities
represent properties different from their
bulk counterparts. The prototypical het-
erostructure, LaAlO,(LAO)/SrTiO,(STO),
is an excellent example that exhibits
a wealth of intriguing properties at
the interface such as low-temperature

D.-S. Park, K. Chu, P. Muralt

Institute of Materials

Swiss Federal Institute of Technology—EPFL
Lausanne 1015, Switzerland

E-mail: daepa@dtu.dk

D.-S. Park, R. T. Dahm, F. Trier, N. Pryds
Department of Energy Conversion and Storage
Technical University of Denmark

Kgs Lyngby DK-2800, Denmark

D.-S. Park, M. A. lonescu

Institute of Electrical and Micro Engineering
Swiss Federal Institute of Technology—EPFL
Lausanne 1015, Switzerland

A. D.Rata, I. Maznichenko, S. Ostanin, |. Mertig, K. Dérr
Institut fiir Physik

Martin-Luther-Universitit Halle-Wittenberg
06099 Halle, Germany

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202300200

© 2023 The Authors. Advanced Materials published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/adma.202300200

Adv. Mater. 2023, 35, 2300200 2300200 (1 of 11)

Y. Gan

Institute of Physics

Chinese Academy of Sciences
Beijing 100190, P. R. China

H. Baik

Korea Basic Science Institute
Seoul 02841, Republic of Korea
W. S. Choi

Department of Physics
Sungkyunkwan University

Suwon 16419, Republic of Korea
C.J. Choi

School of Semiconductor and Chemical Engineering
Chonbuk National University
Jeonju 54596, Republic of Korea
Y. H. Kim

Graduate School of Analytical Science and Technology
Chungnam National University
Daejeon 34134, Republic of Korea
G.J. Rees

Department of Materials
University of Oxford

Oxford OX1 3PH, UK

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202300200&domain=pdf&date_stamp=2023-06-29

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

superconductivity (below =200 mK) and unconventional
magnetism.®% The low-dimensional conduction stems from
the confined charge carriers at the polar/non-polar complex
oxide interface and appears when > 4 unit cells (UCs) of LAO
are grown on singly terminated TiO,-STO substrates.l'"! Despite
the continuous debate to the underlying mechanism on the
enhanced electron mobility at the interfaces, these interfaces
turn out to be a central way to realize high electron mobility
(u ~ 1000 — 10000 cm? V! s7! at 2 K). It is widely believed
that realizing interfaces with high mobility requires delicate
growth control to achieve the interfacial electron and/or orbital
reconstruction, control of oxygen vacancy content, cation stoi-
chiometry, and sufficiency of charge carrier sources.[''4] The
electronic and magnetic interactions at the 2DEGs have been
exploited via electrical gating,['>1%] inserting 5-doping layers, 17!
and assembly of magnetic and ferroelectric layers!'®1% to trigger
tunable functionalities for nanoscale electronic applications
such as spin valves and non-volatile electrical switching devices.

Another approach for controlling the functional properties of
complex oxide heterostructures is to utilize self-assembled 3D
vertical arrays of heterointerfaces in VAN films by composing two
or more different phases, which are largely mismatched under
strain-mediated and/or different film growth modes.***!! In or-
der to obtain distinct and well-separated pillars, VAN thin films
were usually grown using targets that contain equal composi-
tions of two oxide material components or alternatively, relatively
high composition ratios of a secondary phase component to a
host material one (e.g., 0.2 — 0.5).2>-2*] The VAN film growth
characteristics have been explored using materials components
differing in crystallographic structure, thermal expansion, elastic
constant, and strain relaxation during film growth. The growth
of VAN films is typically driven by the different surface energy
and wettability between two phases and a substrate. One ox-
ide phase grows in layer-by-layer growth mode (Frank—Van der
Merwe) to form a film matrix, while the other phase grows in
island mode (Volmer—Weber). The latter leads to the formation
of secondary nanopillars/nanocolumns embedded in the matrix.
The main advantages of this approach are i) a self-assembly of
vertical interfaces of two/more phase materials and ii) circum-
venting the length-scale and number limits of conventional pla-
nar epitaxial thin film heterointerfaces (e.g., superlattice-type het-
erostructures) for mesoscale-film materials. Thus, it can enrich
the interfacial effects in terms of lattice strain, defect, charge,
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and spin. The main difference between the horizontal and ver-
tical interfaces is their different stress configuration. The hori-
zontal interfaces have often zero vertical stress, whereas in the
plane the misfit stress is in general non-zero.”’! In a layered
structure, the elastic energy increases with increasing the num-
ber of monolayers, leading to the formation of misfit dislocations
and the following stress reduction along the film. In contrast,
the strain at the vertical interfaces is often accomplished by em-
bedding a secondary oxide phase into the host matrix. Vertically
aligned interfaces have shown fascinating multifunctional prop-
erties such as high ionic conductivity,[*! extraordinary ferroelec-
tric orderings,!?’] and magnetic anisotropy.’! For example, high
ionic conduction is preferentially formed near or at the vertical
interfaces due to the formation of charged cation/anion point
defects, e.g. oxygen vacancies at these interfaces.[*!] Despite a
large diversity of the functional properties, the formation of self-
assembled vertical interfaces still relies on the growth of vertically
aligned nanostructures which significantly limits the long-range
electronic interactions due to the lack of long-range atomic pre-
cision between the two phases and the detrimental distribution
of structural/atomic defects. In self-assembly approach, a mix-
ture containing a layer-by-layer growth mode for 2D horizontal
interface and a growth mode for 3D vertical interface is still not
realized yet. Achieving such a film heterostructure can lead to
the coexistence of multiple properties in two different interface
orientations.

In this work, we demonstrate a new design of self-assembly
multidimensional growth of 2D and 3D complex oxide nanocom-
posite thin films. The nanocomposite films are formed via a
selection of two distinct oxide materials, rhombohedral LaAlO,
[LAO(1-x)] and orthorhombic LaBO, [LBO(x)], outlined in
Figure 1a. The composition of LAO:LBO (hereafter referred to as
LABO) is varied over the range of LBO composition, x = 0 — 10%.
Our results show a structural transition from a 2D (LAO/STO)
layered film to a 3D (LAO/LBO) vertical aligned nanopillar, which
takes place at the composition above x = 8%. The formation of
these two distinct orientations of interfaces (horizontal and ver-
tical interfaces) is achieved via a composition-assistant transition
which is complementary with strain matching. This gives rise to
simultaneous multiple properties such as 2DEG and perpendic-
ular magnetic anisotropy in the multi-dimensional nanocompos-
ite heterostructure.

2. Results and Discussion

2.1. Structural Transition of Epitaxial LABO Nanocomposite
Films on STO

LABO composite thin films with composition of 0 < x < 10%
were simultaneously grown on TiO,-terminated SrTiO,(001)
substrates by pulsed laser deposition (PLD) as schematically
shown in Figure la. For a systematic comparison, the to-
tal thickness was kept constant at t ~ 22-25 nm. The
composition of the grown films was determined by x-ray
photoelectron spectroscopy (XPS) (Figure S1, Supporting In-
formation). Details of the film growth are given in the
Experimental Section.

To gain insights into the film growth characteristics of the
LABO films, reciprocal space mappings (RSM) were performed
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Figure 1. The growth of LABO nanocomposite films on STO(001) substrates with different x. a) A schematic for the formation of LABO nanocomposite
films, consisting of a rhombohedral LAO(1-x) and an orthorhombic LBO(x), grown on a cubic STO(001). b) RSMs around the STO (113) reflection for
the LABO(x = 0 — 10%)/STO samples. The cross mark indicates the (113),, reflection position of bulk LAO (ap. = 3.79 A). A gradual separation of
streak and broad peaks for the RSM(113) . reflections of the nanocomposite films gradually is observed with increasing x. c) The a- and c-axis lattice
constants of the nanocomposite films with different x. The lattice parameters of the (I) and (I1) layers are separately presented. d) A cross-sectional
HR-STEM image projected along <100> direction for the 25 nm-thick epitaxial LAO film grown on STO (0071). e) Cross-sectional TEM (upper panel)
and HR-STEM (lower panel) images of the LABO (x = 8%) nanocomposite film on STO (001). The results indicate the formation of a mixed LABO film
structure, consisting of an initial epitaxial 2D layer and subsequent 3D vertically aligned nanocomposite layer, grown on STO (001).

around the STO(113) reflections. Figure 1b shows the results = —1.92%, respectively. However, in this work, we observed that the
of the RSM. The RSM shows that the in-plane LAO(hhO) for  in-plane and out-of-plane strain of the coherent layer (I) in the
the undoped LAO film (=25 nm thick) is constrained along the =~ nanocomposite (x > 8%) films are &, = +3.0% and ¢, = +0.1% as
STO(hhO0) yielding a positive strain of ~ +3.0%. The out-of-plane ~ compared with the bulk LAO value, respectively. This means that
(00]) of the film shows a negative strain of & —0.8% following the out-of-plane of the coherent layer is oppositely constrained
the Poisson ratio, partially relaxing back toward the value of bulk  (c-axis lattice elongation) in the LABO nanocomposite films
LAO. In contrast, the RSM of the LABO nanocomposite films  maintaining the in-plane matching with the underlying STO
(22 — 25 nm thick) on STO(001) exhibits the development of two  substrate.

reflections of the films that vary significantly with the compo- A clear increase in the reflection area and the intensity of
sition, x. These two reflections are assigned to: I) a film region  the broad reflection region-II is observed with higher composi-
that is coherently constrained to the in-plane STO and II) a re-  tions (see dashed line in Figure 1b). This is believed to be due
gion that moves away from the in-plane STO. The nanocompos-  to a strain relaxation process of the LAO phase, which is ex-
ite films with lower compositions (x < 5%) indicate partial in-  tended after the development of the region-I. Importantly, the
plane strain relaxation of the region-I with respect to STO while  position of the region II in RSM seems to shift away from
the region-II is gradually developed with higher compositions,  the value of the bulk LAO (see Figure 1b). We further con-
x. When the composition increases above x > 8%, the reflec-  firmed that the lattice of the region-II is distorted tetragonally.
tions of the (113),. plane of the nanocomposite films separate  This was verified by RSM reflections for different crystallo-
into two regions, streak and broad peaks. The streak peak re-  graphic orientations of the films (Figure S2, Supporting Informa-
flects the strain gradient of a 2D coherent film layer which is  tion). These results indicate a two-step structural development,
perfectly aligned along with the in-plane STO. The resulting ¢-  i.e., an initial growth of coherent 2D layer and a following re-
lattice constant of the coherent layers in the films increases with ~ laxed layer. When the composition of LBO reaches x > 8%, the
x, while aligning along the in-plane of the underlying STO sub-  strain distribution of the LABO nanocomposite films is mani-
strate, as shown in Figure 1c. Thus, the c-lattice strain distribu-  fested. To confirm this structural assembly of the LABO films
tion of the coherent layer (lined up along the in-plane of STO  on the STO(001), scanning transmission electron microscopy
in reciprocal space in Figure 1b) is different, compared to the  (STEM) measurements were performed. Figure 1d illustrates a
case of the elastic deformation of a coherent LAO layer which  cross-sectional high-angle annular dark field (HAADF) STEM
is completely imposed by STO substrate with a Poisson ratio of =~ image of the undoped LAO(001) film grown on STO(001). As
LAO (0.24).28] Due to the misfit strain between LAO and STO,  expected, for the undoped LAO (x = 0) (001) film grown on
a pure elastic deformation of the LAO layer on STO is under-  STO(001), only a layer-by-layer epitaxial growth was observed.
taken with a reduced LAO thickness (<20 UCs).[?® This leads  Significant structural disorder was found in the LBO composi-
to the in-plane and out-of-plane strain of ¢, = +3.03% and ¢, =  tion of x < 5% (Figure S3, Supporting Information). In contrast,
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Figure 2. Formation of 2D-3D LABO film layers on STO(001). a) A cross-sectional HAADF-STEM image for a 2D-3D LABO (x = 10%) /STO(001) sample.
The positions of vertical stripes in the 3D area are marked along the x-direction by triangles. b,c) Integrated EELS intensity profiles of Al, B, and La
elements for the 2D (b) and 3D (c) areas corresponding to the film areas in (a). d) An atomic resolution HAADF-STEM image for the atomically abrupt
2D-LAO/STO interface in the LABO/STO heterostructure. e) Schematics for the crystallographic alignment of pseudocubic LAO and orthorhombic
LBO crystals. f) The corresponding atomic resolution HAADF-STEM image for the vertically aligned LAO:LBO nanocomposite film layer. g) Schematic
illustrations for the transient growth sequence of 2D-3D LABO nanocomposite film on STO.

we found that the LABO film (x = 8%) shows well-defined verti-
cally aligned nanostructures (1.5-2 nm width) with visible con-
trast (/atomic contrast) as shown in the HAADF-STEM images
in Figure le. The ratio of the relatively dark to bright areas in
the nanocomposite film layer is around =~ 0.91 + 0.03, similar to
what observed in the composition of the nanocomposite film (x
= 8%). Interestingly, the vertically aligned structure is not di-
rectly formed on STO(001) substrate, but they developed after
the initial 2D layer was formed (see Figure le). The TEM re-
sults verify the spontaneous occurrence of a two-step growth of
the 2D layer and the subsequent 3D vertical array in the epitax-
ial LABO nanocomposite film, which is consistent with the XRD
results.

Adv. Mater. 2023, 35, 2300200 2300200 (4 of 11)

2.2. Growth Mechanism of Self-Assembled 2D-3D LABO
Nanocomposite Film Structure

To understand the compositional characteristics of the self-
assembled LABO nanocomposite film, we carried out 2D ele-
mentary mappings for B, Al, La, and O for the 2D-3D LABO
film (x = 10%) using electron energy loss spectroscopy (EELS)
as shown in Figure 2a and Figure S4 (Supporting Information).
Figure 2b,c exhibits the integrated EELS intensities of Al, B, and
La for the 2D and 3D film areas, respectively. The results in-
dicate that the 2D layer is mainly composed of the Al and La
contents with indistinguishable intensity of the B K-edge EELS
signal. However, in the 3D film layer, B signals were found,
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also confirmed by time-of-flight secondary ion mass spectroscopy
(TOF-SIMS) (see Figure S5, Supporting Information). The inten-
sity of B signal is alternated in the lateral direction with the Al
intensity distribution. The intensity signal of the La is kept al-
most uniform in the lateral (x) and vertical (z) directions. The
periodic distribution of B directly corresponds to the positions
of vertical nanostructures in the 3D pillar-matrix layer as de-
noted in Figure 2a. An abrupt lateral interface is formed between
the self-assembled 2D-LAO and STO (see Figure 2d). In the up-
per 3D nanocomposite film layer, the two vertically aligned LAO
and LBO structures are tightly coupled through the vertical in-
terfaces. We found that the lattice match between LAO and LBO
phases occur via aligning the LAO[100],,.//LBO[010],. (or LBO[-
101],) and LAO[001],,.//LBO[100], as schematically illustrated in
Figure 2e,f. Note that the [101], and [010], crystallographic ori-
entations of orthorhombic LBO (space group: Pnam, a, = 5.106
A, b, = 8257 A, and ¢, = 5.873 A) correspond to pseudocubic
[100], and [001] . directions, respectively.”*! Consequently, our
results directly show that the consecutive formation of coher-
ent 2D film layer and vertically arrayed 3D film is spontaneously
formed in the LABO/STO(001) heterostructures (Figure 2g).

In general, the nucleation-and-growth process on a substrate
relies on island formation which is controlled by temperature,
the surface concentration of adatoms or molecular, ionic species,
nucleation sites (e.g., substrate treatment, surface defects, dislo-
cations), and growth rate.[??l When the concentration of boron
in the LBO is low, the nucleation and the subsequent growth
process (coalescence) are limited by a low probability of boron
atoms to diffuse and form a critical nucleus (a critical nucleus is
one that has the potential to grow), causing a random distribu-
tion of atomic point defects (solid solution). Alternatively, when
the adatom concentration of boron is sufficiently high, i.e., when
the LBO compositions of x > 8%, a supersaturation condition
is achieved,®! leading to the nucleation of LBO crystals. This
means that the nucleation and growth of LBO islands is pro-
moted by high diffusivity/low capture rate of boron atoms on
the LAO surface. The change of the film structure from a 2D
layer to a 3D-VAN is accompanied by a relaxation process of the
elastic energy that minimizes the misfit strain between LAO and
STO for LBO formation in the nanocomposite film following the
Stranski—Krastnov growth mode.>] Choosing an equal composi-
tion (e.g., ratio of the LAO:LBO = 50:50) would lead to only the
formation of VAN structure.l??!] Overall, the growth processes
can be described in the following way: i) the initial growth of
2D LAO on STO(001) under 3% biaxial strain with less boron
accommodation, ii) strain relaxation after a critical thickness of
~10 UC by overcoming the Matthews—Blakeslee barrier,?!) result-
ing in excessive boron diffusion toward the growing surface (in
energetically favorable sites, e.g. edge dislocations), and iii) the
accumulated concentration of boron distributed as islands to fa-
cilitate the nucleation of LBO on the 2D LAO surface, which leads
to the growth of 3D vertically aligned LAO:LBO nanostructures.
This transient growth behavior was directly monitored by in situ
reflection high energy electron diffraction (RHEED) during the
LABO film growth process when compared to the 2D growth fea-
ture of undoped LAO on STO (Figure S6, Supporting Informa-
tion). Based on our proposed mechanism, the content of B in the
2D layer is very small, which was also qualitatively confirmed by
TOF-SIMS (Figure S5, Supporting Information).
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2.3. Epitaxial Strain Distribution in Multi-Dimensional
LABO/STO(001) Heterostructure

In order to understand the strain distribution of the 2D-3D
LABO/STO(001) heterostructure, we performed the peak-pair
analysis and associated strain analysis from the STEM images.
Details of the image processing (including noise filtering, inten-
sity detection and refinement) are given in Figure S7 (Support-
ing Information). Figure 3a shows the refined HAADF-STEM
image for a self-assembled 2D-3D LABO (x = 10%) film layer
on STO(001). Based on statistical determination of La cage with
atomic precisions of ~20 pm, lattice displacements and the as-
sociated epitaxial strain taken by the STEM image were elabo-
rated using the lattice parameter (3.905 A) of cubic bulk STO.
Figure 3b,c exhibits strain maps for the relative biaxial (e,,) and
uniaxial (g,,) strain of the 2D-3D LABO/STO heterostructure,
revealing the strain characteristics along the x- and z-axis. The
¢, mapping (Figure 3b) shows that the in-plane spacing of the
2D LAO layer is perfectly matched, as expected, with that of
the underlying STO. In the 3D LABO layer, we observe an al-
ternating strain characteristic along the lateral direction with
the repetition of tensile (average ¢, ~ +3.5% with respect to
a of bulk STO) and compressive (average €, ~ —1%) strain.
A displacement vector mapping for a transient LAO-to-LABO
area presented in Figure 3d directly visualizes the opposite di-
rections [100] and [—100] of the compressive strain of the two
LAO columns across an LBO column. The aligned nanostruc-
tures (R1) with tensile strain correspond to the (010),-oriented
LBO crystals in the LABO composite film layer, while the areas
(R2) with compressive strain correspond to the (001),, -oriented
LAO columns. We found further that the out-of-plane compres-
sive strain (g,,) of the LABO composite layer in the z-direction
saturates starting from e,, & —4% toward an average ¢,, ~ —1.8%.
Notably, the ¢,, strain becomes uniform along the lateral x-
direction (see Figure 3c). This reveals that the vertical alignment
of the LAO:LBO nanocomposite film layer is energetically sta-
bilized via a lateral period of alternating tensile and compres-
sive &, strain components as a complementary in-plane strain
matching.

Another interesting observation is the ¢,, distribution at the
self-assembled LAO/STO interface (Figure 3f). A large interfa-
cial strain of &,, & +4% appears at the topmost area (<2 nm) of
STO. In contrast, an opposite strain of max. €,, & —4% at the
initial growth of the 2D LAO layer (5 nm-thick) gradually de-
creases toward the interface with the LABO. Such unique rever-
sal lattice distortions (the pseudomorphically c-contracted LAO
and c-elongated STO) across the interface is driven by the energy
cost of the epitaxially contracted LAO. This can lead to the emer-
gence of an epitaxial strain-mediated head-to-head ferroelectric-
like polarization and thus interfacial conductivity (similar to the
formation of charged domain walls in the head-to-head (or tail-
to-tail) domain configuration of insulating ferroelectrics).*”) To-
gether with such reversal c-lattice distortions of LAO and topmost
STO, 2DEG formation have been also observed in the STO of
conductive LAO/STO heterosystems with a critical thickness of
LAO (>3 unit cells).3*3*] Our observation is that such reversal
lattice distortions across the interface are preserved in conjunc-
tion with the self-assembly of 2D-3D LABO film structure on
STO(001).
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Figure 3. Strain distribution of the LABO/STO(001) heterostructure. a) The atomically refined STEM image for the 2D-3D LABO film on STO(001). b)
The corresponding in-plane strain (e,,) map. c) The corresponding out-of-plane (¢,,) map. d) Displacement vector map for the area where a structural
transition starts from the topmost 2D layer, denoted by a red dash line. This selected area corresponds to the marked area in (A). In the intuitive quiver
map, the reference mean lattice defines the starting point of individual arrows. e) The averaged ¢, profiles along the z-direction for the LBO (R1in (B))
and LAO (R2 in (B)) columns in the 3D LABO film layer. f) The averaged ¢,, profile along the z-direction of (a).

2.4. Formation of 2DEGs and Magnetism in the LABO/STO
Heterostructures

Based on the above results, it is clear that two types of interfaces
with different orientations (i.e., lateral and vertical interfaces) are
formed. To probe the characteristics of the self-assembled 2D
layer on the STO(001), photoluminescence (PL) measurements
were performed using an excitation photon energy He-Cd laser
(A =325 nm, 3.9 eV). Figure 4a shows the PL spectra, measured
at 12 K, of a TiO,-terminated STO(001) single crystal substrate
used for film growth and the LABO (0 < x < 10)/TiO,-STO sam-
ples. The PL emission of the samples were found with the near
band-edge emission (BE) at ~3.2 eV (close to the bandgap en-
ergy of STO, ~3.2 eV). This is dominated by the recombina-
tion processes between the excited electrons and excited holes
(conduction band minimum or subbands near the conduction
band edges to valence band minimum).1*®) The indirect bandgap
STO substrate shows two weak BEs, commonly generated by
the band-to-band optical transitions involving optical phonon ab-
sorption (BE-I at 3.27 eV) and excitation (BE-II at 3.22 eV).
In contrast, for all the undoped LAO/STO and LABO/STO sam-
ples, additional BE emission pairs were found at lower energies,
3.18 — 3.20 eV (2DEG-I) and 3.25 — 3.26 eV (2DEG-II), com-
pared to the BE-I and -II. Such a BE emission corresponds to
the existence of 2D electron gases (2DEGs) at the heterointer-
faces, consistent with an earlier work.3®l Thus, the energy and
intensity of the 2DEG-associated BE directly reflects the band
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bending of the STO surface and the subsequent charge carrier
confinement at the LABO/STO interfaces. A low-temperature PL
feature of 2DEG is observed in the 25 nm-thick LAO/STO het-
erostructure. However, the BEs of the LABO(x < 5%)/STO het-
erostructures move toward lower energies with significant sup-
pression. These degradations reflect the distorted /non-abrupt in-
terfaces for the formation of 2DEGs. Notably, the enhancement
of the phonon-assisted 2 DEG -emission pair was observed in
the LABO (x > 8%)/STO heterostructures at the same emission
energies that appear in the undoped LAO/STO interface. This di-
rectly indicates the formation of a 2DEG LAO/STO interface in
the 2D-3D LABO (x > 8%) film structures. Furthermore, vari-
able temperature BE emissions of the LABO (x = 8%)/STO show
a typical temperature-dependent characteristic of 2DEG forma-
tion (Figure 4b). To further identify and characterize the pres-
ence of a 2DEG at the LAO/STO interface in the heterostruc-
tures, electrical measurements with variable temperatures were
performed. The undoped LAO/STO shows an insulating behav-
ior atlow temperatures (Figure 4d), although a signature of 2DEG
was observed in PL. No data acquisition was available below 90 K
due to the high resistance that exceeded the limit of measure-
ment. This could be due to the fact that the carriers at the in-
terface are localized and/or the absence of long-range conduct-
ing channel along the interface.['''2] Moreover, the LABO/STO
heterostructures with x < 5% were insulating due to the struc-
tural disorder and the lack of the 2D-LAO/STO interfaces, con-
sistent with largely suppressed 2DEG emissions in PL. When the
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Figure 4. The co-existence of 2DEG and out-of-plane magnetic ordering in the 2D-3D LABO/STO(001) heterostructure. a) Near BE PL spectra of the
LABO(x = 1.5%, 3%, 5%, 8%, and 10%) nanocomposite films grown on STO, measured at 12 K. The BE of the undoped LAO/STO and LABO/STO
samples show additional emission besides the BE (I & I1) peaks of STO, which are assigned to the emission peaks of the 2DEG (I & Il). b) Variable
temperature (12 — 300 K) near BE spectra of the LABO (x = 8%) / STO sample. c¢) Temperature-dependent sheet dc-resistance (R,,) of 25 nm-thick
undoped LAO/STO and ~24 nm-thick LABO (x = 8%)/STO samples, measured in the Van der Pauw geometry. d) Low temperature (2 — 10 K) R, of the
LABO/STO samples as a function of x (0% — 10%). e) The 5 K IP and OOP magnetic hysteresis loops of the LABO (x = 1.5%)/STO sample. f) The 5 K
IP and OOP magnetic hysteresis loops of the LABO (x = 8%)/STO sample. For clarity, the presented magnetic data have been corrected by subtracting
the background DM and PM components caused by instrumental accessories and the substrate (Figure S8, Supporting Information). g) Variations in
the IP and OOP M, of the LABO/STO samples as a function of x (0% — 10%). The identical IP and OOP magnetic responses respond to randomly
distributed magnets in the film as schematically illustrated in the inset. While, larger (x ~ 4.5) OOP M; of the samples was found compared to the IP
ones, corresponding to preferential OOP magnetic orderings in the 3D-VAN LABO film structure.

composition increases to x = 8 and 10%, both of the LABO/STO
heterostructures exhibit metallic behaviors with decreasing the
sheet resistance (R,,) upon cooling (Figure 4c). This confirms the
formation of 2DEGs at their LAO(001),,./STO(001) interfaces as
illustrated in Figure 4d.

Another intriguing observation is the appearance of mag-
netism with its anisotropic nature, which is accompanied with
the development of the 2D-3D LABO/STO heterostructures. In
this work, all the measured magnetic hysteresis loops were care-
fully evaluated (see Experimental Section and Figure S8, Support-
ing Information). For clarity, the presented magnetic data have
been corrected by subtracting the background diamagnetic (DM)
and paramagnetic (PM) components caused by instrumental ac-
cessories and the substrate. No ferromagnetic responses were
found in an annealed TiO,-STO substrate used for film growth
and the undoped LAO and LBO bulk materials used for film de-
position (see Figure 4e and Figures S8 and S9, Supporting Infor-
mation). Note that the magnetic moment per surface area (M) is
used in this study considering the uncertainty in quantitatively
determining the B contents, their positions within the samples
(e.g., VAN film layers) and the thickness of the films. The un-
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doped LAO/STO heterostructure shows a typical low saturation
magnetization (M) of M = 4 — 7 yemu cm~?, measured along
both the in-plane [IP, H//(100)] and out-of-plane [OOP, H//(001)]
directions at 5 K (Figure S9, Supporting Information).

Figure 4e illustrates the 5 K IP and OOP magnetic hystere-
sis loops of the LABO/STO sample with the LBO composition
of x = 1.5% (like a solid solution). Clear ferromagnetic hystere-
sis loops of the sample were found with no variation in the IP
and OOP saturation magnetization of ~37 pemu cm™2. In con-
trast, a large difference was observed for x > 8%, i.e., the OOP
M, of the LABO(x = 8%)/STO was found to be ~30 pemu cm™2
in comparison with about 6 pemu cm= for the IP magnetiza-
tion (Figure 4f). The OOP saturation magnetization of the 2D—
3D LABO(x > 8%)/STO samples was found to be about 5 times
stronger than the IP magnetization. The results indicate that
the magnetic anisotropy is due to the formation of vertically
aligned LABO structure (i.e., a large difference between the IP
and OOP magnetization, IP-M, < OOP-M,). Conversely, no mag-
netic anisotropy was observed in the LABO(x = 1.5 and 3%)/STO
structures. This indicates that the development of VAN-
LABO structure which is associated with the strain relaxation
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(2D-to-3D transition) process plays a role in creating a preferen-
tial out-of-plane (OOP) magnetism. The values of the measured
IP and OOP M, are listed in Figure 4g and Figure S10 (Support-
ing Information).

The strong preferential magnetization observed in the OOP
of vertically aligned LABO structure is different from the low
magnetization of the undoped LAO/STO interfaces (e.g., oxygen
defect-mediated magnetic ordering and/or localized unpaired Ti
d-band electron spins through exchange coupling of itinerant
carriers), which is typically expected to show an in-plane order-
ing of the magnetic domains.['*] Experimentally, the LAO/STO
systems with oxygen vacancies usually show relatively small sat-
uration magnetic moments, e.g., in the range of m, 1 — 4 x
102 pp mm2).[1137-9] The magnetic responses of the LABO
nanocomposite correspond to an OOP saturation magnetic den-
sity of #3.5-4.75 x 10" p; mm~2 for the 5 X 5 mm?-sized LABO
sample (x > 8%) and the in-plane density of ~#8 x 102 u; mm=2,
similar to typical moment density (%10'2 u; mm~2) of stoichio-
metric LAO/STO interfaces reported in the literature.’”] Our
results indicate that the magnetization of the LABO/STO het-
erostructures does not increase with increasing x, implying that
there is no direct contribution of LBO on the magnetism of
the nanocomposite films (Figure S9, Supporting Information).
Hence, we suggest that the origin of magnetism in the LABO
nanocomposite system is associated with the boron interstitials
(B;).1% Interstitial B doping can transform the non-magnetic
host oxide into a high-temperature ferromagnetism as an impu-
rity band-associated Stoner ferromagnetism.[*!l Our theoretical
calculation, include 3 x 3 x 3 supercell structures which consist
of 27 LAO UCs (135 atoms). B; contribute to the total excessive
charge with about 0.99 e of spin-polarized electrons which are
transferred predominantly to the neighboring La atoms of the
LAO through the p—d band hybridization. This results in a total
magnetization moment of 1 uy per LAO UC. Additionally, theo-
retical calculations carried out in this work show that the effective
B, doping in the host LAO lattices is limited to 3.2 at.% due to
the tendency of dimerization/clustering. We confirmed that the
effect of oxygen vacancies on the boron interstitial-induced fer-
romagnetism is negligible. The effect of B; doping on the mag-
netization of LAO in the LABO system was experimentally con-
firmed, e.g., B; diffuse out from the LABO composite during the
post-annealing (e.g., T, = 600 °C), resulting in the loss of B,
and the subsequent decrease in the magnetization of the LABO
system.3%] Furthermore, when a ~10 nm-thick amorphous LBO
film is deposited on a LAO single crystal substrate even at room
temperature, a diffusive B characteristic and the following B;-
induced magnetism have been also observed (Figure S9, Support-
ing Information). This unique B,-induced magnetism is not only
limited to the LAO system and the effect could be extended to
various other dielectric materials, e.g., by ensuring difference in
the electronegativity between the cation and anion in host ma-
terials and by implanting and ordering the B, in various dielec-
tric/ferroelectric materials.>l

We therefore postulate that the distribution/orderings of B, in
the host LAO lattices could be located near the vertical LAO/LBO
interfaces to release the vertical interface energy for stabilizing
the VAN system(20234243] although a precise atomic identifica-
tion of B, position is still challenging. Nonetheless, it was pos-
sible to confirm the presence of metallic B, in the local area of
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a 3D LABO nanocomposite layer by STEM-EELS (Figure 5a,b)
and NMR (Figure S11, Supporting Information). In the STEM-
EELS spectra, two weak energy loss peaks were found at ~194
and ~202.5 eV for B, 0;, typically resulting from the transition of
a 1s electron to unoccupied B-O z* and o*antibonding orbitals,
respectively.**l In the upper 3D film layer, an anomalous peak
between the 7* and o* peaks is dominated at ~#195.8 eV, which
could be associated with the lowered energy of ™ peak due to the
loss of LBO symmetry in the 3D-LABO strain network.[**] Be-
sides these, in the 3D film layer, a peak at 187 eV visibly appears,
which reflects the existence of metallic B;.[**) Based on these ob-
servations, the magnetic anisotropy is correlated with preferen-
tial B; ordering in the VAN structure formation: i) no magnetism
observed in the undoped LAO and the LBO (Figure S9, Support-
ing Information), ii) the creation of magnetism exists only in
the presence of B, iii) preferential OOP magnetization observed
only for the VAN-LABO structure, iv) VAN-LABO film formation
with vertical interfaces, and v) the indication of higher B, concen-
tration near the vertical interface toward the neighboring LAO
lattice.

To understand the above magnetic nature in the LABO films,
we performed first principles calculations on strained LAO su-
percells with B,. First, there is no effect of substitutional B dop-
ing on the creation of magnetism in a tetragonally distorted LAO
(by replacing B-site Al cation with B) and no magnetism in a
tetragonally deformed LBO structure. Next, to study the prefer-
ential magnetic structure, we simulated boron impurities in a
3%-biaxial strained LAO (Figure 5c). This model mimics the lat-
tice mismatch between LAO and STO and the initial growth of
LAO overlayer which is tetragonally compressed, so that the La-
B-La chains are not equivalent. The in-plane (IP) chains expand
in this regime, however, together with a significant relaxation of
the four nearest oxygens to B,, it shows relatively very weak total
magnetization (my and m;, < 0.02 u;) (Figure 5d). In contrast,
when a B, is energetically relaxed in the middle of two La atoms
along the OOP direction of the LAO induces the total magnetic
moment up to 1 ug (e.g., my = 0.4 up for B, and m;, = 0.2
for La) (Figure 5e). Thus, the OOP La-B;-La chains form as mag-
netic species in the B,-doped LAO. Figure 5f shows that the B,
induces three impurity bands: two spin-up and one spin-down
peaks which are situated just below the Fermi level (E) in the
bandgap of the LAO. The calculated spin imbalance is +1 that en-
ables the magnetization of 1 uy, in the system. It should be noted
that the total magnetic moment of LAO induced by a B, cannot
exceed 1 uy because it is induced by n-doping with one extra elec-
tron of B;. In our experiment, the OOP magnetic moment of the
LABO film samples is found to be ~10 pemu, corresponding to
~1.08 X 10" u;. Based on the theoretically calculated moment of
1 ug per B, and assuming that all the B, are accumulated along
the vertical LAO/LBO interfaces, the B, doping can induce effec-
tive moment of 0.7 — #1.02 /B, in a 20 nm-thick VAN-LABO
(¢ =10%) as given in Table S1 (Supporting Information). Hence,
the above ab-initio calculations support the observed preferential
magnetic order along the OOP direction of the LABO film layer.

3. Conclusion

In this work, we demonstrate a self-assembly of combined 2D
and 3D nanocomposite heterostructure, which can be evoked
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Figure 5. The B;-associated magnetism in the LABO system. a) Selected points (1—5) in the same local area of a LABO (x = 10%)/STO heterostructure
for B K-edge EELS spectra acquisition. b) The corresponding experimental EELS spectra from a top area of STO (1) to a top area of the 3D LABO layer
(5). ¢) Magnetization density of the 3%-strained LAO induced by an IP La-B-La chain. d) Spin-polarized density of states (DOS) of the B-doped LAO
with the IP La-B-La chain: the top panel is the total DOS, the middle one is the B-projected DOS, the bottom panel is the partial DOS of the nearest La
neighbor. e) Magnetization density of the strained LAO induced by an OOP La-B-La chain. f) Spin-polarized density of states (DOS) of the B-doped LAO

with the OOP La-B-La chain.

by the composition of two constituent oxide phases. To achieve
this structural transition, it is essential to control the ratio be-
tween two phases, LAO and LBO. In order to achieve the initial
2D LAO layer and the subsequent 3D LABO layer, it is required
that the host LAO composition should be higher than that of
the LBO. Thus, finding an appropriate composition of LBO is
a key parameter for driving the spontaneous transition from 2D
to 3D-VAN LABO/STO(001) structure — in this work, the struc-
tural transition happened at the composition of x > 8%. The
underlying mechanism for the transient formation of the 2D-to-
3D VAN LABO/STO(001) structure is associated with the misfit
strain-mediated phase separation of miscible LAO and LBO ox-
ide phases in conjunction with strain relaxation processes: i) at
the initial growth stage, the tensile-strained B:LAO monolayer is
formed on STO, ii) the horizontal elastic energy increases with
film thickness, iii) B diffuses into energetically favorable sites
(e.g., edge dislocations) to relieve the strain energy, and iv) the
nucleation and growth of LBO phase in the host LAO matrix. This
self-assembly approach is different with the pervious observation
of YBCO:BZO composite.[* For the LABO VAN formation, the
structure of LBO is highly anisotropic and thus can be vertically
matched with highly stiff LAO (c;, ~#308 GPa).[*®] Moreover, the
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creation and percolation of B interstitials into the neighboring
LAO lattice across the vertical LAO/LBO interfaces could be as-
sociated with a release in the vertical strain energy for stabiliz-
ing the composite system. Such a transition from 2D to 3D-VAN
structure observed in the current study is characterized by unique
strain orderings, which are strongly coupled with the 2D electron
gas at the planar interface between the STO and the LAO and the
preferential magnetic ordering at the vertical interfaces when the
3D VAN structure is formed. Thus, the 2D-3D VAN LABO/STO
structure has the following advantages: i) self-assembly structure,
ii) surpassing the thickness limit of continuous horizontal 2DEG-
LAO/STO interface without microcracks, and iii) magnetic VAN
structure with perpendicular magnetic ordering. This provides
unique heterostructures which include both the 2DEG and mag-
netism in a single film. Our work offers new perspectives for
designing and controlling the magnetic and electric properties
at the interfaces of complex oxide nanocomposite thin film het-
erostructures via a self-assembly approach. This self-assembly
approach is a powerful means not only for nanoscale investiga-
tion of emerging physics phenomena, but also it could extend
engineering of thin film materials beyond the current limits of
atomically delicate interface engineering.
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4. Experimental Section

Sample Preparation: For PLD film growth, LABO(x) ceramic targets
were fabricated by standard solid-state synthesis techniques by mixing
three different metal oxide powders (highly pure 99.99% —99.999% La, Os,
Al, 03, and B,O; powers). The mixed and pressed targets were sintered at
1400 °C for 4 h in air.3% LABO films (x = 0 — 10%) were grown on TiO,-
SrTiO;(001) using PLD (KrF excimer laser: A = 248 nm). The growth tem-
perature was kept constant at 700 °C and the films were grown under oxy-
gen partial pressure of 5 x 107* — 1 x 1073 mbar. After film growth, all the
samples were cooled down to room temperature at the same growth pres-
sure with a ramping-down rate of 10 °C min~". The films were grown by a
laser fluence of 1.6 | cm™2 with a repetition rate of 1 Hz. The growth char-
acteristics and thickness of all the films were monitored and controlled by
reflection of high energy electron diffraction (RHEED). All the film prepa-
rations were carried out in different PLD laboratories in UK, South Korea,
and Germany.

Sample Characterizations: ~ Structural properties of all the grown films
were examined by a high-resolution Bruker D8 Discover diffractometer
with monochromatic Cu Ka1 radiation (4 = 1.54056 A). The magnetic
measurements were performed by Quantum Design SQUID Magnetome-
ter with the samples mounted at different orientations to measure the
in-plane [100] and out-of-plane [001] crystallographic directions. To eval-
uate the magnetic properties of the films, external magnetic contributions
were eliminated by measuring the sample holders and accessories (low-
temperature glues). The substrate contribution was subtracted from the
field-dependent magnetization data by removing a field-linear diamagnetic
term fitted to the high-field data (Figure S8, Supporting Information). Mi-
crostructural properties of the LABO films were determined by perform-
ing scanning electron microscopy (a FEI double Cs-aberration corrected
Titan3 G2 60-300 S/TEM instrument with Chemi-STEM technology). For
1B NMR, The LABO-STO thin films were sliced into sub-mm pieces and
packed into rotors. No grinding was performed on the samples, to en-
sure that degradation of the samples did not take place. To make the
samples spin stably, PTFE tape was inserted into each rotor to fill the
void space left by such inefficient packing. There was possible evidence
of preferential alignment features in the solid-state NMR results achieved,
this suggested the boron had a preferred alignment in the thin film. All
1B (I =3/2) MAS (12 kHz) solid-state NMR spectra were achieved using
a 11.7T Bruker Avance |11 500 MHz spectrometer operating at a Larmor fre-
quency of 160.45 MHz. A Varian-Chemagnetics 4 mm probe was utilized
to achieve spinning frequencies of 12 kHz and to prevent a boron back-
ground being visible. The single pulse experiment consisted of a “non-
selective” (solid) z/6 pulse of 1.0 us pulse. The spectra were calibrated
to the secondary reference NaBH, (5;;, = —42.09 ppm w.r.t BF;.Et,O
in CDCly at 0 ppm).147] The T, data was simulated to a single exponen-
tial, f(t) = Io.[1-exp(-t/T7)], and no statistically significant improvements
were achieved with stretched or multiple exponential simulations. As the
T, relaxation of the B; environment was measured at 0.522 seconds,
all experiments were taken with a 60° nutation tip angle and 3 x T, to
achieve maximum efficiency of the experiment. All spectral simulations
were completed using the in-house developed Quadfit program.[*8] Photo-
luminescence data for the samples were collected at variable temperatures
(5-300 K) using an excitation energy of HeCd laser (A =325 nm). A com-
plementary long-pass optical filter with a cut-off wavelength of 420 nm
was used to increase the dynamic range of deep level emissions in the
samples and remove the laser line and its second-order diffraction. All the
PL measurements were performed using a constant optimized exposure
for the absolute comparison of the luminescence intensity from the sam-
ples. For the electrical measurements, the measured sample sizes were
5% 5 mm? and 2.5 x 5 mm? and contracts were achieved by Ohmic Al
wire bonding on all the edge corners of the sample. The transport mea-
surements were carried out in a CRYOGENIC cryogen-free measurement
system with the temperature ranging from RT to 4 K. The temperature
was controlled utilizing a Lakeshore 340. Measurements were done uti-
lizing a SR830 lock-in amplifier with a 300 MQ load resistor at a fre-
quency of 77.39 Hz and a voltage excitation of 3 V for 10 nA driving
current.
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Theoretical Calculations: The density functional theory (DFT) package
VASPI*] was used to calculate the electronic, structural, and magnetic
properties of LAO doped by boron. The code had a plane-wave basis set
that provides the reliable structural optimizations and accurate energet-
ics. Electron-ion interactions within VASP calculations were described by
projector-augmented wave pseudopotentials and electronic wave func-
tions were represented by plane waves with an energy cutoff of 450 eV.
The Perdew-Burke-Ernzerhof (PBE) generalized-gradient approximation
(GGA)P0 to the exchange-correlation potential was used here. The use
of GGA-PBE and its reliability were discussed previously for simulations
of the LAO overlayers on SrTiO; (001)['"->"] and boron-doped material.[3%!
The equilibrium lattice parameter of LAO, which was obtained within the
GGA-PBE, was 3.79 A. Here, by adding one boron into the 135-atom LAO
supercell, an isolated B impurity was simulated in cubic and tetragonally
distorted LAO and tetragonally distorted LBO. In all cases, the positions
of boron and its nearest cations and oxygens were allowed to relax. The
structural relaxation was performed using the 4 X 4 x 4 k-mesh and the
conjugate-gradient algorithm until the Hellmann—Feynman forces became
less than 5 x 1073 eV A~". The density of states (DOS) was obtained
then using the I'-centered and compacted k-mesh with minor smearing of
10 meV. The DOS calculations were performed also in the presence of the
spin-orbital coupling (SOC), within the non-collinear option of VASP.[>?]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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