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Summary
The increasing impact of electronic devices on our daily lives has caused the strong
market pull that has empowered the tremendous development in realizing faster,
smaller and more energy efficient devices. Two routes are used to satisfy this market
pull: (i) Improving existing devices or (ii) designing devices with new functionalities.
The functionalities that can be achieved in devices are determined by the constituent
materials. Appealing functionalities may thus be realized by using materials beyond
the semiconducting materials that currently constitute the backbone of state-of-theart electronic devices. An example is the 3D-Xpoint memory technology introduced in
Intel/Micron’s next generation of memory devices, which are using new memristive
functionalities in chalcogenides rather than the traditional semiconducting floating
gate transistors used in solid state drives (SSD).
In 2004, a new material platform was discovered, which in the following decade
remarkably turned out to exhibit a plethora of functionalities. The material platform
was formed by depositing a thin film of LaAlO3 (LAO) epitaxially on SrTiO3 (STO).
Despite both oxides were considered non-magnetic and insulating, conductivity and
magnetism emerged at the interface. Numerous other functionalities were also discovered including gate-tunable superconductivity, non-volatile resistive switching, and a
giant Seebeck coefficient.
In 2013, LAO was replaced with γ-Al2 O3 (GAO) resulting in an improved epitaxial
growth and electron mobility. Open questions remained, however, regarding the origin
of the electron gas confined at the interface and whether GAO/STO would exhibit
appealing functionalities similar or perhaps superior to LAO/STO. In this thesis, I
first describe the non-isomorphic epitaxial growth of the spinel GAO on perovskite
STO and how it leads a useful symmetry breaking at the interface. Second, I present
how oxygen vacancies lead to the emergence of an electron gas at the GAO/STO
interface. The electron gas is highly tunable by deposition control, postannealing in
oxygen, electrostatic gating and light exposure. At room temperature the electron
mobility is limited to 12 cm2 /Vs by phonon scattering. At 2 K the mobility exceeds
100,000 cm2 /Vs, which I propose is due to an electron-donor separation. The electron
gas exhibits a colossal positive magnetoresistance of 80,000% at 2 K and 15 T with
a great potential for realizing extraordinary magnetoresistance. In addition, a straintunable magnetic state is observed in GAO/STO. The thesis ends with my view on
how the understanding and number of functionalities can be improved further.
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Resumé
Elektronisk udstyr bliver en større og større del af vores dagligdag, hvilket har intensiveret udviklingen i at lave hurtigere, mindre og mere strømbesparende komponenter. Der kan skelnes mellem to udviklingsprocesser: (i) Optimering af eksisterende
udstyr og (ii) design af udstyr med nye funktionaliteter. De funktionaliteter, der kan
opnås i elektriske komponenter, bestemmes af de materialer, de er bygget af. Attraktive funktionaliteter kan således realiseres ved at anvende andre materialer end
de halvledere, som udgør rygraden i moderne elektronik. Et konkret eksempel er
hukommelsesteknologien 3D-Xpoint, der introduceres i Intel/Microns nye generation
af hukommelsesenheder. Her bruges nye memristive funktionaliteter i chalcogenider
frem for de traditionelle halvledende floating-gate transistorer, der i dag anvendes i
SSD-hukommelse.
I 2004 blev en ny materialeplatform opfundet, som i det følgende årti udmærkede
sig ved at udvise en overflod af funktionaliteter. Materialeplatformen blev dannet
ved at deponere en tynd film af LaAlO3 (LAO) epitaksialt på SrTiO3 (STO). Til
trods for at begge oxider bliver betragtet som ikke-magnetiske og isolerende, opstod
der ledningsevne og magnetisme på grænsefladen. Talrige andre funktionaliteter blev
også opdaget, herunder gate-tuning af superledning, resistansændringer og en kæmpe
Seebeck-koefficient.
I 2013 blev LAO erstattet af γ-Al2 O3 (GAO), hvilket resulterede i en forbedret epitaxial deponering og elektronmobilitet. Spørgsmål omkring oprindelsen af ledningsevnen
i GAO/STO forblev dog uafklarede, og det var ligeledes uvist, om GAO/STO ville
udvise attraktive funktionaliteter svarende til eller bedre end LAO/STO. I denne
afhandling beskriver jeg først den epitaksielle deponering af spinel GAO på perovskit
STO, og hvordan det fører til et brugbart symmetribrud ved grænsefladen. Herefter
viser jeg, hvordan ilt-vakancer skaber elektrongassen på grænsefladen af GAO/STO.
Elektrongassen kan tunes drastisk vha. en ændring i deponeringsbetingelserne, bagning i oxygenrigt miljø, elektrostatisk gating og lyseksponering. Ved stuetemperatur begrænses elektronmobiliteten til 12 cm2 /Vs af kollisioner med fononer, mens
den ved 2 K kan overstige 100.000 cm2 /Vs formodentligt pga. en elektron/donorseparation. Elektrongassen udviser en kolossal positiv modstandsændring på 80.000%
under påtrykkelse af et magnetfelt på 15 T ved 2 K med et stort potentiale til at kunne
videreudvikles til en ekstraordinær magnetoresistans. GAO/STO udviser desuden
også magnetisme, som kan tunes mekanisk. Afhandlingen afsluttes med en beskrivelse af, hvordan forståelsen og antallet af funktionaliteter kan forbedres yderligere.

iv

Preface
This PhD thesis is submitted in the partial fulfillment of the requirements for acquiring the PhD degree at the Technical University of Denmark. The content of the
thesis is based primarily on research collaborations between Department of Energy
Conversion and Storage at the Technical University of Denmark, Center for Quantum
Devices at the University of Copenhagen, Physics Department at Bar-Ilan University,
Department of Physics and Astronomy at University of Würzburg and Department
of Physics at University of Fribourg.
During the course of this PhD project, I have worked with different technologies and
materials as reflected by the publication list provided in Appendix A, but the thesis
only includes the part concerning the γ-Al2 O3 /SrTiO3 heterostructure. In order to
present a coherent story, my own contributions are described on equal terms with the
research conducted by other groups. My contributions can be discriminated by the
reference format: Roman letters (e.g. [XI]) refer to articles published as part of this
PhD, whereas Arabic numbering (e.g. [11]) is used for articles from other groups.
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Symbol

Quantity

Value

e>0

elementary charge

1.602 × 10−19 C

m0

free electron mass

9.109 × 10−31 kg

h = 2π~

Planck constant

6.626 × 10−34 J s

kB

Boltzmann constant

1.381 × 10−23 J/K

µB

Bohr magneton

9.274 × 10−24 J/T

ε0

vacuum permittivity

8.854 × 10−12 F/m

Physical constants

x

List of acronyms & symbols

Acronym

Definition

2-DEG

two-dimensional electron gas

a-AO

amorphous alumina

a-LAO

amorphous LaAlO3

AFM

atomic force microscope

ALD

atommic layer deposition

ARPES

angle-resolved photoemission spectroscopy

c-AFM

conducting-atomic force microscope

DFT

density functional theory

EELS

electron energy loss spectroscopy

FET

field effect transistor

GAO

γ-Al2 O3

HTEC

high temperature equilibrium conductance

LAO

crystalline-LaAlO3

LSM

La7/8 Sr1/8 MnO3

MBE

molecular beam epitaxy

MR

magnetoresistance

PLD

pulsed laser deposition

RHEED

reflection high-energy electron diffraction

SQUID

superconducting quantum interference device

STO

SrTiO3

XPS

x-ray photoelectron spectroscopy
Acronyms with definitions
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Symbol

Quantity

Unit

α

electron-phonon coupling strength

-

aSTO

lattice constant of SrTiO3

Å

aGAO

lattice constant of γ-Al2 O3

Å

x, y, z

spacial directions

-

dxy , dxz , dyz

3D orbitals

-

pO2

oxygen partial pressure

mbar

T

temperature

K

B

magnetic field

T

E

electric field

kV/cm

Ea

activation energy barrier

eV

Eg

bandgap between valence and conduction band

eV

EF

Fermi energy

meV

ωc

angular frequency of the electron cyclotron motion

s−1

ωLO

angular frequency of the longitudinal optical phonon

s−1

I

current

nA

V

voltage

V

Vg

voltage applied on gate

V

R = 1/G

resistance, equaling the inverse conductance

Ω

Rs = 1/Gs

sheet resistance, equaling the inverse sheet conductance

Ω/sq

Rhigh , Rlow

resistance of high and low-resistive state

Ω

Rxy

Hall resistance

Ω

τ

magnetotorque

Nm

τs

scattering time

ps

µ

electron mobility

cm2 /(V s)

ns

sheet carrier density

cm−2

m⋆

electron effective mass

me

mp

polaron effective mass

me

m⋆b

band effective mass

me

ε

dielectric constant

ε0

Physical and miscellaneous variables with adopted units
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CHAPTER

1
Motivation

As the impact of electronic devices continues to increase, the demands for fast, small
and energy-efficient electronics strengthen. The immense market pull has caused an
incredible progress in the development of electronics. A prominent example is the
number of transistors pr. electronic chip, which has followed Moore’s law for more
than half a century with the number of transistors on a chip doubling roughly every
24 months. In comparison, if the same progress was seen elsewhere, after less than
50 years a regular car would drive faster than the speed of light and a single liter
fuel would suffice to drive a distance comparable to making a round trip to the sun.
Two strategies can be used to satisfy the intense market pull: (i) Existing devices and
technologies can be improved and (ii) novel devices can be designed by implementing
new technologies. The two strategies can be conveniently illustrated using the next
generation of transistors and memory devices:

Figure 1.1 – Transistor down-scaling by Intel
Timeline of the three recent tri-gate field effect transistor generations fabricated by
Intel using 22 nm, 14 nm and 10 nm technology. The figure is created based on Ref.
[1].
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1.1 Optimizing existing devices: the 10 nm technology
transistors
The dominant transistor on the market is the field effect transistor (FET). Intel alone
produces more field effect transistors pr. second than there are people on the planet
[1]. In the typical metal-oxide-semiconductor FET (MOSFET), the conductivity of
the semiconductor (typically silicon) is changed by applying an electric field through
an oxide dielectric using a metal gate. The FET can be implemented using different
geometries and materials with e.g. the mobility of the semiconductor being an important material parameter when designing fast transistors. In 2011 Intel introduced
the tri-gate FET where metal covered fin-shaped silicon leads to accumulation of
electrons on three sides (see Figure 1.1). Since then, further improvements have been
incremental while still fulfilling Moore’s law [1].

1.2 Designing novel devices: the 3D-Xpoint memory
technology
Contrary to the incremental optimization of the FET, Micron and Intel has in a
partnership developed a new memory device using the so-called 3D-Xpoint memory
technology. The memory device is fast, inexpensive and non-volatile. The latter
ensures that data remain stored after the power is turned off. The active part in
3D-Xpoint is shaped in columns and connected to contacts on either side by metal in
a cross-bar (X-point) configuration (see Figure 1.2). The configuration is stackable
in 3D. The active part consists of a memory cell and a selector, both made out of
chalcogenides. A specific memory cell can be addressed by application of voltages
on the two metal contacts sandwiching the memory cell (see inset of Figure 1.2). A
current flow heats up the memory cell and causes a structural phase change. By controlling how fast the current is switched off, the cooling can either induce a crystalline
or a glass state with a large difference in the resistance. The set resistance state is
stable over time, and can thus be used to store data (0 or 1) in a non-volatile fashion.
The state can be read off non-perturbatively by sensing if the resistance between the
contacts is high or low using a small current. If the resistance is high, whereas the
three neighboring memory cells are in a low-resistive state, the probing current could
flow through these memory cells instead of the intended memory cell. This current
bypassing would cause an error reading if a selector was not used to prevent this. The
selector can e.g. work by having a suitable threshold voltage Vthres , which allows current to pass a single selector as needed for the intentional reading, but not the three
selectors required for the erroneous current bypassing (Vthres < Vread < 3Vthres ).
The 3D-Xpoint memory is considered a new, disruptive technology, although the
underlying phase change memory was discovered and patented more than 50 years

1.3 Functionalities and oxides
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Figure 1.2 – 3D-Xpoint memory
Architecture of the 3D-Xpoint introduced by Intel where a 3D matrix of memory cells
and selectors is contacted by metal electrodes in a cross-bar geometry. The inset shows
how a single memory cell can be addressed uniquely for reading or setting purposes
by applying a potential on the two bordering electrodes. The figure is created based on
Refs. [2, 3].

ago [4]. It serves as a prime example of how the search for new functionalities in
material research can pave the way for future mass-produced devices.

1.3 Functionalities and oxides
Oxide materials exhibit a particularly broad spectrum of functionalities and remarkable properties, including similar memristive properties as used in 3D-Xpoint. The
spectrum of electronic properties spans from insulators with bandgaps exceeding 8 eV
[5] or dielectric constants of 300ε0 [6] to metallic conductors with electron mobilities
in excess of 1,000,000 cm2 /Vs [7] and high-temperature superconductors with critical
temperatures larger than 130 K [8]. Coupling charge and lattice degrees of freedom
further results in ferroelectricity [9] and polaron formation [10]. Adding spin degrees
of freedom gives strong ferromagnetism [11], spin polarization [12], colossal magnetoresistance [13] and multiferroic materials [14]. By virtue of the broad spectrum of
functionalities, oxides have found applications in e.g. transistors, displays, memory
devices, and superconducting magnets. A roadmap of electronic oxide materials and
interfaces created thereof has recently been published [15].
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Combining several functionalities may lead to new application prospects. Two prominent examples are data storage using memristive devices combining ionic motion and
electron conductivity, and displays utilizing transparent conductors/transistors combining a large bandgap and (gate-tunable) conductivity. A particularly wide range
of exciting properties is observed in the oxide SrTiO3 (STO) as discussed in the
subsequent chapter.

CHAPTER

2
SrTiO3-based
electronics

2.1 SrTiO3
”If SrTiO3 had magnetic properties, a complete study of this material would require
a thorough knowledge of all of solid state physics”. This sentence was coined by M.
L. Cohen in 1969 [16] and describes the opportunities and challenges of using SrTiO3
(STO) with its multifunctional nature spanning most of solid state physics. After
1969 magnetic properties have furthermore been observed in STO [17, 18]. STO remains one of the most popular oxides for electronic purposes. The popularity stems
mainly from two aspects:
The first aspect relates to the compatibility between STO and other oxides. STO
is a cubic perovskite at room temperature with a lattice parameter of 3.905 Å [19].
The cubic unit cell is composed of strontium, titanium and three face centered oxygen anions as depicted in Figure 2.1. In addition, the (001) surface of STO can be
prepared to be atomically flat and terminated solely by TiO2 . The crystal structure
and surface termination make STO compatible with epitaxial growth of numerous
other oxides.
The second reason for the extensive use of STO originates from its multifunctional
nature. STO features a high dielectric constant increasing from 300 at room temperature to more than 20,000 below 10 K [20]. The large increase occurs as STO is on
the verge of becoming ferroelectric by displacing titanium ions relative to the oxygen
ions. Quantum oscillations, however, prevents the ferroelectric transition and STO
instead becomes a quantum paraelectric below ∼ 40 K with a large dielectric constant
[21]. Modifying the lattice through application of strain can result in stabilization of
the ferroelectric phase even at room temperature [22]. Together with the room temperature observation of ferromagnetism [17, 18], strained STO is likely to be a room
temperature multiferroic material, albeit the coexistence of room-temperature ferroelectricity and ferromagnetism has not yet been demonstrated. Cooling down STO
below 105 K causes a cubic-to-tetragonal phase transition with formation of three
types of domains where the cubic unit cell is expanded along either the [001], [010] or
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[100] crystallographic direction. The domain walls are ferroelastic in addition to likely
being ferroelectric [23] and ferromagnetic (see Chapter 9). At low temperatures, the
high dielectric constant causes a high electron mobility exceeding 20,000 cm2 /Vs [24]
with a possibility to increase the mobility up to 120,000 cm2 /Vs by straining STO
with a three-point bending device [25]. Below ∼ 300 mK, STO is superconducting at
low carrier densities [26, 27].
Breaking the lattice symmetry of STO by interfacing it with a solid material may lead
to emergent properties beyond those found in the parent materials. Importantly, a
confined electron gas can be formed at the interface, which enables the gate-tunability
that has lead to the large success of modern semiconductor technologies.

2.2

Growth of SrTiO3 heterostructures

STO-based heterostructures can be created in various ways. Figure 2.1 summarizes
the typically experimental steps:
1. As-received polished STO surfaces contain a mixed termination of SrO and
TiO2 . Chemical treatment is used to obtain surfaces with only TiO2 -termination
and a subsequent thermal annealing is then used to relieve surface tension introduced by polishing STO. The chemical treatment is a specific removal of SrO
which can be done in various ways including etching by acids such as HF or
HCl/HNO3 or immersing STO in hot water [28–30].
2. Thin films are deposited on the TiO2 -terminated STO surface. Pulsed laser
deposition is often used, however, numerous other deposition techniques have
been employed including molecular beam epitaxy [31], atomic layer deposition
[32, 33] and metal evaporation [34]. Reflection high energy electron diffraction
(RHEED) is often used to probe the thickness and crystallinity of the deposited
thin film [35]. The resulting interface properties are found to be highly dependent on the deposition conditions and type of material deposited [35–37].
3. The final step is preparation for the subsequent measurements. If electronic
properties are investigated, the buried interface is typically contacted in a van
der Pauw or Hall bar geometry using deposited metal contacts or wedge bonding
penetrating the heterostructure.

2.3

LaAlO3 /SrTiO3

The pioneering LaAlO3 (LAO)/STO heterostructure was discovered in 2004 by Ohtomo
and Hwang [35]. Here, conducting interfaces between the two insulators were obtained
when LAO was grown epitaxially on STO. LAO is a rhombohedrally distorted perovskite, which can be approximated as cubic with a lattice parameter of 3.789 Å [35].
The resulting lattice mismatch is ∼ 3% with STO exerting tensile stress on LAO.

2.3 LaAlO3 /SrTiO3
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Figure 2.1 – Experimental overview
The creation of multifunctional STO-based heterostructures are typically done in the
following steps: (I) Chemical TiO2 -termination of STO, (II) deposition of a thin
film (here LaAlO3 ), oftentimes using pulsed laser deposition and (III) preparation
for further characterization, e.g. by mounting a backgate on the heterostructure and
contacting the interface electronically using ultrasonic wedge bonding. The insets
show the mixed SrO- and TiO2 -termination surface, a TiO2 -termination surface and
the crystal structure across the LAO/STO interface.
LAO furthermore undergoes a stress-dependent transition to cubic at 810 K [38].
The LAO/STO interface proved to be highly multifunctional soon after its discovery.

2.3.1 Multifunctionality
The conducting interface was found to crucially dependent on the LAO thickness
(see Figure 2.2a): Depositing 3 unit cells of LAO or less resulted in an insulating
interface, whereas LAO thicknesses of 4 unit cells and above created conductivity.
At a LAO thickness of 3 unit cells, conductivity could be induced macroscopically
using a backgate or on the nanoscale using a biased tip of a conducting atomic force
microscope (see Figure 2.2b-d). Both methods change the (local) resistance by orders
of magnitude in a non-volatile fashion. Along with the observation of magnetism
and superconductivity in LAO/STO [36, 39], this initiated a large interest in the
heterostructure and a plethora of remarkable properties were soon discovered. Table
2.2 provides a non-exhaustive list of the functionalities observed in LAO/STO. Many
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of the properties are inherited directly from STO, but the electron confinement often
allows the properties to be gate-tunable in LAO/STO. Reviews of the STO-based
interface conductivity are found in Refs. [40, 41].

Figure 2.2 – Critical thickness and gate-tunability
(a) The sheet conductance (Gs ) as a function of the LAO thickness (d) in unit cells.
Data shown in blue and red are pulsed laser depositions of LAO at 770 ◦ C and 815 ◦ C,
respectively. The numbers next to the data markers indicate the number of samples
with indistinguishable sheet conductance. (b) Changes in the interface resistance
(R) upon applying back-gate voltages (−100 V ≤ VG,b ≤ 100 V) to a LAO/STO
sample with a LAO thickness of 3 u.c. (c) Setup for inducing nanoscale conductivity
at the LAO(3 u.c.)/STO interface using a positively biased conducting atomic force
microscopy tip. (d) Conductance between two contacts when the tip is scanned along
y from one contact to the other. An increase in the conductance (G) is found when
the two contacts connect electrically via the induced conducting line. The figures are
adopted from [42, 43].

2.3 LaAlO3 /SrTiO3
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Functionality

Key finding

Refs.

Electrical conductivity

Emergence of an electron gas at the interface between
two oxide insulators.

[35]

Electron mobility

High electron mobility exceeding 6,000 cm2 /Vs in
2D-confined electron gases and 20,000 cm2 /Vs in 3Dconducting or 1D-confined electron gases

[44]
[45]
[46]

Resistance switching

Non-volatile resistance change with (Rhigh −
Rlow )/Rlow > 105 induced with a back-gate potential

[42]

Conducting nanowires

Non-volatile resistance change induced on the
nanoscale using a biased conducting-AFM tip

[43]
[47]

Magnetism

Magnetic order observed at low temperatures. A
magnetic phase is found to be gate-tunable and persist up to room temperature.

[36]
[48]
[49]

Superconductivity

Superconductivity with Tc ≈ 200 mK. The superconductivity is gate-tunable and exists in samples also
showing magnetism.

[39]
[50]
[48]

Electron pairing

Electron pairing exists without superconductivity

[51]

Polaron formation

Formation of a polaronic metal state by coupling of
electrons and lattice distortions

[52]

Spin/orbit coupling

Gate-tunable Rashba spin/orbit coupling

[53]

Magnetoresistance

Large positive and negative magnetoresistance observed by applying transverse or parallel magnetic
fields

[36]
[54]

Photoconductivity

Giant persistent photoconductivity at room temperature with (Rhigh − Rlow )/Rlow > 105

[55]

Photogeneration

Generation and detection of terahertz radiation from
a 10 nm junction

[56]

Piezoelectricity

Giant piezoelectric effect with dz/dV ≈ 1 nm/V observed using a scanning-single electron transistor

[57]

Thermoelectricity

Gate-tunable Seebeck effect with S ∼ 105 µV/K

[58]

Table 2.1 – Functionalities found in the LaAlO3 /SrTiO3 heterostructure.
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Origin of the conductivity

Despite extensive research the origin of several of the remarkable properties is still
not clear, including the emergence of interface conductivity. Several different mechanisms have been proposed. Below I shortly review the most used explanations where
the conductivity arises from either oxygen vacancies, the polarity in LAO or a combination of these:
Oxygen vacancies

The large electronegativity of oxygen causes it to attract electrons from neighboring
atoms leaving it with an oxidation state of O2− . When an oxygen vacancy is formed
by removing neutral oxygen from STO, the electrons are donated to the lattice (see
Figure 2.3). Here, the electrons can localized around the neighboring titanium ions
or contribute to the conductivity by delocalizing over the titanium 3d conduction
band (see Articles [XII, XX] in Appendix B). The ability to create conductivity
from oxygen vacancies is observed by changing STO from an insulator to a metallic
conductor when annealing STO in vacuum at elevated temperatures (Article [XII]).
In the case of LAO/STO, the LAO deposition is typically performed in a low oxygen
partial pressure with STO heated to above 500 ◦ C, which may cause oxygen vacancies
to form in STO either due to the heat-treatment in vacuum alone or the deposition
of LAO [37, 59].
Polar discontinuity

As depicted in Figure 2.4a, the (001) planes of STO are charge neutral whereas the
planes in LAO are charged with an alternating charge density of ±1 elementary charge
pr. surface unit cell. If the charges are left uncompensated, an electric field will form
between the layers resulting in a monotonically increasing electrostatic potential.
This potential adds to the energy of the electrons in LAO, and electron donation to
STO occurs when the occupied electronic states obtain a higher energy than the STO
conduction band (Figure 2.4b). The electrons may originate from the valence band or

Figure 2.3 – Conductivity by oxygen
vacancy
Schematic illustration of how forming a
neutral oxygen vacancy donates two electrons to the lattice. The electrons can either be localized or delocalized.

2.4 Other SrTiO3 -based material systems
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in-gap defect/surface states of LAO. The electron transfer to STO is only expected
when the LAO thickness exceeds a critical value consistent with the experimental
observations.
Polarity-induced defect formation

The mechanisms based on oxygen vacancies and LAO polarity were reconciled by
the polarity-induced defect mechanism [61]. Here, the polarity of LAO causes the
spontaneous formation of oxygen vacancies at the LAO surface above a critical LAO
thickness of ∼ 4 u.c. An electron transfer to STO occurs as the oxygen defect level
is higher than the conduction band of STO, which in turn counteracts the potential
build-up in LAO. To date, this mechanism is likely to be the explanation for the
conductivity in LAO/STO that is most agreed upon.

2.4 Other SrTiO3 -based material systems
In the wake of the remarkable findings found in the LAO/STO heterostructure, various other related oxide material systems were formed. Besides expanding the long list
of functionalities, studying heterostructures beyond LAO/STO proved to be useful
for determining the origin of the conductivity in the various material systems, including LAO/STO itself. An example of this is given in Chapter 5.1.1. By considering
oxides systems beyond LAO/STO, it was found that conductivity could be formed
in STO surfaces by e.g. cleaving STO in vacuum [62]. In addition, both LAO and
STO were substituted with other materials: Substitution of STO led to conducting

Figure 2.4 – Conductivity by LAO polarity
(a-b) Schematic illustration of how the polarity in LAO may cause an electrostatic
potential build-up resulting in an electron transfer from LAO to STO above a critical
LAO thickness. The electron transfer may occur from the LAO valence band or from
in-gap states. The figure is inspired by Ref. [60].
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interfaces in e.g. LAO/BaTiO3 [63], TiO2 /LAO [64] and LAO/TiO2 [XXII]. Substituting LAO has resulted in conducting interfaces when STO is capped with e.g.
Al2 O3 [34, 65], STO [37], CaZrO3 [IV], Mn-doped LAO [XXVII] and CaHfO3 [66].
The γ-Al2 O3 /STO heterostructure has attracted particular attention primarily due
to its high mobility, and this heterostructure will be the subject of the remainder of
the thesis.

CHAPTER

3

The γ -Al2O3/SrTiO3
heterostructure
An interesting STO-based heterostructure is formed when crystalline γ-Al2 O3 (GAO)
is deposited on the TiO2 -terminated (001) surface of STO. In 2013, where the current
PhD project was initiated, a few reports were published on this heterostructure with
three main findings [32, 34, 65]: First, it was observed that a pseudoepitaxial growth
of crystalline GAO was possible on STO despite different crystal structures [65]. Second, the growth of amorphous or crystalline Al2 O3 induced an electron gas at the
interface [32, 34, 65]. Third, high electron mobilities and carrier densities could be
obtained in the GAO/STO heterostructure. The itinerant electrons were suggested to
originate from oxygen vacancies in STO, but the origin remained an open question as
the influence of a possible polarity in GAO was undetermined. Moreover, it remained
undemonstrated whether GAO/STO could be the host of the interesting interface
phenomena found in LAO/STO, and potentially show properties superior to these.
In the recent years, significant progress has been made, and in the following I describe
what is currently known about the GAO/STO heterostructure. First, I present the
different crystal structures of GAO and STO, and discuss how GAO can be grown
pseudo-epitaxially on STO leading to a large symmetry breaking at the interface.
Second, I introduce the electronic properties of the GAO/STO heterostructure and
discuss the origin and transport of the itinerant electrons. Having laid the foundation for understanding the electronic properties, I describe how the knowledge can
be used to tune the electron density at the interface in various ways. I then show
three appealing properties observed in GAO/STO, namely the high electron mobility,
colossal magnetoresistance and emergent magnetism. Lastly, I will suggest interesting future directions to be studied. The outline is presented in Figure 3.1 where each
topic includes the relevant articles published as part of this thesis. A full publication
list is found in Appendix A, and a selection of the most relevant articles is found in
Appendix B.
In order to make a coherent story with a clear common thread, the thesis describes
the research conducted by other groups on equal terms with the studies performed as
part of this PhD project. To distinguish my own contributions to the field, articles
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published, submitted or prepared as part of my PhD project are referenced using
Roman letters (e.g. [XXIII]), whereas articles published by other groups without my
contribution are referenced using Arabic numbers (e.g. [34]). A list of my contributions to each scientific article published during the PhD project is found in Appendix
A.

Figure 3.1 – Versatile properties of GAO/STO
An overview of the various phenomena observed when GAO is deposited on STO. A
chapter is devoted to discuss each phenomena. The figure includes relevant articles
published as part of this PhD.

CHAPTER

4

Crystal structure &
non-isomorphic
growth
As discussed in Chapter 2, perovskite LAO can be grown epitaxially on perovskite
STO with a lattice mismatch of 3% with STO exerting tensile stress on LAO. The
growth of GAO thin films on STO, however, represents a non-isomorphic epitaxial
growth combining two major oxide families, the spinels (AB2 O4 ) and perovskites
(ABO3 ). The cubic spinel unit cell is composed of 32 oxygen anions, 16 B site cations
placed in an octahedral environment and 8 tetrahedrally coordinated A site cations
(see Figure 4.1). In the case of γ-Al2 O3 both A and B site cations are occupied by
Al3+ , and 2 2/3 aluminum vacancies pr. unit cell are required to obtain charge neutrality (Al211/3 O32 ). Two factors make the different crystal structures compatible and
enable the non-isomorphic epitaxial growth: First, the oxygen sub-lattice in GAO has
a closed-packed arrangement, which matches excellently with the oxygen sub-lattice
in STO (see Figure 4.1). Second, the lattice constant of GAO, aGAO = 7.911 Å [67],
is approximately a factor 2 larger than STO (aSTO = 3.905 Å) and gives an effective
lattice mismatch of (aSTO − 1/2 aGAO )/aSTO = −1.3%. Contrary to LAO/STO with
a lattice mismatch of +3%, the GAO thin film is under compressive strain and is
better lattice matched.
A manifestation of the spinel/perovskite compatibility is the epitaxial layer-by-layer
growth of GAO on STO using pulsed laser deposition (PLD). This was realized by
Chen et al [65] based on oscillations with reflection high-energy electron diffraction
(RHEED) (see Figure 4.2). Prior to the deposition, atomic force microscopy images
show that the STO substrate is atomically flat [XXI] and a high reflectance to a
grazing incident electron beam is observed. As the layer-by-layer growth of GAO
starts, the surface smoothness and hence the surface reflectance initially decreases.
When approaching full coverage of GAO the smoothness and reflectance increase and
eventually a maximum is reached at full coverage. The oscillation corresponds to the
growth of a charge neutral unit, which for GAO is two atomic layers ( 1/4 u.c. ≈ 2
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Figure 4.1 – Schematic of the spinel/perovskite heterostructure
Atomic structure of the spinel/perovskite heterointerface formed by depositing a latticecompatible AB2 O4 spinel on STO. In the case of γ-Al2 O3 , both tetrahedral A and
octahedral B site atoms are occupied by Al3+ with intrinsic aluminum vacancies on
11.1% of the sites. aSTO and aAB2 O3 denote the lattice constant of the STO and
spinel unit cell, respectively. The compatible oxygen sublattices of the spinel and
cubic perovskite crystal structure are shown on the right.

nm) with aluminum placed in tetragonal and octahedral symmetry in each layer (see
Figure 4.1). RHEED monitoring therefore allows for a thin film growth with sub-unit
cell thickness control. Remarkably, layer-by-layer growth of thin GAO films is possible with PLD even when STO is kept at room temperature [68] where growth of other
thin films usually results in an amorphous phase [37]. Clear RHEED oscillations can,
however, be impeded by the superposition of the oscillating RHEED signal with a
non-oscillating signal stemming from inelastically scattered electrons as investigated
by Schütz et al [69]. In this case, slight tilting or rotation of the sample relative to
the electron beam can be used to separate the oscillating part of the RHEED signal
from the non-oscillating contribution.
The conducting GAO/STO heterostructure was originally discovered using pulsed
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Figure 4.2 – Monitoring layer-bylayer growth of GAO
Reflection high-energy electron diffraction (RHEED) oscillations during the
pulsed laser deposition of 3 u.c. GAO
on STO at 600 ◦ C. Each oscillation
corresponds to the growth of 1/4 u.c.
of GAO. The figure is taken from Ref.
[65].

laser deposition [65], but both all-crystalline GAO/STO and amorphous alumina (aAO) on STO has been realized with other physical and chemical deposition techniques.
Crystalline GAO/STO was recently realized by molecular beam epitaxy (MBE) [70]
and atomic layer deposition (ALD) [71]. During the MBE growth, metallic aluminum
was evaporated on STO and both the STO substrate and the molecular oxygen in
the deposition chamber acted as oxygen sources for the oxidation of aluminum into
GAO [70]. In the ALD process trimethylaluminum (TMA, Al(CH3 )3 ) and H2 O were
used as chemical precursors for the GAO growth with aluminum bonding chemically
to the film under the release of carbon-containing gases [72]. Lowering the deposition
temperature generally favors the growth of a-AO on STO as insufficient thermal energy is available for the crystallization as realized by ALD [32, 71, 72], electron beam
evaporation at room temperature [34] and PLD under certain deposition conditions
[73, 74]. Generally, the GAO or a-AO films are deposited on TiO2 -terminated STO
as described in Section 2.2, but it was shown with electron beam evaporation that
conducting interfaces could also be obtained with polished STO with mixed SrO and
TiO2 -termination. The various deposition techniques used to make a-AO or GAO
films each has their advantages. PLD features a high energy of the alumina plasma
species exceeding 10 eV as they reach the STO surface [75], which allows for crystalline growth at room temperature [68] and kinetic enhancement of surface reactions
[75]. On the contrary, MBE and electron beam evaporation are low-energy deposition techniques that produce less defects in the substrate as the species arrive on the
substrate surface with energies on the order of kB · 1000 K ∼ 0.1 eV. Lastly, in ALD
the materials do not suffer from bombardment effects and it is a low-cost deposition
technique suitable for mass production of thin films [72].
The GAO/STO heterostructures grown by ALD, MBE and PLD can all exhibit
good crystallinity. Examples are given in Figure 4.3 where PLD and ALD grown
GAO/STO heterostructures are images along the [100] and [110] directions using
transmission electron microscopy. The GAO/STO heterostructure has further been
thoroughly characterized structurally by x-ray diffraction [65, 68, 70, 71], electron
holography [76], electron energy loss spectroscopy [65, 76], high- and low-energy electron diffraction [65, 68–71] and atomic force microscopy [65, 68]. The structural
studies confirm the compatibility between spinel GAO and perovskite STO where the
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Figure 4.3 – Transmission electron microscopy image of GAO/STO
Aberration-corrected transmission electron microscopy image of the atomic structure
of GAO/STO (a) grown by pulsed laser deposition and imaged along the [100] direction
[65] and (b) grown by atomic layer deposition and imaged along the [110] direction [76].
In (b) both an experimental image and simulated image are shown for comparison.
The figures are taken from Ref. [65, 76].
layer-by-layer growth results in GAO thin films with atomically flat surfaces. PLD
grown GAO/STO further shows diffusion of aluminum ∼ 1 nm into STO and diffusion
of titanium more than 5 nm into GAO [65].
The change in the atomic structure when crossing any interface causes a breaking
of the symmetry, which is often central for the understanding and utilization of
heterostructure properties. For perovskite/perovskite heterostructures this leads to
electron donation [35, 60] and electron confinement close to the interface [77, 78] as
well as splitting of band degeneracy [79] and spin/orbit coupling [53]. The symmetry
breaking at the spinel/perovskite GAO/STO interface is fundamentally different from
the perovskite/perovskite interface owing to the changing crystal structure across the
interface and it thus offers new possibilities. Although I will present a few examples of this later, using the symmetry breaking to obtain functionalities beyond those
observed in LAO/STO is, to date, a largely unexplored opportunity.

CHAPTER

5

Conductivity between
insulators
Although STO and GAO are both insulators, conductivity can be induced at the
GAO/STO interface by the deposition of GAO. Under typical pulsed laser deposition
conditions (see, e.g., [IX]), the interface remains insulating when the GAO thickness is
1 u.c. or less. However, the resistance decreases by more than 4 orders of magnitude
and turns metallic conducting upon deposition of an additional ½ u.c. GAO (see
Figure 5.1a). The sharp transition from an insulator to a n-type metal is observed
for different deposition techniques and is caused by a large increase of delocalized
electrons (see Figure 5.1b). As it will be discussed in Chapter 6, the GAO/STO
heterostructure can be prepared in various states ranging from highly insulating to
metallic conducting, as observed in Figure 5.2 where annealing in oxygen is used
to control the conducting state. The metallic state is generally characterized by
little or no carrier freeze-out and an increasing electron mobility upon lowering the
temperature. In order to understand the emergent interface conductivity arising
when combining the two insulators, it is paramount to understand (i) the origin of
the delocalized carriers and (ii) how they move through the crystal:

Figure 5.1 – Thickness dependent transport properties
(a) Sheet resistance (Rs ) and (b) carrier density (ns ) of PLD-grown GAO/STO
heterostructures with varying GAO thicknesses. The figure is from Article [IX].
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Figure 5.2 – Temperature dependent transport properties
Sheet resistance (Rs ), carrier density (ns ) and mobility (µ) as a function of temperature for a PLD-grown GAO/STO heterostructure with varying initial states obtained
by post-annealing in pure oxygen at ∼ 200 ◦ C for 2-8 hours. The figure is adapted
from Article [XXIII].

5.1 Origin of charge carriers
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5.1 Origin of charge carriers
The origin of the interface conductivity in LAO/STO is still debated, but valuable insight can be gained by investigating STO-based heterostructures beyond LAO/STO.
Studying the thermodynamic ground state of the conducting STO-based heterostructures and their sensitivity to oxygen annealing is particularly useful.

5.1.1 Annealing and high-temperature equilibrium conductance
The transition from metallic to insulating GAO/STO by annealing in oxygen (see Figure 5.2) hints towards electrons originating from oxygen vacancies. Further insight
was gained by high temperature equilibrium conductance (HTEC) measurements comparing STO and STO-based heterostructures capped with polar and non-polar films
[XII]. The study also included the interesting case of the GAO/STO heterostructures
where the polarity of GAO was unclear [65, 80]. The heterostructures were heated up
to 950 K, and the conductance was measured in equilibrium as a function of the oxygen partial pressure (pO2 ). STO without a top film showed the expected V-shaped
HTEC characteristics (see Figure 5.3a): At low oxygen pressures, the conductance
−1/6
increases according to n ∝ pO2
as formation of more oxygen vacancies increases
+1/4
the carrier density (n). At high oxygen pressures, the HTEC increases as n ∝ pO2
as oxygen vacancy donors become oxidized and STO becomes acceptor doped.

Figure 5.3 – High temperature equilibrium conductance
High temperature equilibrium conductance (HTEC) obtained at 950 K as a function
of the oxygen partial pressure (pO2 ) for bare STO and STO capped with pulsed laser
deposited thin films of NdGaO3 (NGO), (La, Sr)(Al, Ta)O3 (LSAT), γ−Al2 O3 , crystalline LAO (standard LAO) and amorphous LAO (initially a-LAO). The figure is
adapted from Article [XII].
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The characteristic V-shape changed when STO was capped with polar films (LAO,
NdGaO3 and (La, Sr)(Al, Ta)O3 (LSAT)). Here, a pressure independent contribution
was observed for 10−20 bar < pO2 < 10−6 bar, which scaled with the magnitude
of the polarity (see Figure 5.3a). At a LAO thickness of 3 u.c. where LAO/STO
is insulating, the pressure independent contribution was absent. This was also the
case when the nominally non-polar amorphous LAO was grown on STO (see Figure
5.3b), despite some degree of crystallization occurring during the measurements. The
pressure independent contribution was therefore attributed to the polarity-induced
electron donation. The GAO/STO heterostructure did not exhibit a pressure independent contribution implying that GAO is non-polar and that the conductivity in
both amorphous-LAO/STO and GAO/STO is due to thermodynamically unstable
oxygen vacancies.
As it will be explained in Section 6.2, an annealing study on GAO/STO further
found that removal of carriers by annealing requires an activation energy of 0.5 eV
[XIV]. This establishes that the oxygen vacancies are located in STO, as the activation
barrier matches that required by oxygen diffusion in STO [XIV].

5.1.2 Oxygen vacancy formation
The oxygen vacancies may be created during the pulsed laser deposition either from
bombardment effects when the energetic plasma particles hit the surface or from
a movement of oxygen from STO to GAO. The former is, however, unlikely to be
the dominant pathway to obtain conductivity based on two arguments: First, lowenergetic deposition techniques (MBE and ALD) also form conducting interfaces at
GAO/STO [70, 71]. Second, deposition of e.g. La 7/8 Sr 1/8 MnO3 thin films do not
induce conductivity despite the plasma species arriving with similar energies [37].
These findings can be understood by considering oxygen movement from STO to GAO
(see Figure 5.4) described with a redox reaction taking place across the interface:
γ-Al2 O3−δ /SrTiO3 −−→ Al2 O3−δ+x /SrTiO3−x

Figure 5.4 – Oxygen diffusion mechanism
Schematic drawing depicting the formation
of oxygen vacancies in STO by diffusion of
oxygen from STO to the oxygen deficient
top film.

(R5.1)
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If the reaction is thermodynamically favorable, as expected for GAO/STO but not
La 7/8 Sr 1/8 MnO3 /STO, the reaction reduces the oxidation state of titanium (Ti4+ ) as
electrons are introduced in STO. A prerequisite for the oxygen movement is the deposition of an oxygen deficient film, which explains the decrease in conductivity observed
upon raising the oxygen background pressure, as the interaction between oxygen and
the plasma plume causes oxidation of the plasma plume [75]. The thermodynamics
of the redox reaction is simplified greatly by crudely assuming that the species arrive
as metals on STO during growth and that interface effects can be neglected [81, 82]:
SrTiO3 + Me −−→ SrTiO3−x + MeOx

(R5.2)

The energy required to remove oxygen from bulk STO (250 kJ/mol) can then be compared with the tabulated energy gains of oxidizing various metals as shown in Figure
5.5. Here, Reaction R5.2 is thermodynamically favorable for metals with heat of oxide
formation below -250 kJ/mol (below the red line). Interestingly, it is found that when
STO is capped with oxide films containing metal atoms with high oxygen affinity (Ca,
La, Sr, Hf, Zr, Al and Ti) metallic interfaces are obtained, as realized in LAO/STO
[37], STO/STO [37], CaZrO3 /STO [IV], CaHfO3 /STO [66] and Al2 O3 /STO [34, 73].
In contrast, if the oxide films contain metal atoms where the heat of oxide formation is close to that of STO (Mn, Co, Fe and Cr), insulating interfaces are found
as in the case of La 7/8 Sr 1/8 MnO3 /STO [37], LaCrO3 /STO [83], LaCoO3 /STO [84]
and LaFeO3 /STO [85, 86] under typical deposition conditions. Overall, the simple
description thus provide a powerful guideline for designing conducting STO-based
heterostructures based on oxygen vacancy formation in STO.

5.1.3 Oxygen movement
The redox reaction has kinetic limitations as movement of oxygen across the interface
is required. The redox reaction has been proposed to be enhanced kinetically in the
Cabrera-Moth theory [88]: If the work function of the metal is lower than that of
STO (5.2 eV), electrons gain energy by moving from the metal to STO (see Figure
5.5). The electron transfer produces an electric field, which accelerates the transfer
of oxygen ions across the interface. In addition, the kinetic energy needed for the
redox reaction is supplied by the thermal energy at a given deposition temperature
and the kinetic energy of the incoming species in physical vapor depositions. For
atomic layer deposition where only the thermal energy contributes, the conductivity
at the a-AO/STO interface decreased with a lowering of the deposition temperature
until 200 ◦ C where insulating interfaces were observed [32]. For pulsed laser deposition, however, the GAO/STO interface can be conducting even for room temperature
deposition due to the high-energetic plasma species [68]. The plasma species can be
slowed down by collision with the background gas leading to the metal-to-insulator
transition observed when a background argon pressure is increased from 10−2 to 10−1
mbar for deposition of amorphous STO on a crystalline STO substrate [75].
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Figure 5.5 – Heat of formation for oxidizing metals
Heat of formation for oxidizing metals as a function of the metal work function. For
comparison, the heat of oxide formation for STO is ∆Hf◦ (ST O) = −250 kJ/mol O,
which is marked by the horizontal dashed line. Transfer of a neutral oxygen from the
bulk of SrTiO3 to the metal is energetically favorable if ∆Hf◦ (M etal) < ∆Hf◦ (ST O).
The green (red) circles indicate whether conducting (insulating) heterostructures are
observed when thin films containing the given metal are deposited on STO using PLD.
The heat of formation values are obtained from Ref. [87].

5.1.4 Polarity
The conductivity of both the a-AO/STO and GAO/STO heterostructures therefore
originates from oxygen vacancies in STO, whereas a polarity-induced electron donation from GAO to STO is absent despite GAO has been considered polar [80]. A
possible solution to this apparent paradox is presented in Article [XV]. In LAO the
polarity is fixed by the crystal structure and if left uncompensated it causes a potential build-up of 0.94 V/aLAO where aLAO denotes the lattice constant in LAO
(see Figure 5.6a and f). The intrinsic aluminum vacancies present in GAO, however,
provide a degree of freedom for changing the polarity according to the vacancy distribution. If the aluminum vacancies are homogeneously distributed solely in either
octahedral or tetrahedral layers, the potential build-up is 7.1 eV/aGAO ≈ 3.5 eV/aLAO
or 4.8 eV/aGAO ≈ 2.4 eV/aLAO , respectively (see Figure 5.6c, d and f). GAO with
these distributions therefore classify as a type 3 polar material similar to LAO, which
is associated with a substantial surface energy if left uncompensated [89]. If the
aluminum vacancies instead are distributed inhomogeneously among the octa- and
tetrahedral layers, certain GAO thicknesses allow for non-polar GAO films. An aluminum distribution leading to the thinnest non-polar GAO film (1 u.c.) possible is
shown in Figure 5.6e. The distribution gives a type 2 polarity where non-zero inter-
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Figure 5.6 – Polarity in GAO
Schematic view of the atomic (001) planes in LAO/STO (a) and GAO/STO (b-e)
in addition to the calculated potential build-up of the uncompensated polar films (f).
Formal valence states are used to define the charges of the planes given in units of
e/(a2STO ) where e is the elementary charge and aSTO is the STO lattice constant. For
GAO/STO the schematics show different aluminum distributions in (b-e). The figure
is adapted from Article [XV].

nal dipole moments sum up to a zero net dipole moment resulting in an absence of a
polarity build-up and a stabilization of the surface [89]. No aluminum vacancy distributions allow for a type 1 polarity with a complete absence of any dipole moments.
Whereas the aluminum vacancy redistribution is a likely cause of the absent GAO
polarity, other mechanisms such as defect formation may also explain it.

5.2 Transport of charge carriers
Having established the origin of the charge carriers, we discuss their transport through
the lattice. When an oxygen vacancy is formed, two electrons are released to the
lattice. Several x-ray photoemission and electron energy loss spectroscopy studies
reveal that the electrons are located on the titanium ions where they occupy 3dstates in the near-interface region of STO [32, 65, 68, 70, 71, 80]. Here, part of
the electrons are placed in localized in-gap states whereas the remaining electrons
delocalize along the interface and form conductivity [XX]. At low temperatures the
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electrons may even form superconductivity as observed in a-AO/SrTiO3 below ≈200
mK [74].

5.2.1 Band diagram and electron confinement
A band bending causes the conduction band to cross the Fermi level close to the interface and form a quantum well where the conducting electrons reside (see Figure 5.7).
The quantum well was measured to be approximately 600 meV deep with a width
of 1.5 nm using hard x-ray photoemission spectroscopy (HAXPES) on a GAO/STO
sample with a carrier density of ≈ 5 · 1014 cm−2 . A similar analysis on GAO/STO
deposited at 20, 400 and 600 ◦ C suggests a more confined electron gas at higher deposition temperatures [68].
Various other studies confirm that the electron gas is confined in the vicinity of the
interface as inferred from infrared ellipsometry [VII], scanning superconducting quantum interference device (SQUID) [XXVI], off-axis electron holography [76], electron
energy loss spectroscopy [76] and angle-dependent Shubnikov-de Haas oscillations
[65]. An example is presented in Figure 5.8 where the electron depth profile is deduced by fitting the infrared Berreman mode using a Drude model [VII]. The fit to the
Berreman mode produced a total carrier density matching well with the Hall carrier
density (∼ 1013 cm−2 ) in addition to a spatial confinement of the electron gas of 7-8
nm.

5.2.2

Band symmetry

The degeneracy of the titanium 3d bands are lifted in STO due to crystal field splitting, where the titanium ions are located at the center of an octahedral with each

Figure 5.7 – Band diagram of
GAO/STO
Band diagram at the pulsed laser deposited
GAO/STO heterointerface inferred from
hard x-ray photoemission spectroscopy
(HAXPES). The sheet carrier density
of the sample is 4 .7 · 10 14 cm−2 as
determined by the Ti3+ content spectroscopically. The figure is adapted from Ref.
[80].
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Figure 5.8 – Electron depth profile
Three-dimensional carrier density n inferred from infrared measurements on the
Berreman mode as a function of distance d from the PLD-grown LAO/STO
or GAO/STO interface. Here, the carrier
densities of the GAO/STO are nHall
≈
s
6 − 10 · 10 13 cm−2 and nIR
≈ 6 · 10 13
s
cm−2 as inferred from Hall and optical
measurements. The figure is adapted from
Article [VII].

corner composed of oxygen ions. This causes a lowering of the t2g bands (dxy , dxz
and dyz ) relative to the eg bands (dz2 and dx2 −y2 ) [79]. Breaking the symmetry
at the (001) surface of STO or the LAO/STO-based interfaces causes the bands to
split further with dxy lowered relative to dxz and dyz [62, 79]. In addition, quantum
confinement of the electron gas may result in replica bands of dxy , dxz and dyz [62].
The dxy bands with small band effective masses are thus populated first, and by further increasing the electron density a Liftshitz transition occurs when the dxz and
dyz bands become occupied [90]. The Lifshitz transition is accompanied with e.g.
the emergence of non-linear Hall coefficients [90], a maximum in the superconducting transition temperature [90], large spin-orbit coupling [90] and gate-tunable band
positions [91]. For GAO/STO the relative position of the 3d-bands has to date only
been reported using x-ray linear dichroism [92] and transport measurements [XXI]
with seemingly contradicting conclusions.
In the former, linearly polarized x-rays were used to probe the symmetry and position of the 3d-bands directly [92]. Contrary to LAO/STO and STO (001) surfaces,
deposition of GAO on the (001) surface of STO was found to lower the dxz and dyz
bands relative to dxy (see Figure 5.9a). The band reordering was attributed to the
atomic structure at the interface thereby making GAO/STO an interesting system
to probe potential differences in e.g. electron pairing relative to LAO/STO and STO
surfaces [51]. The band positions were further found to be tunable by applying compressive or tensile strain to STO by growing GAO/STO epitaxially on substrates
with smaller (NdGaO3 ) or larger (TbScO3 ) lattice parameters, respectively (see Figure 5.9b and c).
In the latter study, ionic liquid gating was used to tune the carrier density revealing
a Lifshitz transition occurring where non-linear Hall coefficients emerge and Rashba
spin-orbit coupling becomes enhanced [XXI]. The similarity with LAO/STO suggests
a similar band structure with dxy located at a lower energy than dxz and dyz in
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Figure 5.9 – Band symmetry of GAO/STO
(a) Relative position of the Ti-derived bands of the PLD-grown GAO/STO heterostructure determined from resonant soft x-ray linear dichroism. (b-c) Relative position of
the Ti-derived bands when GAO/STO is deposited on NdGaO3 or TbScO3 substrates
with a 1.16% smaller or 1.29% larger lattice constant than STO, respectively. The
figure is adapted from Ref. [92].
contrast to what was found in the x-ray study. The ionic liquid gating is discussed
further in the next chapter. In order to resolve this apparent paradox, the k-resolved
electronic band structure of GAO/STO was measured using resonant soft x-ray photoemission spectroscopy with preliminary results showing only little or no energy
splitting between the dxy and dxz /dyz bands [XXX].

CHAPTER

6

Controlling the carrier
density
The ability to control the carrier density is vital for the operation and optimization of electronic components as well as for fundamental scientific research. This
is particularly true for STO-based systems where numerous properties, such as the
superconductivity [50, 93], magnetism [49, 94] and spin-orbit interaction [53] can be
tuned by the carrier density. Strategies for controlling the carrier density during or
after the deposition can be designed by using the knowledge of how the free carriers
are created. Variation in the deposition conditions, gentle post-annealing, electrostatic gating and light exposure can be used as tuning knobs for varying the carrier
density on the macro- or nanoscale.

6.1 Deposition
The carrier density can be controlled during the deposition by countering or promoting the redox reaction leading to the conductivity in the GAO/STO heterostructure
(Reaction R5.1). The control pathways are dependent on the deposition technique
used, but in general the carrier density can be tuned by several orders of magnitude
by a careful control of those deposition parameters that cause insulator-to-metal transitions. A few such parameters are universal for all deposition techniques: First, an
insulator-to-metal transition occurs for all techniques when the GAO thickness is
increased, and a careful control of the thickness therefore determines the resulting
carrier density (see Figure 6.1a-c). Second, by controlling the deposition temperature, the carrier density can be tuned by changing the thermal energy required for
activating the oxygen diffusion (see Figure 6.1a). In addition, for pulsed laser deposition the oxygen deposition pressure is a crucial parameter, which, at high deposition
temperatures, can change the GAO/STO heterostructure from being insulating to
causing conductivity throughout the STO crystal with a thickness of 0.5 mm [XXIII].
A similar tendency for the carrier density to increase upon lowering the oxygen deposition pressure was also observed with electron beam evaporation [34]. For atomic
layer deposition, introduction of water and the precursor exposure time are important
process parameters to control the resulting carrier density [71].
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Figure 6.1 – Carrier density control via deposition
(a) Sheet resistance (Rs ) of the GAO/STO interface with GAO grown with varying
thicknesses (t) using pulsed laser deposition at temperatures ranging from 20 to 700
◦
C. For room temperature deposition, a target-to-substrate distance of d = 5.5 cm
results in insulating interfaces, whereas conducting interfaces are formed for d = 4.5
cm. All sheet resistance measurements are performed at room temperature. (b) The
temperature dependent sheet resistance for GAO/STO deposited at room temperature
with various GAO thicknesses. (c) Carrier density (ns ) as a function of GAO thickness with both the deposition and Hall measurements performed at room temperature.
The figures are adopted from Ref. [68].
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6.2 Annealing
As described in the previous chapter, annealing in oxygen has been used to turn
conducting interfaces insulating in order to confirm that the charge carriers originate
from oxygen vacancies. Careful oxygen annealing at low temperatures (≤ 300◦ C)
with in-situ measurements of the sheet conductance, however, allows for a fine control of the interface state without suffering from sample-to-sample variations [XIV]
(see Figure 6.2a). As the change in conductance is primarily due to decreasing the
itinerant electron density (rather than the electron mobility), this allows for a systematic study of a wider range of carrier densities (see Figure 6.2b) than usually possible
with conventional electrostatic gating as discussed next. Besides donating itinerant
electrons, oxygen vacancies also play an important role in numerous other aspects
such as acting as electron scattering sites [95] and providing magnetic moments to
STO [17, 96], which renders oxygen vacancy defect control a useful tool.
The mechanism underpinning the carrier density decrease during annealing has been
studied by measuring the rate of sheet conductance decrease as a function of temperature [XIV]. From an Arrhenius-plot it was found that two distinct processes occur
simultaneously at different rates, but interestingly the processes shared the same activation energy of 0.5 eV (see Figure 6.2c). This activation energy matches well with
the energy barrier of 0.5-0.6 eV for oxygen diffusion in STO [97, 98]. By comparing
amorphous-LAO/STO and GAO/STO annealed in oxygen and nitrogen, the processes
were identified. The first fast process was attributed to an oxygen vacancy redistribution within STO that effectively caused an increase in the carrier localization (see
Figure 6.2d). When the oxygen vacancies depth profile reached a quasi-equilibrium
after the redistribution, this process ceased and the decrease in carrier density became
dominated by the slower refilling of oxygen vacancies by molecular oxygen. Contrary
to amorphous-LAO, GAO acts as an oxygen blocking layer preventing oxidation to
occur through GAO, and oxidation therefore occurs through STO (see Figure 6.2e).
This oxygen migration occurs over distances much longer than the initial redistribution thus causing the much lower carrier density decay rate despite similar activation
energies.

6.3 Electrostatic gating
A convenient way to change the carrier density is through electrostatic gating. An
electric field has been applied to the a-AO/STO and GAO/STO interface using a gate
separated from the interface either by a solid dielectric [IX,XIV] [34, 99] or an ionic
liquid [XXI]. The gating experiments have been performed at temperatures ranging
from 4 K to room temperature revealing a large temperature dependence of the gate
response.
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Figure 6.2 – Carrier density control through annealing
(a) Time evolution of the normalized sheet conductance (Gs ) in PLD-grown
GAO/STO measured in situ at temperatures ranging from 50 to 300 ◦ C in 1 bar
oxygen. (b) Carrier density (ns ) measured at room temperature as a function of sheet
conductance for different resistive states obtained by annealing GAO/STO at 200 ◦ C
in 1 bar oxygen. Data from two GAO/STO heterostructures prepared at oxygen pressures of 10−5 and 10−6 mbar are shown. (c) Arrhenius-plot of the rate of conductance
change (dGs /dt) for various temperatures for GAO/STO and amorphous-LAO/STO
samples annealed in oxygen or nitrogen. Activation barriers of 0.5 and 0.24 eV are
marked with black and blue dashed lines, respectively. Pre-annealing GAO/STO at
150 ◦ C for 140 h causes the initial process to saturate (see inset) leaving the second
process observable in the Arrhenius plot at low temperatures. (d-e) Proposed mechanisms for the carrier density change resulting from a combination of oxygen vacancy
redistribution and oxidation. The figures are adopted from Article [XIV].
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6.3.1 Room temperature backgating
Due to its simplicity, backgating is often used to change the carrier density by applying a potential relative to the interface conductivity using a metal located below
STO. Applying positive or negative backgate potentials may result in a large increase
or decrease in the sheet resistance at the GAO/STO interface by virtue of changing
the free carrier density (see inset of Figure 6.3a). At room temperature the bipolar
switching of the resistance has both a fast and slow contribution. The fast contribution is generally small and occurs in less than a second. It is attributed to a volatile
accumulation or depletion of electrons from the grounded metal contacts in line with
the traditional field effect [IX] [99]. The slow contribution is non-volatile with a pronounced memory effect lasting for hours after the backgate potential has been turned
off [IX]. As discussed later, this contribution is likely to be related to oxygen vacancy
movement.
At a typical STO thickness of 0.5 mm, the capacitance is too small to cause a
large change in the sheet resistance of highly conducting interfaces with Rs < 10 kΩ
(see Figure 6.3a). However, by preparing the samples with a high initial resistance
using either the deposition or annealing approach described in the previous sections,
large resistance changes of around three orders of magnitude can be obtained in both
GAO/STO [IX] and a-AO/STO [99]. Whereas a large sample-to-sample variation
is generally observed (Figure 6.3a), the resistive changes within one sample can be
remarkably reproducible over a large number of switching cycles (Figure 6.3b). The
general behavior of the resistive switching is similar to that observed in amorphousLAO/STO and LAO/STO [42, 100].

6.3.2

Temperature-dependent backgating

The temperature-dependence of the resistive switching has been probed in a-AO/STO
by monitoring the resistance increase when the backgate potential is changed from
+30 V to -30V at temperatures ranging from 10 to 50 ◦ C (see Figure 6.4a). A pronounced temperature sensitivity is observed where the resistive switching occurs on
a timescale of hours at 10 ◦ C, whereas it is highly accelerated at 50 ◦ C and occurs on
a timescale of a few minutes. A similar behavior was also observed for amorphousLAO/STO [100]. Plotting an Arrhenius plot of the doubling time tx2 , defined as
Rs (tx2 )/Rs (t = 0) = 2, reveals an energy barrier of 0.7 eV, in reasonable agreement
with the oxygen diffusion barrier (see inset of Figure 6.4a). The room temperature
resistance control also enabled driving samples from a metallic to an insulating state.
More than a 7 orders of magnitude change in the low-temperature resistance was observed when cooling down the sample with various room temperature resistive states
(see Figure 6.4b). A similarly large change could be induced by applying moderate
backgate potentials of ±30 V at 4 K (see Figure 6.4c). This was achieved by tuning
the initial resistive state of the sample to a desired level before the cool-down using
the back-gate at room temperature.
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Figure 6.3 – Room temperature backgate-induced resistive switching.
(a) The relative change between high-resistive (Rshigh ) and low-resistive (Rshigh ) states
of the GAO/STO interface conductivity as a function of the initial sheet resistance
(Rs ) for various samples. The inset shows the change of the interface sheet resistance
between high and low-resistive states for a typical sample when changing the backgate
potential from Vbg = 0 V → -200 V → 0 V → 200 V → 0 V with each voltage
applied for 15 min. All samples have been measured with the same backgate profile.
(b) Example of the reproducibility of the backgate-induced resistive switching over
180 cycles using the same backgate profile. Measurements are done in van der Pauw
geometry on a GAO/STO sample grown by PLD. The figures are adopted from Article
[IX].
The thermal activation implies that the microscopic origin of the non-volatile resistive switching is intimately coupled to the electromigration of oxygen vacancies.
Under negative applied backgate voltages, oxygen ions migrate towards the interface
whereas oxygen vacancies dilute into STO where they cause a lower resistivity. This
possibly occurs due to carrier localization resulting from a lack of percolation path.
When the backgate potential is turned off, the oxygen vacancies slowly diffuse back
towards their equilibrium distribution. Applying a positive backgate potential reverses the situation and causes the vacancies to accumulate at the interface leading
to a high conductivity. The mechanism based on oxygen vacancy electromigration is
supported by several studies on other STO-based systems [100–103].

6.3.3

Ionic liquid gating

A prominent feature of the conductivity at the GAO/STO heterostructure is the possibility to obtain a high carrier density. As it will be shown in the two subsequent
chapters, interesting properties such as high electron mobility and colossal magnetore-
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Figure 6.4 – Temperature dependent backgate-induced resistive switching.
(a) Equilibrating the sample with a backgate potential of Vbg = 30 V and subsequently
applying Vbg = -30 V causes an increase in the resistance (Rs ), which is measured at
temperatures between 10 and 50 ◦ C. The time it takes for the resistance to reach twice
the initial value (tx2 ) is presented as an Arrhenius plot in the inset from which an
activation barrier of 0.7 eV is extracted. (b) Resistance as a function of temperature
at various resistive states obtained by changing the room temperature resistance using
Vbg = -30 V until the desired state is reached (near-vertical part of the curves around
300 K). In all cases the cool-down is done with Vbg = 0 V except for the red curve where
Vbg = -30 V. The different resistive states are marked with different colors, and dark
and light shades represent cool-down and warm-up, respectively. (c) The resistance
of the sample is raised from 30 to 60 kΩ using Vbg < 0 V at room temperature, and
the sample is subsequently cooled down to 4K. Here, the resistance (black curve) is
measured at different applied backgate voltages (red curve). Horizontal dashed lines
are used for the measurement limit, which in (c) is 1010 Ω for (c). The measurements
are done in a two-terminal geometry on a sample with a-AO deposited on STO using
electron beam evaporation. The figures are adopted from Ref. [34].

sistance emerge at the states with a high carrier density and low resistance (≈ 1 kΩ).
Unfortunately, backgating with a few hundred volts will generally have a minor effect
on such high-density samples. Electric double layer gating, where the electric field is
applied to the electron gas through ionic liquids or organic electrolytes, is a promising
pathway to circumvent this limitation as it allows for a large change in the carrier
density. Several studies report the use of this technique for STO and a carrier density
tuning in excess of 1014 cm−2 has been demonstrated [104–108].
The electric double layer gating was performed for GAO/STO in the setup shown
in Figure 6.5a [XXI]. The GAO/STO interface conductivity was first patterned into
a Hall bar using the protocol from Article [XVI] where an LaMnO3 hard mask was
used to only form conductivity in areas not covered by LaMnO3 . An ionic gel with a
freezing point of 230 K was then applied on the GAO surface. At room temperature
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Figure 6.5 – Electric double layer gating of GAO/STO.
(a) Schematic figure of the electric double layer transistor setup where the PLDgrown GAO/STO interface conductivity is patterned into a Hall bar and controlled
with a gate potential applied through an ionic liquid. The inset shows an atomic force
microscope image of the GAO/STO surface revealing atomically flat terraces with 0.4
nm height separation. (b) Sheet resistance (Rs ) as a function of temperature (T )
for gate potentials ranging from -1.5 V to 3 V. The inset shows the operation of the
electric double layer transistor where a positive gate potential polarizes the liquid ions
and effectively accumulates electrons at the GAO/STO interface. (c) Sheet carrier
densities for the first band (n1 ) and second band (n2 ) with varying gate potential (Vg )
as obtained from a two-band fit of the non-linear Hall coefficient. The figures are
adopted from Article [XXI].

the ions are mobile and applying a positive gate potential accumulates negative ions
near the gate whereas positive ions and electrons accumulate on the GAO surface and
GAO/STO interface, respectively (see inset of Figure 6.5b). As the sample was cooled
down below 230 K, the ions froze in the preformed configuration. Varying the gate
potential from -1.5 to 3 V resulted in an accumulation of electrons at the GAO/STO
interface and hence a lower sheet resistance at 200 K (see Figure 6.5b). Cooling down
the sample to 2 K, however, resulted in the highest resistance being observed for a
gate voltage of 3 V. This resistance inversion was caused by the low-temperature
mobility decreasing by a factor 6 from Vg = −1.5 to 3 V thus outweighing the gain in
the carrier density. Accumulating electrons at high positive gate voltages additionally
led to emergence of a Kondo-like resistance upturn for Vg ≥ 2 V at low temperatures
(see Figure 6.5b), weak antilocalization arising from Rashba spin-orbit coupling and
non-linear Hall coefficients [XXI]. The latter could be described satisfactorily using a
two-band model as generally employed for LAO/STO above a critical carrier density
of 1.6 · 1013 cm−2 [90]. The total amount of carriers increased monotonously with the
gate as expected, however above a critical carrier density of 3 · 1013 cm−2 , occupation
of the second band started to take place with a concomitant depopulation of the first
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band (see Figure 6.5c). This was observed for LAO/STO as well [91]. The many
similarity with LAO/STO suggests that the bandstructure is similar in which the
first band has dxy symmetry whereas the second bands are dxz /dyz , in contrast to
what was inferred using linearly polarized x-rays [92].

6.3.4

Writing of nanoscale conductivity

A non-volatile change in the resistance has been successfully demonstrated on the
nanoscale for LAO/STO by applying electric fields with a conducting atomic force
microscopy (c-AFM) tip [43, 47]. Here, the LAO/STO was prepared in an insulating state by depositing LAO with a thickness slightly below the critical thickness for
inducing metallic conductivity. Scanning on the LAO/STO surface with a biased
c-AFM tip was then found to induce conductivity locally at the interface in areas
below where the tip has been scanning. The same procedure can also create conducting lines with nanoscale resolution in GAO/STO [XIV]. Similar to LAO/STO, a
highly conducting GAO/STO heterostructure does not allow for inducing a notable
conductance change upon scanning at the GAO surface with the biased c-AFM tip
(see Figure 6.6). As described in Section 6.2, the conducting GAO/STO sample can
be conveniently tuned into an insulating state using annealing, thus avoiding the need
for a careful thickness control. Annealing GAO/STO at 150 ◦ C for 3 hours in air
using a simple laboratory hot plate enabled c-AFM writing of conducting circuits
composed of conducting lines with widths of ≈50 nm. Reversing the voltage on the
c-AFM tip resulted in erasing the conducting lines.
The nanowire writing is similar to LAO/STO and is likely to be caused by the same
underlying mechanism studied by Bi et al [109]: For LAO/STO the writing has been
shown possible only when water is present in the atmosphere. During the writing
process water molecules are therefore expected to dissociate into OH− and H+ on the
thin film surface with OH− becoming selectively removed by the positively biased
AFM tip. This would leave a trail of positively charged H+ behind on the surface,
which induces electrons at the interface.

6.4 Light exposure
Exposing STO-based systems to light has been shown to change the resistance [55,
110–113]. The photo-induced carriers are also observed in a-AO/STO [34] and GAO/STO
[IX], albeit this has to date been studied sparsely. An example is given in Figure 6.7,
where light exposure is causing the GAO/STO resistance to decrease by a factor of 2
as well as lowering the relative switching between high and low-resistive states from
(Rshigh − Rslow )/Rslow = 300% to 40%.
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Figure 6.6 – Writing of nanoscale conductivity.
4-probe resistance (R) measured at room
temperature as a function of time (t) during writing and erasing of conducting lines.
The writing/erasing is done on a PLDgrown GAO/STO heterostructure before
and after annealing on a hot plate at 150
°C for 3 hours in ambient conditions. The
writing (erasing) is achieved by applying a
positive (negative) voltage on a conducting
atomic force microscopy tip, which is then
moved across the surface of GAO/STO in
order to write (cut) a conducting line at the
interface. An abrupt increase (decrease)
in the measured resistance is seen when
the conducting line connects (disconnects)
the four gold contacts as depicted in the
schematic drawings. The figure is adopted
from Article [XIV].

Figure 6.7 – Light exposure and electrostatic
gating.
Sheet resistance (Rs ) of
PLD-grown GAO/STO as
a function of time when
the backgate is cycled using Vbg = 0 → −200 →
0 → +200 → 0 V. At t ≈
400 min the sample is exposed to light from a fluorescent tube, which causes a decrease in both the sheet resistance and the switching ability. The decrease in resistance at t = 300 − 400min
is due to a small leakage of
light to the sample. The figure is adopted from Article
[IX].
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6.5 Comparison
The palette of methods to control the carrier density and defects is useful for tuning and studying the properties of GAO/STO. In most cases, electrostatic gating is
preferable as it often allows for a fast tuning of the carrier density in-situ. Backgating,
however, may result in hysteresis in the electronic properties (see Figure 6.4) as well
as affecting the spatial extent of the electron gas [114] and the tetragonal domain
structure in STO [57]. In addition, a continuous application of a gate potential is
impractical for optimizing devices and carrying out some studies such as synchrotronbased measurements. Controlling the carrier density by varying the deposition conditions or performing post-annealing can tune the sample to a (quasi-)permanent state,
but at the expense of a longer fabrication time in addition to a potentially poor
reproducibility. In addition, both oxygen vacancy donors and electrons are tuned
simultaneous, which may be desirable for some purposes, but not all. Combining
electrostatic gating with annealing in principle allows for thorough studies separating
electronic effects from properties originating from oxygen vacancy. Magnetic ordering
in LAO/STO is for instance proposed to originate from localized magnetic moments,
possibly stemming from oxygen vacancies, which couples to the itinerant electrons
[94]. Combining annealing with electrostatic gating may thus facilitate the separate
control of localized magnetic moments and itinerant electrons. Oxygen vacancies also
both act as mobility-limiting scattering sites and electron donors, and thus controlling the density and position of oxygen vacancies and electrons should allow for both
an enhancement of the mobility and a deeper understanding of the scattering.
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7
Electron mobility

The carrier mobility is defined as the ratio between the drift velocity of the carriers
(vdrift ) and the electric field (E), i.e. µ = vdrift /E. The tireless quest for enhancing
the mobility in electronic materials has been motivated by its importance in realizing
quantum phenomena as well as fast devices where electrons respond quickly to applied
voltages. The high mobility is generally obtained in clean materials with few defects
limiting the drift velocity, which also allows for the phase coherent and ballistic movement of electrons over long distances that has enabled the discovery of new mesoscopic
physics [115]. A remarkable property of the GAO/STO heterostructure is the high
mobility reported to be up to 140,000 cm2 /Vs at 2 K [65]. The high mobility exceeds
the mobility of 22,000 cm2 /Vs observed in bulk STO at 2 K [95] as well as other highmobility STO-based systems such as amorphous-LAO/La 7/8 Sr 1/8 MnO3 /STO with
70,000 cm2 /Vs at 2 K [V] and STO/SrCuO2 /LAO/STO with 50,000 cm2 /Vs at 2 K
[116]. A review of the mobility in oxides can be found in Article [XXIV]. The highest
mobility in GAO/STO is to date only obtained using pulsed laser deposition of GAO
on STO with optimized deposition parameters. Despite the mobility is significantly
lower than in Alx Ga1 – x As/GaAs with a mobility of 36 · 106 cm2 /Vs at 0.36 K [117]
and Mgx Zn1 – x O/ZnO with 1.3 · 106 cm2 /Vs at 0.1 K [7], it remains remarkable considering the high effective mass and defect level in STO [XXIII]. The high mobility of
GAO/STO may also be combined with the plethora of attractive properties exhibited
by STO and STO-based heterostructures with an aim of designing new devices and
exploring new physics [XXVIII]. The high mobility was originally discovered by Chen
et al [65] and the dominant scattering mechanisms at temperatures ranging from 2
to 300 K were further investigated in Article [XXIII]. In the following, I will describe
the current state and understanding of the mobility in GAO/STO:

7.1 Temperature dependence of the mobility
In Article [XXIII] the temperature dependence of the GAO/STO electron mobility
was well described by three contribution added according to the Matthiessen rule:
1
1
1
1
+
=
+
µ(T )
µ(T → 0 K) AT −2
µLO (T )

(7.1)
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Figure 7.1 – Temperature dependence of the mobility.
Temperature dependence of the
electron mobility in PLD-grown
GAO/STO including fits using Eq.
7.1. LO1-3 refer to scattering from
longitudinal optical phonon mode
1-3, whereas LO is the sum calculated using the Matthiessen rule.
The figure is adapted from Article
[XXIII].

Here, the first term describes the temperature-independent mobility contribution
dominating at temperatures typically below 5 K. The second term contributes to
the mobility with an approximate T −2 scaling at intermediate temperatures (5 K
< T < 150 K) and can be attributed to electron-electron scattering [118–121]. The
third term causes a deviation from the T −2 scaling at T > 150 K due to scattering
of longitudinal optical (LO) phonons. Three longitudinal optical phonon modes exist
in the cubic phase of STO, but only the LO3 phonon mode determines the mobility
for 150 K < T < 300 K as this mode has the strongest electron-phonon coupling (α).
The scattering contribution from the longitudinal optical phonons is derived by Low
and Pines [122]:

µLO

~e
=
2α~ωLO mb

(

mb
mp

)3

(
f (α) exp

~ωLO
kB T

)
(7.2)

using the elementary charge (e), phonon frequency (ωLO ), polaron mass (mp ), bare effective mass (mb ) and a function f that increases monotonically and slowly from 1 to
1.35 as α increases from 0 to 6 [122]. When an electron moves through an ionic lattice,
its charge creates a local lattice distortion that effectively enhances the electron mass
through polaron formation. If the electron is confined in two dimensions at the interface, this polaron effective mass can be described by mp = mb (1 + (π/8)α + 0.1272α2 )
[123].
The fit of Eq. 7.1 to a high-mobility sample is satisfactory as shown in Figure 7.1
using the electron-electron interaction coefficient A and the low-temperature mobility as free parameters. The contribution from the longitudinal optical phonons was
described solely using literature values [XXIII]. In the following, the scattering mechanisms limiting the mobility at room and low temperatures will be discussed following
the Articles [XX,XXIII].

7.2 Room temperature mobility
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7.2 Room temperature mobility
Obtaining a high electron mobility at room temperature is important for device realization. However, STO typically obtains a modest room temperature mobility of
1-10 cm2 /Vs [24, 95, 118, 124, 125] with GAO/STO being no exception (see Figure
7.2). The as-deposited mobility varies greatly from sample to sample, however, by
systematically decreasing the carrier density in a single sample using annealing, a
positive correlation is found between the mobility and carrier density. High room
temperature mobilities of up to 12 cm2 /Vs can thus generally be obtained at carrier
densities above 1014 cm−2 . The underlying reason for this can be understood by
noting that the dominant scattering mechanism at room temperature is longitudinal
optical phonon scattering according to Eq. 7.2. Here, the only strong carrier density
dependence enters via the electron-phonon coupling α, i.e. µ(α(ns )) [XXIII]. The
mobility is monotonously increasing as α is lowered from 4 to 1 (see inset of Figure
7.2), and the mobility can therefore be converted to the corresponding value of the
electron-phonon coupling as presented in the lower part of Figure 7.2. From here it
can be deduced that the largest mobilities are obtained when lowering the electronphonon coupling. This occurs at high carrier densities due to an electronic screening
of the electron-phonon interaction [10]. Interestingly, this treatment allows for determining the polaron effective mass of the electron, which decreases from 1.9 to 1.4me
as the electron-phonon coupling is screened.

7.3 Low temperature mobility
The mobility increases by up to four orders of magnitude when the temperature is
lowered from 300 to 2 K. Contributing factors are the large increase in the dielectric
constant and the rapidly decreasing influence of the electron-phonon scattering. At
low temperatures STO-based heterostructures generally obtain a high mobility at low
carrier densities [126] & [XXIV,XVIII], however, GAO/STO is fundamentally different from this with a positive correlation observed between the mobility and carrier
density (see Figure 7.3). The optimized deposition parameters for obtaining high mobility was observed to vary widely from one PLD chamber to another, however, in both
cases the mobility increased roughly as µ ∼ n1.5
s up to the maximum value exceeding
100,000 cm2 /Vs obtained at ns (µmax ) ∼ 5 · 1014 cm−2 [XXIII]. GAO/STO obtained
an increasing character of bulk three-dimensional conductivity at ns ≫ ns (µmax ) resulting, in the extreme case, in an equal resistance measured at the back and front of
the STO substrate for ns (µmax ) ∼ 3 · 1015 cm−2 . In this case, the entire 0.5 mm thick
STO substrate can be perceived as a homogeneously conducting sheet with a threedimensional carrier concentration of ns /0.05cm = 6 · 1016 cm−3 . Consequently, the
mobility decreases to ∼20,000 cm2 /Vs consistent with bulk conducting STO where
donors are distributed throughout the substrate [45].
The current flow in GAO/STO samples with varying mobility and carrier densities
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Figure 7.2 – Room temperature mobility.
Room temperature mobility
(µ), electron-phonon coupling
(α) and polaron effective
mass enhancement (mp /me )
as a function of carrier
density (ns ) in PLD-grown
GAO/STO heterostructures.
The inset shows the relationship between µ, α and mp /me
7.2 asaccording to Eq.
suming a bare band effective mass of mb = 0.6me
and a two-dimensional polaron mass mp = mb (1 +
(π/8)α + 0.1272α2 ). The figure is adapted from Article
[XXIII] with part of the data
taken from Chen et al [65].

was further studied using a scanning superconducting quantum interference device
(SQUID). The scanning SQUID sensitively measured the magnetic flux entering a 1.8
µm large pick-up loop located at the end of a flexible scanning probe [127, 128]. The
current flow was detected by passing an alternating current through the sample, which
created a magnetic field measured by the SQUID with a lock-in technique. Scanning
along the sample surface with the scanning probe thus produced a magnetic flux map
revealing the current flow in the sample (see Figure 7.3). For ns ≤ 1 · 1014 cm−2 the
stripy modulations were observed in the current flow similar to what has been seen in
LAO/STO [129]. The stripes stem from a change in the conducting properties across
the different tetragonal domains in STO formed below 105 K [57, 129]. Interestingly,
the stripes are no longer observed for ns ≥ 5 · 1014 cm−2 . This is likely due to (i)
a larger degree of bulk conductivity whereby the current can bypass specific surface
domains or (ii) large carrier densities which screen potential steps across the domain
walls and eventually render the changes in the conducting properties small compared
to the overall large conductivity.
In Section 6.2 it was presented that annealing can result in a decrease in the carrier density firstly by redistributing oxygen vacancies to a location more prone to
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Figure 7.3 – Lower temperature mobility.
Mobility (µ) as a function of carrier density (ns ) measured at 2 K for as-deposited
and post-annealed PLD-grown GAO/STO. Scanning SQUID images of the magnetic
field created by the current flow in various samples are shown on the top. The absolute
value of the current response measurements depends on the location on the sample
and cannot be compared between different samples. The figure is adapted from Article
[XXIII] with part of the data taken from Chen et al [65].

localization and secondly by oxidation. Very gentle annealing either by prolonged
room temperature storage or exposure to elevated temperatures (∼ 100 ◦ C) can,
however, also be used to enhance the conductance and mobility at low temperature
without changing the carrier density (see Figure 7.4). As the electrical properties at
room and elevated temperatures remained constant, this process was invisible by the
method described in Section 6.2. The mobility enhancement in absence of a carrier
density change was attributed to a change in the scattering landscape by an oxygen
vacancy redistribution with little or no change in the charge localization. Oxygen
vacancy properties were further examined using resonant soft x-ray photoemission
spectroscopy and density functional theory (DFT) calculations [XX]. Oxygen vacancies located at the interface were found to have a lower formation energy and a deeper
in-gap state compared to oxygen vacancies a few nanometers into STO (see Figure
7.5a). The deeper in-gap state was absent in LAO/STO and using DFT calculations
it was found to originate from the different atomic arrangement at the GAO/STO
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Figure 7.4 – Mobility enhancement through annealing.
Temperature dependence of the
sheet resistance (Rs ), carrier
density (ns ) and mobility (µ) of
PLD-grown GAO/STO before
and after storing the sample
for 6 months in a vacuum desiccator at room temperature.
Similar mobility enhancements
have been observed by annealing GAO/STO in 1 bar oxygen at ∼ 100 ◦ C. The figure is
adapted from Article [XX].

interface.
The high electron mobility in GAO/STO was attributed to an electron-donor separation in Refs. [XX,XXIII] as outlined in Figure 7.5b. In this view, the oxygen
vacancy donors preferentially form at the GAO/STO interface due to the broken
symmetry, whereas the electrons spread out deeper into STO thereby causing a lower
scattering from the positively charged donors. Mobilities exceeding those observed in
bulk conducting STO can thus be expected in analogy with the increased mobility
behavior has also been
in modulation doped structures. Interestingly, a µ ∼ n1.5
s
observed in modulation doped structures owing to (i) predominant small-angle scattering as the Fermi surface expands [130] and (ii) increased electronic screening of
ionized scattering sites [115]. The predominant small-angle scattering is supported
by the large ratio of 6 between the Hall mobility and quantum mobility, whereas the
scanning SQUID current flow images may show an efficient electronic screening at
high carrier densities. A delicate balance is further expected to exist between oxygen
vacancies located at the interface and deeper into STO. This supports that (i) the
high mobility is only formed in a narrow deposition parameter window and (ii) the
mobility can be enhanced as oxygen vacancies redistribute during a low temperature
annealing. In this view, electromigration of oxygen vacancies may thus be used to
further enhance the mobility.
Despite the data suggest that an electron-donor separation underlies the high mobility
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Figure 7.5 – Oxygen vacancies and high electron mobility.
(a) Schematics of the in-gap state produced by oxygen vacancies with different locations
in LAO/STO and GAO/STO. Oxygen vacancies at the GAO/STO interface are found
to produce a deep in-gap state located -2.1 eV from the conduction band (CB). (b)
Proposed model for the high mobility where oxygen vacancies are preferentially formed
at the GAO/STO interface whereas the electrons distribute deeper into STO effectively
causing an electron-donor separation. The figure is adapted from Article [XX].
in GAO/STO, further studies on the electron and oxygen vacancy depth profiles are
needed. It is of particular interest to study whether conducting electrons are found
at the interface TiO2 -layer despite the large amount of oxygen vacancies, symmetry
breaking and the Al diffusion from the GAO film into the first 1-2 unit cells of STO
[65]. The latter is relevant as Al-doping of STO thin films has been observed to cause
an increase in the bandgap of 0.3 eV, which is likely to be caused by shifting the
conduction band to higher energies [131]. In addition, detailed DFT calculations and
a systematic study of how the ratio between Hall and quantum mobility depends on
the carrier density might shed more light on the origin of the high mobility.
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8

Colossal
magnetoresistance
Magnetic sensors serve as vital components in numerous technologies including position monitoring and high-density information storage [132]. Magnetoresistive sensors
provide a cost-efficient way of determining the magnetic field by typically applying a
constant current and sensing the magnetic field using the voltage output [133]. The
key descriptor is therefore the magnetoresistance (MR) defined as the relative change
in the resistance upon application of a magnetic field:
MR =

R(B) − R(B = 0 T)
R(B = 0 T)

(8.1)

The magnetoresistance has geometrical and physical (intrinsic) contributions [132].
The geometrical contribution arises from the Lorentz force and manifests itself as a
change in the magnetoresistance when varying the geometry e.g. by repositioning
contacts or reshaping the active material. The physical contribution is intrinsic to
materials and material combinations such as manganites [134] and magnetic multilayers [135]. The physical contribution is to date most widely used for designing sensors
and it may originate from, e.g., changing the band structure, carrier density or spin
configuration by the magnetic field.

8.1 Characterization of the magnetoresistance
The high mobility in GAO/STO heterostructures coexists with pronounced changes
in the sheet resistance upon application of a transverse magnetic field [XXVIII]. In
absence of a magnetic field the sheet resistance decreases by more than four orders
of magnitude as high-mobility samples are cooled from 300 to 2 K (see Figure 8.1a).
When a magnetic field is applied perpendicular to the interface, the sheet resistance
deviates from the zero-field behavior below ∼ 100 K, obtains a minimum at ∼ 50
K and increases at lower temperatures (see Figure 8.1a). The field-induced increase
in the sheet resistance causes a colossal magnetoresistance exceeding 80,000% at 2
K and 15 T (see Figure 8.1b) The values obtained in GAO/STO far exceed those
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Figure 8.1 – Magnetoresistance in GAO/STO
(a) Temperature dependence of the sheet resistance (Rs ) with applied magnetic fields
ranging from 0 to 15 T. (b) Magnetoresistance (M R = (Rs (B) − Rs (0))/Rs (0)) as
a function of the magnetic field (B) at various temperatures. In both cases the sheet
resistance is measured in van der Pauw geometry with the magnetic field applied
perpendicular to the PLD-grown GAO/STO interface. The figure is adapted from the
unpublished Article [XXVIII].

otherwise considered to be the largest positive colossal magnetoresistance reported
in any oxide [136]. At room temperature the magnetoresistance is decreased by six
orders of magnitude and values of around 0.1% are typically obtained. The magnetoresistance increases as ∼ B 2 at low magnetic fields as expected from the Lorentz
magnetoresistance, however, at large magnetic field the magnetoresistance increases
linearly with no sign of saturation.

8.2

Geometric contribution

The magnetoresistance is observed to have a significant geometrical contribution as
observed when changing the contact configuration from a van der Pauw geometry to a
linear geometry (see Figure 8.2a-b). Consistent sheet resistances are found using the
two geometries in absence of an applied magnetic field, which validates the two different strategies for measuring the resistance. However, the magnetoresistance is highly
influenced by the geometry. For this sample, the magnetoresistance is ∼60,000% at
2 K and 15 T in the van der Pauw geometry, but it decreases to ∼10,000% in the
linear geometry. A noticeable difference is also the sheet resistance peak at T ≈ 8 K
in the van der Pauw geometry, which changes to a minimum in the linear geometry.
Interestingly, 8 K is also found to be a characteristic temperature for the magnetic
ordering in GAO/STO as discussed in the next chapter.

8.3 Extraordinary magnetoresistance
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Figure 8.2 – Geometrical dependence of the magnetoresistance.
Temperature dependence of the sheet resistance (Rs ) under various applied transverse
magnetic fields when a PLD-grown GAO/STO heterostructure is contacted in van
der Pauw geometry (a) or linear geometry (b). In the van der Pauw geometry, the
bonds are places at the corners of the 5 mm x 5 mm GAO/STO, whereas the linear
geometry has 4 bonds spaced with 900 µm on a line in the center of the sample. The
figures are adopted from the unpublished Article [XXVIII].

8.3 Extraordinary magnetoresistance
The response of the magnetoresistance to the contact configuration opens up the possibility for geometric optimization. In 2000 the extraordinary magnetoresistance was
discovered based on the geometric contribution in metal/semiconductor hybrid systems [137]. Here, a circular sample of Te-doped InSb with a mobility of 45500 cm2 /Vs
was filled with a circle of Ti/Pt/Au in the middle, similar to the lower schematic drawing in Figure 8.3a. This enhanced the room temperature magnetoresistance from less
than 1,000% at 5 T without the metal to 750,000% in the metal/semiconductor hybrid
device with an optimized metal circle radius. The large increase in the magnetoresistance was due a dramatic change in the current flow of the sample when applying a
magnetic field. At B = 0 T the majority of the current flows through the metal (see
Figure 8.3b) leading to a low resistance. At B > 0 T the Lorentz force deflects the
current away from the metallic area, and a high resistance is therefore obtained. Following the original discovery, additional geometric optimizations and materials have
been investigated [132] including the numerical modeling of the Hall bar-like metal
inclusion in InSb with a large enhancement of the magnetoresistance (see Figure 8.3).
The physics can be described in two dimensions using the conductivity matrix relating

52

8 Colossal magnetoresistance

⃗
the current density (⃗j) and the electric field (E):
[ ]
[
] [ ]
jx
1 −µB
Ex
σ0
=
·
1 + (µB)2 µB
jy
1
Ey

(8.2)

σ0
where 1+(µB)
2 is the Lorentz magnetoconductance described using the zero-field conductance σ0 . The magnetic field causes a non-zero current to flow perpendicular to
the electric field. If the conductivity of the metal far exceeds that of the semiconductor, the metal boundaries can be considered equipotential and the electric field is
thus perpendicular to the boundaries, which can, e.g., be assigned to the x-direction,
⃗ = Ex . From Eq. 8.2, the ratio between the deflected current and the current flow|E|
ing into the metal is thus: jy /jx = µB. The current is therefore efficiently expelled
in the presence of a magnetic field in high-mobility samples. The magnetoresistance
of GAO/STO has not yet been enhanced by designing oxide/metal hybrid structures,
but this is planned for future work. The GAO/STO heterostructure is a promising
material choice for this due to: (i) the proven ability to significantly change the magnetoresistance using the geometry, (ii) the large electron mobility, (iii) the positive
sign of both the GAO/STO magnetoresistance and the metal/oxide enhancement
and (iv) the large, non-saturating magnetoresistance already found in as-deposited
GAO/STO in absence of metal inclusions.

8.4

Origin of the magnetoresistance

The MR ∝ B 2 observed at low magnetic fields in as-deposited GAO/STO is likely
to originate from the classical Lorentz magnetoresistance. The Lorentz magnetoresistance saturates at high magnetic fields and a cross-over to a linear, non-saturating
magnetoresistance is observed for some materials such as GAO/STO, silver chalcogenides (Ag2+δ Se and Ag2+δ Te) [139], indium antimonide [140] and silicon [141].
The linear magnetoresistance is often explained by the current flow in an inhomogeneously conducting material. In the presence of a magnetic field, the Lorentz force
may cause a large change in the current flow in the vicinity of inhomogeneities with
high or low resistance [142, 143] in a similar fashion as for the metal inclusions discussed previously. Such current redistributions were shown numerically to cause a
positive and linear magnetoresistance without saturation using the classical Lorentz
force [142, 143]. A similar non-saturating magnetoresistance can have a quantum
mechanically origin in the so-called extreme quantum limit where (i) distinguishable
quantum levels are formed from electron orbits with frequency ωc and (ii) all electrons
populate the lowest quantum level [140]. This requires ~ωc > kB T , ~ωc > EF and
µB > 1 [140]. However, the large Fermi energy of Ef ∼ 600 meV in GAO/STO (see
Figure 5.7) far exceeds ~ωc making the classical mechanism the most likely origin of
the linear magnetoresistance. The inhomogeneities are likely to be induced by the
deposition or stemming from the tetragonal domain formation in STO below 105 K. It
should be mentioned that an asymmetric scattering caused by the spin/orbit coupling

8.4 Origin of the magnetoresistance
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Figure 8.3 – Geometrically enhanced extraordinary magnetoresistance
(a) Magnetoresistance (∆R/R) as a function of the magnetic field (H) calculated for
two different InSb/Au semiconductor/metal hybrid configurations using a numerical
model. (b) The calculated electrostatic potential in absence and presence of a magnetic
field for the two configurations given in (b). The figure is adapted from Ref. [138].
in GAO/STO may also be significant in understanding the large magnetoresistance
and current deflections. This asymmetric scattering is discussed further in the next
chapter.
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CHAPTER

9
Magnetism

One of the most remarkable discoveries in LAO/STO was the emergence of magnetism between the two insulators that were generally considered non-magnetic [36].
The discovery opened up the possibility to couple the spin, charge and lattice degrees
of freedom with a potential of realizing new devices and functionalities by the coupling. This initiated a large interest in the magnetic phase leading to the discovery
of coexisting superconductivity and magnetism [48, 144] as well as the observation
of magnetism in bulk STO [17, 18] and other STO-based heterostructures such as
LAO/EuTiO3 /STO [145]. Magnetism was also found in a-AO/STO using torque
magnetometry measurements [146]. Later, a strain-tunable magnetic state was found
to coexist with the colossal magnetoresistance and high mobility in GAO/STO as
observed with magnetotransport measurements and scanning SQUID [XXVI]:

9.1 Torque magnetometry measurements
In torque magnetometry a magnetic field is applied to a sample fixed to a flexible
cantilever. If the sample contains a magnetic moment m,
⃗ the magnetic field causes a
⃗ which is measured as a deflection of the cantilever.
⃗ B,
torque ⃗τ on the sample, ⃗τ = m×
If the magnetic field is homogeneous, the technique is only sensitive to the component
of the magnetization perpendicular to the magnetic field. This leaves the technique
largely insensitive to dia- and paramagnetism, but highly sensitive to magnetic order
or anisotropies that counteract aligning the magnetization along the magnetic field.
The technique was used to probe the coexistence of magnetism and superconductivity
in pulsed laser deposited LAO/STO [144] and the presence of magnetism in atomic
layer deposited a-AO/STO [146]. The angle-dependent torque measurements of aAO/STO is shown in Figure 9.1a. Applying the magnetic field perpendicular to the
⃗ ∥ , whereas no
interface was found to result in no detectable in-plane magnetization M
⃗ ⊥ as B
⃗ ∥M
⃗ ⊥ . Rotating
conclusion could be made on the out-of-plane component M
the field gradually from out-of-plane to in-plane results in a measurable torque until
the field is aligned in-plane and a vanishing torque is again measured. The angledependent torque measurements suggest that the interface causes an anisotropy which
favors in-plane magnetization. The torque is in this case given by τ = M∥ (B)B cos(ϕ)
where ϕ is the angle between the magnetic field and the axis perpendicular to the
interface. In this case, the in-plane magnetization can be extracted from the torque
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Figure 9.1 – Torque magnetometry measurements of a-AO/STO
(a) The magnetotorque (τ ) of atomic layer deposited a-AO/STO as a function of a
magnetic field (µ0 H) aligned at different angles ϕ with respect to the interface normal.
(b) The in-plane magnetization inferred from the torque measurements as a function
of magnetic field. The torque magnetometry loses sensitivity at low magnetic fields,
and magnetization data are therefore not shown here. The figure is adapted from
[146].
(see Figure 9.1b). At B < 50 mT, the technique loses sensitivity, however, at 50 mT <
B the in-plane magnetization increases until it saturates at 5 − 8µB /a2STO at B ≈
250 mT. The saturation magnetization was one order larger than in LAO/STO
[144] and is unlikely to result from a single atomic layer, but rather to span multiple
atomic layers. No hysteresis or coercivity was observed in any of the measurements
on a-AO/STO and the torque signal was found to be unchanged up to the maximum
probed temperature of 30 K.

9.2

Magnetotransport measurements

Linear Hall coefficients serve as a valuable tool for extracting carrier densities whereas
deviations from the linearity are often used to deduce the band structure and magnetism. In high-mobility GAO/STO, the Hall coefficient is linear for T > 40 K
revealing, for the sample presented in Figure 9.2a, a high carrier density of ns ∼
6 · 1014 cm−2 . For T < 40 K, pronounced non-linearities arise without hysteresis.
Here, the slope of the Hall coefficient, |dRxy /dB|, increases at high magnetic fields,
opposite to the S-shaped non-linearities observed in LAO/STO that are explained by
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Figure 9.2 – Magnetotransport measurements of GAO/STO
(a) Hall coefficient (Rxy ) as a function of the magnetic field applied perpendicular to
the interface of pulsed laser deposited GAO/STO. Non-linearities are observed below
AHE
40 K. (b) Anomalous Hall coefficient (Rxy
) obtained from Rxy by subtracting the
ordinary Hall effect determined from the low-field slope of the Hall coefficient. (c)
The component of the magnetization perpendicular to the interface (Mz ) multiplied by
a constant k as described in the main text. (d) Kohler plot of the magnetoresistance
showing deviations from Kohler’s rule below 40 K. The figure is adapted from Article
[XXVI].
conductivity in two n-type bands with dxy and dxz /dyz character [90]. If the Hall curvature in GAO/STO was due to two-band conductivity, it would entail a coexistence
of a large number of electrons and holes, which was reject in Article [XXVI]. Instead,
AHE
) arising from
the non-linearity was attributed to the anomalous Hall effect (Rxy
an interaction between the itinerant electrons and the component of the magnetizaAHE
tion along the interface normal [147], Rxy
= RsAHE Mz . It was further found that
the anomalous Hall prefactor (RsAHE ) scales linearly with the sheet resistance (Rs )
[XXVI], leading to the following expression
OHE
AHE
Rxy = Rxy
+ Rxy
=−

1
B + kRs (B, T )Mz (B, T )
ens

(9.1)

where ns is the sheet carrier density and k is a coefficient describing the coupling
strength between the magnetization and the Hall resistance. The linearity is expected in the skew scattering mechanism [147] where the presence of a spin-orbit
coupling, allowed by the broken lattice symmetry at the GAO/STO interface, causes
an asymmetric scattering of the electrons and a build-up of a Hall voltage. Indeed,
the weak anti-localization observed during ionic liquid gating of the GAO/STO heterostructure evidences the presence of a spin-orbit coupling [XXI]. As the main feature
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of the non-linear Hall effect is due to the anomalous Hall effect, the ordinary Hall
effect is described using the sheet carrier density with a one band model for simplicity, although the data cannot exclude the presence of a second band with a low
carrier density. This is consistent with both the depopulation of dxy carriers at high
carrier densities and the lowest-lying bands being the high-density dxz /dyz bands as
discussed in Section 5.2.2, which both suggest that the majority of carriers populate
bands with dxz /dyz symmetry.
At high magnetic fields, the sheet resistance increases linearly with the magnetic
field, which, remarkably, results in a non-saturating anomalous Hall effect up to at
least 15 T (see Figure 9.2b). The usual extraction of the carrier density from the
slope of the Hall coefficient at high magnetic fields is therefore invalid as it includes
contributions from both the ordinary and anomalous Hall effect. The carrier densities
can be most accurately determined at low magnetic fields, as the sheet resistance is
small with a vanishing slope at B ≈ 0 T leading to a small anomalous Hall contribution. As seen in Figure 9.2a, the low-field slope of the Hall coefficient is temperature
independent and hence ns ∼ 6 · 1014 cm−2 at all temperatures. This is consistent
with the temperature independent carrier density deduced optically from the infrared
Berreman mode similar to that presented in Figure 5.8. This way of extracting the
carrier density was used when describing the mobility (µ = 1/ens Rs ) in Chapter 7.
The mobility of the sample shown in Figure 9.2 is ≈ 100, 000 cm2 /Vs at 2 K.
OHE
)/Rs the component of the magnetization parallel
By extracting kMz = (Rxy − Rxy
to the transverse magnetic field was inferred to start to saturate at ∼ 2 T for temperatures below 8 K (see Figure 9.2c). Increasing the temperature opposes the alignment
up to T ∼ 40 K where the magnetization is no longer detectable. Concomitant
with the appearance of non-linear Hall coefficients, the magnetoresistance also starts
to show deviations from Kohler’s rule for T < 40 K (see Figure 9.2d). Kohler’s rule
holds for most materials and states that the resistance ratio Rs (B, T )/Rs (B = 0 T, T )
is some function f of B/Rs (B = 0 T, T ) [148]:

Rs (B, T )
= F (ωc τs ) = f
Rs (B = 0 T, T )

(

B
Rs (B = 0T, T )

)
(9.2)

Kohler’s rule results from the magnetic field entering the semi-classical Boltzmann
equation as the product of the cyclotron frequency and scattering life time, ωc τs =
eBτs /m∗ with m∗ being the effective mass and τs ∝ Rs−1 . Deviations from Kohler’s
rule may have various origins [149], however, in the case of GAO/STO deviations
are expected as Kohler’s rule do not include the reduction of the scattering when
magnetic moments align along the magnetic field, i.e. both ωc and τs depend on B.
A similar behavior of the Hall coefficient and the Kohler plots were observed in four
samples [XXVI].

9.3 Scanning SQUID measurements
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9.3 Scanning SQUID measurements
A scanning SQUID was used to further investigate the magnetic state observed in
GAO/STO [XXVI]. The scanning SQUID measures the magnetic flux entering a 1.8
µm wide pick-up loop, and produces a two-dimensional map of the flux by scanning the pick-up loop across the sample surface. The measurements are performed
in the absence of an externally applied magnetic field and therefore probe the magnetic field originating from a spontaneous magnetic order in the sample. In the case
of LAO/STO, such measurements originally showed the presence of ferromagnetic
patches [150] and their coexistence with superconductivity [48]. For the GAO/STO
heterostructure with transport measurements presented in Figure 9.2, magnetic flux
maps revealed striped modulations with a typical magnitude of ∼ 1 mΦ0 at 5 K
(see Figure 9.3a). Striped modulations in the magnetic flux were observed in four
additional GAO/STO heterostructures as well as in LAO/STO (see Figure 9.3b).
Contrary to the dispersed ferromagnetic patches, the striped modulations span hundreds of micrometers, which implies a long-range magnetic order. As the magnetic
flux escaping a homogeneously magnetized sample will show a homogeneous flux map
in the center of the sample, the flux modulations witness a magnetization with spatial inhomogeneities. The striped inhomogeneities were observed along the [010], [110]
and [1̄10] crystallographic directions of STO. Interestingly, these orientations coincide
with the tetragonal domain wall orientations in STO and the stripes in the current
flow observed in LAO/STO and GAO/STO as discussed in Section 7.3. Using the
scanning-SQUID to measure the current flow in ac mode and the magnetic signal in
dc mode, the magnetic modulations were shown to be located at the same locations
where the current flow is modulated due to the domain walls.
Thermally cycling the sample to room temperature resulted in significant changes
of the magnetic landscape where [010] oriented stripes with a modulation amplitude
of ∼ 0.6 mΦ0 converted into very weak [110] orientated stripes with a modulation
amplitude close to the noise level (see Figure 9.3d). When the temperature was
raised gradually from 5 K, the flux modulations monotonically decreased in size until
their disappearance at around 40 K (see Figure 9.3e). This is strikingly analogous to
the absence of the magnetic signature in Hall and magnetoresistance measurements
in GAO/STO and magnetoresistance measurements in LAO/STO [151, 152]. The
temperature also roughly marks an anomaly of the STO substrate where its quantum paraelectric transition causes the dielectric constant to diverge [20]. Cooling the
GAO/STO heterostructure to 5 K reintroduced the magnetic modulations without
noticeable changes in size or location.
A few studies report magnetism in the STO substrate even in the absence of a top
film [17, 18], and the influence of the GAO film was therefore probed by measuring
a STO substrate with the same history as the GAO/STO, except that no deposition
was performed. Importantly, this STO substrate was heated up to the deposition temperature of 650 ◦ C in an oxygen pressure of 10−5 mbar without inducing macroscopic
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Figure 9.3 – Striped magnetization in GAO/STO
(a-c) Large area scan showing magnetic stripes in GAO/STO (a), LAO/STO (b)
and STO (c) samples. The PLD grown GAO/STO sample was also used to obtain
the magnetotransport data presented in 9.2. (d) The same location imaged in two
subsequent scans on GAO/STO before and after thermal cycling the sample above
105 K (the structural transition temperature of STO). (d) Temperature dependence of
the peak-to-peak modulation amplitude (∆Φ) in GAO/STO defined in the inset during
warm up and cool down. The modulations disappear as the temperature increases to
40 K, and reappears without noticeable hysteresis during the subsequent cool down
below 40 K. In all cases, the magnetic flux is offset by the average value of the scan.
The figure is adapted from Article [XXVI].
electrical conductivity. Also here, magnetic modulations with a similar shape were
observed (see Figure 9.3c), with a change in the magnetic landscape when performing
thermal cycling up to room temperature [XXVI].

9.4

Strain-tunable magnetism

A particularly interesting feature of the striped magnetic modulations observed in
GAO/STO is the tunability under small applied forces [XXVI]. When locally applying a force of 56 nN on the GAO/STO surface using the scanning SQUID probe,
the temperature dependence of the magnetic modulations changed markedly (see Figure 9.4a-b). Instead of the gradual decrease of the modulation strength observed
up to 40 K, sharp, stripy features emerged when a force of 56 nN is applied. The
features start to emerge around 10 K and the flux modulations are increased by a
factor of four when reaching 16 K. Figure 3b shows that the sharp features are only
obtained after contacting the sample surface with the probe, and the features become
monotonically stronger when increasing the applied force. Interestingly, in all cases,
the original magnetic landscape without the sharp magnetic modulations could be

9.4 Strain-tunable magnetism
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Figure 9.4 – Strain-tunable magnetization in GAO/STO
(a) Spatial modulation in the magnetic flux as function of temperature while pushing
the tip of the SQUID tip into the sample with a force of 56 nN. Above ∼10 K the
magnetic modulations become very sharp and the peak-to-peak modulation amplitude
(∆Φ) increases monotonically with temperature. (b) Magnetic modulations at a fixed
temperature of 15 K as the SQUID tip approaches the GAO/STO sample. When the
SQUID reaches the sample, sharp magnetic modulations emerge. Further lowering
the SQUID results in applying a stronger external force to the sample, which causes
an increase in the peak-to-peak modulation amplitude. The force is measured capacitatively via the deflection of the SQUID cantilever. In all cases, the magnetic flux is
offset by the average value of the scan. The figure is adapted from Article [XXVI].

restored without hysteresis by lowering the temperature or removing the force.
Inspired by the stress dependence, the influence of internal strain on the magnetic
landscape was also probed. It was found that detectable magnetic modulations similar to those presented in e.g. Figure 9.3a appeared particularly at locations where
the tetragonal domain structure in STO was complex such as at the end of needle
domains. In addition, modulations were also observed more strongly in the vicinity
of areas expected to exhibit strain such as close to the sample border or around a
scratch introduced on the surface of one sample. Besides containing high strain, these
areas are also expected to have the largest amount of defects such as oxygen vacancies.
The magnetic susceptibility was found to be vanishing or slightly diamagnetic below 5 K with a conversion to paramagnetism with a dramatic increase in intensity
above ∼ 8 K (see Figure 9.5a). Interestingly, this temperature also appeared in the
analysis of the anomalous Hall effect. The characteristic magnetic field (Bc ) for the
emergence of the anomalous Hall effect can be described by the half width at half
maximum of the bell-shaped (dRxy /dB). Below ∼ 8 K, the characteristic field was
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temperature independent, consistent with reports on NGO/STO[153] and as expected
if an ordered state prevents the magnetization to be induced or aligned along the field
(see Figure 9.5a). At higher temperatures, Bc increased linearly upon raising the temperature pointing towards a behavior similar to paramagnetism where the alignment
of magnetic moments is countered by thermal fluctuations.

9.5

Mechanism

Characteristic temperatures of ∼8 K and ∼40 K were observed in the independent
transport measurements and the SQUID imaging of GAO/STO. This gives three different temperature regimes in which the magnetic state was proposed to have different
behavior [XXVI]:

1. Below 8 K, the GAO/STO heterostructure is in an ordered state, which manifests itself in soft or no modulations in the magnetization. This state is characterized primarily by a diamagnetic response (negative magnetic susceptibility) when applying small magnetic fields of ±1 mT. Applying a temperatureindependent characteristic magnetic field of Bc ∼ 2.5 T breaks the order and
align the magnetic moments perpendicular to the interface, which causes the
anomalous Hall effect. At these temperatures, a local application of external
forces up to 122 nN has no effect on the ordered state.
2. Above 8 K, the thermal energy leaves the magnetic order more sensitive to
breakage. This is supported by the increase in the paramagnetic susceptibility
under a small applied force of 56 nN suggesting a gradual release of previously
ordered magnetic moments into a paramagnetic state. The alignment of the
paramagnetic moments with the magnetic field is countered by thermal fluctuations resulting in a linear increase of Bc with temperature. The fragile
magnetic order above 8 K is highly sensitive to externally applied forces, and
stronger magnetic modulations can be induced here. This points towards a delicate balance between the intrinsic order and a ferromagnetic order, where the
applied pressure can shift the balance towards the ferromagnetic order. The ferromagnetic order is likely to arise from magnetic moments produced by oxygen
vacancies [17, 96]. This is supported by the vast number of oxygen vacancies in
GAO/STO as well as the localized in-gap states formed by the oxygen vacancies
as explained in Chapter 5. The intrinsic order may e.g. be a spiral magnetic
order [154] or an electron pair state [51] with an expected diamagnetic response
to small magnetic fields. Interestingly, a pressure-sensitive transition from a
spiral order to a ferromagnetic order has been predicted by a polar distortion in
STO where titanium ions are displaced relative to the oxygen ions [154]. Such a
polarity-induced ferromagnetic order may also explain why the magnetic stripes

9.5 Mechanism
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Figure 9.5 – Coupling of lattice, strain and charge
(a) Temperature dependence of the magnetic properties in PLD-grown GAO/STO
showing (i) emergence of sharp magnetic features above 10 K upon application of
an external force, (ii) an increase in the magnetic susceptibility with an onset of 8
K and (iii) the characteristic field Bc , defined as the half width at half maximum
of dRxy /dB from Figure 9.2a, undergoing a change from temperature-independent
to linearly increasing with temperature at 8 K. (b) An intimate coupling between
the lattice, spin and charge degrees of freedom in GAO/STO. The magnetic state
is closely coupled to the lattice as revealed by applying external forces locally to the
sample with the scanning probe. The tetragonal domain formation also causes local
lattice distortions, which both favor ferromagnetic order and modulates the charge
current. The charge current is, in turn, scattered asymmetrically by the magnetic
moments, giving rise to the anomalous Hall coefficient. The figure is adapted from
Article [XXVI].

(even in absence of an external force) are parallel to the domain walls in STO,
as the domain walls have been observed to be polar [23].

3. Above ∼ 40 K, all signatures of magnetism from the anomalous Hall effect,
magnetoresistance and scanning SQUID vanish in GAO/STO, consistent with
the disappearance of striped current modulation in LAO/STO [129] as well as
some of the observations of magnetism in LAO/STO [151, 152]. This coincides
reasonably well with the emergence of polar domain walls only below ∼ 50 K
[23], again hinting towards the influence of STO polarity.
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Coupling lattice, spin and charge

The magnetic measurements presented in this chapter witness an intimate coupling
between the lattice, spin and charge degrees of freedom (see Figure 9.5b). The charge
transport through the lattice is highly affected by magnetic moments producing a
spin/orbit-driven asymmetric scattering of the electrons as well as the lattice domain
formation giving rise to current modulations. The lattice also influences the magnetic phase of GAO/STO both through the domain formation and pressure-induced
changes. Recent unpublished experiments from the group of Beena Kalisky at BarIlan University show that applying external forces using an identical SQUID probe
can change the polar state at the ferroelastic domain walls of STO. In combination
with the present observations, it seems likely that an exciting multiferroic state awaits
to be discovered, which features a coexisting and strain-tunable ferroelectric, ferroelastic and ferromagnetic order.

CHAPTER

10
Perspective

The previous chapters have outlined the discovery of various appealing properties in
GAO/STO along with the progress in understanding these. Despite GAO/STO exhibits at range of interesting properties, it remains far less studied than the benchmark
LAO/STO heterostructure. In some cases, however, properties like the emergence of
the interface conductivity are better understood in GAO/STO. In other cases, the
properties are far from well-understood or remain completely unexplored. This chapter serves as my personal view on interesting directions for future research:

10.1 Mobility enhancement
As described in Section 7.3, the high electron mobility at low temperatures is proposed
to originate from an electron-donor separation, but further investigations are needed
to verify this. The mobility has, to some extent, been optimized through deposition
parameter variations, but post-deposition mobility enhancements on high-mobility
GAO/STO have only been proven on a proof-of-concept level using post-annealing
(Figure 7.4). Other pathways to enhance the mobility remain unexplored such as
attempting to (i) electromigrate oxygen vacancies in the presence of a transverse
electric field at elevated temperatures to change the oxygen vacancy depth profile,
(ii) electrostatically gate high-mobility samples or (iii) apply compressive strain to
the interface.

10.2 Extraordinary magnetoresistance
As explained in Section 8.3, the high mobility and colossal positive magnetoresistance
make GAO/STO an interesting candidate for realizing extraordinary magnetoresistance in oxide/metal hybrid devices. Important aspects for realizing such an enhancement are the optimization of the metal geometry, minimization of the oxide/metal
contact resistance and avoidance of degrading the intrinsic GAO/STO properties with
the metal patterning. Studying the magnetic field dependence of the current distribution in unpatterned GAO/STO and oxide/metal hybrid devices may further give
a better understanding of the positive magnetoresistance observed in these systems.
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10.3 Controllable polarity
An interesting prediction from the discussion of the GAO polarity in Section 5.1.4 is
the potential for tuning the polarity in GAO thin films by electromigration of aluminum ions. For instance, at a GAO thickness of 1 u.c., only a few aluminum vacancy
distributions lead to non-polar GAO films [XV]. These distributions are characterized
by having the aluminum vacancies close to the STO surface, and an electromigration
of vacancies towards the GAO surface may thus render GAO polar. This is likely to
require elevated temperatures and/or prolonged application of an electric field across
the GAO thin film using a top-gate or ionic liquid gate.

10.4 Band perspective
Seemingly conflicting conclusions regarding the band ordering in GAO/STO were
reported as explained in Section 5.2.2. Reconciliation of these conclusions is of great
interest as the band ordering is vital for understanding the electronic properties.
In particular, if the dxz /dyz are located at a lower energy than dxy , GAO/STO is
an interesting model system for probing band structure effects. For LAO/STO the
population of dxy prior to dxz and dyz is suggested to be a determining factor for the
resulting ferromagnetic/antiferromagnetic exchange coupling [94], spin-orbit coupling
[90], superconducting phase [90], electron pairing in absence of superconductivity [51]
and band splitting [91]. Using a STO-based model system with the first available
bands being dxz /dyz rather than dxy allows for studying such band-based hypotheses.
In addition, if the four-fold rotational symmetry around the interface normal can be
broken, e.g. by applying uniaxial strain along the [100] direction, splitting of dxz and
dyz may lead to reducing the electron gas dimensionality from 2D to 1D owing to the
directionality of the dxz /dyz orbitals.

10.5 Interface symmetry breaking
The anomalous band structure and the deeper oxygen vacancy in-gap state are likely
examples of the unique impact the symmetry breaking at the spinel/perovskite interface has. This, however, remains largely unexplored and other effects such as a
modified Rashba spin-orbit coupling may also be revealed.

10.6 Separating the effect of defects and electrons
Combining electrostatic gating and annealing results in a particular versatile tuning
of the GAO/STO heterostructure through systematic variations of defects, donors
and free charge carriers. As discussed in Section 6.5, this may enable the separate
tuning of oxygen vacancies providing localized magnetic moments and the itinerant
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electrons that exchange couple to the localized magnetic moments. Control of the
magnetoresistance and electron mobility may also be obtained.

10.7 Strain engineering
Application of external strain adds an additional tuning knob to the control of the
GAO/STO functionalities. It is of great interest to see if strain can induce room
temperature multiferroicity in STO, metal-insulator transitions, changes in the band
structure, enhancement of the electron mobility/magnetoresistance and control of
the STO domain formation with a concomitant control of magnetism and current
flow. Various strategies may be used to perform strain analysis such as straining
GAO/STO mechanically with a strain device or epitaxially by growing GAO/STO
on substrates with different lattice constants as shown in Section 5.2.2. Preliminary
results are obtained in this thesis by mechanically straining undoped and Nb-doped
STO while measuring the overall deformation, lattice expansion and effect on the
bandstructure. In addition, strain-dependent transport measurements and scanningSQUID measurements are under preparation.

10.8 Numerical modeling
The above perspectives can be performed experimentally, however, detailed numerical
modeling of the GAO/STO is also needed to reach a deeper understanding of the
heterostructure. In particular, it may shed light on the influence of the aluminum
interdiffusion into the first 1-2 unit cells of STO [65] and the enlarged carrier density
observed when depositing either 2.5 or ∼ 3.5 u.c. GAO on STO at 600-650 ◦ C (see
Figure 5.1 and 6.1).
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CHAPTER

11
Conclusion

The epitaxial and non-isomorphic growth of spinel GAO on perovskite STO breaks
the lattice symmetry and results in a confined electron gas at the interface. The
conductivity originates from migration of oxygen from STO to GAO, which produces oxygen vacancy donors and itinerant electrons in the interface-near region of
STO. The electron density can be tuned by deposition control, post-annealing in oxygen, electrostatic gating and light exposure. The electrons can be highly mobile at
low temperatures with mobilities exceeding 100,000 cm2 /Vs, presumably caused by
an electron-donor separation. Post-annealing can result in an enhancement of the
low-temperature mobility, whereas the room temperature mobility is limited by the
electron-phonon scattering and can be enhanced by screening of the electron-phonon
coupling. The high mobility is found to coexist with a magnetic order and a colossal
positive magnetoresistance of up to 80,000%. The colossal magnetoresistance is likely
to stem from inhomogeneities in the conductivity, and it was shown to contain a
controllable geometric contribution paving the way for designing extraordinary magnetoresistance in oxide/metal hybrid devices. The magnetism is modulated along
the tetragonal domain walls of STO and can be tuned by externally applied forces.
The most important conclusions from each chapter are summarized graphically in
Figure 11.1. Here, my own key contributions to the various conclusions are marked
with an underlined reference to the appropriate paper, whereas supportive contributions to well-established conclusions are marked with a reference without underlining.
Many of the functionalities observed in the GAO/STO originate from an intimate
link between the lattice, spin and charge degrees of freedom in the GAO/STO heterostructure. Future research might exploit this to discover additional phenomena
such as a multiferroic state where ferroelasticity, ferroelectricity and ferromagnetism
all coexist and can be tuned with strain. STO and STO-based systems prove, once
again, to be exciting multifunctional material platforms that truly require ’a thorough
knowledge of all of solid state physics’ [16].
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Figure 11.1 – Versatile properties of GAO/STO
An overview of the most prominent observations in the GAO/STO heterostructure
discussed in this thesis. My own contributions to each observation is indicated by
reference to the respective articles. Underlined references mark key contributions
to the observation, whereas references without underlining indicate supportive, noncrucial contributions.
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ABSTRACT: The discovery of two-dimensional electron
gases (2DEGs) in SrTiO3-based heterostructures provides
new opportunities for nanoelectronics. Herein, we create a
new type of oxide 2DEG by the epitaxial-strain-induced
polarization at an otherwise nonpolar perovskite-type interface
of CaZrO3/SrTiO3. Remarkably, this heterointerface is
atomically sharp and exhibits a high electron mobility
exceeding 60 000 cm2 V−1 s−1 at low temperatures. The
2DEG carrier density exhibits a critical dependence on the ﬁlm
thickness, in good agreement with the polarization induced
2DEG scheme.
KEYWORDS: Complex oxide interfaces, oxide electronics, two-dimensional electron gases, strain induced polarization

A

tomically engineered complex oxide heterostructures
exhibit a variety of exotic interfacial properties because
of strong interactions among the spin, charge, and orbital
freedoms as well as lattice vibrations. One particular example is
the emergence of high mobility two-dimensional electron gases
(2DEGs) at the interface between two oxide insulators,1,2 one
of which is SrTiO3 (STO), the basis material of oxide
electronics. These complex oxide 2DEGs consist of strongly
coupled electrons and give rise to a rich set of physical
phenomena,3−5 for example, superconductivity,6,7 magnetism,8,9 and tunable metal−insulator transitions on nanoscale,10,11 providing new opportunities for nanoelectronics
and mesoscopic physics.3−5 To date, the creation of complex
oxide 2DEGs can mainly be divided into three groups: (1)
electronic reconstruction resulting from the polar discontinuity
at a polar−nonpolar oxide interface. Such interfacial polar
discontinuity requires the presence of a polar oxide, which
consists of alternating positively and negatively charged
sublayers, epitaxially grown on nonpolar STO, such as
LaAlO 3 /SrTiO 3 (LAO/STO);1 (2) creation of oxygen
vacancies at the bare STO surface or in STO-based
heterostructures having interfacial redox reactions,12−15 such
as vacuum cleaved STO12−14 or the system of amorphousLaAlO3/SrTiO3 (a-LAO/STO);15 (3) 2DEGs by delta doping
of STO, typically sandwiching a Nb- or La-doped STO thin
layer between two nondoped STO layers.16 Among these, the
polarity issue, particularly in the LAO/STO system, has drawn
© 2015 American Chemical Society

the most attention due to the possibility of an intrinsic doping
of STO by electronic reconstruction without the typical
disorder caused by chemical doping.17 However, to compensate
the interfacial polar discontinuity, competing mechanisms have
often been proposed to occur and obscure the sought-after
electronic reconstruction.18−20 For example, the formation of
oxygen vacancies and/or the occurrence of cation intermixing
have been shown to play important roles in these STO-based
2DEGs systems.18,19 To achieve full understanding of complex
oxide 2DEGs and to further improve their physical properties
such as carrier mobilities, it is necessary to explore perovskite
interfaces where competing mechanisms can be isolated
distinctly. In this vein, it is nontrivial to investigate the isopolar
or nonpolar perovskite heterostructures. Compared to polar
oxide interfaces, the isopolar or nonpolar interfaces can not
only avoid the intrinsic polar discontinuity issue at the
interface21 but also avoid the possible cation intermixing
induced charge compensation mechanisms through formation
of donor−acceptor antisite defect pairs.20
Besides interfacial polar discontinuity, spontaneous and/or
piezoelectric polarizations have been found to result in highmobility 2DEGs in both traditional semiconductor materials
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Published: February 18, 2015
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Figure 1. Atomically ﬂat epitaxially grown perovskite-type interface of CZO/STO. (a) Sketch of the CZO/STO heterostructure. (b) AFM image (5
μm × 5 μm) of a 50 uc CZO/STO heterostructure showing an atomically smooth surface. (c,d) XRD-RSM measurements in the vicinity of the
(002) and (1̅03) perovskite Bragg peaks for the CZO/STO heterostructure.

+2.67%, comparable to the mismatch of −2.79% in the LAO/
STO system, where the positive and negative values indicate a
compressive and tensile strain in the epitaxial ﬁlm, respectively.
Under optimized conditions, the CZO ﬁlms deposited by
pulsed laser deposition (PLD) can be epitaxially grown on the
(001) TiO2-terminated STO substrates within a layer-by-layer
two-dimensional growth mode, as conﬁrmed by the presence of
periodic intensity oscillations of the reﬂection high-energy
electron diﬀraction (RHEED) pattern monitored in situ during
ﬁlm growth (Supporting Information, Figure S1). Both
RHEED intensity oscillations and sharp RHEED patterns can
persist up to a ﬁlm thickness over 50 unit cells (uc), suggesting
high quality ﬁlm growth. A terrace surface of the grown
heterostructure is detected by atomic force microscopy (AFM),
which shows a regular step height of 0.4 nm (Figure 1b). Highresolution X-ray diﬀraction (XRD) further conﬁrms the
epitaxial growth of the (001) CZO ﬁlm on the (001)-oriented
STO, without the presence of any impurity phases. The XRD
reciprocal space map (RSM) measurements in the vicinity of
the (002) and (1̅03) perovskite Bragg peaks, as demonstrated
in Figure 1c,d, respectively, give direct evidence that the ﬁlms
are under compressive biaxial strain, as expected.
We further investigated the atomic structure and interface
chemistry of our CZO/STO heterostructures by an aberration
corrected scanning transmission electron microscopy (STEM)
in combination with electron energy-loss spectroscopy (EELS).
Figure 2a shows a high-angle annular dark ﬁeld (HAADF)
STEM image of a CZO/STO sample with the CZO layer of
approximately 50 uc (∼20 nm). The CZO ﬁlm is found to be
coherent with the STO substrate with no obvious defects or
dislocations at the interface. The averaged line proﬁles (Figure
2b) across the interface indicate that most of the cation
interdiﬀusion is conﬁned to within 1−2 unit cells on either side

such as III−V semiconductor AlGaN/GaN compound
heterostructures22 and the binary oxide heterostructures of
ZnMgO/ZnO.23,24 In these systems, 2DEGs carriers normally
originate from the ionized surface donor state. The
spontaneous and/or piezoelectric polarization in the top ﬁlm
provides the driving force to collect the electrons in the
quantum well.22−24 Though the spontaneous and/or piezoelectric polarizations of ferroelectric oxides have been used to
control the physical properties of 2DEGs at the LAO/STO
interface,25,26 their role as the origin for formation of complex
oxide 2DEGs has not been reported previously, to the best of
our knowledge. Herein, we report for the ﬁrst time a high
mobility 2DEG at an otherwise nonpolar perovskite-type
interface of (001) CaZrO3/STO (CZO/STO) via strain
induced polarization, as demonstrated in Figure 1a. In contrast
to the polar nature of LAO ﬁlms,1 the formal valence states of
CZO can be assigned as Ca2+, Zr4+, and O2−, in the simple ionic
limit. Therefore, the (001) CZO consists of alternating charge
neutral stacks of (Ca2+O2−)0 and (Zr4+O2−2)0, similar to the
case of nonpolar (001) STO. Nevertheless, we ﬁnd that
compressive strain can induce an electric polarization in the
CZO epitaxial thin ﬁlms, consistent with previous reports.27,28
Remarkably, such strain induced polarization could well
account for the 2DEGs at our CZO/STO heterointerface, as
demonstrated by a critical dependence of the interfacial
conduction on the CZO ﬁlm thickness. Moreover, the
nominally nonpolar CZO/STO interface gives rise to an
extremely high electron mobility exceeding 60 000 cm2 V−1 s−1
at 2 K, which is among one of the highest mobilities achieved
for perovskite-type interfaces.2,29,30 These ﬁndings provide new
opportunities for oxide electronics.
The CZO (pseudocubic a = 4.012 Å)31 exhibits a good
lattice match with STO (a = 3.905 Å). Their lattice mismatch is
1850
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Figure 2. Sharp interface of the compressively strained CZO/STO heterostructure. (a) HAADF-STEM image across the CZO/STO heterointerface.
(b) Averaged line proﬁles across the interface (A = Sr, Ca; B = Ti, Zr). (c) Relative lattice distortion of cations in the CZO ﬁlm in the vicinity of
interface. (d) Sketch for the strain induced polarization due to the lattice distortion near the interface. The dotted lines are a guide to the eye.

Figure 3. Highly mobile conduction at CZO/STO heterointerfaces. (a−c) Temperature dependence of sheet resistance, Rs, carrier density, ns, and
mobility, μ, respectively. Most of the samples exhibit a large μ exceeding 20 000 cm2 V−1 s−1 at 2 K, despite the dramatic diﬀerence in ns.

CZO/STO interface is therefore among one of the sharpest
hitherto-investigated perovskite-type oxide interfaces.18,32,33

of the interface, much sharper than the spinel/perovskite
interface of GAO/STO grown under similar conditions.2 The
1851
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Further STEM investigations indicate that the epitaxial CZO
ﬁlm is strained compressively on STO with a ≈ b ≈ 3.905 Å
and c ≈ 4.124 Å, consistent with the XRD data shown in Figure
1. In a similar zirconate system of SrZrO3/SrTiO3, the
compressive strain has been reported to result in ferroelectricity
in its superlattices.27 Theoretical calculations by ﬁrst-principle
density functional theory indicate that such strain induced
polarization originates from a lattice distortion, which is
characterized by a prediction that all the cations move toward
the interface with the Zr4+ exhibiting the largest relative
displacement.28 Therefore, we also investigated the lattice
distortion of our CZO ﬁlms in the vicinity of the interface.
Remarkably, compared to the CaZrO3 ﬁlm that is more than 10
uc away from the interface, we observed unambiguously that
both the Ca2+ and Zr4+ cations move toward the interface in the
ﬁrst 7 uc CZO layers. As shown in Figure 2c, the Zr4+ cation in
the ﬁrst ZrO2 sublayer exhibits the largest relative movement of
0.035 nm to the interface, while such trend degrades quickly in
the very beginning 3 unit cells of CZO ﬁlms. In contrast, the
displacement of the Ca2+ cations persists up to the ﬁrst 7 uc
layers. The above lattice displacement implies a polarization
pointing toward the interface, given that there is a negligible
lattice distortion for the oxygen sublattice as illustrated in
Figure 2d.
The stoichiometric CZO and STO are both band gap
insulators, with the energy band gap of 4.1 and 3.2 eV,
respectively. Nevertheless, we measured highly mobile metallic
conduction at the epitaxial CZO/STO heterointerface. Figure
3a shows the typical temperature-dependent sheet resistance,
Rs, for our CZO/STO heterostructures at diﬀerent ﬁlm
thickness, t. All of our CZO/STO heterostructures show
good metallic behavior as long as the CZO ﬁlm thickness t is
higher than 6 uc. Note that the samples are highly insulating at t
≤ 6 uc. This rules out the possibility of thermal reduction of
STO as a contribution to the interface conduction.34 This
critical thickness tc = 6 uc (∼2.4 nm) for the occurrence of
interface conduction is slightly higher than that of the LAO/
STO interface (tc ≈ 1.6 nm).35 However, in distinct contrast to
the LAO/STO system, where the carrier density normally
exhibits a carrier freezing out behavior at T = 100 K, the CZO/
STO system exhibits an almost constant carrier density as a
function of temperature (Figure 3b), similar to the high
mobility spinel/perovskite GAO/STO interface.2,36 Moreover,
the CZO/STO system distinguishes from the other complex
oxide 2DEGs by two characteristic properties: First, we observe
two jumps in the carrier density (Figures 3b and 4a) upon
increasing ﬁlm thickness. Besides the occurrence of interface
conduction at around tc = 6 uc for the insulator−metal
transition, we observed another unexpected conduction jump in
the carrier density by more than 40 times at t =15 uc, from
approximately ns = 0.4−2.0 × 1013 cm−2 at t ≤ 14 uc to ns =
0.4−1.1 × 1015 cm−2 at t ≥ 15 uc. Second, despite the strong
dependence of ns on t, most of the CZO samples show very
high electron mobilities much larger than 20 000 cm2 V−1 s−1 at
2 K (the bulk mobility of STO),37 regardless of the CZO ﬁlm
thickness (Figure 3c). For example, we obtained a μ = 5.3 × 104
cm2 V−1 s−1 and μ = 6.1 × 104 cm2 V−1 s−1 at 2 K for samples
with t = 10 uc and t = 18 uc, respectively, which represents the
record mobility for perovskite-type interfaces and are also
among the highest mobilities for complex oxide interfaces
(Supporting Information, Table S1).2,29,30
The metallic conduction at the nominally nonpolar CZO/
STO heterointerface is remarkable since two of the most

Figure 4. Sketch of the formation of oxide 2DEG by strain-induced
polarization. (a) Thickness-dependent sheet carrier density. (b,c) Band
alignment before and after the formation of 2DEG, respectively, at the
CZO/STO heterointerface.

discussed conduction mechanisms for the polar LAO/STO
interface, intrinsic polar discontinuity and La-doping induced ntype conduction, are both ruled out here. However, besides the
presence of strain-induced polarization in the CZO epitaxial
thin ﬁlms, the CZO/STO heterointerface meets also the
thermodynamic criterion for interfacial redox reaction: the B
site metal (Zr for CZO system) locates in the region of the
formation heat of metal oxide, ΔHfO < −350 kJ/mol of O, and
the work function of the metals, 3.75 eV < φ < 4.4 eV.38 The
redox reaction at the interface of STO-based heterostructures
can result in oxygen vacancy-dominated metallic conduction.15
To explore the role of oxygen vacancies in the CZO/STO
heterostructures, we performed angle-resolved X-ray photoelectron spectroscopy (XPS) measurements. Generally, the
presence of oxygen vacancies in these STO-based oxide 2DEG
heterostructures is indicated by the fact that the content of 3d
electrons, Ti3+ on the STO side, deduced by XPS measurements is much larger than the carrier density obtained from
transport measurements.2,15 Remarkably, in dramatic diﬀerence
with both crystalline LAO/STO39 and GAO/STO systems,2
negligible Ti3+ signal in the 2p3/2 core-level spectra is detected
in our CZO/STO heterostructures at t ≤ 14 uc (Supporting
Information, Figure S2). This strongly suggests that the content
of oxygen vacancies in our CZO/STO samples is negligible for
t ≤ 14 uc (approximately the detection limit of XPS). Such
conclusion is further supported by the fact that all our samples
can survive the postannealing in 1 bar pure O2 at 100 °C for
over 5 h (Supporting Information, Figure S3), with no obvious
change in the interface conduction. Therefore, the 2DEG at the
CZO/STO (t ≤ 14 uc) interface results predominantly from
the strain induced polarization, PCZO, in the CZO ﬁlms. Note
that although the content of the oxygen vacancies in the CZO/
STO (t ≤ 14 uc) is strongly suppressed, the 2DEG carriers
originating from the polarization-induced electronic reconstruction still locate preferably on the STO side in the region
proximate to the interface. This is conﬁrmed by our observation
that the eg/t2g ratio of the L2,3 edge in the EELS spectra of STO
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mobility exceeding 60 000 cm2 V−1 s−1 at 2 K. The sheet carrier
density of the 2DEG exhibits a critical thickness dependence,
suggesting the polarization induced electronic reconstruction
dominates the interface conduction. The strain-induced
polarization can provide new avenues to explore high mobility
2DEGs at complex oxide interfaces.
Methods. Sample Growth and Characterizations. The
CaZrO3 (CZO) ﬁlms were grown on (001) TiO2-terminated
SrTiO3 (STO) substrates (5 × 5 × 0.5 mm3 with miscut less
than 0.2°) by pulsed laser deposition (PLD) in an oxygen
atmosphere of ∼10−4 mbar with the ﬁlm growth process
monitored by in situ RHEED. During ablation, a KrF laser (λ =
248 nm) with a repetition rate of 1 Hz and laser ﬂuence of 1.5 J
cm−2 was used. The target−substrate distance was ﬁxed at 5.6
cm. The growth temperature was ﬁxed at 600 °C. A CZO
ceramic pellet produced by Spark plasma sintering (SPS) was
used as the target. Layer-by-layer two-dimensional growth of
CZO ﬁlms was optimized by RHEED oscillations with a growth
rate of approximately 75 pulses per unit cell (0.05 Å/s)
(Supporting Information, Figure S1a). After deposition, the
sample was cooled under the deposition pressure with a rate of
15 °C/min to room temperature (below 30 °C). All samples
are extremely stable at room temperature and can survive the
annealing in 1 bar of pure O2 at 100 °C for over 5 h.
Electrical characterization was made mainly using a 4-probe
Van der Pauw method with ultrasonically wire-bonded
aluminum wires as electrodes. For all samples, the Hall
resistance is linear with respect to magnetic ﬁeld (0−2 T).
The high resolution XRD measurements were performed on a
Rigaku Smartlab system.
STEM and EELS Analysis. Aberration-corrected STEM
measurements were performed by an FEI Titan 80-300ST
TEM equipped with a high brightness Shottky emitter (XFEG)
and a Gatan Image Filter (Tridiem). High-angle annular dark
ﬁeld (HAADF) images were acquired at 300 kV, where the
probe size, convergence angle and HAADF inner collection
angle were 0.8−1.0 Å, 17.3 mrad, and 71.9 mrad, respectively.
For EELS in the STEM, an accelerating voltage of 120 kV
(probe size of 1.5−2.0 Å) and the spectrum imaging technique
were used to avoid changes in the specimen induced by the
electron beam during acquisition. Spectrum images consisting
of 40 ten-analysis-point lines parallel to the interface were
acquired, and an increment of 0.28 nm to the next line was
used. Each spectrum with an energy resolution of 0.9 eV was
obtained at a dispersion of 0.1 eV/pixel for 0.2−0.4 s. Then the
spectra along the lines were summed to increase signal-to-noise
ratio.
X-ray Photoelectron Spectroscopy (XPS) Measurement.
The XPS measurements were performed in a Kratos Axis
UltraDLD instrument, using a monochromatic Al Ka X-ray
source with photon energy of 1486.6 eV. This leads to a kinetic
energy of Ti 2p electrons of roughly 1025 eV. According to the
NIST database (NIST Standard Reference Database 71, version
1.2), the electron escape depth is approximately 22 Å in STO at
this kinetic energy. The pass energy used for the high resolution
scan was 20 eV. The detection angle of the electrons varied
between 0° and 60° with respect to the sample normal.

is decreased close to the interface with respect to the ones
further in the bulk STO (Supporting Information, Figure S4).
The polarization in the epitaxial CZO ﬁlms could result from
the relative displacements of the cations and anions under
compressive strain, as shown in Figure 2d. If we assume a
constant polarization, PCZO, in the CZO ﬁlm, this polarization
will lead to the presence of a macroscopic electric ﬁeld ECZO =
PCZO/ε0εCZO across CZO ﬁlms (εCZO is the relative permittivity
of CZO), which will bend the electronic bands. As illustrated in
Figure 4b, for ultrathin CZO ﬁlms with a thickness below tc, the
ionized donor surface states, which are suﬃciently deep and
below the conduction band of CZO with an energy ED, lie far
below the conduction band of STO. In this case, no 2DEG is
formed. Increasing the CZO ﬁlm thickness normally lifts the
surface donor states. At the critical thickness, the surface donor
energy reaches the bottom of the conduction band for STO, as
demonstrated in Figure 4c. Electrons, coming from the
occupied surface donor states, are then transferred to the
empty conduction band of STO at the interface, creating the
2DEG. Until all the surface states are empty, in the ideal case,
the Fermi level remains at the donor energy, while more and
more electrons are transferred with increasing the ﬁlm
thickness. This simple electrostatic model not only explains
the formation of 2DEG in CZO/STO but also yields the
following expression of the critical barrier thickness, tc:
CZO
STO
tc = [E D − (ECBM
− ECBM
)]ε0εCZO/ePCZO

(1)

STO
where, ECZO
CBM and ECBM are the conduction band minima
(CBM) of CZO and STO, respectively. For t > tc, the 2DEG
density as a function of the CZO ﬁlm thickness can be given
by22

ens = PCZO/(1 − tc/t )

(2)

Figure 4a summarized the CZO/STO sheet carrier density ns
as a function of t. Note that the abrupt enhancement in ns at t >
15 uc is probably due to the formation of large content of
oxygen vacancies on the STO side due to interfacial redox
reactions. This concern is supported by the facts that there is
measurable conduction at the back side of the STO substrates
when t > 15 uc and that we observed an additional decay in
sheet conduction resulting from oxygen absorption at the initial
process for the postannealing in pure O2 at 150 °C of a t = 22
uc sample (Supporting Information, Figure S3b). For this
reason, we ﬁtted eq 2 only to t < 15 uc. A least-squares ﬁt was
achieved for PCZO = 2.3 × 1013 e/cm2 and tc = 6.5 uc. The
deduced value of PCZO = 2.3 × 1013 e/cm2 = 3.5 μC cm−2 is in
good agreement with the experimentally determined values for
a comparable compressively strained 40 uc SrZrO3/SrTiO3
bilayer-heterostructure.27 In short, the strain induced polarization model can ﬁt well the critical thickness dependence of
the sheet carrier density for CZO/STO heteostructures and can
explain largely the metallic conduction at the nominally
nonpolar perovskite interface between the two band insulators,
when the content of oxygen vacancies is negligible. It is
noteworthy that the deduced polarization of PCZO = 3.5 μC
cm−2 in CZO/STO (t ≤ 14 uc) is much lower than that
expected at the polar LAO/STO interface, PLAO = e/2aLAO2 =
55.8 μC cm−2. It, therefore, might be tantalizing to determine
why the two diﬀerent perovskite-type interfaces exhibit similar
sheet carrier densities.
In conclusion, we have discovered a 2DEG at the sharp
perovskite-type interface of CZO/STO with very high electron
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Extreme mobility enhancement of twodimensional electron gases at oxide interfaces
by charge-transfer-induced modulation doping
Y. Z. Chen1*, F. Trier1, T. Wijnands2, R. J. Green3,4, N. Gauquelin5, R. Egoavil5, D. V. Christensen1,
G. Koster2, M. Huijben2, N. Bovet6, S. Macke3,7, F. He8, R. Sutarto8, N. H. Andersen9, J. A. Sulpizio10,
M. Honig10, G. E. D. K. Prawiroatmodjo11, T. S. Jespersen11, S. Linderoth1, S. Ilani10, J. Verbeeck5,
G. Van Tendeloo5, G. Rijnders2, G. A. Sawatzky3 and N. Pryds1
Two-dimensional electron gases (2DEGs) formed at the interface of insulating complex oxides promise the development of
all-oxide electronic devices. These 2DEGs involve many-body interactions that give rise to a variety of physical phenomena
such as superconductivity, magnetism, tunable metal–insulator transitions and phase separation. Increasing the mobility
of the 2DEG, however, remains a major challenge. Here, we show that the electron mobility is enhanced by more than
two orders of magnitude by inserting a single-unit-cell insulating layer of polar La1−x Srx MnO3 (x = 0, 1/8, and 1/3) at the
interface between disordered LaAlO3 and crystalline SrTiO3 produced at room temperature. Resonant X-ray spectroscopy and
transmission electron microscopy show that the manganite layer undergoes unambiguous electronic reconstruction, leading to
modulation doping of such atomically engineered complex oxide heterointerfaces. At low temperatures, the modulation-doped
2DEG exhibits Shubnikov–de Haas oscillations and fingerprints of the quantum Hall effect, demonstrating unprecedented high
mobility and low electron density.

O

ne of the most important developments in semiconductors,
both from the viewpoint of fundamental physics and
for the purpose of developing new devices, has been
the realization of 2DEGs in heterointerfaces based on Si or on
III–V compounds. The quality of the material hosting the 2DEG
is quantified predominantly by its carrier mobility, which is
limited owing to the scattering of electrons by ionized impurities,
particularly at low temperatures1,2 . The usage of the so-called
modulation-doping technique, artificially separating the electrons
from the ionized impurities by inserting a spacer at the interface,
has significantly increased the carrier mobility of 2DEGs in
semiconductor heterostructures1–3 . This led not only to the
realization of high-electron-mobility field-effect transistors but also
to the discovery of the fractional quantum Hall effect in 2DEG
samples of unprecedented structural perfection4 .
The enhancement of 2DEG carrier mobilities at complex oxide
interfaces, by contrast, remains rather challenging5–19 . So far, one of
the most investigated complex oxide 2DEGs is based on interfacing
epitaxial LAO and STO (c-LAO/STO), where both electronic
reconstruction5,20,21 and ion transfer across the interface22,23 can
make important contributions to the conduction. In a different but
related system, the interface between disordered LAO and STO
(d-LAO/STO) created at room temperature holds a 2DEG resulting

from interfacial redox reactions24–26 . Both types of STO 2DEGS
exhibit a distinct electronic feature: the interfacial charge carriers
(t2g electrons) come in two species, dxy and dxz /dyz (z is perpendicular
to the 2D layers)27–30 . The dxy component accounts for most of the
2DEG charge. They reside at or in the immediate proximity of the
interface, but they exhibit a rather low mobility. In contrast, dxz or
dyz electrons naturally extend further away from the interface and
amount to only a small fraction of the 2DEG population. Yet, their
mobilities reach much higher values than that of the dxy states27–30 .
So far, there are experimental indications that decreasing the
charge carrier density could enhance the electron mobility16–19 .
However, experiments to control the charge carriers have mainly
focused either on controlling processes at the surface of the
heterostructures or simply reducing the contributions of defect
dopants such as oxygen vacancies16–19 . Considering the electronic
structure as well as the inherent lack of long-range translational
symmetry in the d-LAO/STO system, which could give rise to
random potentials across the interface leading to low mobilities24 ,
in this study, we performed investigations to tackle both the issues
of suppressing the charge carrier density as well as improving the
interface order by introducing an additional layer at the interface of
d-LAO/STO. The buffer layer is designed to serve three purposes:
to reduce the 2DEG carrier density by selecting a material which
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Figure 1 | Atomically engineered complex oxide interfaces with a
single-unit-cell manganite buffer layer. a, Sketch of the single-unit-cell
LSMO-buffered d-LAO/STO heterostructures. b, AFM image
(2.5 µm × 5 µm) of a 20 nm d-LAO/1-uc LSMO (x = 1/8)/STO
heterostructure showing an atomically smooth surface. c, HAADF-STEM
images of an 8 nm d-LAO/1-uc LSMO (x = 1/8)/STO heterostructure. The
brighter two LaO layers (marked with white dotted lines) determine the
1-uc LSMO layer. The occasional LaO islands (indicated by the white arrow)
probably result from intrinsic epitaxial crystallization of LAO at the
disordered/crystalline interface during room-temperature film growth.
d, Spatially resolved Mn L2,3 EELS spectra confirm the confinement of the
LSMO buffer layer at the interface. The L3 peak position at 640 eV and the
L2 features indicated by arrows are characteristic of Mn2+ states, in good
agreement with other spectroscopic results (Fig. 3). More details are
presented in the Supplementary Information (Supplementary Figs 2–4).

can trap electrons in a controlled manner and therefore enhance
the carrier mobility; to improve the interfacial order; and to
act as a separating layer between the conducting layer and its
source(s) of doping. Most perovskite oxides that have a prominent
characteristic of a lower Fermi level compared to STO 2DEGs can
be good candidates.
Here, we report a 2DEG mobility enhancement of more than two
orders of magnitude in d-LAO/STO obtained by inserting a singleunit-cell (uc) buffer layer of manganite31 , La1−x Srx MnO3 (LSMO,
x = 0, 1/8 and 1/3), at the interface, as illustrated in Fig. 1a. As it
will become clear, this leads to an unexpected modulation-doping
scheme of the complex oxide 2DEG, and results in a very high
2DEG mobility, exceeding 70,000 cm2 V−1 s−1 at 2 K. The fact that
the final step to create these complex oxide 2DEGs occurs at room
temperature, offers a notable advantage of improved compatibility
with the established lithography of semiconductor microfabrication
to pattern oxide interfaces19,32 . This opens new opportunities for
oxide nanoelectronic devices such as tunnel junctions and highmobility field-effect transistors33 .
Our samples were grown at room temperature on TiO2 terminated single-crystal STO substrates by pulsed laser deposition
(see Methods). For the buffered sample, an epitaxial LSMO layer
was first deposited at 600 ◦ C and 1 × 10−4 mbar of O2 , then slowly
cooled to room temperature at the approximate deposition pressure
(10−5 –10−4 mbar) before switching to d-LAO deposition in situ.
The LSMO layer with a thickness of 1 uc was accurately controlled
by monitoring in situ reflection high-energy electron diffraction
(RHEED) intensity oscillations under optimized condition of layerby-layer epitaxial film growth mode (Supplementary Information
and Supplementary Fig. 1). For all samples, with the d-LAO film
thickness up to 20 nm, atomic force microscopy (AFM) images
show regular surface terraces with a step height of 0.4 nm (Fig. 1b),
802

similar to that of the original STO substrate and indicating
uniform film growth. Representative samples were investigated
further by scanning transmission electron microscopy (STEM).
Figure 1c shows high-angle annular dark-field (HAADF) STEM
images of a LSMO-buffered (x = 1/8) sample with a d-LAO layer
of approximately 8.0 nm. The room-temperature-deposited and
unannealed LAO film is found to be disordered or amorphous-like,
and the nominally 1-uc LSMO film is found to be coherently grown
on the STO substrate with no detectable defects or dislocations
at the LSMO/STO interface. We observe what is likely to be an
intrinsic crystallization of the LaO sublayer in close proximity to the
LSMO buffer layer during room-temperature film growth of LAO
(Supplementary Information and Supplementary Figs 2–4). The
first layer of the subsequent d-LAO might be partially crystallized
in the form of islands, according to the contrast differences within
this layer, but accurate quantification of the amorphous/crystalline
ratio from such a projected image remains open34,35 . The further
investigation of chemical composition across the interface by
electron energy-loss spectroscopy (EELS) confirms the interfacial
confinement of Mn, as well as limited cation intermixing within
0.8 nm (Supplementary Information and Supplementary Figs 2
and 4). Note that EELS spectra at the Mn-L2,3 edge indicate a much
reduced manganese valence compared to the nominal Mn3+ /Mn4+
of bulk LSMO (Fig. 1d). Furthermore, the possibility of La-doping
of STO-induced interface conduction is ruled out here, because all
our LSMO/STO heterostructures with LSMO up to 4 uc are highly
insulating without the growth of the capping d-LAO layer.
The presence of the LSMO buffer layer is found to have a strong
impact on the transport properties of the d-LAO/STO structure.
First, when the buffer layer thickness, t, is increased from 1 uc to
2 uc, a metal-to-insulator transition is observed (Fig. 2a,b)—that
is, the buffered heterostructures become highly insulating when
t ≥ 2 uc (see also Supplementary Information and Supplementary
Fig. 5). Second, in the case with a single-unit-cell buffer layer,
the transport behaviour of these room-temperature-created STObased heterostructures is improved greatly. Figure 2c–e shows the
typical electrical transport properties of d-LAO/STO interfaces with
and without the single-unit-cell LSMO buffer layer. The unbuffered
d-LAO/STO interface shows a good metallic behaviour with an
electron density, ns , of approximately 1.2 × 1014 cm−2 at 300 K.
However, on cooling, it always exhibits a carrier freeze-out effect
at T ≤ 100 K, with an activation energy of 5–10 meV (ref. 26),
indicating the presence of localized electrons. This results in a low
electron mobility, µ, of approximately 600 cm2 V−1 s−1 at 2 K. In
contrast, all LSMO-buffered samples exhibit a nearly temperatureindependent ns as well as a striking decrease in sheet resistance,
Rs , of about three to four orders of magnitude during cooling. This
suggests the removal of localized electrons and improved metallic
conduction by the insertion of LSMO layers. Furthermore, all
metallic LSMO-buffered samples exhibit a strongly suppressed ns in
the range 3.4 × 1012 cm−2 to 2.7 × 1013 cm−2 (0.005–0.040 electrons
per uc), nearly independent of x. With respect to electron mobility,
more than 30 samples have been grown with high mobilities
exceeding 10,000 cm2 V−1 s−1 at 2 K, which is more than ten times
higher than the mobilities of unbuffered samples. Representatively,
at 2 K, a ns = 6.9 × 1012 cm−2 , µ = 16,000 cm2 V−1 s−1 , a ns = 1.7 ×
1013 cm−2 , µ = 73,000 cm2 V−1 s−1 and a ns = 1.8 × 1013 cm−2 ,
µ = 8,800 cm2 V−1 s−1 , are obtained for x = 0, 1/8 and 1/3,
respectively. The very high electron mobility of 73,000 cm2 V−1 s−1
is larger than any yet-reported mobilities for 2DEGs based on the
LAO/STO system7–18 .
Our subsequent spectroscopic measurements reveal marked
electronic reconstruction in the LSMO-buffered samples. First, different from the unbuffered d-LAO/STO sample, where the 2DEG is
coupled strongly to a large content of oxygen vacancies extending
more than 3 nm deep into STO (ref. 24), all buffered samples show
NATURE MATERIALS | VOL 14 | AUGUST 2015 | www.nature.com/naturematerials
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Figure 2 | Electronic properties of d-LAO (8.5 nm)/STO heterostructures with and without LSMO (x = 0, 1/8, and 1/3) buffer layers. a,b, Sheet
conductance σs (a) and carrier density ns (b) as a function of the buffer layer thickness, t, for LSMO-buffered (x = 1/8) d-LAO/STO heterostructures. All
data were obtained at room temperature. c–e, Temperature dependence of sheet resistance Rs (c), carrier density ns (d) and mobility µ(e). The unbuffered
d-LAO/STO always shows a carrier freeze-out at around 100 K, whereas the buffered samples exhibit a remarkable temperature-independent ns and a
large µ, often exceeding approximately 10,000 cm2 V−1 s−1 at 2 K. The lines are guides to the eye.

a rather low content of Ti3+ , far below the detection limit of our
in situ X-ray photoelectron spectroscopy (XPS) measurements (Supplementary Information and Supplementary Fig. 6). This suggests a
much reduced carrier density and/or oxygen vacancies compared to
the unbuffered sample, consistent with the transport measurements
(Fig. 2c–e). Similar results are also detected by our spatially resolved
EELS measurements, which discover a nearly perfect Ti4+ for the
LMO-buffered case and some remaining Ti3+ confined exclusively
to the first two unit cells (∼0.8 nm) of STO in the LSMO-buffered
(x = 1/8) case (Supplementary Information and Supplementary
Fig. 7). Second, both in situ XPS (Supplementary Fig. 6) and EELS
spectra (Fig. 1d and Supplementary Fig. 7) data show an unambiguous signature of Mn2+ in the buffer layer, which appears only when
the d-LAO film is thicker than 2 nm (Supplementary Fig. 6). The
lowering of the Mn valence and its impact on the 2DEG carriers
in the buffered samples are further determined by synchrotronradiation-based resonant X-ray reflectivity (RXR) (Supplementary
Information and Supplementary Fig. 8), which can probe buried
interfaces and thin layers with extremely high sensitivity.
Figure 3a,b shows reflectivity measurements across the Ti and
Mn L2,3 resonances, respectively, for both the unbuffered and the
LSMO-buffered (x = 1/8) samples. The overall shapes of the spectra
across the Ti L2,3 resonance (Fig. 3a) are indicative of the Ti4+ in the
STO, with distinct stronger eg peaks relative to the t2g peaks at both
the L3 (∼460 eV) and L2 (∼466 eV) edges for the unbuffered sample.
This confirms the stronger presence of Ti3+ (that is, occupied 2DEG
t2g states) in the unbuffered sample, as independently determined by
both XPS and EELS. The enhancement near the eg peak as a response
to the 2DEG is also found in resonant photoemission spectra from
c-LAO/STO samples36 . In strong agreement with the EELS and XPS
spectra, the RXR scan across the Mn resonance (Fig. 3b) also reveals

the presence of Mn2+ in the buffer layer. Remarkably, an X-ray
absorption spectra (XAS) calculation based on a theoretical cluster
model (Supplementary Information and Supplementary Table 1),
which can be comparable to the experimental RXR spectra, finds
that the experimental spectrum is due to the presence of almost
entire Mn2+ , exhibiting a relatively weak eg –t2g crystal field splitting
energy about one half in magnitude of that in MnO (ref. 37).
This presence of nearly entire Mn2+ indicates an extremely high
concentration of reconstructed electrons of ∼1 e/uc in the LSMO
buffer layer, much higher than the deduced ns of the 2DEG (Fig. 2).
This implies that the reconstructed electrons at the Mn2+ site are
mostly trapped as expected, whereas the 2DEG carriers stay on
the Ti site, as in the case of the unbuffered sample. Moreover, the
buffered samples show a total amount of reconstructed electrons
(∼1.005–1.040 e per uc square area) much higher than that of the
unbuffered sample (typically below 0.5 e per uc square area24 ). This
marked difference probably comes from the polarity of the LSMO
buffer layer and the d-LAO film. Note that, although without any
detectable long-range translational symmetry, the d-LAO locally
could contain AlO6 octahedra that are similar to the local bonding
units in c-LAO. Moreover, the polarity of d-LAO can be tuned
by an external dipole38 . Therefore, it is reasonable that the polar
nature of the LSMO buffer layer is inherited or even enhanced in the
d-LAO system, and that the polarization-catastrophe-induced electronic reconstruction20 can adequately explain the electron sources
in the buffered sample. We further confirmed that reduction of the
LSMO buffer layer during the d-LAO deposition hardly occurs, as
indicated by another control experiment: an insulating behaviour
and negligible signature of Mn2+ was detected when the bilayer of
d-LAO/LSMO was grown on a (LaAlO3 )0.3 (Sr2 AlTaO6 )0.7 substrate
under exactly the same conditions as the buffered d-LAO/STO
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Figure 3 | Electronic reconstructions in d-LAO/STO heterostructures.
a,b, RXR fixed-momentum measurements with photon energies scanned
across the Ti and Mn L2,3 edges, respectively. The insets show momentum
scans at fixed energies of 459.5 eV and 640.3 eV for Ti and Mn,
respectively, as indicated by the vertical dashed lines. Vertical bars in the
insets show the specific momentum values used for the RXR
measurements. The interference fringes are primarily defined by the d-LAO
layer thickness (8.5 nm). Mn X-ray absorption spectra (XAS) of reference
materials MnO (Mn2+ ), LaMnO3 (Mn3+ ) and SrMnO3 (Mn4+ ) (ref. 47)
are shown in b for comparison, as well as a calculated spectrum of Mn2+ .

sample, consistent with the previous report39 . Note that we cannot
rule out the possibility that some oxygen vacancies might be present
in the buffer layer owing to its oxygen-deficient growth environment
(mainly for x = 1/8 and 1/3), although their amount is expected
to be small, as determined by XPS before the d-LAO deposition
(Supplementary Information and Supplementary Fig. 6). Owing to
this possible presence of oxygen vacancies in the buffer layer, it becomes challenging to compare the buffered samples with different Sr
content (x), which also suffer from various strain effects. Nevertheless, by comparing all the buffered samples with the unbuffered one,
we can conclude unambiguously that the manganite buffer layer
prevents the reduction of STO and induces a remarkable electronic
reconstruction: most of the interfacial electrons, which otherwise
stay on Ti, are transferred to Mn and become highly trapped.
The effective electron absorption by LSMO in the buffered
d-LAO/STO results from the unique band alignment of the
manganite–titanate perovskite interface. The undoped LaMnO3
(LMO) is a charge-transfer insulator. Its electronic configuration of
the Mn d electrons is t2g 3 eg 1 . Generally, a static Jahn–Teller distortion
lifts the degeneracy in the eg level, splitting it into eg1 and eg2 levels,
with the energy separation between eg1 and the empty eg2 levels
being about 1.9 eV (ref. 40). The substitution of La3+ by Sr2+ ions
produces holes in the eg orbitals which are strongly hybridized with
oxygen 2p states. As the doping level x is increased, a downward
shift of the Fermi level position is expected. On the other hand,
the Fermi level of the STO 2DEG is close to that of Nb-doped
STO. When manganites are grown epitaxially on the titanate, the
interfacial barrier height (ΦB ) between the slightly electron-doped
STO and the LSMO is determined to be increased from approximately 0.5 eV to 1.0 eV when x increases from 0 to 0.5 (refs 41,42).
Therefore, the Ti 3d bands of STO are always higher than the empty
or partially filled eg bands of LSMO, given the alignment of O
2p bands when they come into contact, as illustrated in Fig. 4a.
In this vein, during the formation of 2DEG in buffered samples,
electrons, which originate from positively ionized donors on the
d-LAO side, will be first transferred to the Mn sublattice before
filling the electronic shell of Ti ions. This scenario is consistent
with the fact that Mn2+ becomes detectable already at an d-LAO
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Figure 4 | Modulation doping of STO-based heterostructures.
a,b, Schematic band diagram of LMO-buffered d-LAO/STO before (a) and
after (b) the d-LAO deposition. Given the alignment of O 2p bands when
STO and LMO come into contact, Ti 3d bands are higher than the empty or
partially filled eg bands of LSMO, as illustrated in a. Therefore,
reconstructed electrons coming from the positively ionized donors will be
transferred first to the LSMO buffer layer. The formation of the 2DEG
occurs only after the presence of Mn2+ (when d-LAO is thicker than
3.2 nm), as shown in b.

film thickness of 2.0 nm (Supplementary Fig. 6), much before the
critical thickness for occurrence of interface conduction, ∼3.2 nm
for the x = 1/8 buffered sample (Supplementary Fig. 5). Moreover,
the above electron-transfer process is expected to modulate the
band alignment significantly at buffered d-LAO/STO interfaces.
Taking the LMO buffer layer as an example, transferred electrons
will completely fill the first empty subband (eg2 ↑ ) of LMO (Fig. 4a).
This results in a non-trivial consequence that the bottom of the
conduction band (t2g ↓ ) of the reconstructed buffered layer becomes
higher than that of the capping d-LAO (Fig. 4b). Consequently,
the LSMO buffer layer, remaining highly insulating both before
and after electron transfer, could act as a spacer as introduced
in the modulation-doped semiconductor heterostructures (Supplementary Information and Supplementary Fig. 9)1,3 . It spatially
separates the 2DEG electrons (on the STO side) and the ionized
donors (on the d-LAO side). Therefore, the buffered samples exhibit
a much higher mobility. Interestingly, such band alignment of the
buffered sample, particularly the filling of the eg subbands by charge
transfer, is strongly supported by our spatially resolved EELS spectra
at the O–K edges (Supplementary Information and Supplementary
Figs 10 and 11). Moreover, the electronic reconstruction scheme is
also consistent with the insulating nature of the buffered sample
when the LSMO buffer layer is increased to 2 uc (Fig. 2a,b): The total
amount of reconstructed electrons resulting from interface polarity
is expected to be constant regardless of the LSMO thickness. When
the buffer layer is thicker than 1 uc, the reconstructed electrons can
not fully fill the empty subbands of LSMO, therefore there will be
no electrons transferred to the STO conduction bands and, thus, no
formation of 2DEGs.
Finally, it is noteworthy that the combination of high mobility
and low carrier density of our modulation-doped 2DEGs may
enable the observation of the quantum Hall effect. Here, the
electrons in our modulation-doped 2DEGs with a true 2D Fermi
surface—that is, constant density of states (DOS) as a function of
energy—and a sufficiently high mobility form extended edge states
at high magnetic fields. At these fields the DOS becomes discretized
into separate Landau levels with an integer filling factor. For 2DEGs
with a sufficiently low carrier density these Landau levels become
experimentally resolvable at available fields and low temperatures.
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Figure 5 | Quantum oscillations at modulation-doped oxide interfaces.
a, Longitudinal resistance, Rxx , and Hall resistance, Rxy , as a function
of magnetic field B normal to the sample surface. Rxx exhibits
Shubnikov–de Hass (SdH) quantum oscillations with minima at the same
positions as the plateau-like structures in Rxy , indicating the observation of
the quantum Hall effect. b, Amplitude of the SdH oscillations, 1Rxx , shows
1/B periodicity, which is dominated by single-band conduction with an
oscillation frequency of approximately 21 T.

Figure 5a shows transport measurements at T = 30 mK of the
longitudinal resistance, Rxx , and the transverse resistance, Rxy , as
a function of magnetic field (B) applied perpendicular to a Hallbar sample with ns = 5.5 × 1012 cm−2 . Despite a relatively reduced
electron mobility in our patterned oxide interface, presumably
due to the processing, Rxx shows clear Shubnikov–de Haas (SdH)
oscillations43 . By subtracting a magnetoresistance background, the
oscillations are periodic in 1/B and dominated by a single oscillation
frequency, as shown in Fig. 5b. This behaviour is similar to
other STO-based conduction heterostructures with extremely high
mobility6,44 . At fields where Rxx shows a minimum (indicated by
vertical dashed lines), there is a corresponding reduction of the
Rxy slope consistent with the initial formation of quantized Hall
plateaux45 . The observation of quantum Hall-like structure in our
2DEG further supports the feasibility of our modulation-doping
approach and establishes the quality of our samples. Detailed
analysis of the density-, temperature- and angle-dependence of the
quantum Hall results will be presented elsewhere46 .
In conclusion, the LSMO buffer layer not only significantly
suppresses the oxygen vacancies on the STO side but also results
in modulation doping in buffered d-LAO/STO, which remains
underexploited at complex oxide interfaces10 . As most of complex
oxide 2DEGs possess a similar electronic structure27–30 , the chargetransfer-induced modulation doping discussed here is expected to
be a universal phenomenon, and it could result in a plethora of exotic
physical phenomena.

Methods
Methods and any associated references are available in the online
version of the paper.
Received 5 August 2014; accepted 22 April 2015;
published online 1 June 2015
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Methods
Sample growth and transport measurements. All heterostructures were grown on
TiO2 -terminated SrTiO3 (STO) substrates (5 × 5 × 0.5 mm3 with miscut less than
0.2◦ ) by pulsed laser deposition (PLD) in an oxygen atmosphere of ∼10−4 mbar,
with the film growth process monitored by in situ RHEED. During ablation, a KrF
laser (λ = 248 nm) with a repetition rate of 1 Hz and laser fluence of 1.5 J cm−2 was
used. The target–substrate distance was fixed at 5.6 cm. For disordered LaAlO3
(d-LAO) films deposited at room temperature at 10−5 –10−4 mbar, a
single-crystalline LAO target was used. For the buffered La1−x Srx MnO3 (LSMO,
x = 0, 1/8, 1/3) layers, sintered LSMO ceramics were used as targets. The growth
temperature of LSMO was fixed at 600 ◦ C. Layer-by-layer two-dimensional growth
of LSMO films was optimized by RHEED oscillations with a growth rate of
approximately 50 pulses per unit cell (∼4.8 Å min−1 , Supplementary Information
and Supplementary Fig. 1a). For each buffered sample, after the epitaxial growth of
monolayer LSMO, the sample was cooled under the deposition pressure at a rate of
15 ◦ C min−1 to room temperature (below 30 ◦ C, in 5–6 h) before the subsequent
d-LAO film deposition in situ (Supplementary Fig. 1d). Note that in situ annealing
of our samples at 80 ◦ C in 10−2 mbar oxygen pressure results in insulating samples,
indicating that the ionized donors may be strongly coupled to oxygen vacancies at
the sample surface.
Electrical characterization was made mainly using a four-probe Van der Pauw
method with ultrasonically wire-bonded aluminium wires as electrodes. Samples
patterned in a Hall-bar configuration also showed similar enhanced electron
mobilities. All buffered samples exhibit linear Hall resistance in magnetic fields.
Quantum transport measurements were performed on a patterned Hall-bar
device (W = 70 µm, L = 300 µm) in a dilution refrigerator at 30 mK with magnetic
fields up to 12 T using a standard lock-in technique.
STEM and EELS analysis. Transmission electron microscopy studies were
performed at room temperature using the Qu–Ant–EM microscope, which is an
aberration-corrected scanning transmission electron microscope (STEM), FEI
Titan3 80–300 operated at an acceleration voltage of 200 kV, equipped with a
high-brightness field-emission electron source (X-FEG) and a high-resolution
electron energy-loss spectrometer. Cross-sectional cuts of the samples grown under
the optimum condition described above were prepared using a dual-beam focused
ion beam (FIB) instrument. For HAADF imaging, a probe size of approximately
1 Å with a convergence angle of 24 mrad, and an HAADF inner collection angle of
140 mrad were used. For electron energy-loss spectroscopy (EELS) in STEM, the
collection angle was set to 36 mrad. Owing to the very high sensitivity of the
d-LAO layer, the challenge for atomically resolved EELS and STEM imaging of the
heterostructures is to minimize radiation damage resulting in recrystallization of
the d-LAO layer. This was taken care of through the use of a very low electron dose
for both STEM imaging and EELS spectroscopy (<40 pA). The acquisition time for
EELS could not be set to more than 0.05 s/pixel, with a step size of 0.2 Å/pixel,
resulting in rather low signal-to-noise ratio and making it very difficult to extract
the small signal of Mn from the spectrum image. Two-dimensional spectrum
images were acquired with STEM–EELS to investigate the spatial distribution of
the elements within the sample. To improve the signal-to-noise ratio (SNR) in the
EELS spectra (mainly on the Mn signal), principal components analysis (PCA) was
applied. This analysis technique is a powerful tool to reduce the noise from
STEM–EELS data, which enables one to extract the fundamental chemical

ARTICLES
information48,49 . The elemental maps were generated by subtracting and integrating
the corresponding core-loss excitation edge for each chemical element and are
presented in Supplementary Figs 2a and 4a. Another way to improve the SNR in
the EELS spectra is as follows: using the raw data, after subtraction of the
corresponding power law background, EELS spectra on each line are summed and
the result is plotted as a function of the vertical direction of the spectrum image
(growth direction). The edges are then plotted as a contour plot in a colour scale, as
shown in Supplementary Figs 2b and 4b, giving direct insight into compositional
and electronic structure changes at atomic resolution.
In situ X-ray photoelectron spectroscopy (XPS) measurement. For the study
using angular-resolved XPS, a series of samples were first grown by PLD.
Subsequently, the samples were transferred to the XPS chamber while keeping
them under ultrahigh vacuum (below 1 × 10−9 mbar). The XPS chamber (Omicron
Nanotechnology GmbH) had a base pressure below 1 × 10−10 mbar. The
measurements were done using a monochromatic Al Kα (XM 1000) X-ray source
and an EA 125 electron energy analyser. All spectra were acquired in the constant
analyser energy (CAE) mode. A CN 10 charge neutralizer system was used to
overcome the charging effect in the LSMO/STO heterostructures. For each
measurement, the filament current, emission current and beam energy were
optimized to minimize the full-width at half-maximum (FWHM) of the peaks. For
analysing the Ti 2p3/2 peaks, a Shirley background was subtracted and the spectra
were normalized on the total area below the Ti peaks ([Ti] = [Ti4+] + [Ti3+] =
100%). To investigate the dependence of interface states on the film thickness of
d-LAO, the XPS measurement was performed after each 2 nm deposition
of d-LAO.
Synchrotron radiation resonant X-ray reflectivity (RXR) experiments. The RXR
measurements were performed using an in-vacuum four-circle diffractometer at
the Resonant Elastic and Inelastic X-ray Scattering (REIXS) 10ID-2 beamline of the
Canadian Light Source (CLS) in Saskatoon, Canada50 . The beamline has a flux of
5 × 1012 photon/s and photon energy resolution 1E/E of ∼10−4 . The base pressure
of the diffractometer chamber was kept lower than 10−9 torr. The samples were
aligned with their surface normal in the scattering plane. All data reported here
were collected at room temperature (293 K) with σ -polarized light (polarization
perpendicular to the scattering plane). The measurements were carried out in the
specular reflection geometry with either constant photon energies or constant
momentum transfer across Ti L2,3 resonances (∼450–470 eV) and Mn L2,3
resonances (∼635–660 eV). The experimental geometry is depicted in
Supplementary Fig. 8.
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Abstract – With infrared ellipsometry we studied the response of the conﬁned electrons in
γ-Al2 O3 /SrTiO3 (GAO/STO) heterostructures in which they originate predominantly from oxygen vacancies. From the analysis of a so-called Berreman mode, that develops near the highest
longitudinal optical phonon mode of SrTiO3 , we derive the sheet carrier density, Ns , the mobility,
μ, and the depth proﬁle of the carrier concentration. Notably, we ﬁnd that Ns and the shape of the
depth proﬁle are similar as in LaAlO3 /SrTiO3 (LAO/STO) heterostructures for which the itinerant carriers are believed to arise from a polar discontinuity. Despite an order of magnitude
higher mobility in GAO/STO, as obtained from transport measurements, the derived mobility
in the infrared range exhibits only a twofold increase. We interpret this ﬁnding in terms of the
polaronic nature of the conﬁned charge carriers in GAO/STO and LAO/STO which leads to a
strong, frequency-dependent interaction with the STO phonons.
c EPLA, 2016
Copyright 

Introduction. – The observation that highly mobile
electrons can be created at the interface between the nominal band-insulators SrTiO3 (STO) and LaAlO3 (LAO)
LAO
with ΔSTO
gap = 3.2 eV and Δgap = 5.6 eV, respectively,
has initiated intense research activities on LAO/STO
heterostructures [1]. Meanwhile, it has been demonstrated
that functional ﬁeld eﬀect devices can be made from these
oxide heterostructures [2] which even allow one to tune
a superconductor to insulator quantum phase transition
at very low temperatures [3]. A major unresolved question concerns the origin of these conﬁned charge carriers
and the conditions for obtaining a high mobility. The
explanations range from i) an electronic reconstruction
due to the polar discontinuity at the LAO/STO interface which gives rise to a transfer of 1/2 e charge per
STO unit cell (corresponding to a sheet carrier density
of Ns = 3.3 × 1014 cm−2 ), ii) an intermixing of La and Sr

cations across the interface [4], to iii) the creation of oxygen vacancies which may be stabilized near the interface
by space charge eﬀects [5]. While the polar discontinuity
scenario (i) has obtained a great deal of attention, more
recently the focus has shifted toward the oxygen vacancies (iii). In particular, it has been demonstrated that
an electron gas can be created in the absence of a polar
discontinuity, for example at the LAO/STO (110) interface [6], with amorphous LAO cap layers [7,8], and even
with a γ-Al2 O3 (GAO) top layer which has a spinel structure. The results reported in ref. [9] suggest that both
the oxygen vacancies and the polar discontinuity can be
the source of mobile electrons that are conﬁned near the
surface of STO. Notably, the highest mobility reported
to date has been achieved in GAO/STO heterostructures
for which oxygen vacancies seem to be at the heart of
the interfacial electrons [10,11]. This raises the question
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100
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for the case of LAO/STO that this information can be obtained with infrared ellipsometry [13]. Here we present a Fig. 1: (Colour online) Temperature dependence of (a) the
similar ellipsometry study of GAO/STO.
mobility, μ, and (b) the sheet carrier density, Ns,T , as obtained
13

1

Sample growth and characterization. – Two
GAO/STO heterostructures with GAO layer thicknesses
of 2.5 and 2.75 unit cells (in the following they are denoted
as GAO-2.5 and GAO-2.75) have been grown by pulsed
laser deposition (PLD) on singly TiO2 -terminated (001)
STO crystals with a repetition rate of 1 Hz and a laser ﬂuence of 2.5 J cm−2 , and monitored by in situ high-pressure
RHEED [10]. During the deposition at 600 ◦ C, the static
oxygen pressure was kept constant at 10−4 mbar. After the
deposition, the sample was cooled down to room temperature at the deposition pressure without any further post
oxygen annealing. The samples have been studied with
standard dc Hall transport measurements. The obtained
values for the sheet carrier density, Ns , and the mobility,
μ, are shown in ﬁg. 1. The infrared ellipsometry measurements have been performed with a home-built setup that is
equipped with a He ﬂow cryostat and attached to a Bruker
113V Fast Fourier spectrometer as described in ref. [14].
The data have been taken at 10 K in rotating analyser
mode, with and without a static compensator based on a
ZnSe prism. Almost identical data (not shown) have been
obtained by using a rotating compensator with a ZnSe
prism. The angle of incidence of the light was set to 75◦ .
Special care was taken to avoid photo-doping eﬀects by
shielding the sample against visible and UV light [15].
The measurements have been performed under identical
conditions ﬁrst on the GAO/STO heterostructures and,
right afterwards, on a bare STO substrate that serves as
a reference.
Experimental results. – Infrared ellipsometric spectra contain valuable information about the properties of
the electrons that are conﬁned at the interface of the
GAO/STO heterostructure. The most instructive feature
is due to a so-called Berreman mode that occurs in the
vicinity of the plasma frequency of the highest longitudinal
optical (LO) phonon mode [16,17] which in STO is located
at ωLO (STO) ≈ 788 cm−1 [18]. It is an electronic plasma
mode that originates from a charging of the interfaces due
to the dynamical accumulation of the itinerant charge carriers. It occurs under an oblique angle of incidence of the
light if the polarization of the electric ﬁeld, E, is parallel to the plane of incidence (p-polarization) and thus
has a ﬁnite normal component with respect to the interfaces. The corresponding reﬂection coeﬃcient, rp , exhibits

from dc transport measurements on the GAO/STO samples
with a GAO layer thickness of 2.5 and 2.75 unit cells (uc).

a characteristic structure in the vicinity of the LO plasma
frequency, ωLO . The Berreman mode is conveniently
presented and analyzed in terms of the diﬀerence spectrum of the ellipsometric angle, Ψ = arctan(rp /rs ), of the
heterostructure with respect to the bare STO substrate,
ΔΨ = Ψ(sample) − Ψ(STO). In the following we discuss
primarily the data on the sample GAO-2.5 since virtually
identical results (within the accuracy of our technique)
have been obtained for the sample GAO-2.75 (see ﬁgs. 2(a)
and (b)). The spectrum of ΔΨ shown in ﬁg. 2(a) reveals
two major features. The broad peak with a maximum near
956 cm−1 corresponds to the Berreman mode. It has been
previously pointed out that the diﬀerence in frequency between this maximum and ωLO (STO) is a measure of the
plasma frequency of the itinerant electrons, ωpl [13]. The
intensity of this peak is determined by the overall sheet
carrier density and its broadening by the mobility (or the
inverse scattering rate). For the case of LAO/STO it was
shown that this peak has a strongly asymmetric shape
which provides additional information about the depth
proﬁle of the carrier concentration [13]. For the LAO/STO
system the carrier density is highest next to the interface
and decreases rather rapidly toward the bulk of STO over a
length scale of about 11 nm. The second feature is a fairly
sharp and pronounced minimum around ω dip ≈ 865 cm−1
that occurs slightly above ωLO (STO) when the real part
of the dielectric function of STO matches the one of the
ambient such that the interface becomes fully transparent. As was outlined in ref. [19] and ref. [13], this dip
feature contains contributions from the out-of-plane and
the in-plane components of the dielectric function. The
in-plane contribution arises from the Drude-like response
of the itinerant electrons which leads to a reduction of
ε1 (865 cm−1 ) and, given a low mobility and thus large
scattering rate, an increase of ε2 (865 cm−1 ). The strength
of this dip is a measure of the overall carrier density Ns ,
it is rather insensitive to the details of the depth distribution of the itinerant carriers (since the penetration depth
of the infrared light is about one micrometer). It is also
not sensitive to the in-plane mobility of the carriers, unless it is very low such that the Drude peak in ε2 is very
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Fig. 2: (Colour online) (a) and (b) Diﬀerence spectrum of the ellipsometric angle, ΔΨ = Ψ(GAO/STO) − Ψ(STO), showing the
Berreman mode above the highest LO phonon mode of STO for samples GAO-2.5 and GAO-2.75, respectively. The experimental
data (open symbols) are compared with the ﬁts with an isotropic model using a rectangular carrier concentration proﬁle (dashed
line) and a graded proﬁle (solid line), respectively. (c) Comparison of the data and ﬁt of GAO-2.5 with the experimental data
on LAO/STO (symbols) and the best ﬁt with a graded proﬁle (dashed line) as reproduced from ref. [13]. (d) Comparison of
the depth proﬁle of the carrier concentration, n, as obtained from the ﬁts with the graded potential.
Table 1: Parameters obtained from the best ﬁt with an isotropic Drude response and a graded potential of the conﬁned charge
carriers at 10 K. The parameters for LAO/STO have been reproduced from ref. [13].

LAO/STO
GAO/STO - 2.5 uc
GAO/STO - 2.75 uc

Ns (cm−2 )
5.4 × 1013
6.2 × 1013
6.0 × 1013

broad and extends to the dip feature. We start by analyzing the ellipsometric spectra with the same model that
was used in ref. [13] for the LAO/STO heterostructures.
Figure 2(a) shows for GAO-2.5 the measured spectrum
of ΔΨ (symbols) at 10 K and the best ﬁts using either
a block-like potential with a constant (dashed line) or a
graded proﬁle of the concentration of the conﬁned carriers
(solid line). In the latter case, the thickness parameter,
d, corresponds to the total width of the region over which
the carriers are distributed. The graded proﬁle provides
a signiﬁcantly better ﬁt to the data. It reproduces the
main features, like the pronounced dip around 865 cm−1 ,
the maximum around 955 cm−1 and, especially, the long
tail toward higher frequency which is terminated by a

μ (cm2 /Vs)
34
74
63

d (nm)
11
7.5
7.7

step-like feature around 1186 cm−1 . Figure 2(b) shows the
corresponding data and ﬁt for GAO-2.75 which are very
similar to the ones of GAO-2.5. Figure 2(c) shows a comparison with the data of GAO-2.5 and the best ﬁt with
the graded proﬁle for the LAO/STO heterostructure [13].
The obtained depth proﬁles for GAO/STO (squares) and
the LAO/STO (triangles) heterostructures are displayed
in ﬁg. 2(d). The derived values for the sheet carrier density Ns , the mobility, μ, and the total thickness of the
conducting layers, d, are listed in table 1. To allow for
a direct comparison, we assumed the same value of the
eﬀective mass, m∗ = 3.2 me , (me is the free electron
mass) as in ref. [13]. First of all, we notice that the obtained sheet carrier density from this infrared experiment
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Fig. 3: (Colour online) Fitting of the diﬀerence spectrum ΔΨ = Ψ(GAO/STO)−Ψ(STO) with anisotropic Drude models. (a) Fit
using a single anisotropic Drude term with μxy as ﬁt parameter and the remaining parameters ﬁxed to the values obtained from
the isotropic ﬁt as shown in ﬁg. 2 and table 1. (b) Simulation of only the contribution of the out-of-plane component, i.e. for
μxy = 0 cm2 /Vs. (c) Fit using two unidirectional Drude terms, one for the out-of-plane response with μz = 74 cm2 /Vs and
μxy = 0 cm2 /Vs and the other for the in-plane response with μz = 0 cm2 /Vs and μxy > 0 cm2 /Vs.

of Ns (IR) ≈ 6.2 × 1013 cm−2 and 6.0 × 1013 cm−2 for
GAO-2.5 and GAO-2.75 compare indeed rather well to
the ones of the dc Hall transport measurements at 10 K
of Ns,T ≈ 1.4 × 1014 cm−2 and 5.7 × 1013 cm−2 , respectively. Secondly, we remark that the larger thickness of
the conducting layer of d = 7.5 nm, as compared to the
one deduced from XPS measurements at room temperature of d = 0.9 nm [10,12], can be understood in terms
of the increase of the dielectric constant of STO at low
temperature which leads to enhanced screening and thus
a weaker conﬁnement of the electrons. A similar diﬀerence between the thicknesses deduced from the infrared
measurements at 10 K [13] and XPS [20] and scanning
probe measurement at room temperature [21] was previously observed for LAO/STO. Overall, it is rather striking
that despite the supposedly diﬀerent origin of the conﬁned electrons, oxygen vacancies in GAO/STO and the
polar discontinuity in LAO/STO, respectively, the values
of Ns and the shape of the depth proﬁle are similar for
both systems. The only main diﬀerences with respect
to LAO/STO concern the thickness, d, which is somewhat reduced, and the mobility of the charge carriers,
which is nearly doubled. The higher mobility enhances
the visibility of the characteristic features of the Berreman mode such as the peak and, especially, the step-like
edge that terminates the high-energy tail at 1185 cm−1 .
The latter is a measure of the maximal plasma frequency
next to the interface. Note that the obtained mobility is
still orders of magnitude lower than the values deduced
from dc transport measurements [10]. Also, the factor of
three diﬀerence in the dc mobility at 10 K of the samples
GAO-2.5 and GAO-2.75 (see ﬁg. 1) is not reﬂected in the
value of the infrared mobility. A corresponding discrepancy between the values of the mobility obtained from dc
transport and from Berreman mode in the infrared was
observed for LAO/STO where it was explained in terms
of the diﬀerent frequency scales that are probed by the dc
transport and the optical experiment. The charge carriers
in bulk STO are indeed well known to have a polaronic
character [22] with a strongly enhanced inelastic scattering rate in the frequency range of the Berreman mode.

Our infrared data therefore suggest that the conﬁned carriers in both GAO/STO and LAO/STO have a similar
polaronic character.
While this isotropic model accounts for the main features of the Berreman mode, it fails to describe some details of the ΔΨ curve. In particular, it overestimates the
depth of the dip feature at 865 cm−1 . In the following
we show for the example of the GAO-2.5 samples that
the ﬁtting can be further improved by allowing for an
anisotropic mobility of the charge carriers along the outof-plane and the in-plane directions, i.e. μz = μxy . It
is well indeed known that the conﬁned electrons at the
STO interface may originate from diﬀerent bands derived
from the Ti t2g orbitals which have an anisotropic dispersion behavior. As was discussed in the previous paragraph, the peak of the Berreman mode is governed by the
out-of-plane component of the dielectric function to which
the electrons in the dxz - and dyz -related bands provide
the major contribution since they are dispersive along the
z-direction. The contribution of the dxy -related bands is
expected to be less important, since their z-axis conductivity arises mainly from transitions between the diﬀerent
subbands [18]. On the other hand, it can be expected that
the electrons with dxy character govern the Drude-like response along the in-plane direction which makes a major
contribution to the dip feature at 865 cm−1 . Figure 3(a)
shows the best ﬁt with an anisotropic Drude model, for
which the mobility along the in-plane direction, μxy , was
allowed to vary, whereas μz and Ns as well as the depth
proﬁle where kept ﬁxed at the values obtained with the
isotropic model. This anisotropic model provides a better
description of the dip feature than the graded isotropic
model in ﬁg. 2(a). However, it yields an unreasonably low
value of μxy = 5 cm2 /Vs in view of the very high mobility that has been deduced from the dc measurements in
ref. [10]. As a next step, we therefore allowed for two
Drude components to account independently for the outof-plane response (with Ns,z , μz > 0 and μxy = 0) and
the in-plane response (with Ns,xy , μxy > 0 and μz = 0),
respectively. The parameters Ns,xy and μxy were allowed
to vary, whereas Ns,z and μz as well as the depth proﬁle of
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Table 2: Parameters obtained from the best ﬁt to the data of GAO-2.5 using an anisotropic Drude response of the conﬁned
charge carriers along the out-of-plane (z) and the in-plane (xy) directions. Details are described in the text.

Single-component model
Two-component model

Ns (cm−2 ) for z-direction
6.2 × 1013
6.2 × 1013

the carrier concentration were ﬁxed to the ones obtained
from the isotropic model. The contribution of only the
z-component, which has been singled out by setting μxy =
0 cm2 /Vs, is shown by the red line in ﬁg. 3(b). It conﬁrms
that the Berreman mode, i.e. the region above the dip
where ΔΨ > 0, is indeed governed by the z-component
whereas the in-plane component mainly aﬀects the dip
feature. Note that the ﬁtting is not sensitive to the depth
proﬁle of the in-plane component. Therefore, we used for
the in-plane component a block-like depth proﬁle with a
thickness of 7.5 nm. The best ﬁt shown in ﬁg. 3(c) yields
a lower in-plane value of Ns,xy = 4.6 × 1013 cm−2 and a
larger mobility of μxy > 30 cm2 /Vs. According to the discussion in the previous paragraph, the ﬁtting only yields
a lower limit for the in plane mobility since it looses sensitivity when the Drude peak becomes too narrow. The
ﬁt in ﬁg. 3(c) provides a satisfactory description of the experimental data that could not be signiﬁcantly improved
by allowing additional parameters to vary. A corresponding anisotropic ﬁtting procedure for the LAO/STO heterostructure is not reported here since the broadening of
the characteristic features of the Beremann mode, due to
the lower electron mobility of LAO/STO, makes the distinction between the out-of-plane and the in-plane components more diﬃcult and rather unreliable.
We have thus obtained the following information about
the high-mobility electrons in GAO-2.5. From the analysis of the Berreman mode in the range where ΔΨ > 0,
we derived the parameters of the z-axis component of the
response of the carriers with Ns,z = 6.2 × 1013 cm−2 and
μz = 75 cm2 /Vs and determined the shape of the graded
depth proﬁle of the carrier concentration which has a
thickness of d = 7.5 nm. In comparison, we have obtained
only limited information about the in-plane response. The
latter is mostly based on the analysis of the dip feature
around 865 cm−1 and yields Ns,xy = 4.6 × 1013 cm−2 and
a lower limit for the in-plane mobility of μxy > 30 cm2 /Vs
(see table 2). The width and the shape of the depth proﬁle of the carriers that are mobile in the lateral direction
along the interface could not be determined. The comparison with the LAO/STO heterostructures thus yields very
similar values of Ns and the same characteristic, asymmetric shape of the depth proﬁle. The main diﬀerence
concerns the somewhat higher mobility of the conﬁned
electrons and the reduced thickness of their distribution
near the interface. The reduced thickness of the conducting layer likely reﬂects a somewhat larger magnitude of
the conﬁning potential (that is consistent with the slightly

Ns (cm−2 ) for xy-direction
–
4.6 × 1013

μxy (cm2 /Vs)
5
> 30

larger value of Ns ) rather than a reduced strength of the
dielectric screening in STO. The latter would require a
hardening of the soft mode in STO that results from defects and compressive strain which both are expected to be
stronger in LAO/STO than in GAO/STO. The twofold increase of the mobility in GAO/STO, as compared to the
one in LAO/STO, is still much smaller than the corresponding increase of the dc mobility as obtained from the
transport measurements which amounts to more than an
order of magnitude. Furthermore, despite a threefold difference in the dc mobility of the samples GAO-2.5 and
GAO-2.75, the mobility values obtained from the analysis
of the Berreman mode are comparable. These trends can
be understood in terms of the polaronic nature of the electrons in STO which leads to a strong inelastic interaction
with the lattice in the frequency range of the Berreman
mode. Apparently, this polaronic coupling is less sensitive
to defects and strain than the elastic scattering processes
that governs the dc mobility.
Summary. – With infrared ellipsometry we have
studied the so-called Beremann mode in GAO/STO heterostructures which arises from the itinerant charge carriers that are conﬁned to the interface. We analyzed the
Beremann mode with the same model that was previously used in ref. [13] for LAO/STO heterostructures and
found that both kinds of samples have a similar sheet carrier densities and asymmetric shapes of the depth proﬁle of the carrier concentration, although the main origin
of the conﬁned carriers is supposed to be diﬀerent, i.e.
oxygen vacancies in GAO/STO and a polar discontinuity in LAO/STO. The most signiﬁcant diﬀerences concern the mobility of the charge carriers, which is twice
higher in GAO/STO, and the thickness of the depth proﬁle of the conﬁned electrons which is somewhat redcued.
The stronger carrier conﬁnement in the GAO/STO heterostructure may be the result of a larger conﬁning potential [12]). The observed twofold increase of the mobility
deduced from the Berreman mode is still much smaller
than the one of the dc mobility which is more than tenfold. This can be understood in terms of a polaronic nature of the conﬁned electrons in STO (similar to the one
in bulk STO [22]).
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Controlling interfaces using electric fields is at the heart of modern electronics. The discovery of
the conducting interface between the two insulating oxides LaAlO3 (LAO) and SrTiO3 (STO) has
led to a number of interesting electric field-dependent phenomena. Recently, it was shown that
replacing LAO with a spinel c-Al2O3 (GAO) allows a good pseudo-epitaxial film growth and high
electron mobility at low temperatures. Here, we show that the GAO/STO interface resistance, similar to LAO/STO, can be tuned by orders of magnitude at room temperature using the electric field
of a backgate. The resistance change is non-volatile, bipolar, and can be tuned continuously rather
than being a simple on/off switch. Exposure to light significantly changes the capabilities to tune
the interface resistance. High- and low-resistive states are obtained by annihilation and creation,
respectively, of free n-type carriers, and we speculate that electromigration of oxygen vacancies is
the origin of the tunability. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4955490]

Controlling interface properties using electric fields is at
the heart of modern electronics and fundamental research. In
particular, the interface properties between the two band
insulators LaAlO3 (LAO) and SrTiO3 (STO) can be controlled dramatically with electric fields: Applying an electric
field with a sample-wide backgate can change the sheet resistance reversibly by three orders of magnitude at room
temperature,1,2 whereas applying a voltage on an atomic
force microscope tip allows for drawing conducting lines
with nanometer widths.3 At low temperatures, electric fields
can induce superconductivity,4 greatly modify the electronic,5,6 magnetic,7 and topographic6 landscape of the heterostructure, as well as enhance the electron mobility.8
In the wake of the pioneering LAO/STO heterostructure,
several other STO-based oxide heterostructures have been
discovered. In particular, the heterostructure made by depositing Al2O3 on the perovskite STO is rather promising.
Amorphous Al2O3 has previously been deposited on SrTiO3
using, e.g., atomic layer deposition,9,10 resulting in conducting interfaces. A few studies report an electric field control
of these amorphous-Al2O3/STO interfaces at room temperature: In Ref. 11, a top-gated field effect transistor was
reported, and Ref. 10 briefly considers the change of interface resistance using the electric field from a backgate.
However, growing crystalline Al2O3 in the spinel c-phase
(GAO) using pulsed laser deposition (PLD) has been demonstrated12 to result in a superior pseudo-epitaxial growth—
even at room temperature13—along with an electron mobility
exceeding 140 000 cm2/V s at 2 K. As for the case of LAO/
STO, the n-type conductivity in GAO/STO occurs through
the 3d states of the titanium ions on the STO side near the
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interface,12 and the two systems are expected to share electronic properties. To date, however, this potential of GAO/
STO remains unexplored.
Here, we report the electric field control of the GAO/
STO interface using a sample-wide backgate. The electric
field control occurs at room temperature, is highly light sensitive, and shows similarities to previous reports on LAO/
STO.14
Crystalline GAO/STO heterostructures were grown by
PLD on TiO2-terminated STO substrates, which were prepared by first immersing STO in water (20 min at 70  C)15
followed by selective etching in an acid solution
(H2O:HCl:HNO3 ¼ 16:3:1, 20 min at 70  C).16 The substrates
were then annealed at 1000  C for 1 h in 1 bar pure oxygen.
Thin films of GAO (0–5 unit cells) were deposited on STO at
650  C using PLD with a 248 nm KrF laser operating at 1 Hz
and a fluency of 3.5 J/cm2. The growth rate was determined
by reflective high-energy electron diffraction (RHEED) with
4 oscillations corresponding to the growth of 1 unit cell
GAO (0.8 nm),12 thus allowing for sub-unit cell control of
the GAO thickness. The heating, deposition, and cooling of
the samples were performed at a background oxygen pressure of 105 mbar without the post-annealing step, which is
often used to reduce oxygen vacancies in STO.17 The samples were mounted with conductive silver paste on a chip
carrier with a sample-wide gold backgate where a voltage
can be applied relative to the interface. Ultrasonic wedge
bonding of 20 lm thick aluminum wires was used to contact
the interface electrically in the van der Pauw geometry,
allowing for the sheet resistance, carrier density, and mobility to be determined (see Figure 1(a)). Reproducible but nonlinear current/voltage (I/V)-curves were observed for some
samples with high sheet resistance (1 MX/sq) due to a resistance change induced by the probing voltage applied
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FIG. 2. The relative change between high- and low-resistive states (Rshigh 
Rslow)/Rslow as a function of the initial sheet resistance (Rs) for a number of
samples. The dependence roughly follows a power law. The inset shows the
change of the interface sheet resistance between high and low-resistive states
for a typical sample when changing the backgate potential from Vbg ¼ 0 V
! 200 V ! 0 V ! 200 V ! 0 V with each voltage applied for 15 min. All
samples have been measured with the same backgate profile.

FIG. 1. (a) Schematic figure of the sample. (b) The sheet resistance (Rs) of
the c-Al2O3/SrTiO3 heterostructure as a function of the thickness of the
c-Al2O3 layer reveals a critical thickness of 1.5 unit cells above which the
heterostructure becomes conducting. The conductivity is accompanied with
an increase in (c) the free carrier density, ns, whereas (d) the carrier mobility,
l, stays largely constant.

along the interface. In the following, we focus on the change
in the resistance induced solely by the backgate potential
and only report results with linear I/V-curves. When not
noted otherwise, the samples were stored in darkness for
>24 hours before measurements, and the leakage current
through the 0.5 mm thick STO was at least two orders of
magnitude smaller than the probing current applied to the
interface.
Deposition of less than 1.5 unit cells (1.2 nm) of GAO
on STO resulted in insulating heterostructures (Figure 1).
Metallically conducting interfaces were induced when
exceeding the 1.5 u.c. critical thickness of GAO as a result of
introducing free n-type carriers at the interface. By carefully
varying the deposited thickness, the sheet resistance can be
controlled by several orders of magnitude. For samples with
low sheet resistance (<500 kX/sq), no or very limited resistive switching is observed (Figure 2). For heterostructures
with high resistances, the interface can generally be turned
into a more conductive state by applying a positive backgate
potential (Vbg) at room temperature (see inset of Figure 2)
without an electroforming process, which is often needed for
enabling resistive switching.18 Setting Vbg < 0 V drives the
interface into a high-resistive state, thus qualifying it as
being a bipolar change in conductance.

The change in the resistance has generally both a volatile
and nonvolatile component: The volatile component changes
the resistance faster than the data acquisition rate used here
and is observed as a sudden jump in the sheet resistance in the
inset of Figure 2 when the backgate potential is turned on or
off. The fast change suggests that the volatile component is
purely electronic in character, i.e., an accumulation or a depletion of electrons induced by the backgate. The non-volatile
component is observed as a slower change in the resistance
both when the backgate potential is turned on and off. In particular, it ensures that a sample placed in a high- or lowresistive state by the backgate potential remains in that state
for several hours after returning to Vbg ¼ 0 V. This is apparent
from the inset of Figure 2 and emphasized in Figure S1 in the
supplementary material19 where the high- or low-resistive
states are still separable 16 h after setting Vbg ¼ 0 V. The nonvolatile decay in GAO/STO can be described by a superposition of two exponential functions with a slow (250–300 min)
and medium slow (30–45 min) time constant (Figure S119),
revealing that non-volatile decays are composed of two coexisting processes with different time constants. This is different
from reports2 on amorphous LAO grown at room temperature
on STO where the decay in a similar setup followed a single
exponential function with decay rates of 10–30 min. Previous
reports on amorphous-Al2O3/STO do not allow for such a
comparison.10,11
Although a sizeable sample-to-sample variation is
observed (Figure 2), which probably stems from the extreme
sensitivity of the interface conductivity to GAO thicknesses
close to the critical thickness, cycling the backgate potential
periodically for a single sample can result in remarkably consistent results. An example of this is shown in Figure 3 where
a Vbg ¼ 0 V ! 200 V ! 0 V ! 200 V cycle is repeated for
more than a week with each backgate voltage applied for
15 min. A significant separation between the low-resistive
(1.5 6 0.5 MX/sq) and high-resistive (11.0 6 1.1 MX/sq)
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FIG. 3. The sheet resistance is measured when cycling the backgate potential using 0 V ! 200 V ! 0 V ! 200 V with each step lasting 15 min. The
lower panel shows a highlight of a selected part. The quasi-stable high- and
low-resistive states obtained when returning to Vbg ¼ 0 V after applying
6200 V are marked with black and red, respectively.

states is observed in all 180 cycles with the mean value of the
high-resistive states being more than 17 standard deviations
away from the low-resistive state. Continuous cycling of the
interface resistance gradually results in more self-consistent
results (see Figure 3) as it decreases the hysteresis observed
especially in virgin samples.
A continuum of resistive states rather than simple on
and off states is obtainable by controlling the backgate potential or the duration at which the field is applied. Varying the
backgate potential results in an exponential change of the
interface conductance where several resistive states can be
obtained (Figure 4(a)). Measuring noise-free Hall resistances
in high-resistive samples during the application of an electric
field is challenging, but the trends reveal that a change in the
conductance (DGs) is a result of a change in carrier density
(Dns) rather than mobility. A simple capacitive charging of
the interface would then entail a fast change in the carrier

FIG. 4. (a) The backgate potential was varied in steps from Vbg ¼ 0 to 180 V
by cycling the backgate potential 5 times for each Vbg using the profile 0 V
! Vbg ! 0 V ! þVbg with one cycle lasting 60 min. The conductance
difference between the high- and low-conductive states (Gshigh  Gslow) was
extracted from the fifth cycle for each Vbg to reduce the effect of hysteresis.
The set of measurements was repeated to verify consistency (run 1 and 2),
and all data were fitted with an exponential function, Gshigh  Gslow ¼ 28 nS
 (exp (9.6  Vbg kV1)  1). (b) Applying the backgate potential for longer times (here 1.5 h) results in a continuous resistance change of more than
3 orders of magnitude. Data points with non-linear I/V-curves occurring frequently in the highly insulating state (0.1 GX/sq) are not shown.

density that is approximately linear with the backgate potential as DGs / Dns ¼ DVbgC/e, with C  5 lF/m2 being the
parallel plate capacitance per unit area and e being the elementary charge. Contrary to this, the exponential relationship
observed here points towards the electric field lowering the
energy of the activation barrier that needs to be overcome to
enable the change in the resistance. An example of using the
duration at which the backgate potential is applied to achieve
a continuum of resistive states is shown in Figure 4(b). The
continuous application of Vbg ¼ 200 V increases the sample
resistance by more than three orders of magnitude from
106 to 109 X/sq in 1.5 h. Subsequent application of þ200
V on the backgate returns the sample into a low-resistive
state with a sheet resistance slightly lower than the initial
state. Previous reports on LAO/STO traces the sheet resistance with applied gate using either a single exponential2 or a
Curie-von Schweidler law.14 The latter is used14 to describe
a change in the resistance that requires overcoming a distribution of energy barriers rather than a single energy barrier,
but here neither can be used to fit the results.
High-resistive GAO/STO interfaces are found to be light
sensitive with a proof-of-concept shown in Figure 5 using the
light of a fluorescent tube. When exposing the sample to the
white light during a switching sequence, three distinct features
are observed: First, the sheet resistance with Vbg ¼ 0 V
decreases from 230 to 130 kX/sq. After the sample is returned
to a dark environment, the sample resistance is returned to its
initial level after around 2 hours. This is consistent with the
persistent photoinduced carriers observed in LAO/STO.20,21
Second, the relative resistive switching between the high and
low resistive states decreases from (Rshigh  Rslow)/Rslow ¼ 3 to

FIG. 5. Cycling the backgate potential using Vbg ¼ 0 V ! 200 V ! 0 V !
200 V with each step lasting 15 min reveals that both the sheet resistance
(Rs) and its resistive switching capabilities are very dependent on whether
the sample is placed in the dark or in light. A slight leakage of light occurred
when preparing to expose the sample to light, which is observed as a small
drop in resistance seen between 300 min and 400 min. The lower panel highlights a single cycle without and with the sample exposed to light.
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0.4. As the sample becomes more conducting when exposed
to light, a decrease in the resistive switching abilities is
expected (Figure 2). Third, the changes in resistance in a dark
environment are non-volatile, whereas the changes are highly
accelerated in light and reach saturation within several
minutes (Figure 5).
The combined effect of light and a backgate potential
has previously been reported for LAO/STO,14 where the
response to the backgate was also observed to be slow in the
dark and much faster during illumination. Contrary to what
is observed here, the relative resistance change was enhanced
due to the high-resistive state becoming more resistive
mainly as a result of a pronounced lowering of the carrier
mobility. The authors found a threshold energy (1.4 eV)
needed for the light enhanced gating effect, which matches
oxygen vacancy in-gap states in STO, and attributed the resistance change to an illumination-accelerated electromigration of oxygen vacancies.
Several studies relate the resistive switching in STObased structures to an electromigration of oxygen vacancies.2,14,18,22 The resistive switching observed here is qualitatively very similar to that observed in other STO based
heterostructures, suggesting the same underlying mechanism
in GAO/STO. This is consistent with the non-volatile character, non-linear backgate response, and large sample-to-sample variation. In this picture, Vbg > 0 V drives oxygen
vacancies towards the GAO/STO interface, where the electric field lines terminate, leading to a high local concentration of oxygen vacancies and a high conductivity. By setting
Vbg ¼ 0 V, the oxygen vacancies slowly migrate back to a
quasi-equilibrium state. The migration can be accelerated by
applying Vbg < 0 V, which dilutes the oxygen vacancies at
the interface and results in a high-resistive state. The migration pathways of the oxygen vacancies may not be fully reversible resulting in the observed hysteresis. The top film
primarily serves as an oxygen absorber during the PLD in
order to achieve the right concentration of oxygen vacancies
in STO. The criteria for designing conducting STO-based
interfaces, by creating oxygen vacancies in STO via redox
reactions with the top film,23 are thus also expected to be applicable for creating interfaces with resistive switching properties. Replacing GAO with yttrium-stabilized zirconia
(YSZ),22 CaHfO3,24 or STO22 is thus predicted to yield interfaces with a similar possibility to change resistances with
electric fields. Some detailed differences may, however, exist
due to the different top layers, leading to possible differences
in the kinetics and energetics of the oxygen vacancies
located right at the interface. In particular, previous annealing experiments on GAO/STO suggest that oxygen vacancies
are stabilized at the interface.12 Two different time constants
may thus be expected corresponding to electromigration of
oxygen vacancies, which are located at the interface or
deeper into STO, consistent with the two time constants
observed during the decay in Figure S1.19 The second time

constant may also arise from other sources such as a difference in strain and dislocations when growing GAO instead
of amorphous LAO.
The c-Al2O3/SrTiO3 interface has been shown to exhibit
a clear change in the resistance over several orders of magnitude when a potential is applied on the backgate. Preparing
the interface to have a high, initial resistance greatly enhances the resistive switching capabilities. A range of similarities to the resistive switching in LAO/STO is observed, but
a closer analysis reveals differences such as a dualcomponent retention compared to the single-exponential
retention observed for amorphous-LAO/STO.
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Figure S1: The backgate potential was cycled 8 times to reduce hysteresis using the profile Vbg = 0 V → -200 V → 0 V → 200 V with
each step lasting 10 min. The 8 periods ended with either -200V or +200V applied at the backgate, and the high-resistive (black) or
low-resistive (red) state was hereafter left decaying with Vbg = 0 V while measuring the sheet resistance (Rs). Linear least square fits
using summed exponential decays are shown as solid lines.
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ABSTRACT: The formation mechanism of 2-dimensional electron
gases (2DEGs) at heterointerfaces between nominally insulating
oxides is addressed with a thermodynamical approach. We provide a
comprehensive analysis of the thermodynamic ground states of
various 2DEG systems directly probed in high temperature
equilibrium conductivity measurements. We unambiguously identify
two distinct classes of oxide heterostructures: For epitaxial perovskite/perovskite heterointerfaces (LaAlO3/SrTiO3, NdGaO3/SrTiO3,
and (La,Sr)(Al,Ta)O3/SrTiO3), we ﬁnd the 2DEG formation being
based on charge transfer into the interface, stabilized by the electric ﬁeld in the space charge region. In contrast, for amorphous
LaAlO3/SrTiO3 and epitaxial γ-Al2O3/SrTiO3 heterostructures, the 2DEG formation mainly relies on the formation and
accumulation of oxygen vacancies. This class of 2DEG structures exhibits an unstable interface reconstruction associated with a
quenched nonequilibrium state.
KEYWORDS: oxide heterointerfaces, 2DEG, defect-chemistry, thermodynamics, interface chemistry

1. INTRODUCTION
Two-dimensional electron gases (2DEGs) in oxide heterostructures have attracted a signiﬁcant amount of attention in
recent years.1,2 In particular, the 2DEG at the LaAlO3/SrTiO3
(LAO/STO) interface has been studied extensively.3−6 Meanwhile, various material systems including other epitaxial (epi-)
perovskite/perovskite interfaces (e.g., NdGaO3/STO (NGO/
STO), LaGaO3/STO, etc.),7−11 amorphous-oxide/perovskite
interfaces,12−14 spinel/perovskite interfaces (γ-Al2O3/STO
(GAO/STO)),15 as well as reactive metal/STO interfaces16,17
have been found to show a similar electron gas. Some of these
2DEGs even seem to exhibit properties superior to the standard
LAO/STO case, in particular, enhanced electron mobility.11,15,18
Conduction in the prototypical epi-LAO/STO has been
ascribed to an interface reconstruction forced by the polarity
mismatch occurring at the epitaxial interface of these two
materials.4 In contrast, such a mismatch is absent in the
amorphous-LAO/STO (a-LAO/STO) system as it lacks a
macroscopic ionic order in the amorphous LAO layer. The
apparent contradiction in the fact that both of these systems
show an interfacial 2DEG with rather similar properties (in fact,
the two systems are often not distinguishable in room
temperature electrical measurements) has led to an extensive
debate on whether or not the 2DEG formations in all these
systems are of a similar nature. It is highly debated if all these
oxide heterointerface systems share a similar driving force for
2DEG formation, or if they have to be separated into categories
of 2DEGs with fundamentally diﬀerent chemistry at the
interface. If so, it furthermore needs to be clariﬁed how any
© 2016 American Chemical Society

presumed diﬀerences aﬀect the electrical performance of such
2DEG systems.
Here, we tackle these fundamental considerations for various
complex oxide interfaces in a direct thermodynamic approach.
For this, we directly probe the thermodynamic equilibrium
states of oxide heterointerfaces by measuring their conduction
contribution at high temperatures (T ≳ 850 K, allowing
thermodynamic equilibration) as a function of oxygen partial
pressure (pO2). Under experimental conditions, the samples
are in their electronic-ionic conﬁguration of minimum Gibbs’
energy, thus disclosing the fundamental thermodynamic ground
states of the system, determined by thermodynamic bounds
such as temperature T, oxygen pressure pO2, and electric ﬁeld E
(Figure 1a). Here, we presume that a thermodynamic ensemble
approaches a unique thermodynamic equilibrium state, fully
determined at a given temperature and oxygen pressure (Figure
1a). These equilibrium states can in general be probed in a
reversible manner; i.e., the same thermodynamic ground state is
obtained at a given T, pO2, and E independent of the history of
the sample. In this way, the thermodynamic approach allows us
to uncover fundamental sample properties in the absence of
nonequilibrium defect contributions, e.g., due to a growthinduced substrate reduction, potentially aﬀecting low temperature measurements. The high temperature equilibrium
conductance (HTEC) yields information about the thermal
stability of interface reconstruction and 2DEG formation, as
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substrate’s equilibrium conductivity as a function of pO2 is
determined by the exchange of oxygen between (inherently
acceptor-doped) STO and the ambient atmosphere associated
with the formation and annihilation of oxygen vacancies.23 It is
characterized by electronic conductivity in reducing conditions,
and hole conductivity resulting from band gap excitation in
oxidizing conditions. This yields the “V”-shaped conductance
characteristic sketched in Figure 1b and discussed well in the
literature.21,24 The interface contribution sketched in Figure 1c
exhibits a temperature and pO2 independent conductance in
reducing and moderately oxidizing conditions resulting from
electrons being transferred into the interface. In the high pO2
region, one observes temperature-activated conduction behavior with reduced 2DEG electron density20 due to the formation
of Sr vacancies, becoming the favored charge compensation
mechanism in the interface region under these conditions.19
This ionic charge compensation occurs as a kink in the
conductance characteristics,20 so that the interface signature is
not entirely ﬂat in oxidizing conditions (Figure 1c). Hence,
from the thermodynamic view, the negative charge transferred
into the interface can not only be provided by electrons, but
also by ionic defects, in particular Sr vacancies, which provide a
negative net charge. (Other ionic defects such as Ti vacancies
or Al−Ti-antisite defects may also contribute with a negative
net charge. However, their formation is typically hindered by
the slow formation kinetics in the investigated temperature
regime.24)
The total measurement signal observed in the experiment
refers to the sum of substrate contribution and interface
contribution, as sketched in Figure 1d.20,21 Here, the pO2
independent region observed at intermediate pO2 can be
identiﬁed with electron transfer from the LAO layer into the
STO side of the interface.19−21 (Note that rare-earth doping of
STO may result in a similar HTEC signature. However, as we
will elaborate, this scenario is unlikely on the basis of the results
of this study.) The magnitude of the conductance contribution
in this pO2 region is expected to scale with the amount of
charge separated at the interface.
We use this speciﬁc interface signature observed in the
intermediate pressure range (Figure 1d) as a direct probe of a
thermodynamic ground state that involves thermodynamically
stable charge separation across the interface.19 For the sake of
clarity, we will limit our discussion on data obtained at a single
temperature of 950 K (a typical temperature for fabricating
perovskite/perovskite heterointerfaces). Temperature dependent measurements as discussed in previous studies19−21 reveal
consistent results.
Figure 2 shows experimental data obtained for epi-LAO/
STO heterostructures with a layer thickness below and above
the critical thickness of four unit cells of LAO. Below the critical
thickness (here, three unit cells of LAO on STO), the LAO/
STO heterostructure shows an HTEC characteristic which is
identical to the characteristic of an STO single crystal (cf.
Figure 1b). Hence, below the critical thickness there is no
signature of a thermally stable interface reconstruction proving
that only negligible charge separation has occurred. In contrast,
above the critical thickness, the behavior of LAO/STO
(denoted as “standard”) reproduces the behavior sketched in
Figure 1d indicating that signiﬁcant charge separation has
occurred at the interface and that this separation is sustained in
thermodynamic equilibrium. Hence, the thermodynamic
ground states (i.e., the ionic-electronic conﬁguration of
minimum Gibbs’ energy) change abruptly as the layer thickness

Figure 1. (a) Under experimental conditions, the heterostructure
relaxes into the ionic-electronic state of minimum Gibbs’ energy
determined by external thermodynamic bounds such as temperature T,
oxygen pressure pO2, and electric ﬁeld E. As a result, the system
adjusts the concentration of charge carriers yielding a characteristic
HTEC. Schematic illustration (b) of HTEC characteristics of undoped
STO single crystals, (c) of the n-type epi-LAO/STO interface, and (d)
of the resulting superposition of both characteristics for epi-LAO/STO
heterostructure.

well as information about the speciﬁc defect structure and
chemistry established at a speciﬁc interface.19−21
At the heart of this experimental approach is the 4-point
measurement of the sample’s conductance while it is kept in
equilibrium with the ambient atmosphere. Typically, high
temperatures are supplied in a tube furnace in the range of 850
and 1150 K. The oxygen partial pressure is controlled
chemically by actively pumping oxygen in the vicinity of the
sample using a yttria-stabilized ZrO2 oxygen pump. The actual
pO2 is measured by the Nernst potential between sample space
and reference atmosphere (air). Technical details regarding the
experimental setup can be found in ref 22.
Using this method, we quantify the charge separation
emerging in diﬀerent 2DEG systems in their thermodynamic
ground state. We reveal two distinct categories of 2DEG
systems, one based on charge transfer driven by electrostatics,
and the other based on the formation of excess oxygen
vacancies in a kinetically quenched state.

2. RESULTS
The HTEC characteristics of standard epi-LAO/STO heterostructures have been discussed in detail in previous studies.20,21
Here, we ﬁrst address the speciﬁc impact of growth conditions
and layer thickness and then compare the behavior of LAO/
STO to those of other complex oxide heterointerfaces. In this
way, we are able to reveal the fundamental diﬀerences in their
conduction behavior and to classify and categorize them with
respect to their inherent thermodynamic ground states.
The standard LAO/STO heterointerface is characterized by a
thermodynamically stable conductance contribution observable
in thermodynamic equilibrium. The total HTEC signal
measured for such samples is the superposition of a substrate
contribution and the actual interface contribution. The
1087
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≳1 × 1014 e/cm2, as elaborated in ref 20) and the STO single
crystal (zero charge transfer).
In Figure 2, we additionally display the HTEC characteristics
of epi-LAO/STO heterostructures (above the critical thickness) obtained at diﬀerent growth conditions. More speciﬁcally,
we compare the characteristics of samples grown at growth
pressures of 1 × 10−3 mbar (“standard”) and 4 × 10−5 mbar
(“low pressure”), as well as that of a sample grown at even a
lower growth pressure of 1 × 10−5 mbar, which clearly shows
bulk conductivity arising from a strong reduction of the STO
single crystal substrate (i.e., ns ≈ 1 × 1017 cm−2) during growth
(“substrate reduced”). While such samples show tremendously
diﬀerent transport behavior at low temperatures,25−27 the
thermodynamic equilibrium experiments reveal a very similar
behavior with comparable interface conduction contributions
for all of these samples. Judging from the HTEC behavior, this
suggest that the charge transfer in all these crystalline samples is
the same, independent of the actual growth pressure. In fact, in
thermodynamic equilibrium, crystalline interfaces established at
diﬀerent growth conditions seem to be essentially identical (as
far as the growth conditions result in a deﬁned growth mode
and suﬃcient crystallinity to allow for a 2DEG formation at all).
Even samples that were strongly (bulk-)reduced after the
growth establish the same interface signature as samples grown
at higher oxygen pressures. Hence, the additional bulk
conduction observed at low temperature in such samples is
the result of a nonequilibrium process leading to an oxygendeﬁcient STO substrate during growth. Upon relaxation into
thermodynamic equilibrium, this conduction path cancels,
while the generic signature of the interface is maintained.
Remarkably, the generic interface signatures of all these
crystalline LAO/STO samples overlap on a single line. Thus,
diﬀerences in transport behavior (observed at low temperature)25−27 are associated with varying thermodynamic states of
one and the same generic structure, characterized by a speciﬁc
ionic defect conﬁguration (that varies with ambient atmosphere, cf. ref 19 and Figure 1a). [Moreover, this explains why
diﬀerently annealed LAO/STO samples show (to a great
extent) similar behavior to that of LAO/STO heterostructures
grown at diﬀerent pO2.26]
We now turn to alternative material systems other than
LAO/STO that show similar 2DEG properties at low
temperatures. (Room temperature carrier densities of all
samples will be summarized later on.) Figure 3a shows the
HTEC characteristics obtained for an NGO/STO hetero-

Figure 2. HTEC characteristics obtained at 950 K for epi-LAO/STO
above the critical thickness grown at various deposition pressures, as
well as for epi-LAO/STO below the critical layer thickness for 2DEG
formation. Additionally, we plot the HTEC data obtained for a bare
STO substrate reference.

crosses four unit cells. This result indicates a sudden
appearance of charge transfer appearing only above this critical
thickness. In other words, below four unit cells no charge
transfer occurs across the interface, corresponding to zero
electric ﬁeld at the interface penetrating into the STO, yielding
a bulk-like ground state of the heterostructure. Above this
critical layer thickness, charge is transferred across the interface,
in spontaneous response to the increased built-in potential
within the polar LAO layer.4 As a result, a nonzero electric ﬁeld
is established on the STO side of the interface, according to
Gauss’ law,19 resulting in the appearance of a thermally stable
interface signature in the HTEC experiment. In accordance, we
observe similar HTEC behavior for diﬀerent LAO layer
thicknesses above four unit cells. The HTEC results are in
good agreement with the behavior observed for epitaxial LAO/
STO heterostructures at low temperature.5 The sudden
appearance of the interface signature observed in the HTEC
experiment hence refers to a sudden change of E at the
interface, yielding a signiﬁcantly diﬀerent thermodynamic
ground state when traversing the critical layer thickness. On
this basis, the HTEC measurements are capable of identifying
(and quantifying) the amount of charge transferred into (and
separated at) the interface of oxide heterostructures, by
comparing the interface conduction contribution with respect
to the standard epi-LAO/STO heterostructure (charge transfer

Figure 3. HTEC characteristics at 950 K obtained for (a) epitaxial NGO/STO and LSAT/STO heterostructures and (b) amorphous LAO/STO and
epitaxial GAO/STO. For comparison, we plot in both panels data obtained for the STO substrate reference as well as for standard epi-LAO/STO.
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at the a-LAO/STO interface and the absence of any stabilizing
electric ﬁeld at this interface. Hence, while after the growth
process the a-LAO/STO heterostructure exhibited an electron
gas with an electron density of about 2 × 1014 cm−2, the
relaxation of the structure into thermodynamic equilibrium
resulted in a complete canceling of any interface conduction. In
other words, the energetically (thermodynamically) preferred
interface does not exhibit a 2DEG. This behavior is observed
despite a crystallization process taking place under measurement conditions. In contrast to epitaxial LAO/STO heterostructures, no charge separation occurs during this process,
most likely due to imperfect ionic ordering or an incoherent
interface achieved during thermal crystallization in contrast to
epitaxial growth. Hence, the thermodynamic properties of epiLAO/STO and initially a-LAO/STO diﬀer fundamentally.
The absence of any thermally stable interface conduction
observed in the HTEC experiment indicates that, in contrast to
epi-LAO/STO, the 2DEG in a-LAO/STO obtained after
growth corresponds to a quenched nonequilibrium state of
the system that vanishes upon equilibration. This result is in
accordance with the reported disappearance of the 2DEG upon
annealing.12,14,28 Furthermore, the substantially diﬀerent
behavior of a-LAO/STO and epi-LAO/STO emphasizes that
the interfacial 2DEG in these systems does not seem to be
caused by penetration of La-ions into the substrate caused by
the high energetic impingement during the PLD process. In
addition, a scenario based on merely growth-induced rare-earth
doping in epi-LAO/STO as well as in NGO/STO and LSAT/
STO appears unlikely in light of the observed systematic scaling
of the HTEC with the nominal ionic charge of the polar
perovskite capping layer and the sudden change in the
characteristic behavior at the critical layer thickness (here,
observed in high temperature equilibrium).
Remarkably, epitaxial GAO/STO shows identical behavior
(Figure 3b) as a-LAO/STO. GAO/STO shows no detectable
interface contribution in high temperature equilibrium, again
indicating a negligible charge transfer into the interface. Thus,
similar to a-LAO/STO, the GAO/STO system shows interface
conduction unambiguously based on a quenched nonequilibrium state that vanishes during equilibration. This result is
rather surprising because, due to its ionic structure, epitaxial
GAO may, similar to epitaxial LAO, generate a polar
discontinuity at the GAO/STO interface, which may again
drive a thermally stable charge separation at the interface. Our
study, however, strongly suggests that this is not the case. In
fact, from experimental limits we can estimate ≈1 × 1012 e
cm−2 to be an upper limit for any thermally stable charge
separation in GAO/STO. This value is orders of magnitude
smaller than the value expected from the polar discontinuity
picture. Hence, similar to a-LAO/STO, GAO/STO is
characterized by thermodynamical ground states that do not
involve signiﬁcant charge separation at its interface. There is no
indication of a stabilizing electric ﬁeld evolving at the GAO/
STO interface.

structure in comparison to those of LAO/STO. Both
characteristics are remarkably similar (in fact, they almost
match), indicating that the generic interface signatures of both
systems and thus their thermodynamic ground states
established under experimental conditions are the same. The
interface reconstruction driven by LAO deposition and the one
driven by NGO deposition are nearly identical, involving
transfer and separation of a similar amount of charge. This
indicates that both interfaces are stabilized by the polar
discontinuity at the interface. In this view, both materials, LAO
and NGO, share a similar ionic structure with trivalent cations
on A- and B-sites. Hence, they require a similar amount of
charge transfer 4 resulting in the same thermodynamic
equilibrium state, as evident from the identical HTEC
characteristics. (Note, however, that NGO/STO suﬀers from
a loss of Ga at elevated temperatures, resulting in a slow
degradation of the interface.)7 The similar HTEC signatures
obtained for epi-LAO/STO and NGO/STO moreover indicate
that the diﬀerent magnitude of epitaxial strain in these two
systems has only a minor impact on the thermodynamic ground
state and defect structure obtained in high temperature
equilibrium.
In Figure 3a, we additionally plot the HTEC characteristics
obtained for (La,Sr)(Al,Ta)O3/STO (LSAT/STO) which has
been shown to exhibit an interfacial 2DEG, too.11 In high
temperature equilibrium, we ﬁnd an HTEC characteristic which
in the intermediate pO2 region is shifted signiﬁcantly toward
lower values as compared to LAO/STO and NGO/STO. Thus,
the interface conductance contribution (cf. Figure 1c) to the
total measurement signal is signiﬁcantly reduced. Yet, we ﬁnd
conductance values that are signiﬁcantly higher than those of
the bare STO single crystal indicating a ﬁnite, nonzero charge
transfer into the LSAT/STO interface. Thus, similar to LAO/
STO and NGO/STO, LSAT/STO exhibits a thermally stable
interface reconstruction driven by charge separation at the
interface. The amount of transferred charge can be estimated
from the HTEC values using the high temperature electron
mobility value reported in ref 24. It is found to be of the order
of (2−3) × 1013 e/cm2. The observed charge separation is thus
by a factor of 4−5 smaller than the one observed in LAO/STO.
As (in the (100)-direction) LSAT consists of atomic layers that
are nominally charged by about ±0.2 electrons per areal unit
cell (e/uc2), a less pronounced polar discontinuity is expected
to arise at the LSAT/STO interface requiring (by a factor of 5)
less charge to be transferred into the interface as compared to
LAO/STO and NGO/STO (with nominal charges of ±1 e/
uc2). This is in excellent agreement with our HTEC
experiment. All interface systems discussed in this section
thus show thermodynamic ground states consistent with a
thermodynamically stable charge transfer across the interface,
associated with a nonzero electric ﬁeld at the interface. (Charge
separation implies an electric ﬁeld at the interface, as these
quantities are directly connected via Gauss’ law.19) The amount
of transferred charge scales with the nominal charge of the
atomic planes of the capping material.
In contrast to these, if we choose a-LAO/STO as a starting
point for the HTEC characterization, we observe a
fundamentally diﬀerent behavior in thermodynamic equilibrium. As shown in Figure 3b, a-LAO/STO does not show a
thermally stable signature of interface conduction in high
temperature equilibrium. In fact, the HTEC characteristics
obtained for a bare STO single crystal and for a-LAO/STO
overlap which indicates a zero (or negligible) charge separation

3. DISCUSSION
For the prototype 2DEG system, epi-LAO/STO, as well as for
NGO/STO and LSAT/STO, we revealed a thermally stable
interface reconstruction, while the magnitude of the interface
conduction contribution scales with the nominal charge of the
atomic layers in the capping material. This strongly suggests
that the polar discontinuity at these interfaces forces charge
transfer from the polar capping layer into the STO side of the
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Figure 4. Schematic of the two diﬀerent conduction mechanisms responsible for interface conduction in oxide heterostructures. (a) Sustained charge
separation resulting from electrostatic boundary conditions that stabilize an electric ﬁeld at the interface. Therefore, (b) an interfacial 2DEG is
maintained in thermodynamic equilibrium. (c) Excess oxygen vacancy formation due to ion transfer from the STO substrate into the growing ﬁlm.
This scenario does not imply a thermally stable separation of charge at the interface. In contrast, (d) interface conduction in these systems refers to a
quenched nonequilibrium state.

perspective, these systems need to be categorized as a diﬀerent
type of 2DEG system, clearly distinct from 2DEGs on the basis
of electric-ﬁeld-stabilized charge separation, as observed, e.g., in
epitaxially grown LAO/STO heterostructures. For GAO/STO,
this result is particularly remarkable as this interface may
inherently have the potential for a thermally stable charge
transfer, since GAO may be a polar type crystal with
nonvanishing electric dipole moment, similar to LAO.30 Our
experiments, however, unambiguously indicate that the main
mechanism of conduction at the interface is the formation of
oxygen vacancies.
For clarity and to summarize our results, we plot in Figure 5
the room temperature electron density obtained after
fabrication for the various material systems discussed in this
letter and compare it with the amount of charge separation that
is maintained in thermodynamic equilibrium. While the asgrown 2DEG carrier densities can be very similar for, e.g.,

interface (Figure 4a). As a result, one obtains spatial charge
separation and a space charge layer associated with an electric
ﬁeld at the interface.4,19,29 In that case, a thermodynamically
stable interface reconstruction takes place involving 2DEG
formation and the formation of a speciﬁc ionic defect proﬁle in
the space charge layer.19−21 Here, the interfacial 2DEG and its
speciﬁc ionic defect structure correspond to the energy
minimum (Gibbs’ energy) of the system (Figure 4b). This is
because the electric ﬁeld emerging at the interface provides an
internal driving force for the systems to form a conducting
interface that is sustained in thermodynamic equilibrium.19
On the other hand, for initially a-LAO/STO and epi-GAO/
STO, we showed that any signature of interface conduction
vanishes in thermodynamic equilibrium indicating that the
interface chemistry in these samples is fundamentally diﬀerent
from the one discussed above. In fact, the 2DEGs in GAO/
STO and a-LAO/STO only exist in a quenched nonequilibrium
state. This quenched state involves the formation of excess
oxygen vacancies on the STO side of the interface during
growth, as sketched in Figure 4c. As has been suggested, during
growth, oxygen-deﬁcient thin ﬁlms take up oxygen from the
STO substrate, forming oxygen vacancies in this process. As a
result, electrons reside on the STO side leading to interface
conduction. In this case, charge is not necessarily spatially
separated, as both the dopants (here oxygen vacancies) and the
mobile charge carriers (electrons) reside on the same side of
the interface. The interface region is therefore rather charge
neutral, and the depth proﬁle of oxygen vacancies dictates the
electron proﬁle in the ﬁrst place. Thus, the ion transfer (O2−
transfer from the STO side into the growing ﬁlm) does not
imply the presence of a signiﬁcant electric ﬁeld at the interface.
In this scenario, the conducting state does not correspond to
the energy-minimized ionic-electronic conﬁguration, and the
stabilizing electric ﬁeld at the interface is absent (even after
thermal crystallization). On the contrary, the system is forced
into this state due to merely kinetic limitations. Such interfaces
do not preserve their 2DEG state when allowed to relax toward
equilibrium (Figure 4d). Therefore, from a thermodynamic

Figure 5. Comparison of the room temperature carrier density
obtained from Hall measurements after fabrication of the samples and
the amount of thermally stable charge separation probed in the high
temperature equilibrium experiments. The HTEC experiments reveal
two classes of 2DEG systems characterized by a nonzero (red areas)
and zero (blue area) charge separation in their thermodynamic ground
states.
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sample ensuring optimum electrical contact throughout the high
temperature experiment. Further details can be found in ref 22. Note
that all samples investigated in this study are characterized by
electronic conductivity (both n-type and p-type).24 Ionic conductivity
contributions in STO are not signiﬁcant at the given temperature.21

GAO/STO and epi-LAO/STO, the amount of charge
separation in the state of minimum Gibbs energy diﬀers by
several orders of magnitude. In accordance with this, GAO/
STO and a-LAO/STO did show little residual room temperature conductivity after the HTEC experiment, while all other
interface systems maintained their 2DEG behavior.
Interestingly, enhanced electron mobility has been reported
for GAO/STO as compared to epi-LAO/STO.15 This may be
explained by the fundamental diﬀerences in the chemistry of
these interfaces (Figure 4): In GAO/STO, the control of the
dopant (and thus impurity) concentration and electron density
is basically unrestricted. In contrast to that, interfaces that are
driven by charge separation such as epi-LAO/STO are
restricted by their ﬁxed electrostatic bounds. Therefore, with
generation of more dilute electron gases during growth,
additional ionic defects (e.g., Sr vacancies as suggested in refs
19, 20) are induced automatically to compensate the missing
charge of electrons. Therefore, lower carrier densities are
achieved only at an increased density of ionic defects in the
near-interface region (partially countercompensated by a
widening of the potential well at low temperatures). These
additional defects act as additional, if not dominant, scatter
centers for electrons in these interfaces.27 These defects are to
great extent absent in GAO/STO where 2DEG formation
solely relies on oxygen vacancies. This may yield the enhanced
electron mobility.
In summary, we have revealed two distinct categories of
conducting oxide heterointerface systems. The ﬁrst category is
based on charge separation across the interface driven by
electrostatic boundary conditions. Members of this category are
epitaxial LAO/STO, NGO/STO, LSAT/STO, and other
systems, such as NdAlO3/STO and LaGaO3/STO, not
discussed in detail here. The second category is based on the
mere formation of excess oxygen vacancies and a quenched
nonequilibrium state. Members of this category are amorphous
oxide/STO heterostructures and, remarkably, also epitaxial
GAO/STO. Reactive metal/STO interface systems are
expected to belong to this category, too. With respect to
electronic properties, charge-separation driven oxide interfaces
are thermally more stable, as their intrinsic energy minimum
promotes the formation of a 2DEG. However, at the same time,
this may imply the formation of additional ionic defects in the
interface region, as reported before.19 Therefore, the latter
category based on the excess formation of interfacial oxygen
vacancies may bear some beneﬁts for reaching high mobility
electron samples, with the drawback of requiring a thermally
unstable quenched state.
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of the LAO growth, where, for instance,
increasing the LAO layer thickness above
a critical thickness of 4 unit cells[1] or
lowering the oxygen growth pressure[2]
renders insulating interfaces conducting.
In the latter approach, free carriers are
induced by electrostatic gating of the
conducting interface separated from the
gate by a solid dielectric (typically STO
or LAO),[1] an electrolyte with mobile
ions[3] or a ferroelectric material.[4] Using
this approach, the gate-control of a large
number of properties has been demonstrated including magnetism,[5] the anomalous Hall effect,[3] superconductivity[6]
and spin-orbit coupling.[7]
The two different approaches each
have their strengths and weaknesses. In
the first approach, the effect of the carrier
density on the sample properties is often
studied by fabricating a series of samples
with a discrete set of carrier densities.
This allows for a change in carrier density
exceeding 1014 cm−2. The process does not
allow for in situ control of the carrier density, and the results
may be strongly influenced by unwanted sample-to-sample variations related to variations of the sample fabrication process or
the STO substrate quality.
In the second approach, the carrier density can be controlled
continuously within a single sample during the experiments.
The range of the carrier density tuning using conventional
back-gating is much smaller than the first approach. A typical
induced carrier density when 100 V is applied at room temperature through a 0.5 mm thick STO substrate is less than
1012 cm−2,[8] which is much lower than typical carrier densities
(ns > 1013 cm−2) in as-grown LAO/STO.[1] The use of top-gating
or gating through electrolytes can reduce the gate potential
while maintaining or increasing the possible range of carrier
density tuning. The electrostatic gating has side effects beyond
changing the carrier density by a shift in the Fermi energy
level. The applied potential adds to the confinement potential of
the electrons at the interface and effectively changes their depth
distribution.[9] At low temperatures, electrostatic gating has also
previously been observed to predominantly alter the electron
mobility rather than the carrier density,[9] change the tetragonal
domain structure in STO,[10] and result in pronounced hysteresis of the electrical properties.[11] At or above room temperature, electromigration of oxygen may occur in STO.[8,12,13] In

The conducting interface between the insulating oxides LaAlO3 (LAO) and
SrTiO3 (STO) displays numerous physical phenomena that can be tuned by
varying the carrier density, which is generally achieved by electrostatic gating
or adjustment of growth parameters. Here, it is reported how annealing in
oxygen at low temperatures (T < 300 °C) can be used as a simple route to
control the carrier density by several orders of magnitude. The pathway to
control the carrier density relies on donor oxidation and is thus applicable
to material systems where oxygen vacancies are the dominant source of
conductivity. Using STO capped with epitaxial γ-Al2O3 (GAO) or amorphous
LAO (a-LAO), the pathways for changing the carrier density in the two
STO-based cases are identified where oxygen blocking (GAO) and oxygen
permeable (a-LAO) films create interface conductivity from oxygen vacancies located in STO near the interface. For a-LAO/STO, the rate limiting step
(Ea = 0.25 eV) for oxidizing oxygen vacancies is the transportation of oxygen
from the atmosphere through the a-LAO film, whereas GAO/STO is limited
by oxygen migration inside STO (Ea = 0.5 eV). Finally, it is showed how the
control of the carrier density enables writing of conducting nanostructures in
γ-Al2O3/STO by conducting atomic force microscopy.

1. Introduction
Controlling the carrier density in operando or by means of
device fabrication plays a key role in modern electronics.
Varying the carrier density at the interface between the band
insulator SrTiO3 (STO) and a thin film of a second band insulator, LaAlO3 (LAO), grown on top of STO has resulted in a versatile control of many physical phenomena. The carrier density
in this system is typically controlled either by varying the sample
fabrication process or by electrostatic gating. In the former
approach, the carrier density is controlled by the parameters

D. V. Christensen, M. von Soosten, Dr. F. Trier, Dr. A. Smith,
Dr. Y. Chen, Prof. N. Pryds
Department of Energy Conversion and Storage
Technical University of Denmark
Risø Campus, DK-4000 Roskilde, Denmark
E-mail: dechr@dtu.dk
Dr. T. S. Jespersen
Niels Bohr Institute
Center for Quantum Devices
University of Copenhagen
DK-2100 Copenhagen Ø, Denmark

DOI: 10.1002/aelm.201700026

Adv. Electron. Mater. 2017, 1700026

1700026 (1 of 7)

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

XIV
XIV
www.advancedsciencenews.com
www.advelectronicmat.de

addition, obtaining a desired electron density through gating
requires a continuous application of an electrostatic potential,
which may be undesirable in combination with local gating or
when designing functional electronic devices.
Understanding the origin of the conducting interface is crucial to predict how the growth parameters should be changed
to obtain a desired carrier density. However, the origin of the
conductivity in LAO/STO is still debated, with the predominant explanations relying on a potential build-up in the polar
LAO,[14,15] or oxygen vacancies in STO.[16] In the wake of the
discovery of the LAO/STO heterostructure, several other conducting STO-based interfaces have been fabricated where
the origin of the conductivity is less controversially assigned
to oxygen vacancies such as STO capped with, e.g., γ-Al2O3
(GAO),[17,18] or amorphous LAO (a-LAO).[18,19] In these cases,
the top film gathers oxygen from STO during growth which
leads to oxygen vacancies and free electrons in the near-interface region of STO. Recent high temperature equilibrium
conductance measurements in various oxygen pressures have
been used to compare several STO-based heterostructures. The
results show that the conductivity disappears in a-LAO/STO
and GAO/STO in oxidizing conditions, whereas a conductivity
component attributed to the potential build-up persists in epitaxial-LAO/STO.[18] Besides testing if the interface conductivity
survives oxidizing conditions, annealing at elevated temperatures in oxygen atmospheres has frequently been used to minimize the effect of oxygen vacancies.
A hitherto largely overlooked possibility is to use a controlled
annealing to regulate the free carrier density by refilling oxygen
vacancies with oxygen from a reservoir such as an oxygen-containing atmosphere. Here, we report the control of the carrier
density and conductivity in GAO/STO and a-LAO/STO using
a low-temperature (T < 300 °C) annealing in a 1 bar oxygen
environment. As an application of the carrier density control,
we show how it can be used to tune GAO/STO into a regime
where it is possible to write and erase nanostructures with the
biased tip of a conducting atomic force microscope (c-AFM).

(see the Experimental Section for details). The refilling is highly
accelerated by elevating the temperature, with the conductivity
of the GAO/STO interface being significantly more stable than
a-LAO/STO (see Figure 1a,b). Annealing can be used to carefully control the conductance with a time scale of hours at
T ≤ 300 °C, where the movement of the heavier cations (La, Sr,
and Ti) is generally frozen.,[20,21] We note, however, that the
lighter aluminum may be mobile in GAO below 300 °C owing
to the inherent Al vacancies present in GAO.[22] The change in
conductivity for 20 °C < T < 300 °C is mainly a result of varying
the carrier density (see Figure 1c). The contribution of the carrier mobility change is typically < 10% of the total conductivity
change, as the mobility at these temperatures is limited by

2. Results and Discussion
The annihilation or creation of oxygen vacancies in oxidizing or
reducing environment can be described by a chemical equation
of the form
k
1
O2 + VO•• + 2e ′  OOx
2

(1)

using the Kröger–Vink notation and a rate constant k. Here,
the two electrons created by forming an oxygen vacancy can be
delocalized and contribute to the conductivity or be localized,
e.g., by creating different oxygen vacancy charge states (VO• or
VOx). The oxygen vacancies created in STO during the growth
of a reducing top layer are thermodynamically unstable,[18] but
refilling is kinetically hindered at room temperature leading
to quasi-stable interfaces. We investigate this oxygen vacancy
refilling by measuring the changes in the sheet conductance
in situ in an atmosphere of 1 bar pure oxygen while the temperature is increased in steps from room temperature to 350 °C
Adv. Electron. Mater. 2017, 1700026

Figure 1. Normalized sheet conductance Gs for a) γ-Al2O3/SrTiO3
(GAO/STO) and b) amorphous-LaAlO3/SrTiO3 (a-LAO/STO) measured
as a function of time during annealing in 1 bar oxygen. Selected temperatures are chosen which produces comparable annealing traces for the
two heterostructures while avoiding large nonlinearities (see discussion
in the main text). c) The Hall carrier density, ns, as a function of the sheet
conductance for two GAO/STO samples with different initial carrier densities obtained by varying the oxygen partial pressure (pO2) during growth.
The carrier density and sheet conductance is measured at room temperature and in between two measurement points the sample is annealed at
≈200 °C in 1 bar oxygen to induce a carrier density change. The metallic
region is defined as the region in carrier densities where dGs/dT < 0 for
any temperature T in the interval 2 K < T < 300 K.
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optical phonon scattering with only a moderate dependence on
the electron density.[23] For a-LAO/STO, the maximum carrier
density is typically around 1014 cm−2 at room temperature,[19]
whereas for GAO/STO, carrier densities up to 1015 cm−2 have
been reported.[17] In both cases, the carrier density can easily
be controlled without sample-to-sample variations in a large
range from the maximum value to a level where the free carriers cannot be measured.
The temperature dependence can be analyzed quantitatively
by investigating the thermal activation of the annealing process. We extract the rate of sheet conductance change at each
temperature and present it in an Arrhenius plot (see Figure 2).
While the rate of sheet conductance change is fastest for a-LAO/
STO, the activation barrier is 0.5 eV for both a-LAO/STO and
GAO/STO at low temperatures. Upon reaching higher temperatures of ≈125 °C during the incremental increase of the
temperature, the rates deviate from the straight Arrhenius-type
behavior observed at low temperatures. For a-LAO/STO, the
activation energy of the thermally activated behavior changes
from 0.5 eV at low temperatures (<75 °C) to 0.24 eV at high temperatures (>125 °C). For GAO/STO, the rate decreases dramatically by more than two orders of magnitude and subsequently

Figure 2. Arrhenius plot of the sheet conductance change (dGs/dt) measured at various annealing temperatures (T) for GAO/STO and a-LAO/STO
in 1 bar nitrogen or oxygen. The rate of conductance change was obtained
by stabilizing each temperature for 12 h while measuring the conductance, except for a-LAO/STO where each annealing step was limited to
7 h to resolve the low-temperature behavior below 150 °C before saturation. The Arrhenius plot is shown for three as-grown samples and one
preannealed GAO/STO heterostructure. The latter has been subjected to
a 140 h preannealing step at 150 °C in 1 bar oxygen prior to measuring
the rate of conductance change for the Arrhenius plot. This preannealing
saturates the initial degradation process responsible for the high initial
conductance change at lower temperatures. The inset shows the sheet
conductance as a function of time during this 140 h preannealing; we
note that this cannot be fitted satisfactorily by a single exponential function. The parallel black lines correspond to an activation barrier of 0.50 eV,
whereas the light blue line represents an activation barrier of 0.24 eV.

Adv. Electron. Mater. 2017, 1700026

reestablishes a regular thermal activation with an activation
energy of 0.5 eV. This is consistently reproduced in four GAO/
STO samples. Such behavior is typical for the coexistence of
two distinct processes where one process (process A) initially
is dominant but eventually saturates, thus allowing the observation of a second process (process B). To test this hypothesis,
we subject a new as-grown GAO/STO sample to a fixed temperature of 150 °C in 1 bar of oxygen while continuously measuring the sheet conductance (see the inset of Figure 2). The
initial rate of sheet conductance change (8 µS h−1) is decreased
by more than two orders of magnitude to 0.014 µS h−1 after
140 h at 150 °C. Following this preannealing step at 150 °C,
the sample is cooled to room temperature and then subjected
to an identical stepwise increase in the temperature as previously employed to obtain the Arrhenius plot in Figure 2. Contrary to as-grown GAO/STO, this preannealed GAO/STO now
shows a single thermal activation energy during the annealing
with Ea = 0.5 eV without a drop in the rate (green circles in
Figure 2), and the preannealing is consistent with a saturation
of process A.
When GAO/STO heterostructures are subjected to the same
stepwise annealing procedure in 1 bar nitrogen rather than
1 bar oxygen, the changes in the initial conductivity at low
temperatures are similar (dark blue curve in Figure 2). After
saturation, the conductivity change decreases in both annealing
environments before it increases again at higher temperatures.
The high-temperature annealing rate in nitrogen is, however,
smaller than in oxygen by a factor 2–4. Based on this annealing
in nitrogen, we conclude that process A and its saturation are
independent of the environment.
We furthermore determine the thickness dependence of
the conductance change rate (|dGs/dt|) when GAO/STO and
a-LAO/STO samples are stored for around two months at
room temperature in a standard vacuum desiccator providing
a slight vacuum of 0.8 bar. For GAO/STO, the rate is largely
independent of the top film thickness (see Figure S1 in the
Supporting Information). For a-LAO/STO, the average rate
increases almost one order of magnitude when the a-LAO layer
is decreased from 5 to 1.5 nm, whereas varying the film thickness only produces a small change if merely the first 12 days
are considered. Process A is therefore independent of the top
layer thickness whereas process B is highly dependent on the
top layer thickness, however, only for the case of a-LAO/STO.
We then attempt to explain the physical origin of the two
processes. As the temperature is stabilized at each step, fast
(electronic) changes have already occurred before the beginning of each measurement. This includes thermal activation
of electrons to the conduction band. Slow ionic movements
are therefore suggested to be responsible for the conductivity
change reported here. Cation movement generally requires
higher activation energy than what is observed here. The
energy barriers for moving oxygen in STO[24,25] and GAO[26]
are 0.5–0.6 and 1.3 eV, respectively; the energy barrier in
a-LAO is to our knowledge unknown, but arguably smaller
than the 0.6–0.7 eV for crystalline LAO.[24] We therefore
attribute the activation energies of 0.5 eV observed at low temperatures (process A), and, for GAO/STO, at high temperatures (process B) to oxygen movement in STO (black, dashed
lines in Figure 2).
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Figure 3. The proposed mechanism for conductance change upon
annealing of a-LAO/STO and GAO/STO. Initially, the conductance change
is governed by oxygen redistribution (left column), which effectively localizes the electrons. After the oxygen redistribution has reached saturation,
oxygen from the atmosphere eliminates oxygen vacancies close to the
interface (right column).

Process A is two orders of magnitude faster than process B,
which suggests that the initial oxygen movement occurs over
short distances. In addition, process A occurs for both a-LAO/
STO and GAO/STO and is independent of top layer thickness
and annealing atmosphere. It can therefore be attributed to an
internal redistribution of oxygen vacancies within STO (see
Figure 3). During deposition of oxygen deficient thin films, a
nonequilibrium vacancy depth distribution is created in STO,
which eventually equilibrates during process A leading to the
observed saturation. The effect on the conductivity is likely due
to a change in the charge localization when oxygen vacancies
are redistributed. Localization of charges is often attributed to
trapping sites in the vicinity of oxygen vacancies or a lack of a
macroscopic percolation path. Using density functional theory,
it was for instance deduced that oxygen vacancies at the surface
of STO trap electrons in contrast to bulk oxygen vacancies.[27]
Movement of oxygen vacancies from the bulk to the surface
may thus lower the free carrier density. Electrons can therefore
change their state between delocalized and localized with an
associated rate constant k′
k′

edeloc  e loc

(2)

This contribution gives dns/dt|(de)loc ∝ − k′.
Process B, however, is different for a-LAO/STO and GAO/
STO. In the former case, process B has a low activation
energy and the rate increases greatly when the a-LAO thickness is decreased. Consistent with a previous report,[28] we
assign the oxygen vacancy refilling in a-LAO/STO preferentially to molecular oxygen dissociating and diffusing through
the top film with a rate-limiting energy barrier of 0.24 eV
(see Figure 3). For GAO/STO, this process is halted due to
the high activation energy for oxygen movement in GAO,
and the oxidation occurs through STO instead. Although
the pathway is different for a-LAO/STO and GAO/STO, the
net result of both oxidation reactions can be described by
Equation (1) with a rate constant k giving rise to a contribution dns/dt|redox ∝ − k.
Adv. Electron. Mater. 2017, 1700026

Oxygen vacancies therefore affect the density of itinerant charge carriers by changing the donor density and
by localizing charge carriers. The total rate of carrier density change by the two processes can be described by
dns 1 dN total
1
=
= − ( f delock + k ′). Here, fdeloc denotes the
dt
A dt
A
average number of delocalized electrons annihilated when an
oxygen vacancy is refilled with oxygen, and the sheet carrier
density ns = Ntotal/A is defined as the total amount of delocalized electrons (Ntotal) per sample area (A).
Since the change in sheet conductance (Gs) during the
annealing at a constant temperature is predominantly caused
by a change in the carrier density (ns) rather than the electron
mobility (µ), the measured rate of sheet conductance change at
a fixed temperature can then be described by
−

dGs
dt

≈ − eµ
T

= eµ

dns
1
= eµ ( f delock + k ′)
dt
A

(

)

1
f delock0 exp ( − E a /kBT ) + k0′ exp − E a′ /kBT 
A

(3)

We assume that the rates can be described by the product
of a prefactor (k0 and k0′ ) with an exponential term describing
the thermal activation balancing the thermal energy (kBT)
with the activation energies (Ea and E a′ ) of the rate-limiting
step in reactions (1) and (2). Using E aa-LAO = 0.24 eV and
E aGAO = E a′ GAO = E a′ a-LAO = 0.5eV together with k0′ → 0 as the
oxygen vacancy redistribution reaches a quasi-equilibrium,
Equation (3) captures the essence of the annealing processes
observed in Figure 2.
We note that extracting activation energies is a useful way to
deduce the location of the donors. For GAO/STO it has been
unclear whether oxygen vacancy donors are located in STO[17,19]
or on the GAO surface due to a possible polarity in GAO in
analogy with the polar discontinuity model initially proposed
for LAO/STO.[15] The activation energy of 0.5 eV for oxidizing
oxygen vacancies in GAO/STO, however, implies that oxygen
vacancies are predominantly located in STO, consistent with
interface redox reactions where the growth of an oxygen deficient film reduces STO.[17,19]
The control of carrier density may be used to enable writing
of conducting nanowires in GAO/STO using c-AFM, similar to
the nanowire writing demonstrated in LAO/STO.[29,30] Previously, LAO/STO samples for AFM sketching required a careful
control of the deposition parameters including a precise LAO
thickness of 3.3 unit cells,[30,31] which is just below the critical
thickness of ≈4 unit cells for inducing metallic conductivity.[1]
Metallic conductivity can then be locally induced at the interface by moving a positively biased c-AFM tip across the surface of LAO, leaving behind conducting lines with widths
down to a few nanometers (see the left schematic drawing in
Figure 4). Preparing the sample in an ideal initial state is challenging due to the abrupt insulator-to-metal transition accompanied with a decrease in the sheet resistance by more than
5 orders of magnitude when increasing the LAO thickness with
a single unit cell from 3 to 4 unit cells.[1] Instead, the metal-toinsulator transition can be induced after the deposition using
annealing, which may enable c-AFM writing of nanostructures.
To simplify the fabrication process, we here use a crystalline
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Figure 4. 4-probe resistance (R) measured at room temperature as a
function of time (t) during writing and erasing of conducting nanowires
before and after annealing on a hot plate at 150 °C for 3 h in ambient
conditions. The writing (erasing) is achieved by applying a positive
(negative) voltage on a conducting atomic force microscopy tip, which
is then moved across the surface of GAO/STO in order to write (cut) a
conducting nanowire at the interface connecting four gold contacts as
depicted in the schematic drawings.

GAO/STO sample with GAO deposited at room temperature
and subsequently annealed on a standard laboratory hot plate
in ambient environment.
Prior to the annealing, the GAO/STO interface is metallically conducting, and it is, as expected, not possible to measure
a notable conductance change when attempting to write a
nanowire between two gold electrodes (see Figure 4). Upon
annealing the interface on a hot plate at 150 °C for 3 h, the
room temperature resistance of the sample increases by a
factor of 30. In this state, nanowires can be efficiently written
and erased at room temperature with positive and negative
voltages applied to the c-AFM tip, respectively. When connecting the two gold electrodes with a nanowire written with
+25 V applied on the tip, the 4-probe resistance between the
electrodes decreases one order of magnitude. Subsequent cutting of the wire by applying a negative tip voltage and scanning
across the wire returns the resistance to the original value. By
correlating the cutting of the wire with the speed of the c-AFM
tip, the width of a nanowire is determined to be ≈50 nm.
The nanowire is observed to be metallically conducting down
to 50 mK, whereas the remaining sample is insulating, thus
further increasing the difference in the local resistivity of the
nanowire and the background. The low-temperature characterization of the c-AFM written nanostructures will be presented
in a future publication. The mechanism underpinning the
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c-AFM writing has been attributed to dissociation of water on
the surface, which effectively donates electrons to the nanowire
located at interface.[32] The role of the annealing is expected
simply to be to raise the sample resistance to an insulating
state where writing can be observed. The annealing strategy
thus makes it possible to post process of the interface of
GAO/STO with the possibility to stop at a desired point rather
than relying on an intricate control of deposition parameters
that may depend on the specific sample, growth method, and
growth chamber.
We have shown that annealing can be used as a simple way
to control the carrier density over many orders of magnitude
with no sample-to-sample variation. The approach should be
applicable to numerous materials, in particular oxides, where
the conductivity either originates primarily from oxygen vacancies or where donor atoms or the material itself changes the
electronic properties upon oxidation. Focusing on STO-based
samples, the approach can be applied on ion-bombarded[33] or
illuminated[34] STO, STO capped with various metal films[35]
and STO capped with reducing oxides such as yttrium-stabilized
zirconia,[19] amorphous STO[19] or CaHfO2.[36] The carrier density in epitaxial LAO/STO can also be controlled to some extent
by annealing, if a postannealing step is not performed after the
LAO growth.[28] Differences are, however, expected depending
on the capping of STO. First, the route for refilling oxygen
vacancies is determined by the kinetics of breaking molecular
O2 bonds on the surface and diffusing oxygen through the thin
film. Oxygen blocking layers such as crystalline GAO grown at
high temperatures provide a high stability of the interface conductivity whereas a freely exposed STO surface degrades rapidly. Second, the different atomic arrangement at the interface
may result in atomic sites located at the interface where oxygen
vacancies are stabilized or destabilized.
The carrier density control and dopant engineering using
annealing have strengths and weaknesses compared to controlling the carriers by gating or growth. Similar to the growthinduced carrier density change, annealing allows for a large
carrier density change, but the low-temperature oxidation minimizes sample-to-sample variations and unwanted side effects
such as large changes in the crystallinity. An immediate weakness is that by annealing a sample, the initial state is lost with
attempts to reverse the oxidation by reduction being likely to
lead to a different state. This has profound implications for
reproducing results without suffering from sample-to-sample
variation by fabricating a new sample. Second, if oxygen
blocking films such as GAO are used, the annealing process
can result in some degree of inhomogeneity of the carrier
density with the center of the sample being more resilient to
annealing due to oxygen diffusion through the sides of STO.
Last, whereas the carrier density tuning by annealing is usually easier than the growth approach, gating is often more convenient and allows for real-time tunability during a number of
measurements. However, in certain cases leakage current or
insufficient carrier density tunability renders gating ineffective.
This includes gating of highly conducting samples or gating
through a leaking dielectric with free carriers stemming from,
e.g., some degree of bulk conductivity, defects or photoinduced
carriers in measurements featuring irradiation with X-ray, UV
or visible light.
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Beyond studying effects of shifting the Fermi energy level,
the simultaneous control of the oxygen vacancies and electrons
can yield some advantages over gating. Donors constitute scattering sites for electrons, and by controlling the number and
distribution of donors, we expect that annealing can enhance
the mobility and help identifying the dominant scattering
mechanism by comparing theoretical predictions with the
dependence of the mobility on the carrier density. This includes
classical cases of coexisting electrons and donors,[37] modulation doping,[38] and delta-doping in the low and high density
regime.[39] In addition, magnetism in STO and STO-based heterostructures is often suggested to originate in localized magnetic moments on oxygen vacancies,[40] which then could be
controlled by careful annealing.

nanowire writing was enabled by annealing on a standard laboratory hot
plate in ambient environment.

3. Conclusion
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We have shown that in those oxides where the conductivity
originates from oxygen vacancies, such as a range of STO-based
heterostructures, annealing is a powerful procedure for controlling both the Fermi energy level and the donor concentration
and distribution. For STO-based heterostructures, the annealing
approach provides a hitherto largely overlooked alternative or
supplement to traditional approaches to tune the carrier density
such as gating and adjustment of growth parameters. We have
shown that annealing can enable interface nanowire writing,
but the approach may also be particularly interesting for tuning
emergent magnetism, enhancing mobility, and studying the
metal-to-insulator transition.
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4. Experimental Section
GAO/STO heterostructures were prepared using pulsed laser deposition
from TiO2-terminated STO at a temperature of 650 °C as described
elsewhere.[41] The same deposition conditions were used for making
the a-LAO/STO heterostructures with the exception of depositing LAO
on a STO substrate with a temperature of 25 °C instead of 650 °C.
For GAO/STO the heating and cooling rate was set to 15 °C min−1,
and the samples were cooled immediately after the deposition. If not
stated otherwise, the thickness of the GAO film is fixed to ≈3.5 unit cells
(2.8 nm), whereas thicker a-LAO films of 16 nm were used to clearly
resolve the low-temperature annealing behavior. The heterostructures
were electrically connected using wedge wire bonding in van der Pauw
geometry, and subjected to annealing at various temperatures in 1 bar
oxygen or nitrogen. For the measurements presented in Figures 1a,b,
and 2, the temperature was increased in steps from room temperature
to 350 °C. At each step, the temperature was stabilized and the sheet
conductance was measured in situ. The Hall carrier density and sheet
conductivity presented in Figure 1c were measured at room temperature
after subjecting the heterostructures to annealing at ≈200 °C in 1 bar
oxygen for 2–8 h. The Hall carrier density was deduced from the linear
Hall coefficient in magnetic fields up to 15 T. For c-AFM writing, e-beam
lithography was used to create resist patterns such that the sample
surface was exposed only at areas intended for metal contacts. Argon
ion milling was then used to remove 10 nm of GAO and STO, which
produced trenches that were filled with titanium (2 nm) and gold
(8 nm) to contact the buried electron gas at the GAO/STO interface. A
positive voltage applied on the c-AFM tip was used to draw conducting
lines from the gold contacts as sketched in Figure 4. To emphasize
the simplicity of fabricating interfaces that enable nanowire writing,
the GAO film (4 nm) was deposited at room temperature, and the
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when stored for around 2 months in a vacuum desiccator providing a slight vacuum of 0.8 bar. For amorphous-LaAlO3 the initial
conductance change from the first 12 days is also shown.
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a b s t r a c t
Polarity in thin ﬁlms and polar discontinuities across an interface plays an important role in determining
electronic properties. A key example is the conductivity at the LaAlO3 /SrTiO3 (LAO/STO) interface, which
is proposed to originate from the polarity of LAO. As a consequence, the conductivity does not disappear
when LAO/STO is subjected to highly oxidizing conditions. Substituting LAO with another nominally
polar material ␥-Al2 O3 (GAO) results in an interface conductivity which can be destroyed by annealing in
oxygen. We investigate this apparent paradox by revisiting the defect spinel atomic structure of GAO. We
show that the polarity is dependent on the distribution of aluminum vacancies which are intrinsically
present in GAO to ensure charge neutrality. In particular, certain ﬁlm thicknesses allow for vacancy
distributions that make GAO nominally non-polar along the [001] direction. We further propose that
electromigration of aluminum vacancies across atomic layers can alter the polarity, making the GAO ﬁlm
effectively act as a ferroelectric.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Polarity has profound impact on the properties and applications
of surfaces, thin ﬁlms and heterostructures. If left uncompensated,
it causes an increase in the electrostatic potential when the thickness of the polar material is increased in the direction of the
polarity. The potential build-up may result in atomic restructuring [1], electronic band gradients [2], spontaneous defect formation
[2,3] and electron transfer [2]. Surfaces are traditionally classiﬁed
into three types with respect to their polarity, where type 1 is a
non-polar surface with no dipole moment perpendicular to the surface, type 2 has internal dipole moments but no net dipole moment
whereas type 3 has a net dipole moment [1]. Type 1 and 2 result in
modest surface energies, whereas a type 3 surface has high surface
energy and is typically not stable without a substantial reconstruction of the atomic lattice. Such a reconstruction is proposed to
be the origin of the conductivity in the type 3/1 heterostructure
formed when the polar LaAlO3 (LAO) is grown epitaxially on the
TiO2 -terminated (001) surface of nominally non-polar SrTiO3 (STO)
[2]. The (001) planes of these ABO3 perovskites can be viewed
as alternating AO2 and BO layers as depicted in Fig. 2a. If formal
valence charges are assigned to the atoms (Sr2+ , Ti4+ , La3+ , Al3+ ,
O2− ), STO is non-polar as it is composed of charge neutral atomic
planes, whereas planes with an alternating charge density of ±1

∗ Corresponding author.
E-mail address: dechr@dtu.dk (D.V. Christensen).
http://dx.doi.org/10.1016/j.apsusc.2017.06.184
0169-4332/© 2017 Elsevier B.V. All rights reserved.

elementary charge pr. surface unit cell ( = ±e/a2LAO ) make LAO
is polar [2]. If the atomic layers are (crudely) approximated as
charged continuous planes, the electric ﬁeld between the planes
becomes E = /εr ε0 , giving rise to an electrostatic potential build-up

z

E (z  ) dz’), which increases linearly with the LAO thick-

(V (z) =
−∞

ness (see Fig. 2g). Adopting a dielectric constant of εr = 24 for LAO
[4], the potential build-up is 0.94 V/aLAO . Above a critical thickness
of LAO, it becomes energetically favorable to counter the potential
build-up by an electron transfer from the top of LAO to the LAO/STO
interface where the resulting mobile electrons cause interface conductivity [2]. This explains the sudden insulator-to-metal transition
with increasing LAO thickness observed experimentally [5]. While
overly simple, the polarity model has been shown to be qualitatively useful in this [2,6] and other systems [1,7], even if more
detailed density-functional based studies are needed to predict the
actual density of free carriers resulting from the electron transfer
[8].
A recent study compared heterostructures where different nonpolar and polar oxide ﬁlms were grown on STO [9]. By heating
up the heterostructures to 950 K and varying the oxygen partial
pressure, it was found that at low (<10−20 bar) or high (>10−4 bar)
oxygen pressure, the conductivity of all heterostructures in thermal
equilibrium is dominated by oxygen vacancy donors or acceptors
in STO, respectively (see Fig. 1). At intermediate partial pressures,
however, an oxygen independent contribution to the conductivity
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we identify a pathway that may turn GAO into a material with a
tunable polarity.
2. Results and discussion

Fig. 1. High temperature equilibrium conductance (HTEC) at 950 K as a function
of the oxygen partial pressure, pO2 , for a SrTiO3 (STO) substrate and STO with a
high-temperature grown LaAlO3 (LAO), room-temperature grown LAO (a-LAO) or ␥Al2 O3 ﬁlm. In all cases, the ﬁlm thickness exceeds the critical thickness for inducing
interface conductivity. Reprinted with permission from Ref. [6]. Copyright 2017,
American Chemical Society.

was found only for polar ﬁlms (LAO, NdGaO3 and (La,Sr)(Al,Ta)O3
(LSAT)). Results from NdGaO3 and LSAT can be found in Ref. [9].
As this contribution scales with the polarity of the ﬁlm and is
absent below the critical thickness of LAO, it was attributed to the
electron transfer to STO due to the potential build-up. Although
␥-Al2 O3 (GAO) is generally considered to be polar [10], the oxygenindependent conductivity contribution was completely absent.
This leads to the conclusion that the origin of the conductivity in GAO/STO is thermodynamically unstable interface oxygen
vacancies rather than a polarity-induced potential build-up. This
conclusion is supported by the observations that the critical thickness for inducing insulator-to-metal transition varies with GAO
deposition conditions [11] and that annealing in oxygen at low
temperatures (<600 K) destroys the conductivity [12,13] with a
characteristic activation energy consistent with oxygen vacancy
movement in STO [13]. Here, we aim to explain this apparent paradox by revisiting the atomic structure of GAO. During the process,

GAO has a cubic spinel crystal structure. In the general form
(AB2 O4 ), the cubic spinel unit cell is composed of 32 oxygen
atoms, 16 B-site cations placed in an octahedral environment and
8 A-site cations in a tetrahedral environment (A8 B16 O32 ). In the
case of GAO, Al3+ occupies both A and B sites with a unit cell
of aGAO = 7.911 Å [14]. By virtue of compatible oxygen sublattices
in STO and GAO, pseudo-epitaxial growth with aGAO ∼ 2aSTO is
possible [12]. The (001) planes of GAO can be viewed as alternating Al½ and AlO2 layers as depicted in Fig. 2b. In order to obey
charge neutrality each spinel unit cell contains on average 22⁄3
aluminum vacancies (Al 1 O32 ), which may be located on sites
21 ⁄3
with octahedral or tetragonal symmetry. Consistent with ref. [10],
a homogeneous distribution of aluminum vacancies exclusively on
octahedral site gives layers with an alternating charge density of
 = ±1.5e/(0.5aGAO )2 (see Fig. 2c). Assuming a relative dielectric
constant of εr = 9.5 [4,15,16] we obtain a large potential build-up of
7.1 V/aGAO (see Fig. 2g). A homogeneous distribution on tetrahedral
sites gives  = ±1e/(0.5aGAO )2 and a reduced potential build-up of
4.8 V/aGAO (see Fig. 2d and g). In both cases, the potential build-up
is signiﬁcantly larger than that in LAO due to the lower dielectric constant of GAO. If the rapidly increasing potential in these
cases was compensated by the electronic reconstruction, a critical
thickness for forming a conducting interface would be expected to
be less than one unit cell, taking into account the band alignment
of STO and GAO [10]. Experimentally, however, the critical thickness is observed to be around 1.5 unit cells [12,17]. In terms of the
polar classiﬁcation, both distributions lead to a type 3 surface with
a non-zero dipole moment and, for a sufﬁciently thick ﬁlm, require
a substantial reconstruction to stabilize the surface [1]. An inhomogeneous distribution of aluminum vacancies can, however, lead to a
very different polarity. There is some evidence for such an inhomogeneous distribution from X-ray studies [18] of single crystal GAO
which ﬁnd that Al is distributed over both octahedral and tetrahedral sites in a ratio 63:37. For a GAO thickness of one unit cell (8
atomic layers), Fig. 2e and f depict two distributions where GAO has
no net dipole moment and no monotonously increasing potential.

Fig. 2. (a–f) Schematics of the polarity of LAO/STO and GAO/STO viewed along the [001]-direction. For GAO/STO various distributions of aluminum vacancies are considered.
(g) The resulting electrostatic potential (V) along the [001] direction for the different systems.
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These atomic structures can be classiﬁed as type 2 [1]. Note that
the distribution of Al between octahedral and tetrahedral sites in
Fig. 2f is 0.31, which compares favorably to distribution found in the
X-ray study. The electrostatic potential of both solutions remains
between −1.2 and 0.6 eV throughout the 8 atomic layers. This is
signiﬁcantly lower than the potential increase from 2.8 to 3.8 eV
corresponding to the LAO thickness increase from 3 u.c. to 4 u.c.
that causes conductivity in STO [5].
The general condition for non-polarity of a ﬁlm with M atomic
layers, the i’th layer having a charge density of  i , can be written
as:
M


(M − 2i + 1) i = 0,

i=1

subject to the constraint of over-all charge neutrality, i  i = 0. For
GAO, we introduce aluminum vacancies (V) in the Al0.5 and AlO2
layers, which can be described as alternating layers of Alxi V0.5−xi
(i odd; charge 3xi ) and Alxi V1−xi O2 (i even; charge 3xi − 4). There
are no non-polar solutions for fewer than 8 atomic layers (one unit
cell). At a thickness of one unit cell, Fig. 2e and f give two simple
non-polar distributions. As the thickness increases, the number of
different solutions increases rapidly. The conﬁguration which actually will be realized, will be the kinetically accessible state with the
lowest total energy. We will discuss the kinetics and energetics
next:
Chen et al. [12] found that each RHEED oscillation detected during the growth of the ﬁlm corresponds to growing a charge neutral
block composed of two atomic layers as depicted in Fig. 2 with a
total thickness of ¼ unit cell (2 Å). The charge neutrality entails that
each block initially is polar, and diffusion of aluminum vacancies
between individual blocks is required to make GAO overall nonpolar. The energy barrier for Al diffusion in GAO is lowered by the
large number of intrinsic aluminum vacancies and may be as low
as 0.6 eV [19]. In a typical pulsed laser deposition, thin GAO ﬁlms
(<10 nm) are deposited at ∼900 K at low oxygen background pressures (<10−6 bar) where the plasma plume is freely expanding with
plasma species arriving at the sample surface with kinetic energies exceeding 10 eV [20]. At such deposition conditions, aluminum
is expected to be highly mobile across the entire GAO thickness.
Even for ﬁlms thick enough to hinder a sufﬁcient aluminum diffusion throughout the entire ﬁlm, GAO can be overall non-polar if
diffusion over short distances results in repeating non-polar units
such as the one in Fig. 2e or f. The aluminum mobility, however,
severely decreases if the deposition temperature is lowered or a
less energetic deposition method is used.
Predicting the most thermodynamically stable aluminum
vacancy distribution requires careful analysis well beyond the
scope of this short communication. The total energy contains
contributions from vacancy–vacancy interactions, coordination of
vacancy positions (tetragonal vs. octahedral), symmetry breaking from the interface and GAO surface in addition to the energy
contribution from the polarity. The high temperature equilibrium
conductance measurements, however, directly probe the thermodynamically stable situation experimentally, and the lack of
signature of sufﬁciently polar GAO ﬁlms makes the non-polar aluminum vacancy contributions likely to be energetically favorable.
This is further supported by (i) the lowering of the surface energy
by conversion from a type 3 to type 2 polarity [1], (ii) the lack of
a polarity signature in the low-temperature annealing [12,13], (iii)
the absence of energy shifts in aluminum core levels and the oxygen 2p valence state [10] and (iv) the dependence of the critical
GAO thickness on the deposition conditions [11].
An intriguing consequence of this interpretation is that it may be
possible to change the polarity by applying electric ﬁelds. Considering, e.g., the case with one unit cell GAO presented in Fig. 2e and f,
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the non-polar solutions are found by locating aluminum vacancies
close to STO. If a positive top-gate potential is applied relative to
the grounded electron gas at the interface, electromigration of aluminum vacancies towards the GAO surface yield a polar GAO ﬁlm.
In this way, the GAO ﬁlm may effectively act as a ferroelectric material. The possibility for electromigration at room or slightly elevated
temperatures seems likely in the view of frequently reported room
temperature electromigration of oxygen vacancies with a similar
energy barrier [21,22].
3. Conclusion
In conclusion, we have presented a possible solution for the
apparent paradox in which experiments show a lack of the distinguishing features of the polar discontinuity at the GAO/STO
interface although GAO is generally considered to be polar. We
show that inhomogeneous distributions of aluminum vacancies
highly affect the polarity and allow for non-polar GAO ﬁlms for
certain thicknesses. Thus, we have presented a possible resolution
of the paradox. However, it should be noted that alternative explanations may also be possible, such as defect formations, and we
encourage future studies to clarify the actual structure of the GAO
ﬁlm on STO. In particular, density-functional based calculations will
be useful for assessing the relative stability of the conﬁgurations
considered here.
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The two-dimensional electron gas (2DEG) at the non-isostructural interface between spinel c-Al2O3
and perovskite SrTiO3 is featured by a record electron mobility among complex oxide interfaces in
addition to a high carrier density up to the order of 1015 cm2. Herein, we report on the patterning of
2DEG at the c-Al2O3/SrTiO3 interface grown at 650  C by pulsed laser deposition using a hard mask
of LaMnO3. The patterned 2DEG exhibits a critical thickness of 2 unit cells of c-Al2O3 for the occurrence of interface conductivity, similar to the unpatterned sample. However, its maximum carrier
density is found to be approximately 3  1013 cm2, much lower than that of the unpatterned sample
(1015 cm2). Remarkably, a high electron mobility of approximately 3600 cm2 V1 s1 was
obtained at low temperatures for the patterned 2DEG at a carrier density of 7  1012 cm2, which
exhibits clear Shubnikov-de Haas quantum oscillations. The patterned high-mobility 2DEG at the
c-Al2O3/SrTiO3 interface paves the way for the design and application of spinel/perovskite interfaces
for high-mobility all-oxide electronic devices. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4993165]
Two-dimensional electron gases (2DEGs) formed at
SrTiO3-based interfaces provide a rich platform for fundamental research and device applications.1 Their unique properties such as superconductivity,2 magnetism,3 high carrier
mobility,4 and sensitivity to light illumination5 have drawn
extensive interest. Among complex oxide interfaces, the isostructural perovskite-type LaAlO3/SrTiO3 (LAO/STO) interface is so far the most investigated system. Nevertheless,
although extensive research has been carried out on this system, the typical mobility remains 1000 cm2 V1 s1 or less
(at low temperatures). Recently, a new 2DEG was discovered at the non-isostructural interface between perovskite
STO and spinel c-Al2O3 (GAO) with compatible oxygen
sublattices.6–10 Remarkably, the GAO/STO heterostructure
shows much higher electron mobility (greater than
140 000 cm2 V1 s1) and extremely high carrier densities of
more than 1015 cm2.6 Moreover, micro-patterning of complex oxides with conventional semiconductor techniques is
highly needed to meet the promise for post-silicon electronics, i.e., to integrate complex oxide interfaces into integrated
chips and spintronics devices. Although nanopatterned interfaces by conducting-atomic force microscopy (c-AFM)11
have been demonstrated, micro-patterning of complex oxides
has been proven to be challenging. This so far has been
implemented primarily using amorphous LaAlO3- or AlOxhard masks12–15or Ar-ion beam irradiation.16 These processes, generally, require additional care as the deposition of
amorphous LAO or AlOx layers or the Ar-ion irradiation can
by itself induce conductivity in STO,7,17,18 leading to failure
a)
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of the patterned devices. In contrast to the chemically active
hard masks or irradiation, a chemically inert mask of manganites (which shows little redox reaction with STO16) has
also been applied to pattern oxide interfaces, particularly the
2DEG in a-LAO/STO system formed at room temperature.19
Whether this technique can also be applicable to pattern the
2DEG grown at high temperatures, where significant oxygen
exchange and cation intermixing across the interface could
occur, is yet to be investigated.
In this letter, we present the high-temperature patterning
of the 2DEG at the GAO/STO interface with LaMnO3
(LMO) as a hard mask. The high-mobility 2DEG is conserved in the patterned structures, but a much suppressed carrier density was obtained, probably due to the presence of
the manganite hard mask. Moreover, clear quantum oscillations were observed at these patterned spinel/perovskite
interfaces. The balance between the high mobility and low
carrier density in patterned GAO/STO interfaces is a step
forward to integrate high quality oxide interfaces in future
devices.
The Hall bar devices were fabricated by initially depositing an amorphous LaMnO3 (a-LMO) layer (50 nm) (see
Fig. 1) on TiO2-terminated STO (001) substrates20,21 by
pulsed laser deposition (PLD) at room temperature. The aLMO/STO heterointerface was found to be insulating regardless of the deposition oxygen pressure. Optical lithography
was then used to create patterned structures with microscale
dimension. Subsequently, the exposed a-LMO was removed
by selective wet chemical etching so that the bare STO is
patterned in a Hall bar geometry.22,23 After removing the
residual photoresist with a lift-off procedure, the patterned
substrate was transferred into the PLD chamber for the

111, 021602-1
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FIG. 1. Schematic illustration of the patterning process for a GAO/STO Hall
bar device. The conductive interface of 2DEG is only formed at the interface
between GAO and STO, which is illustrated by the red layer in the crosssection.

deposition of GAO. The growth of GAO was performed at
650  C with an oxygen pressure of 1  105 mbar, and the
samples were cooled down at the growth oxygen pressure at
a rate of 15  C/min to room temperature after deposition. For
comparison, unpatterned 5  5 mm2 GAO/STO reference
samples were prepared under the same growth conditions
and measured in the van der Pauw geometry. For transport
measurements in both Hall-bar and van der Pauw geometry,
ultrasonically wire-bonded aluminum wires were used as
electrodes. For the patterned sample, the film thickness, t,
was controlled by the growth rate, which was determined
with the unpatterned sample by reflection high-energy electron diffraction (RHEED) oscillations.6 By carefully optimizing the film growth conditions, t can be controlled down
to a quarter of the unit cell (uc), i.e., a/4  0.2 nm.6,24
Figure 2(a) shows an optical micrograph of a typical
patterned device where the width of the Hall bar is 50 lm
and length between two voltage probes is 500 lm. A sixprobe configuration of the Hall bar allows for the measurement of both longitudinal and Hall resistances at the same
time. Figure 2(b) shows the temperature-dependent sheet
resistances of GAO/STO Hall bar devices. The interfacial

Appl. Phys. Lett. 111, 021602 (2017)

conduction depends critically on the thickness of the GAO
film. When the thickness of GAO is thinner than 1.75 uc, the
interface is highly insulating. At t ¼ 1.75 uc, the sample
becomes metallic but shows carrier freezing out at
T  100 K. For t  2 uc, the interfaces show metallic behaviors over the whole temperature regime down to the base
temperature of 2 K. As shown in Figs. 2(c) and 2(d), the corresponding temperature-dependent sheet carrier density, ns,
and mobility, l, are deduced from the measurements of the
linear Hall coefficient RH, using ns ¼ 1/RHe. The carrier
density seems to be separated into two groups, samples with
a similar carrier density in the range of 2–2.5 uc
(7–8  1012 cm2) and samples with the carrier density
between 2.5 and 10 uc (2–3  1013 cm2) (Fig. 2(c)). The
highest mobility of 3600 cm2 V1 s1 at 2 K was obtained
for t ¼ 2.25 uc (ns  7  1012 cm2). Additionally, the pattered 2DEGs with l > 1000 cm2 V1 s1 at 2 K are only
detected in the thickness range of 2 uc  t  2.5 uc. This
thickness range of high-mobility is comparable to the 2
uc  t  3 uc range observed for unpatterned samples.6
Figures 3(a) and 3(b) summarize the thickness dependent
sheet conductance (rs) and the carrier density (ns), respectively, of the patterned samples. When t is increased from 1
uc to 2 uc, the rs and ns values of interfaces jump more than 4
orders, accompanied with the sharp transition from the insulating state to the metallic state. This critical thickness behavior of Hall bar interfaces is in good agreement with the
unpatterned GAO/STO interface.6 However, as illustrated in
Fig. 3(b), the ns of the pattered samples is always in the range
of 0.7– 3  1013 cm2, although they were deposited at an
oxygen pressure of 105 mbar. This is dramatically different
from the unpatterned sample, where a peak carrier density of
up to 1  1015 cm2 is obtained in the range of 2 uc  t  3
uc.6 Notably, the critical thickness dependence of the carrier
density for both the patterned and unpatterned samples is
highly reproducible. The suppression of carrier density in pattered samples is most likely due to the presence of the manganite mask layer. This is because the GAO/STO heterostructure
is one of the typical STO-based heterostructures, where the
interface conductivity originates mainly from oxygen vacancies due to interfacial redox reactions.6,7,9,10 At high deposition temperatures, the oxygen ions in STO can diffuse over
many micrometers in minutes.25 Therefore, a significant transfer of oxygen from STO to GAO is expected. This could

FIG. 2. (a) Optical microscopy image
of the Hall bar device with a channel
width of 50 lm and a distance between
longitudinal voltage probes 500 lm
apart. (b) Temperature dependence of
the sheet resistance for the interface
conduction at different GAO thicknesses. (c) and (d) Temperature dependence of carrier density (ns) and
electron Hall mobility (l), respectively, for the interface conduction at
different GAO thicknesses.
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FIG. 3. (a) Thickness-dependent sheet
conductance measured at 300 K. (b)
Comparison of thickness-dependent
carrier density between patterned Hall
bar devices and unpatterned van der
Pauw devices.

account for the high concentration of oxygen vacancies and
high density of charge carriers at the interface of the unpatterned GAO/STO. Different from the GAO film which can
promote the formation of oxygen vacancies in STO by chemical redox reactions,17 the LMO film is one of the most outstanding oxides which show no degradation of the STO. This
is due to the fact that the bottom of the LMO conduction band
is about 1 eV lower than that of STO, and if any reduction
occurs, it would preferably be on the LMO side, i.e., the
reconstructed electrons will be first transferred to the Mn sublattice before filling the electronic shell of Ti ions.4,26
Moreover, LMO could activate the oxygen uptaking in STO
due to its catalytic activity for oxygen reduction reaction at
high temperatures.27 In this context, much less oxygen vacancies are expected in the patterned GAO/STO and thus the suppressed carrier density. Additionally, the change in the profile
of oxygen vacancies could also account for the difference in
mobility between patterned and unpatterned samples.
Finally, the high mobility of our patterned 2DEG together
with the low carrier density is further confirmed by experimental observation of Shubnikov-de Haas (SdH) oscillations.6,28,29 Figure 4(a) shows the longitudinal resistance of
the t ¼ 2.25 uc sample. The magnetic field (up to 16 T) was
applied perpendicular to the interface at T ¼ 2 K. The oscillations superimposed on a positive background are visible
directly in the raw magnetoresistance data for magnetic fields
larger than 6 T. After removing a smooth background, the
magnetoresistance exhibits oscillations presented in Fig. 4(b),
which are periodic with 1/B. The inset in Fig. 4(b) shows the
position of the oscillation peak in 1/B versus the effective
Landau level. The fitted line (blue dashed line) indicates the
SdH frequency of F ¼ 71.8 T. The carrier density can be

estimated from SdH oscillation by using following the formula: n2D ¼ gV gS eF=h, where gV, gS, and F are the valley
degeneracy, spin degeneracy, and SdH frequency, respectively. By taking a single valley and gS ¼ 2,6 the carrier density was calculated to be n2D ¼ 3.47  1012 cm2. Notably,
this carrier density deduced by the SdH oscillation is slightly
lower than that obtained from the Hall effect (7  1012 cm2),
which is common for 2DEG in STO-based heterointerfaces,
such as those at the LAO/STO interface28,29 and in La- or Nbdoped STO heterostructures.30,31 This discrepancy is either
due to the fact that a fraction of carriers measured by the Hall
effect do not satisfy the conditions for the SdH oscillation6,28–30,32 or due to the presence of multiple quantum
wells.29,33
In conclusion, we have demonstrated the fabrication of
patterned 2DEG at GAO/STO interfaces with high mobility
using a manganite hard mask. Compared with unpatterned
GAO/STO heterostructure analogues, suppressed carrier
density is obtained in the patterned interface. The relatively
high electron mobility and low carrier density enable the
study of quantum oscillations at GAO/STO interfaces. This
patterning method provides not only the possibility of making patterned interface devices with high mobility but also a
step forward to integrate high quality spinel/perovskite oxide
interfaces for device applications.
We thank Jørgen Stubager for the technical assistance.
Wei Niu thanks the support by China Scholarship Council.
X.F.W. acknowledges the financial support from the National
Key Projects for Basic Research of China under Grant No.
2014CB921103 and the Collaborative Innovation Center of
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FIG. 4. Shubnikov-de Haas oscillations of the conduction at the GAO/
STO interface. (a) Longitudinal resistance, Rxx, as a function of the magnetic field with SdH oscillations at 2 K
for the 2.25 uc sample. (b) Amplitude
of the SdH oscillation versus the reciprocal magnetic field. The inset shows
the index plots of 1/B versus the effective Landau level.
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Microscopic origin of the mobility enhancement at a spinel/perovskite oxide heterointerface
revealed by photoemission spectroscopy
P. Schütz,1 D. V. Christensen,2 V. Borisov,3 F. Pfaff,1 P. Scheiderer,1 L. Dudy,1 M. Zapf,1 J. Gabel,1 Y. Z. Chen,2 N. Pryds,2
V. A. Rogalev,1,4 V. N. Strocov,4 C. Schlueter,5 T.-L. Lee,5 H. O. Jeschke,3 R. Valentí,3 M. Sing,1 and R. Claessen1
1

Physikalisches Institut and Röntgen Center for Complex Material Systems (RCCM), Universität Würzburg, Am Hubland,
D-97074 Würzburg, Germany
2
Department of Energy Conversion and Storage, Technical University of Denmark, DK-4000 Roskilde, Denmark
3
Institute of Theoretical Physics, Goethe University Frankfurt am Main, D-60438 Frankfurt am Main, Germany
4
Swiss Light Source, Paul Scherrer Institut, CH-5232 Villigen, Switzerland
5
Diamond Light Source, Harwell Sciene and Innovation Campus, Oxfordshire OX11 0DE, United Kingdom
(Received 5 April 2017; revised manuscript received 11 August 2017; published 27 October 2017)
The spinel/perovskite heterointerface γ -Al2 O3 /SrTiO3 hosts a two-dimensional electron system (2DES) with
electron mobilities exceeding those in its all-perovskite counterpart LaAlO3 /SrTiO3 by more than an order of
magnitude, despite the abundance of oxygen vacancies which act as electron donors as well as scattering sites.
By means of resonant soft x-ray photoemission spectroscopy and ab initio calculations, we reveal the presence
of a sharply localized type of oxygen vacancies at the very interface due to the local breaking of the perovskite
symmetry. We explain the extraordinarily high mobilities by reduced scattering resulting from the preferential
formation of interfacial oxygen vacancies and spatial separation of the resulting 2DES in deeper SrTiO3 layers.
Our findings comply with transport studies and pave the way towards defect engineering at interfaces of oxides
with different crystal structures.
DOI: 10.1103/PhysRevB.96.161409

The search for high-mobility two-dimensional electron
systems (2DESs) at atomically engineered transition metal
oxide heterointerfaces is an ongoing endeavor, since the
strong electronic correlations in partially occupied d orbitals
promise an even richer physical behavior than found in
conventional semiconductor heterostructures [1]. However, the
charge carrier mobilities in the most prominent complex oxide
2DES, found at the perovskite-perovskite heterointerface
between the band insulators LaAlO3 and SrTiO3 , still fall short
of those in semiconductors by several orders of magnitude
[2]. The hitherto-highest mobility in SrTiO3 -based structures
(140 000 cm2 /V s at 2 K) is found at the spinel/perovskite
heterointerface between γ -Al2 O3 thin films and SrTiO3 [3,4],
thus making it a promising candidate for applications in oxide
electronics or fundamental studies of quantum transport.
The mechanism of 2DES formation in SrTiO3 -based
heterostructures has been under debate for many years. The
existence of a critical film thickness for metallicity at the
epitaxial LaAlO3 /SrTiO3 heterointerface has been associated
with the polar discontinuity at the interface and the concomitant buildup of an electrostatic potential gradient as a
function of film thickness, which may be countered by a charge
redistribution to the interface [3,5–8]. Additionally, substantial
oxygen vacancy (VO ) doping within the SrTiO3 substrate
may occur, which is the dominant source of charge carriers
in 2DESs discovered in SrTiO3 interfaced with amorphous
overlayers [9,10] and bare SrTiO3 surfaces irradiated with
ultraviolet light [11–13]. In the case of γ -Al2 O3 /SrTiO3 , it
has been argued that its 2DES originates exclusively from
oxygen vacancies in SrTiO3 , which are formed due to redox
reactions [3]. However, it remains unclear how high mobilities
can be achieved, when SrTiO3 hosts both conduction electrons
and oxygen vacancies, which act as scattering sites. Here, we
reveal the existence of a specific type of oxygen vacancies at
2469-9950/2017/96(16)/161409(6)

the spinel/perovskite γ -Al2 O3 /SrTiO3 interface by means of
soft x-ray resonant photoemission spectroscopy (SX-ResPES)
and ab initio calculations, and propose a spatial separation of
the dopants (oxygen vacancies) and the 2DES as the origin for
its exceptionally high mobility.
SX-ResPES experiments were performed at the combined
soft and hard x-ray beamline I09, Diamond Light Source and at
the soft x-ray beamline ADRESS, Swiss Light Source [14,15].
Theoretical calculations were performed based on the density
functional theory in the generalized gradient approximation
(GGA) [16–24] by explicitly including oxygen vacancies
in a γ -Al2 O3 /SrTiO3 superlattice and a SrTiO3 supercell.
For theoretical and experimental details including sample
fabrication, see the Supplemental Material [25].
While the γ -Al2 O3 /SrTiO3 heterointerface can host a
2DES with extraordinarily high electron mobilities upon careful control of the deposition parameters [3], for a wide range of
growth conditions, a lower-mobility 2DES forms [4]. We have
found that such lower mobilities can be increased postgrowth
by gentle low-temperature annealing or prolonged storage at
room temperature, as shown in Fig. 1(a). The electron density
of a γ -Al2 O3 /SrTiO3 sample obtained from standard Hall
measurements in the van der Pauw geometry [3] remains
largely unaffected in this process. In contrast, the mobility
at 2 K and the residual resistance ratio [RS (300 K)/RS (2 K)]
increase by roughly a factor of 4 (12 000–40 000 cm2 /V s and
730–3200, respectively).
Since the movement of larger cations is frozen at room
temperature [26], cation diffusion can be excluded as the
driving mechanism. In contrast, the diffusion of lighter oxygen
anions (and hence oxygen vacancies) is feasible and may affect
the transport properties at cryogenic temperatures, where
electron scattering by ionized donors is the dominant effect
[27]. Since the total amount of oxygen vacancies, as reflected in
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FIG. 1. (a) Sheet resistivity (RS ), carrier density (nS ), and mobility (μ) as a function of temperature T of a γ -Al2 O3 /SrTiO3 heterostructure
before and after 6 months of storage at room temperature in a vacuum desiccator. (b) Photograph, electronic structure, and corresponding
schematic photoemission spectrum of stoichiometric SrTiO3 and (c) oxygen-deficient SrTiO3−δ .

the charge carrier density, remains constant, one may speculate
that a gradual redistribution of oxygen vacancy scattering
sites away from the confined 2DES may be the cause for the
mobility enhancement.
As shown in Fig. 1(b), nominally stoichiometric SrTiO3
is an intrinsically n-doped wide-gap semiconductor with the
Fermi energy pinned close to the conduction band minimum
[28]. Upon the introduction of oxygen vacancies, two electrons
per vacancy become released and the electronic structure
of SrTiO3 changes, as depicted in Fig. 1(c). A fraction of
donor electrons becomes trapped in a localized Ti 3d-derived
state next to the vacancy site (blue) and the rest is donated
into the Ti 3d conduction band (orange) to become itinerant
[29,30]. The resulting photoemission spectrum comprises a
dispersive feature cut off by the Fermi-Dirac distribution at
the chemical potential, the quasiparticle peak (QP), and a
broad nondispersive in-gap peak (IG), which can be seen as
a hallmark for the presence of oxygen vacancies in SrTiO3
[31–33].
Here, we use synchrotron-based soft x-ray resonant photoemission spectroscopy (SX-ResPES) at the Ti L edge to
enhance the spectroscopic contrast for the Ti 3d-derived states
at the buried interface [34,35]. The inset of Fig. 2(a) shows
the PES spectra of LaAlO3 /SrTiO3−δ and γ -Al2 O3 /SrTiO3−δ
at the resonance condition. Despite an overall similarity, i.e.,
the presence of a QP and an IG peak, the latter is significantly
broader and asymmetric for γ -Al2 O3 /SrTiO3−δ , signaling a
superposition of (at least) two peaks. Indeed, upon tuning
the photon energy across the Ti L absorption edge as shown
in Fig. 2(a), two peaks at E ≈ −1.2 eV (in-gap feature
A, IGA) and −2.1 eV (IGB) can be distinguished by their
shifted resonances (hν = 458.2 and 459.1 eV for IGB and
IGA, respectively). Note that in these spectra the quasiparticle
was suppressed by a specific choice of the measurement
geometry [25].
It is well known that the exposure of maximal-valence
transition metal oxides such as SrTiO3 to high-intensity
synchrotron light causes oxygen vacancy formation [36]. This
can be counteracted by simultaneous dosing with molecular

oxygen, which dissociates in the high-intensity x-ray beam
and diffuses as atomic species into the substrate where it
annihilates vacancies [13,37]. As shown in Fig. 2(b), using
a metal capillary to direct oxygen onto the sample, IGB can
be quenched entirely, whereas IGA is reduced, yet remains
finite even for the highest possible oxygen flow. Thus, we
conclude that both IG peaks represent oxygen vacancy sites,
but apparently of different kinds. The different susceptibility to
oxygen dosing indicates a different vertical spatial distribution
of the two kinds of vacancies, i.e., the completely quenched
IGB has its origin in closer proximity to the interface. Note
that the shifted O 2p valence band onset is due to variable
band bending in SrTiO3 and a concomitant change of the band
alignment at the interface.
By acquiring the photoemission signal under various
emission angles θ with respect to the surface normal, the
effective probing depth can be changed as λeff = λ cos θ [38],
where λ is the inelastic mean free path. Figure 2(c) shows the
resonant Ti 3d spectral weight as a function of λeff , ranging
from 1.2 nm (maximum bulk sensitivity, θ = 0◦ ) to 0.8 nm
(maximum interface sensitivity, θ = 45◦ ) [39]. Additionally,
the Ti 2p core level signal excited by the second-order light
from the undulator is seen above the chemical potential and
serves as a bulk titanium reference signal. The relative spectral
weights were extracted from Gaussian fits and are shown in the
inset as a function of emission angle. The considerable angle
dependence of the IGA-to-IGB-intensity ratio (red) provides
evidence for an extraordinarily sharp, vertical separation of
the two types of oxygen vacancies, i.e., IGB is situated
closer to the interface. Furthermore, IGA scales with the
second-order light-induced Ti 2p bulk signal (blue), indicating
a uniform distribution of IGA states throughout the SrTiO3
substrate (within the information depth of roughly 1.2 nm).
We thus readily identify IGA as a signal from bulklike oxygen
vacancies situated within the substrate and IGB as a fingerprint
of oxygen vacancies at the interface. The existence of two
distinct types of oxygen vacancies—derived here from PES in
a dynamical equilibrium situation inherently different from the
near-thermodynamical state probed in transport experiments—
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FIG. 2. (a) Photoemission spectra of a γ -Al2 O3 /SrTiO3 heterostructure upon tuning the photon energy across the Ti L absorption edge.
Two in-gap features, IGA and IGB, are distinguished by their shifted resonance photon energies. Inset: Comparison between the systems
LaAlO3 /SrTiO3−δ and γ -Al2 O3 /SrTiO3−δ (hν = 459.4 eV). (b) Resonant Ti 3d spectral weight upon oxygen dosing (schematically depicted
in the inset). While IGB becomes quenched entirely, a finite IGA weight remains at maximum dosing. (c) Depth-resolved photoemission
spectroscopy of the Ti 3d in-gap states and the second-order light-induced Ti 2p core level (hν = 459.8 eV). The spectra are normalized to the
spectral weight between E = −0.5 and −3.5 eV. Inset: Relative spectral weight as a function of photoemission angle. The strong IGA-to-IGB
angle dependence evidences the sharp vertical separation of IGA and IGB.

is nonetheless of high relevance also for the latter situation, as
we sketch out in the following.
In a qualitative model, the introduction of a single oxygen
vacancy into bulk SrTiO3 results in one itinerant electron in
the Ti 3d t2g band and one trapped electron in a bonding state
derived from adjacent Ti 3d eg /4pz hybrid states [29,30,40].
Indeed, as shown in Fig. 3(a), the Ti 3d-projected density
of states (PDOS) obtained from GGA+U calculations of a
3 × 3 × 3 SrTiO3 supercell with one oxygen vacancy, using
the standard parameters U = 5 eV and JH = 0.64 eV, exhibits
metallic carriers and an IG state at −1 eV, in good agreement
with experiment and the qualitative model. The real-space
charge density for a (100) layer cutting through the vacancy
and obtained from energy integration of the in-gap state
shows a typical Ti 3d eg -based bonding orbital [29], which
is strongly localized at the oxygen vacancy and its adjacent
Ti atoms.
In SrTiO3 -based all-perovskite heterostructures such as
LaAlO3 /SrTiO3 , all oxygen vacancies in the substrate can
be regarded as bulklike to a good approximation. In contrast,
the perovskite symmetry is broken at the γ -Al2 O3 /SrTiO3
heterointerface since γ -Al2 O3 adopts a spinel crystal structure
[41–43]. As seen in Fig. 3(b), here, the local ionic coordination
of an oxygen vacancy in the uppermost TiO2 layer (type
B) differs significantly from that in deeper, bulklike layers
(type A). The peculiar spinel cation sublattice lifts the local
C4ν symmetry relevant for oxygen vacancies in bulk SrTiO3 ,
likely resulting in states of different orbital compositions
[44] and binding energies, as supported by a crystal-field
analysis [25].
Figure 3(c) shows GGA+U calculations of a
γ -Al2 O3 /SrTiO3 superlattice with one oxygen vacancy
in the interfacial TiO2 layer. The Ti 3d-projected density of

states exhibits two IG peaks (denoted as IGB1 and IGB2 ) at
E ≈ −2.3 and −1.5 eV, that are hosted by the two adjacent
inequivalent Ti cations. As expected, the real-space charge
density maps corresponding to IGB1 and IGB2 show a rather
complex d-orbital composition that is, however, reminiscent
of eg -like orbitals. The experimentally observed broad peak
at ≈ − 2.1 eV (indicated by a guide-to-the-eye curve) results
from oxygen vacancy clustering that will occur in any
realistic system and leads to a statistical distribution of in-gap
states with slightly different binding energies. Note that the
formation enthalpy H of single oxygen vacancies located
in different SrTiO3 layers exhibits a minimum at the interface
[Fig. 3(b)], hence suggesting a favored formation of type B
oxygen vacancies and/or diffusion of vacancies from the bulk
to the interface. A recent annealing study of γ -Al2 O3 /SrTiO3
indeed identified such diffusion processes, in support of the
mechanism proposed here [45].
Figure 4(a) schematically summarizes our experimental and
theoretical findings. The peculiar local symmetry breaking at
the spinel/perovskite heterointerface γ -Al2 O3 /SrTiO3 results
in a unique type of (interfacial) oxygen vacancy neither found
in bulk SrTiO3 nor at its perovskite/perovskite counterpart
LaAlO3 /SrTiO3 . In SrTiO3 -based heterostructures oxygen
vacancies represent an extrinsic source of electrons [46,47],
but also act as strong scatterers for charge carriers when
present near the 2DES. As already pointed out by Huijben
et al., their deleterious effect on the mobility requires design
strategies to remove them from the transport region, e.g.,
by a postgrowth exposure to an oxygen-rich environment
at elevated temperature and possibly an incorporation of
a SrCuO2 nanolayer that facilitates oxygen surface exchange (μ ≈ 50 000 cm2 /V s) [48]. However, in contrast
to LaAlO3 /SrTiO3 , the γ -Al2 O3 /SrTiO3 heterointerface be-
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oxygen vacancy. The real-space charge map is shown for a (100) layer cutting the oxygen vacancy and obtained through energy integration of
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real-space electron density of the γ -Al2 O3 /SrTiO3 interface with one oxygen vacancy in the TiO2 layer. The real-space charge density is shown
for the interfacial TiO2 layer in direct proximity to the spinel film and obtained through energy integration of the resulting IGB1 and IGB2 state,
respectively.

comes insulating when exposed to oxygen at high temperatures
[3], since its interfacial 2DES essentially stems from oxygen
vacancies and lacks an intrinsic component [49] despite a possible polar discontinuity [6,50]. Therefore, a different strategy
is needed to achieve high mobilities in γ -Al2 O3 /SrTiO3 .
We argue that, as depicted in Fig. 4(a), the oxygen vacancy concentration and distribution in low-mobility
γ -Al2 O3 /SrTiO3 heterostructures is similar to that in standard
LaAlO3 /SrTiO3 samples with comparable mobilities (μ ≈
1000 cm2 /V s) [3,48]. In contrast, as shown in Fig. 4(b),
we propose a different oxygen vacancy distribution in
high-mobility γ -Al2 O3 /SrTiO3 heterostructures, where the
majority of oxygen vacancies resides at the very interface
(type B) and effectively acts as a single layer of electron
donors. They provide the itinerant electrons that form the
spatially much more extended 2DES. Experimental estimates
for its depth from the interface range from 15 [6] to 75 Å
[51], where the amount of bulklike (type A) oxygen defects
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is strongly suppressed. Reminiscent of modulation-doped
semiconductor structures, this spatial separation of ionized
donor scattering sites and the 2DES results in a significant
mobility enhancement and hence reconciles the coexistence of
high mobilities with the abundance of oxygen vacancies. Note
that an additional contribution to the mobility enhancement
may be the increased electronic screening of electron-phonon
interactions, that suppresses the formation of polarons with an
enhanced effective mass in SrTiO3 -based structures [52–54].
Our model also offers a natural explanation for the extremely narrow parameter window for the formation of a highmobility 2DES [4]. Pulsed laser deposition (PLD) of γ -Al2 O3
thin films on SrTiO3 results in an oxygen vacancy distribution,
which is determined by the intricate interplay between bulk
and interface oxygen vacancy formation during the deposition
process and by their redistribution during cooldown. Naturally,
small deviations from the optimum growth conditions (e.g.,
oxygen pressure, temperature, and laser fluency) will result in
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FIG. 4. (a) Schematic comparison of oxygen vacancy distribution and energetics in LaAlO3 /SrTiO3 and low-mobility γ -Al2 O3 /SrTiO3 .
Possible intrinsic doping mechanisms associated with the polar discontinuity have been omitted here. (b) Proposed mechanism for high-mobility
conductivity in γ -Al2 O3 /SrTiO3 heterostructures. The interfacial oxygen vacancies act as the dopant layer, which is spatially separated from
the 2DES in the deeper-lying layers of SrTiO3 , where ionized donor scattering becomes minimized. Gradual oxygen vacancy diffusion towards
the interface during annealing or room-temperature storage changes the oxygen vacancy density from the depicted low-μ into a high-μ density
distribution.
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oxygen vacancies in the 2DES region, enhanced ionized donor
scattering, and a lower mobility. Likewise, the postgrowth
mobility enhancement during room-temperature storage can
be explained by a gradual oxygen vacancy migration towards
the energetically favorable interface, as depicted in Fig. 4(b),
resulting in a reduced scattering of the 2DES electrons while
conserving the total amount of donors.
Oxygen vacancies at the LaAlO3 /SrTiO3 heterointerface
have been associated with ferromagnetism, i.e., ordered
local magnetic moments trapped at neighboring Ti sites
[55,56]. We speculate that oxygen vacancies at the spinelperovskite γ -Al2 O3 /SrTiO3 interface may also favor magnetic

ordering that could qualitatively differ from their deeper-lying
counterparts and LaAlO3 /SrTiO3 . A careful experimental
investigation of the magnetic properties offers a promising path
to a more complete insight into the physics of this intriguing
system.
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ABSTRACT: Two-dimensional electron gases (2DEGs) formed at
the interface between two oxide insulators provide a rich platform for
the next generation of electronic devices. However, their high carrier
density makes it rather challenging to control the interface properties
under a low electric ﬁeld through a dielectric solid insulator, that is,
in the conﬁguration of conventional ﬁeld-eﬀect transistors. To
surpass this long-standing limit, we used ionic liquids as the dielectric
layer for electrostatic gating of oxide interfaces in an electric double
layer transistor (EDLT) conﬁguration. Herein, we reported giant
tunability of the physical properties of 2DEGs at the spinel/
perovskite interface of γ-Al2O3/SrTiO3 (GAO/STO). By modulating the carrier density thus the band ﬁlling with ionic-liquid
gating, the system experiences a Lifshitz transition at a critical carrier density of 3.0 × 1013 cm−2, where a remarkably strong
enhancement of Rashba spin−orbit interaction and an emergence of Kondo eﬀect at low temperatures are observed. Moreover,
as the carrier concentration depletes with decreasing gating voltage, the electron mobility is enhanced by more than 6 times in
magnitude, leading to the observation of clear quantum oscillations. The great tunability of GAO/STO interface by EDLT gating
not only shows promise for design of oxide devices with on-demand properties but also sheds new light on the electronic
structure of 2DEG at the nonisostructural spinel/perovskite interface.
KEYWORDS: Two-dimensional electron gas, oxide interfaces, ionic liquid, spin−orbital coupling, Lifshitz transition
sizable ﬁeld eﬀect.12−14 For example, the Lifshitz transition
where the dxz and dyz bands start to become occupied was
observed to emerge with the back gate ranging from −50 to
450 V, near a critical carrier density of 1.7 × 1013 cm−2 in
LaAlO3/SrTiO3 (LAO/STO).15 Furthermore, applying the
back gate between −200 and 200 V, Rashba spin−orbit
interaction (SOI) was eﬀectively tuned in the isostructural
2DEG systems, such as LAO/STO16 and LaVO3/SrTiO3.17
Diﬀerent from the studies with conventional electric ﬁeld
eﬀects, the electric double layer transistor (EDLT) with an
ionic liquid (IL) as the dielectric layer provides a more
powerful means to tune the carrier density as high as ∼1015
cm−2 with only a few volts.18,19 Such ionic gating eﬀect has
resulted in the observation of ﬁeld-induced superconductivity in
insulating STO,20 as well as the Kondo eﬀect in LAO/STO.21,22

T

he metallic interface between two insulating oxides, a twodimensional electron gas (2DEG) in nature, provides a
rich platform for exploring new fundamental phenomena and
device applications.1−3 In particular, as silicon is the foundation
of semiconductor technology, the perovskite oxide insulator
SrTiO3 (STO) is the base material for oxide electronics.
Diﬀerent from conventional semiconductor 2DEGs, the STObased 2DEG originates from Ti 3d orbits (dxy, dxz, and dyz)4 and
exhibits intriguing properties, such as two-dimensional superconductivity,5 the signature of magnetism,6 a high carrier
mobility,7 a nanoscale-controlled insulator−metal transition,8
2D quantum oscillations,9 a large thermopower modulation,10
and sensitivity to light illumination.11 These properties depend
strongly on the carrier density due to electron−electron
correlations. Therefore, extensive eﬀorts have been made to
tune the interface properties by electrostatic gating. Generally,
the modulation of these novel properties of oxide 2DEGs is
performed in conventional ﬁeld eﬀect conﬁguration where the
STO substrate is used as the dielectric insulator. However, this
requires high voltages of tens to hundreds of volts to achieve a
© 2017 American Chemical Society
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Figure 1. (a) A sketch of the EDLT conﬁguration for the ionic-liquid-gated GAO/STO Hall bar interface; (b) a typical AFM image measured in the
region of the Hall bar channel for a 2.5 uc GAO deposited on patterned STO substrate. The scale bar is 500 nm. (c) Transport properties of GAO/
STO interface with a GAO thickness of 2.5 uc before dropping the ionic liquid.

isostructural GAO/STO oxide interface. By continuously
tuning the carrier concentration of the interface 2DEG, the
system undergoes a series of remarkable transitions from
Lifshitz transition, to enhanced SOI, as well as the appearance
of Kondo eﬀect. Besides the large tunability of the interface
states, our results also shed new light on the electronic structure
on the nonisostructural GAO/STO interface.
The GAO/STO EDLT device, as illustrated in Figure 1a, was
fabricated on a Hall-bar 2DEG.28,29 The Hall bar device was
fabricated by initially depositing amorphous LaMnO3 (a-LMO)
layer (50 nm) as a hard mask layer. Optical lithography and
selective wet etching processes were subsequently performed to
create patterned STO substrates for the deposition of GAO
(see also the Supporting Information, SI). The width of Hall
bar is 50 μm, and the length between two voltage probes is 500
μm. A drop of ionic liquid, 1-ethyl-3-methylimidazoliumbis(triﬂuoromethanesulfonyl) amide (EMI-TFSI) with poly(styrene-block-methylmethacrylate-block-styrene) (PS-PMMAPS) which was made into the form of gel with a freezing
point of 230 K, was chosen as the gate dielectric material due to
the high capacitance.30 The gate voltage (Vg) is applied
through a Pt electrode to the ionic liquid. Note that, although
the Pt contact to LAO/STO results in resistance hysteresis,31
we did not observed any hysteresis during our gating
measurement. In this paper, the data were collected from a
typical device with a GAO ﬁlm thickness, t, of 2.5 unit cells (uc)
where the interface is metallic with a relative high electron
mobility. Similar measurements were performed on several
devices with 2 uc ≤ t ≤ 2.5 uc. All data show nice consistency
and reproducibility, ruling out any possible electrochemical

Besides the intensively investigated isostructural perovskite/
perovskite interfaces, recently, a new 2DEG was discovered at
the nonisostructural spinel/perovskite oxide interface of γAl2O3/SrTiO3 (GAO/STO).2,14,23−27 Compared to the mostly
investigated LAO/STO interface, the GAO/STO system has a
better lattice match, much higher electron mobility and does
not contain rare earth elements; therefore, it is more attractive
for application in high-mobility oxide devices. However, the
high-mobility GAO/STO interface is generally accompanied by
a high carrier density (on the order of 1014 cm−2), which is
approximately one order larger than that of LAO/STO (on the
order of 1013 cm−2).26 This makes it more challenging to
modulate the physical properties of GAO/STO by the
conventional conﬁguration.14 Therefore, it becomes extremely
interesting to investigate the GAO/STO electrostatically gated
by ionic liquids. Nevertheless, so far the IL-assisted EDLT at
oxide interfaces remains at its early stage, which is largely
limited to the isostructural LAO/STO heterostructures.
Whether the remarkable tunability of interface properties in
LAO/STO can be also achieved for the nonisostructural GAO/
STO remains open. Moreover, the electronic structure
underlying the novel properties of LAO/STO system is wellunderstood, including the evolution of the Fermi level under
electrostatic gating eﬀect. Nevertheless, little is known to the
GAO/STO system. Notably, it was recently reported by
resonant soft X-ray linear dichroism23 that GAO/STO could
exhibit an unusual orbital symmetry diﬀerent from that of the
LAO/STO. This makes it further interesting to study the gating
eﬀect of the spinel-perovskite heterostructure. Herein, for the
ﬁrst time, we applied the EDLT technique to the non6879
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Figure 2. Field eﬀect modulation of transport properties of the GAO/STO interface by EDLT. (a) Temperature-dependent sheet resistance at
various gate voltages. The inset shows the basic mechanism of EDLT under applied positive voltages. (b) Normalized sheet resistance Rs(T) − Rs(2
K) at low temperatures between 2 and 40 K, which shows a strong signature of the Kondo eﬀect.

reaction32 or aging eﬀect.33 Notably, the capping layer of GAO
ﬁlm could play a similar role as a boron nitride buﬀer to prevent
the ionic-liquid-induced electrochemical reaction on STO
surface.32 Figure 1b shows an atomic force microscopy
(AFM) image of the 2.5 uc GAO ﬁlm grown on the patterned
STO substrate. An atomically smooth surface with clear
terraces is observed, indicating the high quality of both the
patterned substrate and the grown ﬁlm.29 Figure 1c shows the
temperature (T)-dependent sheet resistance (Rs) and carrier
density (ns) of this device before dropping the ionic liquid. The
patterned GAO/STO is metallic as reported previously.29 The
carrier density, ns, is approximately 2.2 × 1013 cm−2 at room
temperature and is nearly independent of temperature in the
whole temperature range of 2−300 K. The electron mobility, μ,
at 2 K is around 1800 cm2 V−1 s−1. Notably, compared to the ns
= 3.7 × 1014 cm−2 of unpatterned GAO/STO system with the
same thickness, the carrier density of the patterned 2DEG is
suppressed signiﬁcantly. This is probably due to the presence of
LaMnO3 (which is crystallized from the a-LMO hard mask
during the high temperature deposition) in the structure which
could change signiﬁcantly the oxygen exchange dynamics across
the interface at high temperatures.26,29
The work mechanism of our EDLT device is illustrated in
the insets of Figure 2a: By applying a positive gate voltage to
the Pt electrode, the cations and anions in the ionic liquid move
toward the sample and the gate electrode, respectively, forming
an electric double layer at the liquid−solid interface (under the
negative gate voltage, the cations and anions in the ionic liquid
move toward the Pt electrode and the GAO/STO interface,
respectively). This electric double layer works as a nanogap
supercapacitor tuning the carrier density as well as the Fermi
level in the electronic structure. When applying a positive gate
voltage, more electrons are accumulated at the interface.
However, applying negative voltage to the gate electrode,
electrons are depleted. Figure 2a displays the Rs as a function of
temperature at various Vg. All of the Rs−T curves show overall
metallic behaviors; namely, the sheet resistances decrease upon
cooling. In the high temperature regime such as T = 200 K, the
sheet resistance decreases monotonously from ∼20 000 Ω/□
to ∼7000 Ω/□ as the Vg increases from −1.5 to 3 V, indicating
the accumulation of carriers upon increasing the electrostatic
gate potential as expected. However, at low temperature region,
a remarkable upturn in the Rs occurs. Particularly, at Vg ≥ 2 V,
Rs reaches ﬁrst a minimum at a certain temperature and then
increases until T decreases to 2 K. Similar electrostatic
modulated resistance minimum has also been observed in the

LAO/STO system.21,34 To make the resistance minimum more
obvious, in Figure 2b, we show the oﬀset sheet resistance
[Rs(T) − Rs(2 K)] at low temperatures between 2 and 40 K.
The abnormal resistance minimum could result from either the
weak localization35,36 or the Kondo eﬀect37 as reported
previously. However, the possible weak localization mechanism
can be ruled out here based on our magnetoresistance
measurements as discussed in the latter part.35 We, therefore,
account the resistance minimum comes from the Kondo eﬀect,
which normally arises from the exchange interaction between
itinerant conduction electrons and localized spin centers.36 The
observed resistance minimum can be described well by a simple
Kondo model21
⎛
⎞s
1
⎟
R(T ) = R 0 + aT b + RK ,0⎜⎜
1/ s
2⎟
⎝ 1 + (2 − 1)(T /TK ) ⎠
(1)

where R0 is the residual resistance and the second power-law
term is the contribution from electron−electron and electron−
phonon interactions. The last term explains the Kondo eﬀect
contribution. TK is the Kondo temperature that characterizes
the strength of the Kondo eﬀect, and the parameter s is ﬁxed at
0.225 for STO-based 2DEG system.21,22 Good ﬁtting results
were obtained (SI, Figure S3) with Kondo temperatures, TK, of
51.1 and 52.8 K at Vg = 2 and 3 V, respectively. The positive
correlation between the resistance upturn and the enhanced
carrier density is consistent with the characteristic of the Kondo
eﬀect.21 Localized electrons, particularly with a dxy orbital
occupation, could act as magnetic centers for STO-based
heterostructures,4,22 including GAO/STO.38 But the emergence of the Kondo eﬀect at Vg = 2 V, that is, at a high carrier
density of ns ∼ 3 × 1013 cm−2, is unconventional since the
magnetic scattering due to the presence of the magnetic
impurities is expected to be stronger at a lower carrier density.
The observed appearance of the Kondo eﬀect in our interface
as a function of an applied electric ﬁeld is quite similar to the
case of the ionic gated STO surface22 and points to the
emergence of magnetic interactions between electrons in STO
due to electron−electron correlations rather than the presence
of dopants. However, the precise threshold density for the
emergence of the Kondo eﬀect of these two system is diﬀerent;
that is, the threshold density of the ionic gated bare STO is 9.2
× 1013 cm−2, much higher than that of GAO/STO interface
(3.0 × 1013 cm−2).
6880
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Figure 3. Observation of the Lifshitz transition in transport at GAO/STO interface and its energy bands origin. (a) Measured Hall resistance versus
magnetic ﬁeld for −1.5 V ≤ Vg ≤ 2 V, at T = 2 K. (b) Magnetic ﬁeld dependence of Hall resistance for 2 V < Vg ≤ 3 V, at T = 2 K. The black dashed
line is linear which is a guide to the eye. A transition is observed between two diﬀerent types of magnetic ﬁeld dependencies at Vg = 2 V, from linear
to nonlinear behavior, which is the characteristic feature of Lifshitz transition. (c) Carrier density versus gate voltage measured at 2 K. The dashed
line indicates the Lifshitz carrier density, nL = 3 × 1013 cm−2. (d−f) Schematic band structures of GAO/STO interface under −1.5 V ≤ Vg < 2 V, Vg
= 2 and 2 V < Vg ≤ 2 V, respectively.

and the quantum conﬁnement.41 Generally, the band bending
at the interface lifts the degeneracy of Ti t2g levels and produces
an energy splitting between the diﬀerent levels: dxy electrons
occupy the lowest energy states of the 2DEG; they account for
most of the charge in the system. By contrast, dxz/dyz electrons
amount to only a small fraction of the population but occupy
further higher energy states. With this universal electronic
structure in mind,4,42 we therefore propose that, at Vg< 2 V,
electrons (n1) locate at the lowest dxy levels (as depicted in
Figure 3d). Upon the population of electron as increasing Vg,
the Fermi level is lifted across the bottom of dxz/dyz bands, the
system undergoes a remarkable Lifshitz transition at a critical
carrier density,15,39 nL ∼ 3.0 × 1013 cm−2 (Figure 3e), above
which the dxz/dyz bands start to populate (corresponding to the
appearance of experimental n2) (Figure 3f).
Notably, the critical carrier density, nL ∼ 3.0 × 1013 cm−2, for
the Lifshitz transition of GAO/STO is higher than most of the
reports for LAO/STO where the transition is achieved with a
back gate. However, it is remarkably close to the nL reported
previously for top-gated LAO/STO systems.39 Nontrivially, the
unexpected decrease in n1 upon increasing Vg, that is, the
depletion in the occupation of dxy states at 2 V < Vg ≤ 3 V, was
also observed in the top-gated LAO/STO systems.39 Such a
decrease of dxy electrons is inconsistent with a model requiring
a ﬁxed electronic band structure, as raising the Fermi energy
should always increase the number of available conduction
states.39 Therefore, our data also indicate that the underlying
band structure of GAO/STO is not ﬁxed under ionic gating.
Instead, carriers in dxy and dxz/dyz bands will redistribute, and
the band structure evolves with the electrostatic gating eﬀect.

Figure 3a and b show the Hall resistance, Rxy, as a function of
magnetic ﬁeld (up to 16 T) for −1.5 V ≤ Vg ≤ 2 and 2 V < Vg
≤ 3 V, respectively. Starting from the lowest gate voltage Vg =
−1.5 V and up to a transition value of Vg = 2 V, Rxy is linear,
and the Hall coeﬃcient, RH, decreases with increasing Vg, as
shown in Figure 3a, which indicates a single band conductivity.
The carrier density can be deduced using ns = −1/RHe, which
gives ns = 1.3 × 1013 cm−2 at Vg = −1.5 V and ns = 3.0 × 1013
cm−2 at Vg = 2 V. However, as Vg > 2 V (Figure 3b), the
nonlinear Hall eﬀect appears, which is likely due to the
presence of the multiband transport carriers as observed in
perovskite/perovskite 2DEG systems.39 We, therefore, use the
two-band model to ﬁt the results (details in SI, Figure S4),
where n1 and n2 represent the electron densities for the two
diﬀerent bands. Figure 3c summarizes the extracted carrier
density as a function of gate voltage. As we can see, n1
contributes exclusively to the conduction at Vg< 2 V, and it
increases linearly with increasing Vg. This is consistent with the
single-band-type carrier conduction model. At Vg > 2 V, n2
emerges and increases with the increase of the Vg. However, n1
begins to decrease unexpected. On the other hand, the total
carrier densities, ntotal=n1 + n2, increases (from 1.3 to 3.5 × 1013
cm−2) within gate voltage range from −1.5 to 3 V.
For the STO-based 2DEGs, it is established that the thin
sheet conducting electrons are conﬁned strongly within a fewnanometers at the interface on the STO side.40 The interfacial
electrons originate from the electronic shell of the Ti 3d orbits
(dxy, dxz, and dyz).4 Subsequently, the spin and momentum of
electrons in 2DEGs are entangled, and complicated sub-bands
are formed due to the strongly anisotropic nature of d orbits
6881
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Figure 4. Tunable Rashba spin−orbit interaction at GAO/STO interface modulated by ionic liquid assisted gate voltages. (a) Magnetoresistance MR
= [R(μ0H) − R(0)]/R(0) × 100% at various gate voltages. (b) Normalized conductivity Δσ = σ(μ0H) − σ (0) in units of quantum conductance (e2/
h, e is the unit charge, and h is the Planck constant) as a function of magnetic ﬁelds at diﬀerent Vg. The cusps near zero magnetic ﬁeld are the typical
evidence of WAL. (c) Fitting the WAL eﬀect according to the Maekawa−Fukuyama theory. The solid lines are the ﬁtting results. (d) Gate voltage
dependence of the contribution of spin−orbit interaction and inelastic scattering.

from the interference of the quantum coherent electronic waves
in the presence of SOI.44−46 In Figure 4b, we plot the Δσ =
σ(μ0H) − σ(0) at diﬀerent Vg, where the WAL eﬀect at low
magnetic ﬁelds becomes more visible as Vg ≥ 0 V.
To understand the SOI tuned by the IL-assisted gating, we
analyzed the observed WAL eﬀect using the Maekawa−
Fukuyama (MF) localization theory:16,47

On the basis of Schrödinger−Poisson calculations proposed in
ref 39, the dxz/dyz energy increases faster than the energy of the
dxy states and the potential well at the Lifshitz point is narrow
with the top-gate conﬁguration. In addition, a positive top-gate
voltage enhances the conﬁning potential gradient, resulting in a
larger splitting of the bands as depicted in Figure 3f. Therefore,
once the dxz/dyz electrons are populated, band occupations are
inﬂuenced, and dxy electrons are suppressed, strongly highlighting the electron−electron interactions at complex oxide
interfaces as reported recently.39 This is consistent with the
conclusion proposed by Maniv et al. that electronic interactions
cause a competition between the occupancies of diﬀerent
bands.43 Notably, the Kondo eﬀect emerges as dxy electrons
decreases upon increasing Vg, although it appears unusually as
the total carrier density increases. Shortly, the IL gating
eﬀectively accumulate/dissipate carriers at the interface by
modifying deeply the band structure of the 2DEG as well as
electron−electron interactions.
Besides carrier densities, Rashba spin−orbit interaction
(SOI) arising from the interfacial breaking of inversion
symmetry can also be modulated by the external electric ﬁeld,
particularly at the crossing point of dxy and dxz/dyz orbitals. This
could be useful to control the spin precession in spintronics
devices.16 The signiﬁcant tuning of Ti 3d bands as revealed in
Figure 3 may lead to unique spin−orbit textures, particular at
Vg = 2 V, that is, in proximity to the Lifshitz transition. This
inspires us to further study the gate-dependent SOI at the
GAO/STO interface. Figure 4a shows the magnetoresistance
(MR) as a function of magnetic ﬁeld measured at 2 K with
various applied Vg. Notably, no negative magnetoresistance or
weak localization eﬀect was observed in our measurements.
This rules out the possibility of a weak localization eﬀect that
leads to the resistance minimum discussed in Figure 2b.
Positive MR curves were observed in the whole ﬁeld region of
−1.5 V≤ Vg ≤ 3 V. Remarkably, the MR exhibits sharp cusps at
low magnetic ﬁelds for Vg ≥ 0 V, which is the characteristic
feature of the weak antilocalization (WAL) eﬀect originating

Δσ(H ) =

⎡
⎞
e2 ⎢ ⎛
H
Ψ⎜
⎟
πh ⎢⎣ ⎝ Hi + Hso ⎠
+

⎛
H
Ψ⎜⎜
2 1 − γ 2 ⎝ Hi + Hso(1 +

−

⎛
H
Ψ⎜⎜
2 1 − γ 2 ⎝ Hi + Hso(1 −

1

1

⎞
⎟
⎟
1 − γ2 ) ⎠
⎞⎤
⎟⎥
⎟
1 − γ 2 ) ⎠⎥⎦
(2)

Here, the function Ψ is deﬁned as Ψ(x) = ln(x) + ψ(1/2 +
1/x), where ψ(x) is the digamma function. Hi, Hso, and γ are
parameters indicate the characteristic inelastic scattering ﬁeld,
spin−orbit interaction ﬁeld, and Zeeman correction term,
respectively. The magnitude of the characteristic spin−orbit
interaction ﬁeld (μ0Hso) reﬂects the SOI strength. Figure 4c
displays the ﬁtting results of the experimental data according to
eq 2. The parameters μ0Hi and μ0Hso extracted from ﬁtting are
shown in Figure 4d, which shed light on the modulation of SOI
by the electric ﬁeld. The values of μ0Hso are in the same range
as the ones reported previously for other STO-based
2DEGs.16,48,49 For negative gate voltages, the inelastic
scattering ﬁeld is larger than the spin−orbit interaction ﬁeld,
indicating that the orbit eﬀect of magnetic ﬁeld dominates
compared with the eﬀect of spin−orbit interaction. While at Vg
≥ 0 V, the spin−orbit interaction ﬁeld is larger than the
inelastic scattering ﬁeld and increases signiﬁcantly at Vg > 2
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Figure 5. Enhanced mobility and quantum oscillations modulated by ionic liquid gating at the GAO/STO interface. (a) Mobility as a function of the
applied Vg, measured at 2 K. (b) Amplitude of the SdH oscillation versus the reciprocal magnetic ﬁeld. The inset shows the position of the oscillation
peak in 1/μ0H versus the eﬀective Landau level.

4−fold degeneracy, such as two dxy conduction channels with
spin splitting.53,54 Overall, by an IL-assisted ﬁeld eﬀect, the
mobility can be highly enhanced leading to quantum
oscillations.
In summary, we have demonstrated the tuning of the 2DEG
at the GAO/STO interface by electric-double-layer gating. A
dramatic tuning of the electronic structure of GAO/STO is
realized in which the electron gas undergoes a number of
remarkable transitions from the Lifshitz transition to the
occurrence of Kondo eﬀect, as well as a large enhancement in
the Rashba SOI. Furthermore, EDLT at the GAO/STO
interface also shows an important avenue to construct highmobility oxide interface where nontrivial quantum phenomena
could be explored. The present ﬁndings suggest the IL-assisted
ﬁeld eﬀect of nonisostructural oxide interface of GAO/STO is
promising for novel all-oxide devices.

V.This further conﬁrms the scenario of band structure
discussed above in Figure 3d−f, since signiﬁcant SOI
enhancement has been theoretically predicted and experimental
proved to occur at the crossing region from dxy to dxz)/dyzdue
to the orbital hybridization.17,42,50,51 At negative Vg regions of
single-band at lower density, electrons only occupy the dxy subbands without the crossing between dxy and dxz/dyz, the SOI
does not dominate. However, at Vg > 2 V, that is, after the
Lifshitz transition, the dxy and dxz/dyz sub-bands begin to cross
at Fermi level and subsequently have the biggest crossing area
around Fermi level (Vg = 2.5 V). The demonstration of the ﬁeld
control of Rashba SOI in GAO/STO EDLTs presents not only
a step toward realizing spintronics devices based on IL gating,
but also shed some light on the underlying mechanism of the
Rashba SOI and 3d band ﬁlling of GAO/STO interface
modulated by IL gating.
Finally, as shown in Figure 4a, we found clear Shubnikov-de
Hass (SdH) oscillations in the MR curves for Vg=-1 V and −1.5
V, which is a characteristic behavior for high-mobility high
quality materials.9,26 To further demonstrate the modulation of
mobility by IL-assisted electrostatic eﬀect, Figure 5a shows the
mobility as a function of Vg. The mobility is enhanced by
depleting the carriers with decreasing the gate voltages.34
Notably, at Vg< 0 V, the electron mobility is increased larger
than 2000 cm2 V−1 s−1 at 2 K. Figure 5b shows SdH oscillations
recorded at 2 K as a function of the inverse magnetic ﬁeld 1/
μ0H after removing a smooth background. The inset of Figure
5b shows the position of oscillation peaks in 1/μ0H versus the
eﬀective Landau level, of which the ﬁtted lines indicate the
frequency of SdH oscillations. The oscillation frequency
decreases as carrier density decreases, which is consistent
with a previous result for doped STO.52 The carrier density
determined from Hall measurements (nHall_−1.5V = 1.3 × 1013
cm−2, and nHall_−1V = 1.7 × 1013 cm−2 for Vg = −1.5 V and −1
V, respectively) and SdH oscillations (nSdH_−1.5V = 3.2 × 1012
cm−2, nSdH_−1V = 4.8 × 1012 cm−2) diﬀer by a factor of 3−4 in
the present experiments. Similar behaviors have been observed
in previous reports for unpatterned samples.26,29,43,53 This
discrepancy is either due to the fact that a fraction of carriers do
not satisfy conditions for the SdH oscillation but nevertheless
contribute to the Hall signal or due to the presence of multiple
conduction channels with the same carrier mobility. Since our
SdH oscillations are observed in the single band conduction
region (Vg = −1.5 V and −1 V) with only dxy electrons
populated to the conduction, we assume that the GAO/STO
interface consists of a single quantum well with approximately
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One of the key issues in engineering oxide interfaces for electronic devices is achieving high electron
mobility. SrTiO3 -based interfaces with high electron mobility have gained a lot of interest due to the
possibility of combining quantum phenomena with the many functionalities exhibited by SrTiO3. To
date, the highest electron mobility (140 000 cm2 =V s at 2 K) is obtained by interfacing perovskite SrTiO3
with spinel γ-Al2 O3 . The origin of the high mobility, however, remains poorly understood. Here, we
investigate the scattering mechanisms limiting the mobility in γ-Al2 O3 =SrTiO3 at temperatures between
2 and 300 K and over a wide range of sheet carrier densities. For T > 150 K, we find that the mobility is
limited by longitudinal optical phonon scattering. For large sheet carrier densities (>8 × 1013 cm−2 ), the
screened electron-phonon coupling leads to room-temperature mobilities up to μ ∼ 12 cm2 =V s. For
5 K < T < 150 K, the mobility scales as approximately T −2, consistent with electron-electron scattering
limiting the electron mobility. For T < 5 K and at an optimal sheet carrier density of approximately
4 × 1014 cm−2 , the electron mobility is found to exceed 100 000 cm2 =V s. At sheet carrier densities less
than the optimum, the electron mobility decreases rapidly, and the current flow becomes highly
influenced by domain walls and defects in the near-interface region of SrTiO3 . At carrier densities higher
than the optimum, the SrTiO3 heterostructure gradually becomes bulk conducting, and the electron
mobility decreases to approximately 20 000 cm2 =V s. We argue that the high electron mobility observed
arises from a spatial separation of donors and electrons with oxygen-vacancy donors preferentially
forming at the interface, whereas the itinerant electrons extend deeper into SrTiO3 . Understanding the
scattering mechanism in γ-Al2 O3 =SrTiO3 paves the way for creation of high-mobility nanoscale
electronic devices.
DOI: 10.1103/PhysRevApplied.9.054004

I. INTRODUCTION
Achieving high electron mobility is pivotal for
material research. In particular, it is paramount for
application in efficient electronic components and studying quantum phenomena. A large Hall mobility μ ¼
eτ=m is realized by either a low effective mass (m )
or a long momentum relaxation time (τ). For instance,
the pioneering work on Alx Ga1−x As=GaAs heterostructures led to a record-high electron mobility of μ ∼ 3.6 ×
107 cm2 =V s at 0.36 K through the combination of a
low effective mass of mGaAs ∼ 0.06me and improvements
*
Corresponding author.
dechr@dtu.dk

2331-7019=18=9(5)=054004(10)

in τ [1]. In contrast, Mgx Zn1−x O=ZnO with μ ∼ 1.3 ×
106 cm2 =V s at 0.1 K [2] and SrTiO3 (STO) based
heterostructures with μ ∼ 1.4 × 105 cm2 =V s at 2 K [3]
both exhibit high mobilities at low temperatures
despite being characterized by large effective masses
of mZnO ∼ 0.3me and mSTO ∼ 1me . The high electron
mobility in Mgx Zn1−x O=ZnO is achieved by reducing the
defect scattering. This is accomplished using molecular
beam epitaxy (MBE) leading to a crystal quality close to
that of traditional semiconductors. STO, however, typically contains a large amount of impurities [4], but the
large dielectric constant at low temperatures [5,6] counteracts the interaction between electrons and ionized
scattering sites. The forgiving nature of the STO crystal
together with the manifold of physical phenomena
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observed in STO and STO-based heterostructures have
fueled the recent interest in achieving high mobility.
At room temperature, the electron mobility in doped
STO is typically 1–12 cm2 =V s and generally believed to
be limited by electron-electron interactions or longitudinal
optical phonon scattering [7–9]. At temperatures below
5 K, the mobility in bulk, doped STO substrates reaches a
value of approximately 22 000 cm2 =V s with static, ionized
scattering sites being the limiting factor [9]. Various strategies have been utilized in the search for high mobility in
STO and STO-based heterostructures, including MBE thinfilm growth [10], strain [11], δ doping [12,13], modulation
doping [14], surface passivation [15], and defect engineering
[14,16]. To date, the largest mobility of 140 000 cm2 =V s
has been observed when STO is interfaced with γ-Al2 O3
(GAO) [3], where oxygen vacancies account for the formation of the interface conductivity [3,17,18]. Contrary to
the majority of other STO-based heterostructures [19,20],
the highest mobilities in GAO=STO surprisingly occur at
a high sheet carrier density exceeding 1014 cm−2 , despite
the abundance of oxygen-vacancy donors in STO, which
act as scattering sites [3,18,21]. A spatial separation of the
electrons and donors within STO was recently proposed to
be the origin of the high mobility in GAO=STO at low
temperatures [21], but it remains to be settled unambiguously. In addition, the dominant scattering mechanisms
in GAO=STO at intermediate and high temperatures have
yet to be identified.
Here, we investigate the electron mobilities of
GAO=STO heterostructures over a wide range of carrier
densities, which are obtained by controlling the density of
oxygen vacancies via a variation of growth parameters or
postgrowth annealing in oxygen at elevated temperatures
(approximately 200 °C). We show that the carrier density
can be used as a handle to tune the mobility, electronphonon coupling, and effective mass at room temperature.
In addition, we use transport and scanning superconducting
quantum-interference device (SQUID) measurements to
probe the relationship between the mobility, carrier density,
current flow, and scattering at low temperature. The study
opens a path toward designing all-oxide quantum devices
and extraordinary magnetoresistive devices.
II. METHODS
The transport data of the GAO=STO samples presented
here are a compilation of three sets of measurements: The
transport data from the first set is taken from Ref. [3], where
the GAO=STO samples are produced using pulsed laser
deposition (PLD) at a temperature of 600 °C, a laser fluence
of 1.5 J=cm2 , and an oxygen partial pressure of 10−4 mbar.
The changes in the carrier densities and mobilities occur
due to a variation of the GAO film thickness between 2 and
4 unit cells, with the largest mobility occurring at 2.5 unit
cells. In the second set of samples, we grow more than

40 GAO=STO heterostructures using PLD but in another
growth chamber. Here, high mobility is obtained by
growing approximately 3.5 unit cells of GAO at 650 °C
with a fluence of 3.8 J=cm2 in a growth pressure of
10−5 mbar. Changes in the carrier density and mobility
are primarily obtained by varying the growth pressure from
10−4 to 10−6 mbar with a lowering of the pressures causing
a higher carrier density. In the third set of measurements, a
GAO=STO sample is produced with the same deposition
conditions as the second set with a pressure of
2 × 10−5 mbar. Several sequential postdeposition annealing
steps are then used to change the carrier density and
mobility by annihilation of the oxygen-vacancy donors.
Here, the transport properties are measured after annealing
the sample in approximately 200 °C in 1-bar oxygen for
2–8 h at each step. The sheet resistance is measured during
the annealing process, as this allows us to estimate the
change in the carrier density. The duration of the annealing
is between 2 and 8 h (typically 6 h) depending on when a
desired change in the carrier density occurs. More details of
changing the carrier density systematically using postdeposition annealing of GAO=STO with in situ transport
measurements can be found in Ref. [18]. In all cases, GAO
is deposited on STO with a TiO2 -termination using the
same protocol described elsewhere [22]. The carrier density
and mobility are determined from the slope of the Hall
coefficients at low magnetic fields in the van der Pauw
geometry. We note that for the high carrier density samples,
the Hall coefficient is nonlinear as a function of the
magnetic field for T < 40 K with the steepest slope
occurring at high magnetic fields. This behavior is in
contrast to LaAlO3 ðLAOÞ=STO at carrier densities above
the Lifshitz carrier density (ns ∼ 1.7 × 1013 cm−2 ), where
the Hall coefficient has the steepest slope at low fields due
to transport occurring in two n-type bands [23]. As we
discuss elsewhere, we attribute the nonlinear Hall coefficient observed for GAO=STO at high carrier densities
to a nonsaturating anomalous Hall coefficient, which scales
linearly with the magnetoresistance. In this case, the carrier
density is most accurately determined from the Hall
coefficient at low magnetic fields where the magnetoresistance varies slowly as B2 . The use of the low-field Hall
coefficient to extract the carrier density is consistent with
previous reports on GAO=STO [3]. As shown in Figs. 1
and 2, this analysis leads to (i) a temperature-independent
carrier density and (ii) μ ∝ T −2 for 5 K < T < 150 K,
which is consistent with that observed in other bulk
STO and STO-based heterostructures. Note that if one
uses the high-field Hall coefficient to extract the carrier
density (as appropriate if the anomalous Hall coefficient is
saturating or within the two-band model to deduce the total
carrier density), it will lead to (i) a decrease of the total
itinerant carrier density below 40 K, (ii) an effective
mobility exceeding 300 000 cm2 =V s, and (iii) large deviations of the T −2 behavior.

054004-2

XXIII
XXIII
Rs (Ω)

ELECTRON MOBILITY IN γ-Al2 O3 =SrTiO3

10

6

10

4

10

2

10

0

PHYS. REV. APPLIED 9, 054004 (2018)

Annealing

T (K)
14

ns (cm-2 )

10

10

FIG. 2. Electron mobility as a function of the temperature where
two fitting parameters are used to describe the three contributions
to the mobility according to Eq. (3). LO1–3 describe the three
longitudinal optical phonon modes. Note that the data originate
from a sample that is not postdeposition annealed.
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plane of the pickup loop, gðx; yÞ is the point-spread
⃗ is the magnetic field
function of the pickup loop, B
produced by the current in the sample, and d⃗a is the
infinitesimal area vector element pointing normal to the
plane of the pickup loop (i.e., along z). Each flux image
is a convolution of the z component of the magnetic field
and the SQUID point-spread function. A current-carrying
wire produces circulating magnetic field around it; therefore, it appears in our images as a black stripe next to a
white stripe.
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III. TEMPERATURE DEPENDENCE
OF THE MOBILITY

T (K)

FIG. 1. Sheet resistance (Rs ), Hall sheet carrier density (ns ),
and Hall electron mobility (μ) as a function of the temperature for
a single γ-Al2 O3 =SrTiO3 heterostructure at various annealing
steps. The heterostructure is annealed in 1-bar pure oxygen at
approximately 200 °C for 2–8 h between each Hall measurement,
which causes a monotonic decrease in the carrier density from
1 × 1014 cm−2 (black) to 3 × 1012 cm−2 (cyan). All lines are
guides to the eye.

The current density is imaged using a scanning SQUID.
An alternating current is driven through the sample,
which produces a magnetic flux picked up by a pickup
loop of diameter 1.8 μm. The pickup loop is connected
to a SQUID, which measures the magnetic flux with
lock-in detection. By scanning the pickup loop along the
sample surface, a two-dimensional map of the magnetic
flux can be measured. The measured flux is given by
R
⃗ · d⃗a, where the integral is taken over the
ϕs ¼ gðx; yÞB

Figure 1 shows the sheet resistance, carrier density, and
mobility in a GAO=STO heterostructure after six annealing
steps, each comprising storage in 1-bar oxygen at approximately 200 °C for 2–8 h. Changes in the transport properties are probed in situ by measuring the sheet resistance
during the annealing process (see Sec. II and Ref. [18]
for more details). The annealing lowers the carrier density
monotonically and drives the sample from a metallic to
an insulating state. The mobility decreases systematically
over the whole temperature range from 2 to 300 K with the
most prominent change below 30 K and less pronounced
changes near room temperature. In the following, we first
identify the contributions to the mobility in order to fit its
temperature dependence, and then we discuss the corresponding scattering mechanisms at the various temperatures in detail.
The temperature dependence of the mobility (μ) in STO
and STO-based heterostructures is assumed to be described
by the Matthiessen rule [24],
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μ−1 ¼

X
μ−1
i ;

ð1Þ

i

where each scattering mechanism has an associated
temperature-dependent mobility contribution μi ðTÞ.
In the low-temperature regime (T < 5 K), the dominant
scattering of electrons in STO and STO-based heterostructures is attributed to ionized impurities in STO [9], ionized
donors [25], or surface roughness scattering [26]. The
mobility contribution in this temperature regime μlow T is
often taken to be temperature independent [7,25], and
for simplicity, we do the same here, μlow T ¼ μT→0 K , and
discuss the scattering mechanism later.
For 5 K < T < 150 K, the dominant scattering mechanism remains unsettled even for bulk STO despite
intensive research. The change in mobility is explained
by the low-temperature scattering mechanism with a
temperature-dependent dielectric constant [26], acoustic
phonon scattering [25], transverse optical phonon scattering [25], longitudinal optical (LO) phonon scattering
[26], temperature-dependent polaron properties [27], or
electron-electron scattering [7]. Consistent with previous
studies of STO and other STO-based heterostructures, we
achieve a good agreement if we describe the mobility
contribution with AT m in the intermediate temperature
regime with A being a temperature-independent coefficient
and m being approximately equal to −2. As we discuss
later, this is suggestive of electron-electron scattering being
dominant in this temperature interval.
For 150 K < T < 300 K, the limiting factor for the
mobility has been attributed to electron-electron interactions [7], temperature-dependent transmission coefficients in Landauer channels connecting dopants [28], or
LO phonon scattering [7–9]. The temperature dependence
of the electron-electron contribution follows approximately
T −2 behavior [7], whereas the scattering from a LO phonon
with frequency ωLO is μLO ∝ exp ðℏωLO =kB TÞ. Hence, a
hallmark to discriminate between the two contributions is
the presence of a nonlinearity when logðμÞ is plotted as a
function of logðTÞ. Such a nonlinearity can be seen for
T > 150 K as a deviation from the approximately T 2
behavior of the sheet resistance (Fig. 1) and the approximately T −2 behavior of the mobility (Figs. 1 and 2),
respectively. We, therefore, use an expression for the
longitudinal optical phonon scattering in the weak or
intermediate coupling regime where the electron-phonon
coupling constant α is less than 6 [29]:
μLO ¼

 


ℏ
e mp 3
ℏωLO
fðαÞ exp
:
2αℏωLO mp mb
kB T

ð2Þ

Here, fðαÞ is a monotonic function of α that varies
slowly from 1 to 1.35 as α increases from 0 to 6 [29]. The
bare effective mass is taken to be mb ∼ 0.6me with me
being the free-electron mass [30]. As the electron moves

through the lattice, it attracts positive ions leading to an
enhanced effective mass described by the polaron effective
mass mp . For a three-dimensional Fröhlich polaron [29],
mp ¼ mb ð1 þ α=6Þ, whereas a two-dimensional electron
gas with Fröhlich interactions to a three-dimensional lattice
[31] leads to mp ¼ mb ½1 þ ðπ=8Þα þ 0.1272α2 . The
dimensionality of the electron gas in STO-based heterostructures is dependent on the carrier density and growth
conditions [32], but here we assume two-dimensional
polarons consistent with a mobility study of LAO=STO
[26]. We note that in 1953, Low and Pines published a
similar expression [33] with μLO ∝ ðmp =mb Þ2 , which is
often used to describe the mobility in STO, but in 1955,
the same authors published the above expression with
μLO ∝ ðmp =mb Þ3 along with a short discussion on the
discrepancy (see footnote 8 in Ref. [29]).
Cubic STO contains three LO phonon modes with
energies ℏωLO1 ¼ 21.4 meV, ℏωLO2 ¼ 58.6 meV; and
ℏωLO3 ¼ 100.1 meV and corresponding coupling constants αLO1 ¼ 0.009, αLO2 ¼ 0.47, and αLO3 ¼ 1.83
reported by Barker [34]. We add the contribution from
the three phonon modes according to Matthiessen rule to
obtain the total contribution of the longitudinal optical
phonons, μLO total .
To conclude, we can express the total (inverse) electron
mobility as
1
1
1
1
þ
þ
¼
:
μðTÞ μT→0 AT −2 μLO total ðTÞ

ð3Þ

Using the two free parameters μT→0 K and A, we find
a good agreement with the experimental mobility in
GAO=STO as observed in Fig. 2. With a slight adjustment
of αLO3 as we describe below, a similar agreement is found
for all tested GAO=STO mobilities, including those in
Fig. 1, with low-temperature mobilities ranging from
1000 to 100 000 cm2 =V s and Hall sheet carrier densities
between 1013 and 1015 cm−2 . In the following, we discuss
the individual temperature regimes in detail.
IV. MOBILITY AT ROOM TEMPERATURE
The electron mobility at room temperature is important
for device application. From Fig. 2, we deduce that the
room-temperature electron mobility is primarily limited by
scattering from LO3 phonons. This is in contrast to Ref. [7],
where electron-electron scattering is found to be dominating in GdTiO3 =STO heterostructures and heavily doped
STO, but it is consistent with a number of other studies
on bulk STO and STO-based heterostructures [7–9]. We
obtain the room-temperature mobility for a number of
samples with varying carrier density achieved through
either annealing or a variation of the deposition parameters
(see Fig. 3). The latter parameter variation encompasses
samples from this study as well as from a previous study
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coupling constant αðns Þ. Note that mp ½αðns Þ and f½αðns Þ
inherit this density dependence. We can write out the
dependence on α in Eq. (2) explicitly,

 
2
ℏ
e
π
μLO ðαÞ ¼
1þ
α þ 0.1272α2
2αℏωLO mb
8


ℏωLO
× fðαÞ exp
;
ð4Þ
kB T

FIG. 3. Top: Room-temperature electron mobility (μ) as a
function of carrier density (ns ) for as-deposited and postannealed
GAO=STO. Note that the data for as-deposited GAO=STO
by Chen et al. [3] are also included. Bottom: Electron-phonon
coupling (α) and polaron effective mass (mp ) as a function of the
carrier density. Inset: The mobility as a function of the electronphonon coupling as calculated from Eq. (4) assuming a band
effective mass of mb ¼ 0.6me and two-dimensional polarons.
The red lines are guides to the eye.

done by Chen et al. [3]. All three sample series give
consistent results. The lowest measured electron mobility
(approximately 2 cm2 =V s) occurs at low carrier densities
(ns ∼ 4 × 1012 cm−2 ) after annealing and is consistent with
the low electron mobilities of slightly reduced bulk STO
[35,36]. The highest electron mobilities (approximately
12 cm2 =V s) are obtained for high sheet carrier densities
(ns > 8 × 1013 cm−2 ). The positive correlation between the
room-temperature mobility and the carrier density may be
understood by investigating the carrier density dependence
of Eq. (2). From angle-resolved photoemission spectroscopy (ARPES) studies [27,30] of the polaronic satellite
feature, ωLO3 is found to be negligibly dependent on the
carrier density. As the bare-band effective mass is not
expected to vary significantly with the carrier density, the
only strong carrier density dependence, therefore, enters the
expression for μLO [Eq. (2)] through the electron-phonon

where μLO ðαÞ is plotted in the inset of Fig. 3 using
mb ¼ 0.6me . Inverting this function numerically to obtain
αðμLO Þ allows one to deduce the electron-phonon coupling
constant and corresponding polaron effective mass from the
measured mobility as presented in the bottom panel of
Fig. 3. The electron-phonon coupling ranges from 2.8 at
low carrier densities to 2 at high carrier densities and is
similar to the literature values of 2.6 [8] and 1.83 [34] and
ARPES results [30] at 20 K where the coupling ranges from
2.8 to 1.3 upon increasing the carrier density from 4 × 1013
to 9 × 1013 cm−2 . Our deduced effective polaron mass
changes from 1.8me ¼ 3mb to 1.4me ¼ 2.3mb upon increasing the carrier density, in good agreement with Nb-doped
STO having an effective mass of approximately 3mb for
0.1% Nb doping and a saturation at approximately 2mb
above 1% Nb doping [37].
Based on this analysis, we conclude that the high
mobility at room temperature occurs at high carrier
densities where the electron-phonon coupling is weak
due to screening from electrons [30]. The reduced coupling
results in less scattering and a lower effective mass.
V. MOBILITY AT INTERMEDIATE
TEMPERATURES
At intermediate temperatures, T low < T < 150 K, the
mobility varies as approximately T −2 independent of the
carrier density with T low ∼ 5 K for high-mobility samples
and T low ∼ 30 K for low-mobility samples. The mobility in
this temperature range cannot be explained satisfactorily
by scattering from a single branch of acoustic phonons
μ ∼ T −1 or nonpolar optical phonons with frequency ωTO,
μ ∼ eℏωTO =kB T using the expressions from Ref. [24]. The
scattering can, in principle, be caused by a combination of
several different scattering mechanisms, but this seems
unlikely since the mobility scales with the carrier density
in the same way (μ ∝ ns0.280.04 ) in the entire temperature
interval 30 K < T < 150 K. As the scaling is significantly
different from that at low temperatures (see the following
section), the changes in the mobility at intermediate temperatures appear not to be governed by the temperaturedependent dielectric constant either. In contrast, the T −2
dependence in STO-based systems has been explained by
electron-electron scattering [7,37–39]. In the classical picture, the Hall electron mobility is unaffected by collisions
between two electrons if the velocity (and, hence, the total
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charge current) is preserved. Momentum can, however, be
transferred to the lattice during an electron-electron scattering event, for instance, if the scattering process involves
phonons. The microscopic mechanism and characteristics of
the electron-electron scattering process has been a subject
of several studies [37–41], but a unifying picture remains
elusive for STO. In particular, deviations from Fermi-liquid
behavior have been shown to occur [38], and another study
advises against readily using the μ ∝ T −2 scaling as evidence
for electron-electron scattering [41].
VI. MOBILITY AT LOW TEMPERATURES
At low temperatures, a high mobility of up to
22 000 cm2 =V s can be obtained in bulk conducting STO
owing to the large dielectric constant [9]. Given optimized
growth parameters (which may differ from one chamber to
another), the electron mobility at the GAO=STO heterointerface may significantly exceed this value. In our
previous results, Chen et al. reported the highest electron
mobility when 2.5-unit cells (u.c.) of GAO was deposited at
600 °C using pulsed laser deposition with a high laser
fluence of 1.5 J=cm2 in an oxygen pressure of 10−4 mbar
[3]. In this study, high electron mobility is instead found
when depositing approximately 3.5 unit cells of GAO at
650 °C with a fluence of 3.8 J=cm2 and a pressure of
10−5 mbar. The α-Al2 O3 single-crystal target, substrate
supplier, and TiO2 -termination process are identical to
that used by Chen et al. [3]. Using a fixed GAO thickness
(2.5 or 3.5 u.c.) and a high laser fluence, the high carrier
density and mobility are primarily obtained by optimizing
the oxygen partial pressure. At low carrier densities
(approximately 1013 cm−2 ), the mobility at 2 K is of the
order of 1000 cm2 =V s (see Fig. 4) and similar to typical
mobilities in LAO=STO [20]. At even lower carrier
densities, the interface undergoes a metal-to-insulator
transition, which impedes the reliable determination of
the low-temperature electron mobility. Increasing the carrier density results in a pronounced increase in the mobility
roughly described by μ ∼ n1.5
s until the mobility peaks at
more than 100 000 cm2 =V s when the carrier density
reaches ns ðμmax Þ ∼ 4 × 1014 cm−2 . The positive correlation
between the mobility and carrier density in GAO=STO is
radically different from LAO=STO where the exponent
is negative [19,20]. Interestingly, a positive exponent of
approximately 1.5 is also observed in modulation-doped
electronic systems where the donors and electrons are
spatially separated [42,43]. Heterostructures fabricated
close to this mobility peak typically have a roomtemperature sheet resistance of approximately 1 kΩ and
a large residual resistance ratio of Rs ð300 KÞ=Rs ð2 KÞ ∼
10 000, consistent with the 4 orders of magnitude mobility
enhancement upon cooling from T ¼ 300 to 2 K. The
room-temperature sheet resistance or the residual resistance

FIG. 4. Electron mobility (μ) as a function of the sheet carrier
density (ns ) at 2 K for as-deposited GAO=STO, postdeposition
annealed GAO=STO, and as-deposited GAO=STO from Chen
et al. [3]. For four samples with varying carrier density, the
scanning SQUID images show the magnetic flux created by the
current flow in the samples. Occasionally, the current flow in lowdensity GAO=STO samples shows areas with scattered points of
local (resolution-limited) reduction in the current density, probably related to point defects or defect clusters. Such an area is
presented in the second scanning SQUID image, but similar areas
are found in the sample with the low carrier density. Note that
the absolute value of the magnetic flux measured on different
samples cannot be directly compared, as it depends on the
position on the sample. The scale bars are 20 μm in all images.

ratio can often be used as a tool for fast screening of highmobility samples during growth optimization.
Increasing the carrier density beyond approximately
4 × 1014 cm−2 results in a gradual conversion into bulk
three-dimensional conductivity of the STO substrate. Here,
samples with ns > 3 × 1015 cm−2 represent the extreme
case where the conductivity measured on the backside
of the STO substrate with a thickness of 0.5 mm does
not differ from that measured at the interface. In this case,
the samples can be viewed as a homogeneously conducting
0.5-mm-thick sheet with a 3D carrier density of
ns =0.05 cm ¼ 6 × 1016 cm−3 . The mobility decreases to
approximately 20 000 cm2 =V s, which is consistent with
bulk conducting STO with a similar three-dimensional
carrier density formed by introducing donors throughout
STO [32].
To investigate whether low and high mobility in
GAO=STO heterostructures have distinct signatures in
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the spatial distribution of the current flow on the microscale, we investigate GAO=STO with varying carrier
densities and mobilities using a scanning SQUID. Here,
an alternating current in the sample creates a magnetic field,
which is detected by the SQUID through a pickup loop
with a diameter of 1.8 μm. Our SQUID images (see Fig. 4)
show a qualitative difference in the spatial distribution of
current flow between the samples with low and high carrier
density with a threshold of approximately 3 × 1014 cm−2.
At low electron densities (≤1 × 1014 cm−2 ), we see
striped modulations of the current flow, similar to previous
reports on LAO=STO [44,45]. The orientations of the
stripes match the orientations of the ferroelastic domain
walls formed when STO undergoes a cubic to tetragonal
phase transition below 105 K [45]. At high densities
(≥5 × 1014 cm−2 ), the striped modulations are no longer
observed. Interestingly, the threshold carrier density for
the disappearance of the stripes coincides with the carrier
density resulting in the highest observed mobility. We
suggest two possible explanations for the different observations made here with the scanning SQUID:
(i) Higher carrier densities should screen potential steps
between different structural domains, resulting in
small carrier density modulations compared to the
total density [44].
(ii) As the carrier density rises, the degree of bulk
conductivity also increases. When the thickness of
the conductive layer exceeds the typical thickness of
the domains or point defects, additional pathways
are formed so the current can bypass the ferroelastic
domain walls, and, thus, no modulations in the
current densities are observed along the walls.
Overall, the SQUID and transport measurements suggest an increase of the mobility at high carrier density
correlated with screening of scattering sites up to a point
where the bulk conductivity in STO dominates the overall
transport.
In the following, we summarize the experimental findings related to the high mobility from this and other studies
and use this as a foundation for the subsequent discussion
of the origin. Using pulsed laser deposition, GAO=STO
heterostructures with high electron mobility at low temperatures are achieved in a narrow growth window under
conditions where both oxygen vacancies and itinerant
electrons are located in STO. The Hall mobility is found
to be a factor 6 larger than the quantum mobility derived
from Shubnikov–de Haas oscillations [3]. Spectroscopic
measurements and density functional theory calculations
reveal that the breaking of the symmetry at the spinelperovskite interface creates interface oxygen vacancies
with a deeper in-gap state and a lower formation energy
compared to oxygen vacancies located deeper in STO
[21]. We recently showed that low-temperature annealing
(typically <100 °C) can enhance the mobility without

altering the carrier density [21]. This, combined with
annealing studies of oxygen vacancies in GAO=STO
[18], suggests that oxygen vacancies reorder such that
the overall scattering decreases. Changing the oxygenvacancy concentration through growth results in a peak
mobility exceeding 100 000 cm2 =V s at a sheet carrier
density of ns ðμmax Þ ∼ 4 × 1014 cm−2 . Above ns ðμmax Þ, the
current flows almost homogeneously in the system, and the
conductivity gradually increases its three-dimensional character with a concomitant mobility decrease. Below ns ðμmax Þ,
the mobility decreases as μ ∼ n1.5
s , and the current flow
becomes more inhomogeneous with stripe and pointlike
modulations, indicative of less electronic screening in the
(quasi-) two-dimensionally confined system. GAO also
has a smaller lattice mismatch (approximately 1%) with
STO than, e.g., LAO (approximately 3%), and we note that
other high-mobility STO-based heterostructures are also
composed of at least one material with a low nominal lattice
match, i.e., La7=8 Sr1=8 MnO3 , STO, or SrCuO3 in a-LAO=
La7=8 Sr1=8 MnO3 =STO [14] with a mobility of
70 000 cm2 =V s, STO=SrCuO2 =LAO=STO [16] with
50 000 cm2 =V s, and LAO=STO=STO [15] with
118 000 cm2 =V s. At last, one report shows that bands with
dxz and dyz symmetry are lower in energy than dxy bands,
which is opposite to what is observed for LAO=STO [46].
However, it remains undemonstrated whether this is the case
for high-mobility GAO=STO samples as well.
Whereas a good lattice match with STO might be a
prerequisite for obtaining high-mobility STO-based interfaces, we note that obtaining a mobility exceeding that
observed in bulk suggests a spatial separation between
donors and electrons. Following the spectroscopic and
density functional theory findings in Ref. [21], it seems
plausible that oxygen vacancies preferentially accumulate
at the spinel-perovskite GAO=STO interface due to the
broken symmetry. The electrons distribute deeper into
STO owing to the high dielectric constant of STO and the
slowly decaying electron distribution in STO [26,47–49].
If the donor-electron separation is sufficient, the electrons
at low concentrations will predominantly be scattered off
the unintentional ionized impurities and residual oxygenvacancy donors in STO. In line with the μ ∼ ns1.5
predicted for modulation doping [42,43], the high electron concentration particularly obtained in GAO=STO
could result in a higher mobility by (i) an increase of the
Fermi surface with a concomitant small-angle scattering
[42] and (ii) a screening of ionized scattering sites and
potential variations across domain walls [24]. The
momentum relaxation measured via the Hall effect is
mostly sensitive to large-angle scattering events, whereas
the quantum mobility is sensitive to any scattering event
causing phase decoherence. The considerable difference
between the Hall and quantum mobility observed at highmobility GAO=STO is, therefore, supportive of the
preferential small-angle scattering.
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At low-oxygen-growth pressures resulting in
ns ≫ ns ðμmax Þ, oxygen vacancies are present in concentrations exceeding one vacancy per STO surface unit cell.
At such conditions, the vacancies distribute deep into STO,
and the mobility decreases to that observed in bulk
conducting STO. The delicate balance between interface
and bulk oxygen vacancies naturally leads to a narrow
growth window for obtaining high-mobility GAO=STO
along with the possibility to alter the mobility by oxygenvacancy redistribution. The maximum mobility obtained
when growing half-integer thicknesses of GAO (2.5 unit
cells in Ref. [3] and 3.5 unit cells here) appears to
originate from the enhanced carrier density at these
thicknesses, which, however, remains unaccounted for.
Further investigations are also needed to characterize the
donor-electron separation suggested by the experimental
results here and in Ref. [21]. At present, the oxygenvacancy profile has not yet been investigated directly,
whereas studies of the extent of the electron gas suggest
that the majority of the electrons are confined within
1.5–7.5 nm from the interface at 10 K [50,51]. A possible
way to investigate the donor-electron separation is to image
the depth profile of oxygen vacancies and itinerant electrons
using transmission electron microscopy on carefully prepared GAO=STO cross sections. Density functional theory
calculations can also be used to probe whether the TiO2 layer
right at the GAO=STO interface is conducting, despite
significant distortion from the perovskite-spinel symmetry
breaking, large amounts of oxygen vacancies, and significant
interdiffusion of Al into the first 1–2 unit cells of STO [3].
Lastly, a systematic study of how the ratio between quantum
and Hall mobility depends on the carrier density would be
interesting to check the hypothesis on decreasing the
scattering angle when the carrier density increases. Such a
study may, however, be challenging as the Shubnikov–
de Haas oscillations reside on a large magnetoresistive
background [3].
VII. CONCLUSION
In conclusion, we investigate the mobility in GAO=STO
by varying the carrier density via control of the growth
parameters and postdeposition annealing. We find that for
all investigated carrier densities, the mobility at T > 150 K
is dominated by optical phonon scattering. High mobility
(approximately 12 cm2 =V s at room temperature) is found
for high carrier densities where the electron-phonon coupling is weak and the effective polaron mass is small. At
intermediate temperatures, the experimental findings are
consistent with electron-electron scattering. At low temperatures, the mobility exceeds 100 000 cm2 =V s at a sheet
carrier density of around 4 × 1014 cm−2 . The optimum
appears to be a delicate balance between, on one hand, the
enhanced screening and small-angle scattering occurring
at high carrier densities and, on the other hand, the bulk
conductivity arising when oxygen vacancies are formed

deep into STO. Indeed, we find that μ ∼ n1.5
s at lower carrier
densities, whereas at high densities, the mobility is reduced
to that of bulk conducting STO. This study paves the way
for designing and reproducing all-oxide material platforms
with high electron mobility. There are several interesting
perspectives of the present study on achieving high
mobility in GAO=STO:
(i) One of the aspects of STO-based heterostructures
that has attracted much attention is that the carrier
density is several orders of magnitude higher than
for typical high-mobility two-dimensional electron
gases in conventional semiconductors. In the case
of GAO=STO, we observe high mobility at carrier
densities 1 order of magnitude higher than typical
LAO=STO heterostructures, which leads to sheet
resistances less than 0.1 Ω at 2 K and very low Joule
losses.
(ii) A high quantum mobility opens up the possibility
to study quantum coherence in nanoscale devices
such as the Aharonov-Bohm interferometer.
(ii) The electronic properties are found to be highly
influenced by the domain walls of ferroelastic STO,
which can be controlled using electric fields and
strain [44,45]. The domain walls may, therefore, be
used to design nanoelectronics with writable, erasable, and movable properties.
(iv) The high mobility in GAO=STO offers the possibility
of realizing so-called extraordinary magnetoresistance in oxide-metal hybrid devices [52]. In the
absence of a magnetic field, the current in such
extraordinary magnetoresistive devices primarily
flows in the metallic regions, which leads to a low
resistance. However, when a magnetic field is applied
to a device with high carrier mobility, the Lorentz
force deflects the current away from the metallic
regions, resulting in a large positive magnetoresistance. GAO=STO may be particularly promising
for designing such extraordinary magnetoresistive
devices at low temperatures as it combines two
important properties: First, GAO=STO has a high
mobility, giving a low resistance in the absence of a
magnetic field and an efficient Lorentz deflection in
the presence of a magnetic field [53,54]. Second, even
in the absence of metal inclusions, the GAO=STO
heterostructure already shows a very high positive
magnetoresistance. Adding geometrically optimized
metal inclusions to GAO=STO may lead to an
exceptionally high magnetoresistance by combining
the intrinsic high magnetoresistance of GAO=STO
with the extraordinary magnetoresistance stemming
from the geometrical enhancement.
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Abstract:
The ability to write, erase and move domain walls between ferroelastic domains paves the way for
making nanoelectronics where the domain wall is the device. Little is, however, known about the
magnetic properties of the ferroelastic domain walls. A fascinating model system is SrTiO3 where
the ferroelastic domain walls display strain tunable polarity and enhanced conductivity besides being likely to host paired electrons existing both in the superconducting and non-superconducting
state. Here, we reveal a long-range ferromagnetic order with stripy modulations along the ferroelastic domain walls in SrTiO3 and SrTiO3-based heterointerfaces using a scanning superconducting
quantum interference device. The magnetism is coupled to high-mobility itinerant electrons with
clear signatures in magnetotransport measurements. Strikingly, the magnetic state is also coupled
dynamically to the lattice and can be reversibly tuned by applying local external forces. The study
opens up for designing nanoscale devices based on domain walls where strain-tunable ferroelectric, ferroelastic and ferromagnetic orders may coexist.

1
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“If SrTiO3 had magnetic properties, a complete study of this
material would require a thorough knowledge of all of solid
state physics”. This statement by M. L. Cohen1 succinctly
draws attention to the challenges of understanding the
physical properties of SrTiO3 (STO). Among its many features are a high electron mobility2 and a low carrier density
superconducting ground state3,4. In the search for properties beyond those found in pristine or doped STO, the coupling between the lattice and electronic degrees of freedom has been utilized successfully: Straining STO has led to
a transition into ferroelectricity5 and a 300% increase of
the electron mobility6. Where the lattice symmetry of the
bulk STO crystal is broken, e.g. at the interface between
LaAlO3 (LAO) and STO, electrons can be confined to the interface, leading to gate-tunability of a wide range of properties7. An additional intrinsic lattice symmetry breaking
occurs below ~105 K when the cubic unit cell of STO becomes tetragonal with the long axis along either the [001],
[010] or [100] direction8–11. In bulk STO, orienting the long
axis in each of the three crystallographic directions results
in equally stable tetragonal domains, which are separated
by domain walls with well-defined orientations and modified electronic properties12,13. Thermal cycles of STO above
105K have been observed to result in new configurations
of tetragonal domains12,14,15. Applied mechanical stresses
moves the domain walls by enlarging favorable domains
resulting in a hysteretic stress/strain response characteristic for ferroelastic materials. The position of such ferroelastic domain walls can also be conveniently controlled by
electric fields, which allows for regulating the electronic
properties of LAO/STO at the nanoscale12,13.
Surprisingly, magnetic islands were imaged in the LAO/STO
heterostructure with LAO thicknesses of at least 3 unit
cells16. Later, it was shown that the magnitude and orientation of the magnetization on the islands can change in
response to local stress17. A new dimension was hereby
added to the functionalities of STO as spin and its coupling
to charge and lattice can be utilized. However, the spin
state of the confined electron gas turned out to display
some intriguing scientific puzzles that continue to challenge our current understanding of physics on a fundamental level: First, the ferromagnetic order coexists with superconducting order despite ferromagnetism occurring by
alignment of spins whereas electrons pair in a singlet state
to form the conventional superconducting state18,19. Second, the superconductivity can be broken by application of
a magnetic field, but the pairing of the electrons can survive in a non-superconducting state20. A recent experiment
suggests that the electron pairing occurs at the ferroelastic
domain walls21 where they form a non-superconducting
singlet state20 or possibly even a spin-polarized state with
more than two paired electrons. The magnetic state and
the electron pairing are therefore intimately linked22. Despite years of intensive research the magnetic state remains one of the properties of the heterointerface which
2

is poorest understood, hardest to reproduce and most
challenging to control.
Several theoretical models have been proposed, including
spiral magnetism in a charge-ordered state23 and oxygen
vacancy induced magnetism24. Experimentally, spatially resolved magnetometry measurements have played a key
role. A scanning superconducting quantum interference
device (SQUID) operating at low temperatures revealed
disperse ferromagnetic patches smaller than the 3 µm resolution limit16,18. Room temperature magnetic force microscopy was also used to probe the magnetic landscape
emerging as the electrons at the LAO/STO interface was
depleted using a top gate25. Additional experimental signatures of magnetism stem from (i) magnetometry measurements without spatial resolution, such as SQUID26 & torque
magnetometry19, (ii) transport measurements reporting
Kondo-like resistance minima27,28, anomalous Hall effect29–
31
& negative or anisotropic magnetoresistance26,28–30,32,33
and (iii) irradiation-based techniques such as β-decay from
nuclear magnetic resonance34 & X-ray magnetic circular dichroism35. On the other hand, a magnetic state was not detected in several studies using, e.g., scanning SQUID36 and
neutron reflectometry37, and not only the nature of the
magnetic state in these systems is an open question but
even its mere existence.
Here, we probe the magnetic state of LAO/STO, γ-Al2O3
(GAO)/STO and bare STO surfaces using scanning SQUID
magnetometry. In all cases, we observe a long-range magnetic order with striped modulations oriented parallel to
the ferroelastic domain walls of STO. The magnetic state is
coupled to the lattice and can be reversibly tuned by applying local external forces. In addition, clear magnetic signatures in the magnetotransport measurements show that
the magnetic order is coupled to the itinerant charges. This
striking observation opens up for realizing multifunctional
nanoelectronics at domain walls with strain-tunable ferromagnetic, ferroelastic and ferroelectric properties.

Imaging striped magnetic order along ferroelastic domain
walls:
We map the microscopic landscape of the magnetic state
in the STO-based systems using scanning SQUID microscopy (see Suppl. Section 1 for materials and methods). The
scanning SQUID measures the magnetic flux entering a 1.8
µm wide pick-up loop, and produces a two-dimensional
map of the flux when the pick-up loop scans across the
sample surface. The measurements are performed in the
absence of an externally applied magnetic field (background field < 0.1 µT) and therefore probe the magnetic
field originating from a spontaneous magnetic order in the
sample. In the case of LAO/STO, such measurements originally showed the presence of ferromagnetic patches16 and
their coexistence with superconductivity18. Looking into regions without ferromagnetic patches and enhancing the
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Fig. 1: Scanning SQUID maps of striped magnetic order. (a-c) Large area scans showing magnetic stripes along the [100] crystallographic direction
in γ-Al2O3 (GAO)/SrTiO3 (STO), LaAlO3 (LAO)/SrTiO3 (STO) and vacuum-annealed SrTiO3. (d) The same location on GAO/STO imaged in two subsequent scans before and after thermal cycling the sample above 105 K (the structural transition temperature of STO). (e) Temperature dependence
of the peak-to-peak modulation amplitude (Δφ) defined using line scans as shown in the inset. The modulations disappear as the temperature
exceeds 40 K, and reappear without noticeable hysteresis during the subsequent cool down below 40 K. The magnetic flux is offset by the average
value of the scan for all figures.

signal-to-noise ratio, our magnetic flux maps reveal wide,
striped modulations in both LAO/STO, GAO/STO and vacuum-annealed STO (see Figure 1a-c). The striped modulations extend over hundred micrometers showing a longrange magnetic order. The striped modulations in the magnetic flux have been observed in five GAO/STO heterostructures with a typical magnitude on the order of 1 mφ0
at 5 K. The modulations are generally stronger in GAO/STO
compared to LAO/STO and STO.
As the magnetic flux escaping a homogeneously magnetized sample will show a homogeneous flux map in regions
far from the sample edges, the flux modulations we observe point to a magnetization with spatial inhomogeneities. We estimate that the typical modulation magnitude of
~1 mφ0 corresponds to changes in the magnetization on
the order of 0.05 µB pr. surface unit cell (see Suppl. Section
2). The inhomogeneities are observed along the [100],
[010], [110] and [11̅0] crystallographic directions of STO
in all three material systems. Remarkably, these orientations coincide with the orientation of ferroelastic domain
walls on the (001) surface of STO9,13. When we cycle the
temperature above 105 K in the case of GAO/STO we observe that a set of [100]-oriented striped magnetic modulations with an amplitude of 0.5 mφ0 changes to barely detectable [110]-oriented modulations with an amplitude of
less than 0.05 mφ0 (see Figure 1d). Changes in the striped
magnetic landscape after thermal cycling also occur for
bare STO without the GAO layer (see Suppl. Section 3). The
results of the thermal cycling exclude the possibility that
the magnetic stripes are caused by a trivial magnetic contamination.
Scanning SQUID has also been used to map the spatial distribution of current flow in LAO/STO12 and GAO/STO38,
which revealed striped current modulations with the same
crystallographic orientations as the magnetic stripes. Comparing the current flow with optical imaging of the domain
3

structure furthermore showed that their orientations coincide14. Here, we perform magnetometry and current mapping on the same area, and observe a clear relation between the magnetic and current modulations (see Suppl.
Section 4), implying that both the magnetic and current
modulations are related to the domain structure.
When the temperature is raised gradually from 5 K to 70 K,
the magnetic modulations monotonically decrease in size
until their disappearance at around 40 K (see Figure 1e).
This characteristic temperature also roughly marks another anomaly of the STO substrate where its quantum
paraelectric transition causes the dielectric constant to diverge39,40. Other interesting observations below this temperature are polarity at the STO domain walls41,42 and
striped modulations in the current flow. Cooling the
GAO/STO heterostructure to 5 K again reintroduces the
magnetic modulations without noticeable changes in size
or location as long as the 105 K transition temperature is
not crossed.
Coupling between the magnetic state and current flow:
The disappearance of the magnetic modulations above 40
K is reflected in the Hall and magnetoresistance measurements as observed particularly clearly in the case of
GAO/STO. A Hall effect which is linear as a function of the
magnetic field serves as a valuable tool for extracting the
carrier density in a single-band conductor, while deviations
from linearity can be used to deduce the band structure or
magnetism. In the case of LAO/STO43, the Hall resistance is
S-shaped at low temperatures for carrier densities exceeding ~1.7·1013 cm-2. The S-shape originates from transport
occurring in two 𝑛-type bands with 𝑑𝑥𝑦 and 𝑑𝑥𝑧 /𝑑𝑦𝑧 character43. The presence of magnetism can lead to the anomalous Hall effect, which has been observed as small perturbations to the S-shape29–31. In the case of GAO/STO, the
Hall resistance (𝑅𝑥𝑦 ) is linear for 𝑇 > 40 K revealing, for

XXVI
XXVI

the sample presented in Figure 2a, a high carrier density of
𝑛𝑠 ~6 ⋅ 1014 cm-2. For 𝑇 < 40 K, pronounced non-linearities arise without hysteresis. At these low temperatures,
|𝑑𝑅𝑥𝑦 /𝑑𝐵| increases at high magnetic fields, opposite to
the S-shaped non-linearities observed in LAO/STO. If the
(b)

(a)

(c)

Fig. 2: Anomalous Hall effect. (a) Hall resistance (𝑅𝑥𝑦 ) as a function of
the magnetic field applied perpendicular to the interface of GAO/STO.
Non-linearities are observed below 40 K. (b) Anomalous Hall resistance
𝐴𝐻𝐸
(𝑅𝑥𝑦
) obtained from 𝑅𝑥𝑦 by subtracting the ordinary Hall effect determined from the low-field slope of 𝑅𝑥𝑦 . (c) The component of the
magnetization perpendicular to the interface (𝑀𝑧 ) multiplied by a proportionality constant 𝑘 as described in the main text.

nonlinearity of the Hall resistance in GAO/STO were due to
two-band conductivity, it would entail a coexistence of a
large number of electrons and holes, which we reject as
detailed in Suppl. Section 5. Instead, we attribute the non𝐴𝐻𝐸
linearity to the anomalous Hall effect resistance (𝑅𝑥𝑦
)
arising from the interaction between the itinerant electrons and the component of the magnetization normal to
𝐴𝐻𝐸
the interface44, 𝑅𝑥𝑦
= 𝑅𝑠𝐴𝐻𝐸 𝑀𝑧 . We find that the anomalous Hall prefactor (𝑅𝑠𝐴𝐻𝐸 ) scales linearly with the sheet
resistance (𝑅𝑠 ) as expected when skew scattering mechanism dominates44 (see Suppl. Section 6). This leads to the
following expression
1
𝑂𝐻𝐸
𝐴𝐻𝐸
𝑅𝑥𝑦 = 𝑅𝑥𝑦
+ 𝑅𝑥𝑦
=−
𝐵 + 𝑘𝑅𝑠 (𝐵, 𝑇)𝑀𝑧 (𝐵, 𝑇)
𝑒𝑛𝑠
𝑂𝐻𝐸
where 𝑅𝑠
is the ordinary Hall effect and 𝑘 is a field and
temperature independent constant. For GAO/STO the
𝑑𝑥𝑧 /𝑑𝑦𝑧 bands have been reported45 to be comparable or
even lower in energy than 𝑑𝑥𝑦 . This, together with the high
density of states of the 𝑑𝑥𝑧 /𝑑𝑦𝑧 bands, means that the majority of the electrons are expected to populate the
𝑑𝑥𝑧 /𝑑𝑦𝑧 bands. For simplicity we describe the ordinary
Hall effect through the sheet carrier density (𝑛𝑠 ) with a one
band model. Our data cannot exclude the presence of a
second n-type band, but as outlined in Suppl. Section 6 this
will not change the conclusions drawn here. At high magnetic fields, the sheet resistance increases linearly with the
4

magnetic field, which, remarkably, results in a non-saturating anomalous Hall effect up to at least 15 T (see Figure 2b).
The usual extraction of the carrier density from the slope
of the Hall resistance at high magnetic fields is therefore
invalid as this region includes contributions from both the
ordinary and anomalous Hall effect. The carrier densities
can be most accurately determined at low magnetic fields
where the contribution from the anomalous Hall effect is
small (see Suppl. Section 6). The low-field slope of the Hall
resistance is constant at all temperatures (see Figure 2a)
and we can therefore extract a temperature-independent
carrier density of ~6 ⋅ 1014 cm-2. This is consistent with the
temperature independent carrier density deduced optically from the infrared Berreman mode similar to Ref. 46.
𝑂𝐻𝐸
By extracting 𝑘𝑀𝑧 (𝐵, 𝑇) = (𝑅𝑥𝑦 − 𝑅𝑥𝑦
)/𝑅𝑠 we infer
that the component of the magnetization parallel to the
perpendicular magnetic field starts to saturate at ~2 T for
temperatures below ~8 K (see Figure 2c). Increasing the
temperature opposes the alignment of magnetic moments
up to 𝑇~40 K where the magnetization is no longer detectable. This agrees well with the disappearance of the magnetic modulations observed with scanning SQUID. Together with the appearance of magnetic modulations and
non-linear Hall resistances for 𝑇 < 40 K, we also observe
that the magnetoresistance deviates from Kohler’s rule47
at these temperatures. This is consistent with the fact that
Kohler’s rule does not consider the reduction of charge carrier scattering due to field-induced suppression of spin
fluctuations (see Suppl. Section 6). A similar behavior of the
Hall resistance and magnetoresistance is observed in four
samples (see Suppl. Section 6-7).

Mechanical tuning of the magnetic state:
A particularly intriguing feature of the magnetic stripes observed is their tunability under small stresses. When applying a constant force to GAO/STO using the scanning SQUID
probe, the temperature dependence of the magnetic modulations is markedly different (see Figure 3a). Instead of the
gradual decrease of the modulation strength observed up
to 40 K, sharp, stripy features emerge when a force of 56
nN is applied. This applied force corresponds to a pressure
on the order of 107 Pa (see Methods). The features start to
emerge around 10 K and the flux modulations are increased by a factor of four when reaching 16 K. The sharp
features are only obtained after applying a local force to
the sample surface with the probe, and the features become monotonically stronger when increasing the applied
force (see Figure 3b). Interestingly, in all cases, the original
magnetic landscape without the sharp magnetic modulations can be restored without noticeable hysteresis by lowering the temperature or removing the force. A similar behavior is also observed in LAO/STO (see Suppl. Section 8).
We emphasize that this observation is different from the

XXVI
XXVI
Fig. 3: Pressure dependent magnetic signal. (a) Spatial modulation in the magnetic flux as a function of temperature while pushing the tip of
the SQUID into the GAO/STO sample with a force of 56 nN. Above ~10 K the magnetic modulations become very sharp and the peak-to-peak
modulation amplitude (Δφ) increases monotonically with temperature. (b) Magnetic modulations at a fixed temperature of 15 K as the
SQUID tip approaches the GAO/STO sample. When the SQUID reaches the sample, sharp magnetic modulations emerge. Further lowering
the SQUID results in applying a stronger external force to the sample, which causes an increase in the peak-to-peak modulation amplitude.
The force is measured capacitatively via the deflection of the SQUID cantilever. In all cases, the magnetic flux is offset by the average value
of the scan.

report of Kalisky et al.17, where they imaged and reoriented
the magnetization of magnetic islands in LAO/STO by applying local stress with a scanning probe. The signal of the
magnetic islands was almost two orders of magnitude
stronger, they appeared in isolated and dispersed locations, and did not change with temperature16. The magnetic stripes we observe here are weaker, long range in nature, become stronger with temperature under the application of stress, and appear at different locations after
temperature cycles. The relation between stress and magnetism can also be examined by investigating the naturally
occurring stresses in the samples by mapping large areas.
We find that areas with complex domain structures,
formed to relieve local stress in the sample, are more likely
to exhibit magnetic stripes (such as Figure 1a-c). In the
samples measured in this study, there were large areas
with an extent of hundreds of microns, where no magnetic
stripes were observed within our detection limit of 0.05
mφ0 (d.c.). After temperature cycles above 105 K, magnetic
stripes can be found within these areas as in Figure 2b.
Modulations are observed more strongly in the vicinity of
areas expected to exhibit stress such as close to sample
borders or around a scratch introduced intentionally on
the surface of one sample. Concurrent with higher
stresses, these areas may also attact the largest amount of
defects such as oxygen vacancies.
We further measure the magnetic response (susceptibility)
by applying a small oscillating magnetic field of ±0.3 mT
locally to the GAO/STO heterostructure while simultaneously applying a local force of 56 nN with the scanning
probe. We find that the weak magnetic susceptibility observed below 5 K increases markedly above ~8 K (see Figure 4a) and reaches a strong paramagnetic response up to
8 Φ0/A at 16 K. The spatially resolved susceptibility data
5

(Suppl. Section 9) reveal that the areas in Figure 3 with
strong magnetic signals also show a slower increase in the
paramagnetic susceptibility above ~8 K. Interestingly, this
characteristic temperature also appears in the anomalous
Hall effect analysis. The characteristic magnetic field (𝐵𝑐 )
for the emergence of the anomalous Hall resistance can be
described by the half width at half maximum of the bellshaped d𝑅𝑥𝑦 /d𝐵. Below ~8 K, the characteristic field is
temperature independent, consistent with reports on
NGO/STO31, as expected if an exchange coupling in a magnetically ordered state prevents the magnetization to be
induced or aligned along the field (see Figure 4a). At higher
temperatures, 𝐵𝑐 is linearly increasing with temperature
pointing towards a behavior similar to paramagnetism
where the alignment of magnetic moments is countered by
thermal fluctuations.
Discussion:
Evidence of ferromagnetism in STO-based heterostructures has been reported by several independent experimental techniques22. Despite theoretical and experimental
efforts, the origin of the unexpected ferromagnetism in
these heterostructures is still not clear. Here, we observe a
long-range magnetic state that is modulated by the crystallographic domains in STO and is highly tunable by local application of external forces. The striped magnetic modulations originate from the tetragonal domain structure of
STO and are thus displayed in both STO and the STO-based
heterostructures. The undoped STO studied here is, however, electrically insulating, which hinders spintronic applications and investigation of the magnetic state through the
anomalous Hall effect and magnetoresistance. Interfacing
STO with GAO or LAO on the other hand provides itinerant
carriers to the surface of STO, which couple closely to the
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Fig. 4: Coupling between lattice, spin and charge. (a) Temperature dependence of the magnetic properties in GAO/STO showing (i) emergence of sharp magnetic features above ~10 K upon application of an external force, (ii) an increase in the magnetic
susceptibility with an onset of ~8 K and (iii) the characteristic field Bc, defined as the half width at half maximum of dRxy/dB
from Figure 2a, undergoing a change from temperature-independent to linearly increasing with temperature at ~8 K. (b) A
close coupling between the lattice, spin and charge degrees of freedom. The magnetic state is closely coupled to the lattice as
revealed by applying external force locally to the sample with the scanning probe. The tetragonal domain formation also causes
local lattice distortions, which both favors ferromagnetic order and modulates the charge current. The charge current is, in
turn, scattered asymmetrically by the magnetic moments, giving rise to the anomalous Hall resistance.

magnetic moments. Our observations uncover characteristic temperatures of ~8 K and ~ 40 K occurring in both
transport and SQUID measurements. We propose that
these characteristic temperature regimes originate from
the following reasons:
(1) Below 8 K, the STO-based heterostructures are in a
magnetically ordered state, which manifests itself in small
or no modulations in magnetization in the scanning SQUID
maps (Figure 3a-b). This state is characterized by a very
weak (almost zero) susceptibility in response to small magnetic fields of  0.3 mT. Applying a temperature-independent magnetic field of Bc ~ 2 T aligns the magnetic moments
perpendicular to the interface, which causes the anomalous Hall effect (Figure 1a and 4a). At these temperatures,
a local application of an external force of up to 106 nN has
no observable effect on the ordered state.
(2) Above ~ 8 K, the magnetic order is less robust. This is
supported by the increase in the paramagnetic susceptibility under a small applied force of 56 nN (Figure 4a) suggesting a gradual change where ordered magnetic moments
convert into paramagnetic moments. The conversion is
slower at the domain walls where the magnetic moments
appear to be ordered more strongly, leading to areas with
a slower growth in the magnetic susceptibility and large
modulations of the magnetic signal (Suppl. Section 9). The
alignment of the paramagnetic moments with the magnetic field is countered by thermal fluctuations resulting in
a linear increase of Bc with temperature (see Figure 4a).
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The fragile magnetic order above 8 K is highly sensitive to
externally applied forces, and stronger magnetic modulations can be induced here (Figure 4a). This points towards
a delicate balance between the unperturbed magnetic order existing in the absence of stress and a ferromagnetic
order induced by the stress. Applying force causes a shift
towards the ferromagnetic order in this temperature
range. One of the possible mechanisms for the appearance
of ferromagnetism is that the magnetic moments are produced by oxygen vacancies24,48. This is supported by the
vast number of oxygen vacancies present particularly in
GAO/STO49,50 as well as the localized in-gap states formed
by the oxygen vacancies51.
The unperturbed magnetic order may be due to e.g. spiral
magnetic ordering23 or electron pairing20,22 where it is expected that the state is non-hysteretic and results in a
small magnetic susceptibility when applying small magnetic fields. Strikingly, it has been predicted that a pressure-sensitive transition from a spiral order to a ferromagnetic order occurs due to a polar distortion in STO where
titanium ions are displaced relative to the oxygen ions23.
This agrees well with recent experiments in LAO/STO
showing that applying a local external force changes the
polar state at the ferroelastic domain walls of STO42. Such
a polarity-induced ferromagnetic order may also explain
why the magnetic stripes (even in absence of an external
force) are parallel to the domain walls in STO, as the domain walls have been observed to be polar41,42.

(3) Above 40 K, all signatures of magnetism from anomalous Hall effect, magnetoresistance and scanning SQUID
vanish. This characteristic temperature also marks the disappearance of the striped current modulations in
LAO/STO12 as well as the disappearance of magnetism in
LAO/STO according to some studies32,33. It also agrees reasonably well with the emergence of polar domain walls41,42
only below approximately 50 K, again hinting towards the
influence of STO polarity.
The advances made here demonstrate that the STO-based
material systems show an intriguing link between the
charge, spin and lattice degrees of freedom in STO-based
heterostructures as illustrated in Figure 4b. The magnetic
state couples to the current flow causing an asymmetric
scattering of the charge carriers (Figure 2). The lattice and
its domains also highly influence both the magnetic state
(Figure 1) and current flow12,38,42. In particular, applying an
external pressure in vicinity of the ferroelastic domain
walls dramatically alters the magnetic state (Figure 3 and
Suppl. Section 9), the current flow42 and the polarity of the
ferroelastic domain walls42. We therefore propose that an
exciting multiferroic state awaits to be discovered where a
strain-tunable ferroelectric, ferroelastic and ferromagnetic
order coexists. The key role played by the ferroelastic domain walls of STO further demonstrates the prospects of
using domain walls for functional nanoelectronics with
tunable magnetic properties. STO proves, once again, to be
an exciting multifunctional material that truly requires ‘a
thorough knowledge of all of solid state physics’.

9.

Methods:
See Suppl. Section 1.
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Data availability:
The data that support the plots within this paper and other
findings of this study are available from the corresponding
authors upon reasonable request.
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Section 1:
Materials, methods and magnetic impurities

Sample preparation:
The LAO/STO and GAO/STO heterostructures were prepared from TiO2-terminated STO using
standard protocols for the two heterostructures with details found in Ref. (1) and (2).
Importantly, 5 unit cells of LAO was deposited on STO at 800 °C in an oxygen pressure of 10-5
mbar and cooled down to 600 °C, where it was annealed in an atmosphere of 0.4 bar oxygen for
one hour. The GAO film was deposited on STO at 650 °C in an oxygen pressure of 10-5 mbar and
cooled down to room temperature in the deposition pressure in absence of an annealing step.
The STO substrates were exposed to the same conditions as the GAO/STO heterostructure,
except for the deposition.

Transport measurements:
The buried interfaces were contacted by wedge-bonding with aluminum wires in the van der
Pauw geometry to avoid influence of patterning the interface into Hall-bars. The
magnetoresistance and Hall resistance were symmetrized and antisymmetrized, respectively,
prior to the analysis to minimize spurious intermixing. The main features remained unchanged
by symmetrization. The transport measurements were conducted from room temperature to 2
K in magnetic fields up to 15 T with standard DC measurements with a typical probing current
of 10 µA. No hysteresis was detected in the magnetoresistance or the Hall resistance.

Scanning-SQUID measurements:
The scanning SQUID system is a custom-built piezoelectric-based scanning SQUID microscope
with a 1.8 µm diameter pick-up loop (3, 4). We used the scanning SQUID to image magnetic flux
from the sample as a function of position. The measured magnetic flux is given by 𝜙𝑠 =
⃗ ∙ 𝑑𝑎 where the integral is taken over the plane of the SQUID, 𝑔(𝑥, 𝑦) is the point
∫ 𝑔(𝑥, 𝑦)𝐵
⃗ is the background-corrected magnetic field produced by
spread function of the pickup loop, 𝐵
the sample and 𝑑𝑎 is the infinitesimal area vector element pointing normal to the plane of the
SQUID. The SQUID was used in three modes: Magnetometry, susceptometry and current
detection mode (see Figure S1).
The magnetometry measurements are simply the 𝑧 component of the magnetic flux, picked up
by the SQUID’s pick up loop in absence of an applied magnetic field. For the susceptometry
measurements we applied a local magnetic field of up to 0.3 mT to the sample using a field coil
with a diameter of 8 µm that surrounds the pick loop of the SQUID. If the sample magnetization
changes upon applying the local magnetic field, the sample itself produces a magnetic field in
the pick-up loop that was measured by a standard lock-in technique. An identical field coil
surrounds a second pick-up loop used to correct for background magnetic fields in the
magnetometry mode (gradiometric design). In current detection mode, an alternating current is
applied to the sample and the pickup loop is used to detect the magnetic flux generated by these
currents using a lock-in technique. A single current-carrying wire will appear in our images as
a stripe with a negative magnetic signal next to a stripe of a positive signal.
3
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In all measuring modes, the magnetic landscape was imaged by the SQUID loop rastering
parallel to the surface at a height down to a micrometer. The contact with the surface was
probed capacitively using a cantilever and a fixed electrode. Using the tip of the SQUID probe,
we applied forces up to F = 106 µN, which corresponds to a pressure of the order of 107 Pa, taking
into account the estimated contact radius. Following Ref. (5), the contact radius (a) was
estimated using the Hertzian contact formula:
(1 − ν1 ) (1 − ν2 )
+ 𝐸
3𝐹
𝐸1
2
3
𝑎 =
8
1/𝑑1
where ν, E, and d are the Poisson ratio, Young's modulus and radius of curvature, respectively.
Subscript 1 refers to the silicon tip and subscript 2 is used for the STO substrate.
The imaging is not affected by thin layers of non-conducting materials located between the
SQUID and the source of the magnetic field, and the scanning SQUID is therefore an ideal, noninvasive tool to probe magnetism and current paths in buried interfaces.

1. Magnetometry

2. Susceptometry

3. Current detection

Figure S1: Top: Schematics of the SQUID scanning on the surface of a STO-based material platform. The
measurements with the scanning SQUID were performed in three different modes: 1: Magnetometry
mode, 2: susceptometry mode and 3: current detection mode.
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Magnetic contamination:
Special care was taken to avoid introducing magnetic impurities to the samples throughout
the sample preparation, handling and measurements. The samples were handled with nonmagnetic plastic tweezers, and the STO was TiO2-terminated using a tube furnace, glassware
and chemicals dedicated to STO treatment. The GAO deposition was done in a pulsed laser
deposition chamber dedicated to growing STO-based heterostructures with non-magnetic top
layers. The transport and scanning SQUID measurements were conducted using new,
thoroughly cleaned chip carriers.
Occasionally, we observe magnetic signals with a similar shape as the resolution limited
dipoles observed by Bert et al. (1), but with the ability to be moved on the sample surface
using the scanning probe. We attribute these signals to magnetic surface contaminants. In
addition, we also sporadically observe signals with the shape of a magnetic dipole buried deep
below the sample surface, which we interpret as magnetic impurities or a defect cluster in
STO. Lastly, it is well-established that magnetic elements such as Fe, Co and Ni exist in STO
(6). We note that special care should be taken to discriminate whether magnetic dipole signals
are intrinsic to the sample or stem from magnetic impurities. This is in sharp contrast to the
present study where we report 100 µm long magnetic stripes, which are sensitive to applied
pressure and change orientation and magnitude upon thermal cycling.
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Section 2:
Estimating the magnitude of the magnetization
⃗⃗ = 𝑀𝑥 𝑥̂ + 𝑀𝑦 𝑦̂ + 𝑀𝑧 𝑧̂ ) cannot be calculated uniquely from the measured
The magnetization (𝑀
magnetic flux. The number of Bohr magneton pr. surface unit cell (µ𝐵 /𝑎2 ) that create the field
can, however, be estimated by assuming that the magnetization is oriented in-plane or out-ofplane. Our estimation uses a simple model where the magnetization is uniform in a sheet with
width 2 µm, and zero otherwise. We calculate the field (𝐵𝑧 ) at a height of 𝑧 = 1 µm above the
sample surface (see Figure S2) using the equation:
⃗ (𝑟) =
𝐵

⃗⃗ (𝑟′) ∙ 𝑟)
⃗⃗ (𝑟′)
µ0
3𝑟(𝑀
𝑀
∫ 𝑑𝑟′ (
−
)
|𝑟 − 𝑟′|5
|𝑟 − 𝑟′|3
4𝜋

With this model, we estimate that for the strongest signal we measure (15 mΦ0 ~ 12µT for
GAO/STO as presented in Figure 3 in the main text), a change on the order of 0.7 µ𝐵 /𝑎2 is
needed to create such a field if the magnetization is out-of-plane (see Figure S2c). A similar
value is obtained if the magnetization is in-plane (Figure S2b & d). The typical modulation
amplitude for GAO/STO (1 mΦ0, Figure 1 in the main text) corresponds to roughly 0.05 µ𝐵 /𝑎2 .

Figure S2: (a) top: SQUID image of the z-component of the magnetic field (𝐵𝑧 ) above a magnetic
stripe on GAO/STO. Bottom: a line cut along the data. (b), (c) and (d): calculated magnetic field
(𝐵𝑧 ) over a stripe of in plane (b) and out of plane (c) magnetization. (d): Two in plane magnetic
stripes pointing in opposite direction giving rise to a similar 𝐵𝑧 . Shaded area in (b), (c) and (d)
⃗⃗ | ≠ 0 stripes. The magnitude of M in (d) is ~0.6µB/a2 for each stripe.
indicate the location of the |𝑀
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Section 3:
Magnetic landscape of STO before and after thermal cycling
STO undergoes a structural phase transition at 105K. As the material is cooled through the
transition the room temperature cubic unit cell becomes tetragonal. Each unit cell is elongated
along one of the crystallographic directions [001] (x), [010] (y) and [100] (z), which creates
structural domains in STO. At the (001) surface of STO, the domain walls form straight lines
along the [100], [010], [110] and [11̅0] directions. The striped magnetic modulations observed
in vacuum annealed STO (see Methods) are parallel to these directions (see Figure S3).
Heating the material to room temperature and cooling back down to 2 K creates a different
magnetic landscape as a different domain structure is formed. Note that the change in the
magnetic landscape when performing a temperature cycle helps in ruling out the possibility of
the magnetism stemming from contamination.

105K
4K

20µm

20µm
Magnetic flux (mΦ0)

-1.1

1.1

Figure S3: SQUID images of magnetic flux from vacuum-annealed STO before (left) and
after (right) a thermal cycling where the sample is warmed up to room temperature. It is
notable that the stripy features have changed after the thermal cycle, as indicated by the
arrow.
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Section 4:
Correlation between stripes in magnetism and current
The structural domain boundaries have been shown to result in a strongly modified current
flow in LAO/STO (6) and GAO/STO (7). Using the current flow and magnetometry modes of
the scanning SQUID (see Methods) on the same area of a GAO/STO sample, we observe a
clear correlation between the striped current modulations and the magnetic stripes (see
Figure S4).

Figure S4: Two consecutive scans of magnetometry (a) and current flow (b) at the same
area of GAO/STO showing a similar pattern of stripes. The magnetometry is probed in dc
mode with the SQUID by detecting the magnetic field escaping the sample. The current
flow is detected in ac mode by applying an alternating current to the GAO/STO sample
and measuring the alternating magnetic field produced by the current. (c) Line cuts
showing the correlation between the magnetic and current modulations.
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Section 5:
Non-linear Hall coefficient & 2-band conductivity
If the non-linear Hall coefficient (𝜌𝑥𝑦 ) is attributed to conduction through two bands, it can be
fitted with the following model (8):
𝜌𝑥𝑦 =

𝜎12 𝑅1 + 𝜎22 𝑅2 + 𝜎12 𝜎22 𝑅1 𝑅2 (𝑅1 + 𝑅2 )𝐵2
𝐵
(𝜎1 + 𝜎2 )2 + 𝜎12 𝜎22 (𝑅1 + 𝑅2 )𝐵2

with the constraint
𝜌𝑥𝑥 (0𝑇) =

1
𝜎1 + 𝜎2

and the carrier density (𝑛1,2 ) and carrier mobility (𝜇1,2 ) of the two bands defined through
−1

𝜎1,2 = |𝑛1,2 𝑒𝜇1,2 | and 𝑅1,2 = (𝑛1,2 𝑒)

The applicability of a 2-band model to describe the non-linear Hall curves in LAO/STO is
discussed extensively in the literature (9, 10). For LAO/STO, the Hall coefficient is generally
S-shaped, i.e. the Hall coefficient curves towards Rxy = 0, and several reports (9, 10) find that
the overall shape of the non-linear Hall coefficient is governed by the existence of 2 n-type
bands (dxy and dxz/dyz) with different electronic properties. A small non-linear component
attributed to the anomalous Hall coefficient is, however, present as observed e.g. from the first
derivative (dRxy/dB plotted as a function of B) (10) or when the external magnetic field is
oriented such that only a small field component is normal to the interface (11). In the case of
GAO/STO, the Hall plots are non-linear away from Rxy = 0 (see Figure S5a). Analysis with a 2band model therefore entails the coexistence of a large density of holes and electrons, as it is
also evident from the fitting parameters (see Figure S5b). Such coexistence without a fast
recombination is possible if the two types of carriers are separated in real or reciprocal space.
However, we reject this scenario on four grounds:








9

The GAO/STO has been studied by x-ray absorption spectroscopy (XAS), resonance
photoemission spectroscopy (ResPES) and hard x-ray photoemission spectroscopy
(HAXPES) without any signature of a band structure that could accommodate holes.
Large concentrations of co-existing holes and electrons will require a band structure where
the Fermi level crosses both an n-type (conduction) and p-type (valence) band, which is
challenging to obtain in SrTiO3 owing to its large band gap of approximately 3.2 eV.
As shown elsewhere (12), annealing decreases the Fermi level as a result of lowering the
amount of oxygen vacancy donors. An increasing density of holes and decreasing density of
electrons are therefore expected from a simple band picture. Experimentally, however, a
decrease in both carrier populations is inferred from the 2-band fit as shown in Figure S6.
Attributing the non-linear Hall effect to the anomalous Hall effect is consistent with
scanning SQUID measurements and magnetoresistance measurements as explain in
Suppl. Sections 6 and 7.
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(a)

(b)

(c)

Figure S5: (a) Reasonable fits (black lines) can be obtained by fitting the non-linear Hall
coefficient Rxy of GAO/STO with a 2-band model using (b) the carrier density (ns1,2) and (c)
mobility (µ1,2) of the two bands as fitting parameters. This require a large number of
coexisting electrons (ns1 < 0) and holes (ns2 > 0).

(b)

(c)

2-band model

(a)

n-type band
Ef
Annealing

p-type band

Figure S6: The Hall coefficient measured as a function of the external magnetic field (a)
before and (b) after annealing GAO/STO in 1 bar oxygen. The Hall coefficients are fitted with
a 2-band model. (c) The two carrier densities ns1 and ns2 obtained by the fits are shown as a
function of temperature (right pane). The schematic drawing shows the effect of downshifting
the Fermi energy level (Ef) by annealing in a bandstructure that can accommodate holes and
electrons simulaneously.
10
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Section 6:
Anomalous Hall Effect
As described in the main text, the non-linear Hall coefficient of GAO/STO is taken to
be a sum of an ordinary Hall effect from a one-band model and the anomalous Hall
effect:
𝑂𝐻𝐸
𝐴𝐻𝐸
𝑅𝑥𝑦 = 𝑅𝑥𝑦
+ 𝑅𝑥𝑦
=−

1
𝐵 + 𝑅𝑠𝐴𝐻𝐸 𝑀𝑧 (𝐵, 𝑇)
𝑒𝑛𝑠

(1)

We can now distinguish between two cases according to whether 𝑅𝑠𝐴𝐻𝐸 saturates at high
magnetic fields or not. For most materials, the anomalous Hall effect saturates at high
magnetic fields (13). We first argue that whereas this assumption gives reasonable fits, it
leads to predictions for the mobility and carrier density that are unlikely. Second, we show
that 𝑅𝑠𝐴𝐻𝐸 scales with the magnetoresistance, which for GAO/STO does not saturate at high
magnetic fields and hence leads to a non-saturating Hall effect.
1: Saturating 𝑹𝑨𝑯𝑬
:
𝒔
If both 𝑅𝑠𝐴𝐻𝐸 and 𝑀𝑧 saturate at high magnetic fields of the order of 15 T, the anomalous Hall
effect also saturates. In this case, the ordinary Hall contribution and hence the carrier density
can be determined from the high-field slope of 𝑅𝑥𝑦 . Following the treatment by Gunkel et al
(10), we can describe the magnetization in Eq. (1) with a Langevin-type expression,
𝑀𝑧 (𝐵, 𝑇) = 𝑀𝑠 tanh(𝐵/𝐵𝑐′ )
using the saturation magnetization, 𝑀𝑠 , and the characteristic magnetic field needed for
alignment of magnetic moments, 𝐵𝑐′ . Similar fits are obtained if the qualitatively similar
Brillouin function is used as appropriate for describing paramagnets with a total angular
moment, 𝐽, larger than ½:
𝑀𝑧 (𝐵, 𝑇) = 𝑀𝑠 𝕭𝐽 (𝐵, 𝑇)
𝕭𝐽 (𝐵, 𝑇) =

2𝐽 + 1
2𝐽 + 1 𝑔µ𝐵 𝐽𝐵
1
1 𝑔µ𝐵 𝐽𝐵
coth (
) − coth (
)
2𝐽
2𝐽
𝑘𝐵 𝑇
2𝐽
2𝐽 𝑘𝐵 𝑇

For paramagnets the characteristic magnetic field for aligning the magnetic moments is
expected to scale linearly with the temperature. Gunkel et al (10), however, found a
temperature independent 𝐵𝑐′ as expected from an ordered state. As the magnetization curves
resembles those derived from the Stoner-Wohlfahrt model, it may be argued that the magnetic
equation of states can be used phenomenologically to describe a ferromagnetic state where inplane magnetic moments are being aligned out-of-plane by the transverse magnetic field (10).
In the case of GAO/STO, both magnetic equation of states provide good fit. In Figure S7a we
present the fits by dotted lines using the Brillouin function (𝐽 > ½) and a field-independent
𝑅𝑠𝐴𝐻𝐸 .
The outcome of describing 𝑅𝑠𝐴𝐻𝐸 as field-independent is shown in Figure S7b and c. Note that
only 𝐽 is dependent on the magnetic equation chosen for the fit. 𝐵𝑐 is defined as the half
maximum at half width (HMHW) of 𝑑𝑅𝑥𝑦 /𝑑𝐵 as in the main text, which gives similar values
11
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as the fitting parameter 𝐵𝑐′ from the Langevin-type expression. The remaining parameters can
be derived from the high-field region where 𝑀𝑧 = 𝑀𝑠 . The temperature dependences of
primarily three parameters caution the use of a field-independent 𝑅𝑠𝐴𝐻𝐸 :
1. The anomalous Hall saturation (𝑅𝑠𝐴𝐻𝐸 𝑀𝑠 ) peaks at around 20 K, where for 𝑇 < 20 K a
linear correlation with the sheet resistance is observed. This suggests that the skewscattering underlies anomalous Hall effect (13), but in this case 𝑅𝑠𝐴𝐻𝐸 is expected to be
field-dependent.
2. Extracting the ordinary Hall effect at high magnetic fields implies that the carrier density
decreases with a factor of 3-4 when cooling the GAO/STO sample from 100 to 10 K. This is
inconsistent with infrared measurements where a temperature-independent carrier
density is extracted from the Berreman mode similar to Ref. (14).
3. The proposed decrease in the carrier density induces a corresponding increase in the
electron mobility, µ = 1/𝑒𝑅𝑠 |𝑛𝑠 |. This would cause the mobility to reach an unprecedented
value of ~350,000 cm2/Vs at 2 K. In addition, upon cooling the mobility increases much
faster than the µ~𝑇 −2 -behavior typically observed in STO and STO-based structures (10,
15–17).

(a)

(b)

(c)

Figure S7: (a) Hall effect (𝑹𝒙𝒚 ) as a function of the magnetic field including fits (black dots) to
Eq. (1) using the Brillouin function and a field-independent 𝑹𝑨𝑯𝑬
. (b+c) Carrier density (𝒏𝒔 ),
𝒔
mobility (µ), sheet resistance (𝑹𝒔 ), anomalous Hall saturation (𝑹𝑨𝑯𝑬
𝑴𝒔), total angular
𝒔
Non-saturating
𝑹𝑨𝑯𝑬
:
momentum (𝑱) and
characteristic
magnetic
field
(𝑩
)
as
a
function
of
temperature as derived
𝒔
𝒄
from the description with a field independent 𝑹𝑨𝑯𝑬
.
𝒔
2: Non-saturating 𝑹𝑨𝑯𝑬
:
𝒔
We now relax the assumption of a field-independent or saturating 𝑅𝑠𝐴𝐻𝐸 . Investigating the case
of sample 10a-GAO/STO, we find that the shape of both the Hall coefficient and the sheet
resistance are very similar with the curvature changing sign at the same magnetic fields (see
12
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Figure S8b). This is suggestive of a scenario in which the non-linear Hall coefficient arises
from the anomalous Hall effect caused by skew scattering where 𝑅𝑠𝐴𝐻𝐸 ∝ 𝑅𝑠 , see Ref. (13).
Here, an asymmetric scattering of electrons occurs in the presence of spin-orbit coupling.
According to this hypothesis, we can write:
1
𝑂𝐻𝐸
𝐴𝐻𝐸
𝑅𝑥𝑦 = 𝑅𝑥𝑦
+ 𝑅𝑥𝑦
=−
𝐵 + 𝑘𝑅𝑠 (𝐵, 𝑇)𝑀𝑧 (𝐵, 𝑇)
𝑒𝑛𝑠
where k is a field and temperature independent constant and the ordinary Hall effect is
described using a one-band model as explained in the main text. At 𝐵~0 T the sheet resistance
is small and scales as 𝐵2 , and as a result the anomalous Hall effect becomes small. 𝑅𝑥𝑦 is
therefore dominated by the ordinary Hall effect at low magnetic fields, which offers a natural
explanation for the temperature independent Hall slope at low fields, |𝑑𝑅𝑥𝑦 /𝑑𝐵|𝐵~0T , as this
originates from a temperature independent carrier density.
Armed with the ordinary Hall effect we can readily extract the anomalous Hall effect as well
as the magnetization (apart from the constant factor 𝑘):
𝐴𝐻𝐸
𝑂𝐻𝐸
𝑅𝑥𝑦
= 𝑅𝑥𝑦 − 𝑅𝑥𝑦

&

𝑘𝑀𝑧 =

𝑂𝐻𝐸
𝑅𝑥𝑦 − 𝑅𝑥𝑦
𝑅𝑠

We plot both properties for four different samples in Figure S8. Most noticeable is that by
combining the 𝑅𝑥𝑦 (𝐵) and 𝑅𝑠 (𝐵) we obtain a plausible shape of the magnetization for all
samples. This would by no means be obvious without applying the anomalous Hall effect
theory, and it is, together with the correlation to the scanning SQUID images, a strong
evidence that the anomalous Hall effect is the origin of the non-linear Hall effect. Further
support is found when considering T = 2 K and B > 7 T where the magnetization is expected to
𝐴𝐻𝐸
be saturated. In this case, the anomalous Hall effect (𝑅𝑥𝑦
= 𝑅𝑠𝐴𝐻𝐸 𝑀𝑧 ) scales linearly with the
sheet resistance (𝑅𝑠 ) as shown in Figure S9.
We note that the analysis render the low-field part of the magnetization particular prone to
noise, and care should be taken when extracting information from this region.
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𝑹𝒙𝒚 − 𝑹𝑶𝑯𝑬
𝒙𝒚

𝒌𝑴𝒛 =

𝑹𝒙𝒚 −𝑹𝑶𝑯𝑬
𝒙𝒚
𝑹𝒔

-

(c)

-

(b)

-

𝑹𝒙𝒚

-

8d-GAO/STO

6d-GAO/STO

6b-GAO/STO

10a-GAO/STO

(a)

Figure S8: (a) Hall coefficient (𝑹𝒙𝒚 ) as a function of magnetic field for four GAO/STO samples. (b) 𝑹𝑨𝑯𝑬
𝒙𝒚 =
𝑶𝑯𝑬
𝑶𝑯𝑬
𝑹𝒙𝒚 − 𝑹𝒙𝒚 where the ordinary Hall effect 𝑹𝒙𝒚 is defined as the low field slope of 𝑹𝒙𝒚 . For sample 10a, the
sheet resistance (𝑹𝒔 ) is shown for comparison. (c) By calculating (𝑹𝒙𝒚 − 𝑹𝑶𝑯𝑬
𝒙𝒚 )/𝑹𝒔 we obtain the component
14
of the magnetization
parallel to the magnetic field (𝑴𝒛 ) multiplied by a constant factor k.
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Figure S9: Anomalous Hall effect (𝑹𝑨𝑯𝑬
𝒙𝒚 ) as a
function of the sheet resistance (𝑅𝑠 ) for four
GAO/STO samples measured at low
temperature and high magnetic field where
the magnetization is expected to be
saturated. Here, increasing the magnetic
field results in a linear increase in both the
magnetoresistance and the anomalous Hall
effect.

Anomalous Hall effect with carrier transport in two n-type bands:
As outlined in Suppl. Section 5, we reject that the non-linear Hall effect results from
simultaneous carrier transport in both an n-type and p-type band. In this section, we have
instead concluded that the overall non-linearity in the Hall effect stems from the anomalous
Hall effect. For simplicity, we described the ordinary Hall effect using a one band model. We
here show that the conclusion remains unchanged if we consider carrier transport in two or
more n-type bands. For the SrTiO3-based heterostructures the two bands correspond to dxy and
dxz/dyz (9, 18).

1. Saturating 𝑅𝑠𝐴𝐻𝐸 :
A two band conduction will contribute with an S-shaped Hall curve characterized by
𝑑𝑅𝑥𝑦

|lim (
𝐵→0

𝑑𝐵

𝑑𝑅𝑥𝑦

)| ≥ | lim (
𝐵→∞

𝑑𝐵

)|. The limit of 𝐵 → ∞ can be used to extract the total carrier density

of the two bands using lim (
𝐵→∞

𝑑𝑅𝑥𝑦
𝑑𝐵

) = − 𝑒𝑛

1
𝑠,total

. When discussing parameters derived from the

high-field region, 𝑛𝑠 can simply be replaced with 𝑛𝑠,total . Assuming a saturating 𝑅𝑠𝐴𝐻𝐸 as above
therefore implies the same predictions, namely a freeze-out in the total carrier density, a
mobility increase as well as the same shape of 𝑅𝑠𝐴𝐻𝐸 𝑀𝑠 .

2. Non-saturating 𝑅𝑠𝐴𝐻𝐸 :
The anomalous Hall effect curve we derive is, to some extent, sensitive to whether we describe
the ordinary Hall effect as an S-shaped curve (two band conduction) or a linear curve (single
band conduction). However, since the S-shape has the opposite curvature with respect to the
measured Hall data, the overall shape of the anomalous Hall curve will remain unchanged.
Importantly, the conclusion that the overall non-linearity stems from the anomalous Hall
effect with an onset temperature of 40 K remains also invariant to whether the ordinary Hall
effect is described by transport in one or multiple n-type bands.
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Section 7:
Kohler Plots
Signatures of magnetic ordering may be observed in the magnetoresistance. Many materials
obey Kohler’s rule (20), which predicts that the resistance ratio 𝑅𝑠 (𝐵, 𝑇)/𝑅𝑠 (0, 𝑇) is some
function 𝑓 of 𝐵/𝑅𝑠 (0, 𝑇).
𝑅𝑠 (𝐵, 𝑇)
𝐵
= 𝐹(𝜔𝑐 𝜏) = 𝑓 (
)
𝑅𝑠 (𝐵 = 0, 𝑇)
𝑅𝑠 (𝐵 = 0, 𝑇)
Kohler’s rule originates from the magnetic field entering the semi-classical Boltzmann
equation as the product of the cyclotron frequency and scattering life time, 𝜔𝑐 𝜏 = 𝑒𝐵𝜏/𝑚∗ with
𝑚∗ being the effective mass and 𝜏 generally being inversely proportional to 𝑅𝑠 . As presented in
Figure S10, Kohler’s rule is obeyed in GAO/STO for 𝑇 > 40 K, however, clear deviations are
observed for 𝑇 < 40 K, which coincides with the emergence of the non-linear Hall coefficients.
No hysteresis was detected in the magnetoresistance at any temperature. Deviations from
Kohler’s rule can have various origins (19). In the presence of magnetism, the electrons are
scattered by spatially fluctuating magnetic moments leading to a negative magnetoresistance
as increasing the magnetic field leads to alignment of the spins and lower degree of scattering.
This scattering leads to a deviation of Kohler’s rule as 𝜏 becomes dependent on 𝐵. In
particular, we expect a lowering of the magnetoresistance at temperatures where spin
scattering occurs compared to temperatures where the Kohler scaling is obeyed in the absence
−1

𝑅𝑠 (𝐵)

of high temperatures. This is also observed in Figure S10. Note that (𝑅

𝑠 (𝐵=0)

)

is shown for

convenience to put emphasis on the low-field part.

6b-GAO/STO

6d-GAO/STO

8d-GAO/STO

Figure
S10: Kohler plots of three different samples showing deviations from the Kohler scaling
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below 𝑇 < 40 K.
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Section 8:
Mechanical tunability of the magnetic landscape of LAO/STO
Similar to the data presented in figure 3 in the main text, the magnetic stripes we observed in
LAO/STO are also highly stress dependent (see Figure S11). At T = 15 K we observe no or
weak modulations when we raster scan the SQUID across the sample in non-contact mode.
After contacting the sample with the tip of the scanning probe, we observe stronger stripy
modulations of the magnetic signal. These modulations grow stronger as we increase the
applied force.

Figure S11: Magnetic modulation vs. force applied with the scanning SQUID tip at T = 15 K. No
or weak modulations are observed before contacting the sample. As we increase the force
applied to the sample by the tip, the magnetic modulations become stronger. The left column
shows 2D maps of the measured magnetic flux where the probe applies different forces to the
sample surface. For convenience, the peak-to-peak modulation amplitude (ΔΦ) is also shown in
the middle panel. The magnetic flux is offset by the average value of the scan for all figures.
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Section 9:
Local susceptibility measurements vs. temperature and pressure
We apply magnetic fields locally using the scanning SQUID field coil and measure how it
modulates the magnetic signal from the sample, as in Figure 3 of the main text. The magnetic
susceptibility shows similar behavior with stress and temperature as the magnetometry data.
Below ~8 K only minor modulations are observed, whereas above 8 K the susceptibility signal
increases rapidly. We observe that there are small areas where the susceptibility signal grows
slower as the temperature and stress are increased. We suggest that the magnetic moments in
most areas gradually convert into paramagnetic moment and therefore show an increase in
the susceptibility. At the domain walls (the small areas), the magnetic moments remain
largely ordered and therefore show a reduced growth in the magnetic susceptibility as well as
a large D.C. magnetic signal in absence of an external magnetic field.

Figure S12: Magnetic and susceptibility measurements as a function of temperature.
The measurements were performed on GAO/STO with an applied force of 56nN in the
same locations as in Figure 3 in the main text. (a) Susceptibility measurements
primarily showing an increasing paramagnetic signal as the temperature is increased.
Smaller segments that we attribute to the domain walls show a slower increase of the
paramagnetic signal with temperature. (b) Magnetometry measurements showing an
increase in the modulation magnitude with temperature in absence of an applied
magnetic field. We detect stronger magnetic signal on the small segments attributed to
domain walls. (a) and (b) were measured simultaneously.
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Figure S13: Magnetic and susceptibility measurements as a function of applied pressure.
The measurements were performed at 17 K on GAO/STO at a different location
compared to Figure S12. (a) Susceptibility measurements showing small segments
attributed to the domain walls showing a slower increase of the paramagnetic signal as
the applied pressure is increased. (b) Magnetometry measurements showing that the
magnetic modulations become stronger as the pressure is increased. We detect stronger
magnetic signal on the small segments attributed to domain walls. (a) and (b) were
measured simultaneously.
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