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Abstract 

The heterostructure formed by depositing nanoscale thin films of spinel γ-Al2O3 on perovskite SrTiO3 exhibits a range 
of exciting properties including room temperature epitaxial growth, high electron mobility, strain-tunable magnetic 
order, and a symmetry-related reordering of the conduction bands. In comparison to the benchmark LaAlO3/SrTiO3 
heterostructure, the γ-Al2O3/SrTiO3 heterostructure has been more sparsely investigated, which leaves plenty of room 
for scientific and technological discoveries. In this perspective article, I describe the key findings of the γ-Al2O3/SrTiO3 
heterostructure and propose five directions for future research: 1) an exploration of novel phenomena emerging 
when relaxing the conventional epitaxial constraint of matching crystal structures across the interface, 2) a dynamic 
switching of a strong polarization through nanoscale electromigration of aluminum vacancies, 3) autonomous and 
forced enhancement of the electron mobility via oxygen vacancy diffusion, 4) writing and erasing of magnetic and 
conducting nanolines using ferroelastic domain walls, and 5) a multiferroic state formed by combining ferroelectricity, 
ferromagnetism, and ferroelasticity. The proposed research directions may shed light on both fundamental aspects of 
the heterostructure and pave the way for applications within green energy devices and nanoelectronics.  

  



2 
 

The strong market pull for high-speed and power-saving 
electronics has fueled the tremendous development in realizing 
faster, smaller, and more energy-efficient nanoelectronic 
devices. Two routes are used to satisfy this market pull: (i) 
Improving existing devices or (ii) designing devices with new 
functionalities. Appealing functionalities may be realized by 
using materials beyond the semiconducting materials that 
currently constitute the backbone of state-of-the-art electronic 
devices. A key example is the emergence of neuromorphic 
computation where non-volatile changes in the resistance 
observed on the nanoscale in, e.g., memristive oxides can be 
used to form a computational framework inspired by the human 
brain, which features both improved energy efficiency, learning 
capabilities and suitability for deep learning tasks [1]. A material 
system particularly rich in novel functionalities is the oxide 
heterostructure formed by depositing a nanoscale thin film of 
LaAlO3 epitaxially on SrTiO3 [2]. Despite both oxides being 
considered non-magnetic and insulating, conductivity and 
magnetism emerge at the interface along with numerous other 
functionalities [3]. In the wake of the large interest in the 
LaAlO3/SrTiO3 heterostructure, a new artificial system was 
obtained by replacing perovskite LaAlO3 with spinel γ-Al2O3 [4]. 
The γ-Al2O3/SrTiO3 heterostructure has shown to be an 
astonishing material platform in many ways, yet, the 
heterostructure has been much less studied compared to the 
benchmark LaAlO3/SrTiO3, which leaves plenty of room for 
future research adventures. Nonetheless, the heterostructure 
has already proven to possess several exciting properties not 
observed in the LaAlO3/SrTiO3 counterpart or in other SrTiO3–
based heterostructures. In this perspective article, I will first 
highlight some of the key findings that make the γ-Al2O3/SrTiO3 
heterostructure an exciting material platform to study, and 
secondly discuss several key opportunities for future research 
within nanoscale tailoring of this heterostructure. 
 

Key findings: 

Synthesis and electrical conductivity of γ-Al2O3/SrTiO3: 
The first remarkable characteristic of the γ-Al2O3/SrTiO3 
heterostructure is the possibility to grow the spinel γ-Al2O3 

epitaxially on cubic perovskite SrTiO3 using e.g. pulsed laser 
deposition and atomic layer deposition [5–7]. Typically, thin 
films of γ-Al2O3 with a thickness below 10 nm are deposited [5–
7]. Despite the materials having different crystal structures, the 
oxygen sub-lattices are highly compatible, which enables the 
non-isomorphic epitaxial growth, even when depositing γ-Al2O3 
at room temperature with pulsed laser deposition [4]. The 
matching oxygen sublattices are displayed in Figure 1a, which 
depicts SrTiO3 capped with a generic spinel structure AB2O4 
where aluminum occupies both A and B sites in the case of γ-
Al2O3. The symmetry breaking at the spinel/perovskite interface 
is central to understanding the interface properties. For 
instance, when electrically insulating γ-Al2O3 is deposited on the 
insulating SrTiO3, the resulting γ-Al2O3/SrTiO3 heterostructure 
becomes conducting, and the itinerant electrons are confined at 
the interface by virtue of the broken symmetry [4,8]. The 
itinerant electrons confined to the interface live in a band 
structure that differs significantly from other SrTiO3-based 
heterostructures due to the broken lattice symmetry [9,10]. 
From annealing in oxygen [11], high-temperature equilibrium 
conductance experiments [12], and numerical modeling [13] it is 
deduced that the itinerant electrons originate from oxygen 
vacancy donors formed in SrTiO3 during the deposition. Hence, 
the origin of the itinerant electrons shares similarities to other 
SrTiO3-based systems where amorphous or metal top layers such 
as Al are deposited on SrTiO3 [14–16]. This origin raises an 
interesting paradox: The high-temperature equilibrium 
conductance measurements attribute the interface conductivity 
in LaAlO3/SrTiO3 to the LaAlO3 polarity, but this is not the case 
for γ-Al2O3/SrTiO3 although γ-Al2O3 has been considered polar 
[12]. Revisiting the atomic structure of γ-Al2O3, it was deduced 
that γ-Al2O3 can be non-polar for particular distributions of the 
aluminum vacancies that are intrinsically present in γ-Al2O3 [17]. 
 
Tunable electronic properties of γ-Al2O3/SrTiO3: 
Using the understanding of how the conductivity arises in γ-
Al2O3/SrTiO3, the carrier density can be tuned by controlling the 
oxygen vacancy concentration by varying the γ-Al2O3 deposition 
parameter [18] or performing post-annealing in oxygen at 
temperatures below 300 °C [11]. A similar tunability through 
defect engineering was also found in the heterostructure 

Figure 1 – Properties of the γ-Al2O3/SrTiO3 heterostructure: (a) Schematics of the crystal structure of the spinel/perovskite heterostructure where 
both A and B sites are occupied by aluminum with 22/3 aluminum vacancies pr. unit cell in the case of γ-Al2O3. Despite the different crystal 
structures, γ-Al2O3 can grow epitaxially on SrTiO3 due to the compatible oxygen sublattice as depicted on the right-hand side. (b) Electron mobility 
(µ) as a function of temperature (T) including a fit using three different scattering contributions. (c) Scanning SQUID maps of the stray magnetic 
field above the γ-Al2O3/SrTiO3 surface arising from magnetic order in the heterostructure as the probe is scanned in non-contact mode (lower 4 
panels) and in contact mode with increasing pressure (upper 3 panels). The figures 1b and 1c are adapted from Ref. [21] and [21] with permission 
from American Physical Society and Springer Nature, respectively. 

(b) (c) (a) 
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composed of amorphous LaAlO3 deposited on SrTiO3 where the 
electrons also originate from oxygen vacancies [11]. Electrons 
can also be induced in a non-volatile fashion using external 
stimuli on the macroscopic scale through conventional 
electrostatic gating [18], ionic liquid gating [19] or light exposure 
[18,20], and on the nanoscale using a biased atomic force 
microscopy tip [11]. The latter allows for a versatile patterning 
of circuits with nanoscale resolution [11]. 
 
Mechanically tunable magnetism: 
Surprisingly, γ-Al2O3/SrTiO3 was found to possess a mechanically 
tunable magnetic state [21]. The magnetic state manifests itself 
at T < 40 K both via the anomalous Hall effect and a 
magnetoresistance that deviates from Kohler’s rule. Scanning 
SQUID was further used to detect a magnetic order extending 
hundreds of micrometers with modulations occurring along the 
tetragonal domain walls of SrTiO3 (see Figure 1c). Applying force 
on the γ-Al2O3/SrTiO3 surface using the scanning SQUID changes 
the magnetic order drastically, resulting in much stronger 
modulations (see Figure 1c). It was speculated that the applied 
force enhanced the magnetization by shifting the balance 
between the competition of a ferromagnetic order and a non-
magnetic order. The ferromagnetic order is likely to arise from 
localized magnetic moments on oxygen vacancies that exchange 
couple to the itinerant electrons. The non-magnetic order may 
originate from, e.g., a singlet electron pairing as observed in a 
non-superconducting state for other SrTiO3-based 
heterostructures [22–24]. 
 
 
Electron mobility: 

At room temperature the electron mobility in γ-Al2O3/SrTiO3 is 
generally found to be limited to 12 cm2/Vs by phonon scattering 
[25], but with a few reports stating values exceeding 30 cm2/Vs 
[26,27]. At 2 K the mobility exceeds 100,000 cm2/Vs (see Figure 
1b) at a high carrier density of ~5·1014 cm-2 [4,25], which differs 
fundamentally from bulk conducting SrTiO3 and most other 
SrTiO3-based heterostructures where high mobility is found at 
low carrier densities [28]. This mobility value at low 
temperatures is amongst the highest obtained for oxides [28]. 

The mobility in γ-Al2O3/SrTiO3 can be enhanced by gentle post-
annealing at ~100 °C or during prolonged room temperature 
storage [29]. The finite mobility of oxygen vacancies – acting 
both as electron donors and scattering centers – was attributed 
to being the cause of this self-enhancing mobility [13]. Drift-
diffusion calculations were performed to describe the oxygen 
vacancy movement (see Figure 2). Here, part of the oxygen 
remained fixed at the γ-Al2O3/SrTiO3 interface due to the broken 
lattice symmetry, whereas other oxygen vacancies formed a 
diffusion front that moved gradually deeper into the bulk of 
SrTiO3 due to electrostatic repulsion (Figure 2a). The simulations 
further show that the resulting electrostatic potential from the 
charged oxygen vacancies caused a significant fraction of the 
electrons to be distributed between the interface and the 
diffusion front, thereby forming a high-way for high-mobility 
conduction in between the regions of high oxygen donor 
concentrations. A resulting self-enhancing electron mobility was 
predicted, which matched the experimental data well (Figure 
2b). The high carrier density of ~5·1014 cm-2 is therefore 
predicted to be accompanied by a nanometric electron depth 
distribution after deposition to extending a micrometer or more 
into the SrTiO3 substrate after prolonged aging for several 
months. This can be compared to experimental depth 
distributions extending 0.9 nm and 7.5 nm into SrTiO3 as 
deduced from angle-dependent x-ray photoemission 
spectroscopy at room temperature and cryogenic infrared 
ellipsometry performed on samples without prolonged aging 
[4,8]. 
 

Future perspectives: 

In contrast to the prototypical perovskite/perovskite LaAlO3/ 
SrTiO3 interface, the spinel/perovskite γ-Al2O3/SrTiO3 interface 
has been investigated more sparsely, which leaves plenty of 
room for exploring how the altered crystal structure across the 
interface may lead to unexpected phenomena. Below, I outline 
five key opportunities for future research inspired by the current 
knowledge of the γ-Al2O3/SrTiO3 heterostructure: 

 

 
Figure 2 – Self-enhancing electron mobility: 
(a) Simulated depth-distribution of oxygen 
vacancy donors and background impurities 
(top) as well as itinerant electrons (middle) 
in a γ-Al2O3/SrTiO3 heterostructure stored at 
room temperature for different periods after 
deposition. Here, x denotes the distance 
from the γ-Al2O3/SrTiO3 interface. The 
electrostatic potential (bottom) associated 
with the oxygen vacancy distribution, which 
governs the distribution of itinerant 
electrons. (b) Simulated and measured 
electron mobility at 2 K (µT=2K) for various 
storage times (t) after deposition of the γ-
Al2O3/SrTiO3 heterostructure. The figure are 
adapted from Ref. [25] with permission from 
American Physical Society. 
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Broken lattice symmetry: 

Conventional epitaxy relies on a high degree of structural 
coherency across the interface. Matching the crystal structure 
and lattice constant enables the growth of high-quality thin films 
using the substrate as a growth template. Broken symmetry is 
typically introduced by altering the composition of the 
constituent materials while still maintaining a reasonable match 
of the crystal structure across the heterointerface. Whereas 
high-quality homo- and heterostructures can be formed using 
this route, it imposes strict limitations on the choice of materials 
that can be combined. The γ-Al2O3/SrTiO3 heterostructure 
partially relaxes these limitations by introducing broken 
symmetry from changing both the composition, lattice constant 
and crystal structure across the interface while still maintaining 
a high-quality epitaxial growth (see Figure 1a). A key example of 
how the broken symmetry at the perovskite/spinel interface 
influences the functional properties is the altered band 
structure. In (001)-oriented LaAlO3/SrTiO3, the bare SrTiO3 
surface as well as SrTiO3 capped with Al metal, the lowest-lying 
band is of dxy character, however, the presence of positively 
charged aluminum arranged in a spinel structure induces an 
increase in the dxy energy so it shifts up above the level of the dxz 
and dyz bands in γ-Al2O3/SrTiO3 [9,10,30–32]. 

It remains, however, largely unclear how other properties are 
influenced by transitioning from perovskite/perovskite to 
spinel/perovskite symmetries. In particular, the interesting 
electronic and magnetic properties originate from an interface-
near region, making them susceptible to the lattice symmetry 
across the interface. The broken symmetry also influences the 
structural relaxation at the interface, which may form an 
interfacial polarization, emergent pyroelectricity and oxygen 
vacancy stabilization. In addition, it is of high interest to explore 
how the limitations of epitaxy can be further overcome not only 

by the non-isomorph epitaxial growth of different crystal 
structures but also by exploiting the recent progress within 
freestanding oxide thin films [33,34]. Using the latter approach, 
crystalline oxide thin films can be detached from the growth 
substrate and reunited with other films or substrates to form 
new interfaces not obtainable by conventional epitaxy (see 
Figure 4) [35]. Here, the high-quality epitaxial growth of γ-Al2O3 
on perovskites may enable γ-Al2O3 to be used either as a 
sacrificial layer etchable with, e.g, NaOH [36] (blue layer in Figure 
4) or as the active layer to be released from the substrate (yellow 
or red layer). This may enable high-quality spinel crystal 
structures with potentially sub-unit cell thicknesses to be 
released and subsequently recombined with other spinel or 
perovskite structures. The potential sub-unit cell release and 
recombination of 0.2 nm membranes (1/4 of a unit cell) allow for 
a larger surface-to-volume ratio as well as smaller building blocks 

Figure 4 – Polarity in the γ-Al2O3/SrTiO3 heterostructure: (a) Schematics of the nominal polarity in LaAlO3 deposited epitaxially on SrTiO3 arising 
from polar ionic layers. (b-f) Schematics of the nominal polarity in γ-Al2O3 deposited epitaxially on SrTiO3 if aluminum vacancies are (b) not present in 
the structure (charged structure), (c) present solely on octahedral sites, (d) present solely on tetrahedral sites, (e-f) distributed inhomogeneously to 
form overall non-polar states. (g) The electrostatic potential build-up due to the polarity as calculated by an electrostatic capacitor model. The figure 
is reproduced from Ref. [13] with permission from Elsevier. 

Figure 3 – Stacking and twisting of freestanding oxides: An epitaxial 
heterostructure composed of a substrate (dark blue), sacrificial layer 
(light blue) and active layer (red and yellow) subjected to etching of the 
sacrificial layer can be used to detach the top layers from the growth 
substrate. This enables stacking of layers with different material 
classes (perovskites, spinels etc.) with a flexibility not allowed by 
conventional epitaxy. The figure is adapted from Ref. [29] with 
permission from Wiley. 
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for the construction of stacked heterostructures. Of particular 
interest is the formation of conducting interfaces in 
heterostructures formed by stacking individual membranes. As 
the mechanism for forming conductivity in epitaxially grown γ-
Al2O3/SrTiO3 relies on the movement of oxygen across the 
interface, kinetic limitations may prevent conducting interfaces 
to be formed by room temperature stacking of non-conducting 
γ-Al2O3 and SrTiO3 membranes. In contrast, conductivity may be 
formed by high-temperature reduction of SrTiO3, which forms 
oxygen vacancy donors that can be kinetically trapped inside 
SrTiO3 by a protective layer of γ-Al2O3. The new γ-Al2O3/SrTiO3 
interface may also serve to localize and thermodynamically 
stabilize oxygen vacancies at the interface. 

Thickness-dependent dynamic polarity switching:  

Beyond the potential polarity formed at the interface in γ-
Al2O3/SrTiO3, polarity may also form within the γ-Al2O3 layer. To 
obtain charge neutrality in γ-Al2O3, each spinel unit cell 
intrinsically contains 22/3 aluminum vacancies (Al21⅓O32) located 
on lattice sites with tetragonal and/or octahedral symmetries 
(see Figure 1a). Depending on the film thickness of γ-Al2O3 as 
well as the distribution of aluminum vacancies in γ-Al2O3, the film 
may either be highly polar or overall non-polar (Figure 3). By 
distributing the aluminum vacancies freely on tetragonal or 
octahedral sites, it was shown that no distributions of aluminum 
vacancies exist that give a non-polar film for thicknesses below 
one unit cell (0.8 nm corresponding to 8 sublayers) [4]. This 
should be compared to RHEED-monitored growth with sub-unit 
cell control of the thickness as 4 RHEED oscillations correspond 
to a single unit cell [4]. For a γ-Al2O3 thickness of 1 unit cell, the 
aluminum vacancies can either distribute in ways that produce a 
strong polarity (Figure 3c-d) or no overall polarity (Figure 3e-f) 
with a large predicted impact on the associated electrostatic 
potential build-up in the γ-Al2O3 layer (Figure 3g). A strong 
polarization of 75 µC/cm2 is expected for aluminum vacancies 
distributed according to Figure 3c, which exceeds that found in 
single crystals of the strongly polar material BaTiO3 (~25 µC/cm2 
[37]) as well as the spontaneous polarization at the surface of 
single-crystalline SrTiO3 substrates (~5 µC/cm2 [38]). A yet 
untested hypothesis exists suggesting that the polarity in γ-Al2O3 
might be tunable by electric fields due to the electromigration of 
aluminum ions [17]. If disregarding the internal electrostatic 
build-up associated with the various cation configurations, the 
movement of aluminum vacancies is expected to have an 
activation barrier on the order of 0.6 eV for moving aluminum 
vacancies between lattice sites within γ-Al2O3 [39]. This is on the 
same order of magnitude as the barrier for oxygen vacancy 
diffusion in SrTiO3 where electromigration is commonly 
observed [40,41]. This would offer switchable functionalities 
with similarities to conventional ferroelectrics, but with the 
switching caused by large-scale defect migration rather than 
small polar lattice distortions within a unit cell. In addition, the 
polarity may also be sensitive to applied stress and temperature, 
resulting in piezoelectric and pyroelectric properties. 

 

Self-enhancing electron mobility: 

Oxygen vacancies in γ-Al2O3/SrTiO3 serve key roles as electron 
dopants, scattering sites limiting the low-temperature mobility, 
and a likely source for magnetism. The diffusivity of oxygen 
vacancies in SrTiO3 with an energy barrier on the order of 0.6 eV 
makes it possible for these key defects to move in absence of 
high temperatures. This stands in stark contrast to conventional 
electronic systems where donors are typically static, and it, 
therefore, opens up opportunities to tune functional properties 
through post-deposition treatment [11,42]. As mentioned 
above, it was suggested that the autonomous rearrangement of 
oxygen vacancies at room temperature resulted in a depth 
distribution, which favors high-mobility carriers [13]. One may 
expect that the diffusion can be changed from autonomous to 
controlled on-demand by adding an electric field from 
electrostatic gates to control the electromigration of oxygen 
vacancies. In this way, one can envision a dynamic control of 
both the location of electron donors as well as the resulting 
confinement potential and electron distribution in a non-volatile 
fashion. Back-gates are expected to primarily modulate the 
depth distribution of donors and vacancies whereas side gates 
or local gates from probes may control the lateral distribution as 
well. This is expected to have a strong impact on the electron 
mobility as well as other functional properties such as the 
magnetism observed in γ-Al2O3/SrTiO3. The γ-Al2O3/SrTiO3 
interface here is expected to play the particular role of partially 
trapping the oxygen vacancies near the broken interface, which 
may be enhanced or diminished by replacing the γ-Al2O3 layer 
with other top films such as amorphous top layers [14], spinel 
layers with cation substitutions [43] or metal layers [16] to form 
a set of oxygen-deficient SrTiO3–based heterostructures.  

   

Writing functionalities with structural domain walls: 

The magnetism and current distribution in γ-Al2O3/SrTiO3 have 
stripy modulations at cryogenic temperatures aligned along the 
[100], [010], and [110] crystal directions [21,25]. The stripy 
features are attributed to the ferroelastic domains arising when 
SrTiO3 transitions from cubic to tetragonal around 105 K. The 

Figure 5 – Ferroelastic domain wall memristor: Schematics of a 
ferroelastic domain wall memristor where external stimuli such as 
stress or electric fields may be used to control the landscape of 
ferroelastic domain walls and hence the resulting electrical resistivity in 
a non-volatile fashion. 
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transition forms three different domains where the elongation 
of the tetragonal unit cell is along the x-, y-, and z-direction, 
respectively. This leads to a distribution of domains separated by 
domain walls where the spatial differences in the lattice here 
form modulations of the electronic and magnetic properties 
[21,25]. The size, number, and spatial distribution of domains 
and domain walls can be controlled using external stimuli such 
as mechanical stress and electric fields on both the macroscopic 
and microscopic scales [21,44]. This opens up for dynamically 
writing and erasing nanoscale lines with modified magnetic and 
conducting properties. As these lines are coupled to the 
underlying lattice structure, the changes are expected to be non-
volatile, which may open up for designing spintronic devices and 
ferroelastic memristors (see Figure 5). 

 
 
Multiferroicity: 

As described above, SrTiO3 turns ferroelastic below 
approximately 105 K. In addition, SrTiO3 is a quantum 
paraelectric at cryogenic temperatures, which is characterized 
by the ferroelectric polarity of the unit cell being suppressed by 
quantum tunneling between two polar states, hence on average 
producing a non-polar state. As SrTiO3 is on the verge of 
becoming a ferroelectric material, ferroelectricity can be 
induced by lattice modification such as applying stress [45], 
substituting Sr for Ca [46], or replacing 16O with 18O isotopes [47]. 
In addition, a ferromagnetic state appears to be formed as well 
in the γ-Al2O3/SrTiO3 heterostructure [21]. This suggests that a 
multiferroic state awaits to be discovered in γ-Al2O3/SrTiO3, 
which combines both ferroelastic, ferroelectric, and 
ferromagnetic properties in a single material system. Of 
particular interest would be to study to what extent the 
ferroelastic, ferroelectric, and ferromagnetic degrees of 
freedom couple together to form, e.g., magnetoelectric effects. 
Although this multiferroic state has yet to be observed in γ-
Al2O3/SrTiO3, several studies point to an intimate coupling 
between the spin, lattice and charge degrees of freedom as 
illustrated in Figure 6. Here, the magnetization is dynamically 
coupled to the lattice through its strain-tunable property as well 
as through its modulation on ferroelastic domain walls [21]. 
Similarly, the charge flow is also modulated by the ferroelastic 
domain walls [25]. Through an electron-phonon coupling, the 
charge further distorts the lattice to form a polaron with an 
enhanced effective mass as the charge flows in the structure 
[10]. Lastly, the spin and charge degrees of freedom are also 
coupled through the anomalous Hall effect and exchange 
coupling of spins with the itinerant charge carriers [21]. Whereas 
the ways these degrees of freedom couple together are not 
exclusive to γ-Al2O3/SrTiO3 but rather occur in other SrTiO3–
based material systems as well [21,44,48–53], all coupled 
degrees of freedom have been observed in a single γ-
Al2O3/SrTiO3 sample. In addition, the coupling between charge 
and spin degrees of freedom through the anomalous Hall effect 
manifests itself in γ-Al2O3/SrTiO3 as a strongly non-linear Hall 
resistance below a threshold temperature, which coincides with 

the emergence of a stripy modulation of the magnetic signal 
picked up by scanning magnetometry [21]. 

 

Conclusion: 

The γ-Al2O3/SrTiO3 heterostructure has already proven to be an 
exciting and multifunctional material system, which is less 
explored compared to the archetypical LaAlO3/SrTiO3 interface. 
Nonetheless, replacing the LaAlO3 film with γ-Al2O3 results in, 
e.g., a severely broken lattice symmetry, reordering of the 
conduction band, and high electron mobility. I here propose to 
further expand the range of properties by 1) investigation of 
heterointerfaces not bound by conventional epitaxial 
constraints, 2) dynamic and thickness-dependent polarity 
switching, 3) electromigrative control of electron donors, 4) 
writing and erasing of conducting and magnetic nanolines, and 
5) realization of co-existing ferroelasticity, ferromagnetism, and 
ferroelectricity in γ-Al2O3/SrTiO3. This renders the material 
property an interesting material platform to explore for scientific 
purposes as well as for applications utilizing ferroelectricity, 
high-mobility electronics, and multiferroicity. 
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Figure 6 – Coupling of spin, lattice and charge degrees of freedom: 
The wide range of properties observed in γ-Al2O3/SrTiO3 arises due to 
the coupling of spin, lattice and charge degrees of freedom. The figure 
is adapted from Ref. [17] with permission from Springer Nature. 
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