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Identifying lonic and Electronic Charge Transfer at Oxide

Heterointerfaces

Marc-André Rose,* Bretislay Smid, Mykhailo Vorokhta, Ivetta Slipukhina, Michael Andrd,
Hendrik Bluhm, Tomds Duchori, Marjana LeZaic, Scott A. Chambers, Regina Dittmann,

David N. Mueller,* and Felix Gunkel*

The ability to tailor oxide heterointerfaces has led to novel properties in low-
dimensional oxide systems. A fundamental understanding of these properties
is based on the concept of electronic charge transfer. However, the electronic
properties of oxide heterointerfaces crucially depend on their ionic constitu-
tion and defect structure: ionic charges contribute to charge transfer and
screening at oxide interfaces, triggering a thermodynamic balance of ionic
and electronic structures. Quantitative understanding of the electronic and
ionic roles regarding charge-transfer phenomena poses a central challenge.
Here, the electronic and ionic structure is simultaneously investigated at the
prototypical charge-transfer heterointerface, LaAlO;/SrTiO;. Applying in situ
photoemission spectroscopy under oxygen ambient, ionic and electronic
charge transfer is deconvoluted in response to the oxygen atmosphere at ele-
vated temperatures. In this way, both the rich and variable chemistry of com-
plex oxides and the associated electronic properties are equally embraced.
The interfacial electron gas is depleted through an ionic rearrangement in the
strontium cation sublattice when oxygen is applied, resulting in an inverse

Heterointerfaces of transition metal oxides
exhibit astonishing and diverse proper-
ties including insulator-to-metal and
nonmagnetic-to-ferromagnetic transitions.
These intriguing characteristics hold great
potential for the implementation of novel
devices with combined functionality for
electronics  applications.?l  Phase-pure
transition metal oxides exhibit a variety
of fascinating phenomena as their elec-
trical properties are highly sensitive to
defect structure and lattice disorder.>”]
However, when two of these materials
are combined at the nanoscale, new elec-
tronic phenomena can arise. The abrupt
interface constitutes a break of symmetry
in chemical, as well as electronic envi-
ronment, resulting in a strong coupling
between orbital, spin, lattice, and ionic
degrees of freedom that dictates the elec-

and reversible balance between cation vacancies and electrons, while the
mobility of ionic species is found to be considerably enhanced as compared
to the bulk. Triggered by these ionic phenomena, the electronic transport and
magnetic signature of the heterointerface are significantly altered.

tronic properties.f®! The downscaling from
bulk materials*® toward nanoscale thin
films®M and functional interfaces!!>4
has opened new opportunities to func-
tionalize oxides, but has also led to new
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Figure 1. a) Schematic illustration of ionic and electronic charge transfer across oxide heterointerfaces. b) Sheet carrier density of 8 uc LAO/STO over
time under different oxygen partial pressures. c) Low-temperature resistivity from a sample of 4 uc LAO/STO, quenched from similar annealing condi-
tions. d) Hall coefficient measured at 5 K, whereas the gray lines indicate a two-channel fitting of the nonlinear Hall effect. The remaining discrepancy
can be associated with the anomalous Hall effect. e) Hall data analysis resulting from a two-channel fitting including the anomalous Hall effect con-

tribution (corresponding fits are displayed as solid lines in (d)).

challenges in understanding ionic—electronic phenomena in
low-dimensional systems. The highly complex interplay of
local defect structure and strongly confined electronic structure
can induce multiple electronic and ionic phenomena at oxide
interfaces.'>1>201 One prime example of such an interface is
the LaAlO3/SrTiO; (LAO/STO) heterointerface where the polar
nature of LAO induces charge transfer into the neighboring
STO, generating a 2D-electron-gas (2DEG) at the interface of
the two nominally insulating compounds.l™>?1-23] Free electrons
are generated without local dopants. As a result, enhanced
mobility!?#?] is observed and quantization effects, field-tunable
superconductivity as well as coexisting ferromagnetism and
superconductivity become accessible in this nanoscale charge-
transfer oxide system.[21:26-30]

However, charge transfer at oxide heterostructures consists
of electronic and ionic contributions (Figure 1a). The ionic
structure of oxide heterostructures is typically controlled kineti-
cally during synthesis®3-33 or thermodynamically during
post-synthesis thermal treatments.33% The latter triggers ion
dynamics tending toward thermodynamic equilibrium, and in
principle heals growth-induced defects such as excess oxygen
vacancies.’ In STO, the resulting defect equilibria are highly
sensitive to the applied thermodynamic conditions, implying
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that the chemistry and ionic structure respond to changes
in ambient conditions.! This leads to the creation of oxygen
vacancies in reducing conditions and Sr vacancies in oxidizing
conditions.*¥38 Sr vacancies are commonly disregarded since
in undoped crystals, they have a lower concentration,?*40 a
higher formation energy, and a lower diffusion coefficient than
oxygen vacancies (for comparison, at 500 °C the respective
vacancy diffusion coefficients are Dy, =3x107 cm®s™ Pl and
Dy, =1x107 ecm’s"*4). However, the presence of electrons
(as induced, e.g., via donor-doping) can drive strongly enhanced
effects of Schottky disorder.>-># At surfaces of n-doped STO,
Sr vacancies were found to be rather mobile while their gen-
eration leads to a depletion of free carriers and upwards band
bending toward the surface.>* This implies that for con-
fined systems the role of ionic species, traditionally regarded
as “slow” with respect to other processes, can be much more
important than for bulk crystals.

In oxide heterostructures, the buried interface generates
additional complexity in characterizing ionic and electronic
charge-transfer contributions, posing a considerable experi-
mental challenge: A detailed depth profiling of electronic struc-
ture and interface chemistry via energy-tunable synchrotron
radiation is indispensable. Moreover, an in situ approach is
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required to comply with the ionic response times to a varied
atmosphere, which can be rather fast even at relatively low
temperatures.*’!

Herein, we show that the electric and magnetic properties of
the LAO/STO interface can be reversibly changed via control
over the ionic charge transfer at the interface. The ionic con-
tribution is controlled by annealing at typical post-deposition
conditions (470 °C, 0.001-1 Torr O,). By using in situ X-ray photo-
electron spectroscopy (XPS) under applied thermodynamic
conditions (near-ambient pressure (NAP)-XPS), we identify the
ionic species contributing to the ionic—electronic charge transfer
and show how the interface chemistry evolves while the ther-
modynamic conditions are varied. Based on spectroscopic depth
profiling, the complex chemistry and nature of ionic charge
transfer are deconvoluted: Diffusion of Sr ions toward the LAO
surface and precipitation of secondary Sr-phases on the sur-
face triggered by the oxygen environment leads to a depletion
of the 2DEG and the formation of Sr vacancies. Motion of Sr
ions across the interface reflects an ionic charge-transfer pro-
cess that accompanies 2DEG formation and directly couples to
electron mobility and magnetic behavior obtained at the inter-
face. This showcases how ionic defect equilibria influence the
electronic charge transfer in confined oxide systems already at
temperatures much lower than observed in the bulk and how
the balance of electronic and ionic species is jointly responsible
for the rich physics of oxide heterostructures.

The inherent tunability of electronic and magnetic prop-
erties of the LAO/STO heterointerface is demonstrated by a
combination of high temperature treatments and low tem-
perature characterization. In electrical conductivity relaxation
(ECR) experiments, LAO/STO heterostructures were exposed to
varying gas compositions in order to achieve different oxygen
activities, while measuring their interface conductivity. All
samples were fabricated by pulsed laser deposition (PLD)
and characterized via atomic force microscopy and Hall
measurements beforehand to ensure high-quality thin films (see
Section S1, Supporting Information). As shown in Figure 1b, a
distinct and reversible electrical response of the 2DEG to changes
in oxygen atmosphere was detected at a temperature of 500 °C
(note that this corresponds to a typical temperature applied to
oxide heterostructures during and after growth).33l Because
of the elevated temperature, we can explore the equilibration
behavior of the interface under different thermodynamic condi-
tions by monitoring the actual electron density over time. Elec-
tronic relaxation typically takes place on picosecond time scales,
so that relaxation behavior on longer time scales is ascribed to
ionic relaxation. When oxidizing conditions (pO, = 1 Torr) are
applied, a rapid decrease in sheet carrier density (n,) is observed,
approaching a value roughly one magnitude lower than in the
pristine state. As reducing conditions (pO, = 1 x 107 Torr,
4% H,/Ar atmosphere, note that the given pO, value refers
to the chemical oxygen partial pressure achieved in this gas
mixture) are applied, the reverse process is observed as ng
recovers its original value. This value of roughly 1 x 10* cm™
achieved in reducing environment, corresponds well to the
Hall data measured in the as-grown sample and is typical for
the 2DEG of LAQ/STO.1203#447 Reference measurements
on bare STO showed significantly lower conductivity under
similar conditions, excluding a contribution from the underlying
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STO substrate to the conductivity measurements (see
Section S2, Supporting Information). The fully reversible
electrical response shows that a reversible ionic process is respon-
sible for the changed electronic properties of the interface.

To further investigate the impact of ionic constitu-
tion on the two distinct states observed in the ECR experi-
ments, samples were quenched in different atmospheres
and their low-temperature transport behaviors were charac-
terized. In Figure 1c, we compare the as-grown state to dif-
ferent post-annealed states obtained from the same sample
(4 uc/1.5 nm LAO on STO). The sample was first annealed in
a furnace (oxidation at pO, = 1 Torr, 470 °C) that allows rapid
quenching to room temperature by quickly moving the sample
from the hot to the cold region of the furnace. This process
effectively freezes the ionic state established at elevated tem-
peratures within seconds (<10 s).*® After the measurement,
the same sample was annealed under UHV conditions (reduc-
tion at 1 x 1078 Torr base pressure, 470 °C) and then quenched
again, thereby imitating the oxidized and reduced states applied
in the ECR experiment (Figure 1b). The low-temperature char-
acterization demonstrates a change in resistivity induced by the
annealing process in oxidizing conditions that fully recovers
after subsequent annealing in UHV, again emphasizing the
reversibility of the thermodynamic process (Figure 1c). Addi-
tional low-temperature Hall measurements give insight into
electron scattering processes (low-temperature mobility) and
reveal potential signatures of magnetism (anomalous Hall
effect) at the interface.***->1 A two-carrier fitting model con-
sisting of high-density—low-mobility (n;, 1) and low-density—
high-mobility (n,, 1) electrons, including an anomalous Hall
contribution, was applied to the Hall coefficient (Ry) as seen
in Figure 1d. Further details on the evaluation of the nonlinear
Hall effect and anomalous Hall component are presented in
Section S3, Supporting Information. The resulting fitting param-
eters are depicted in Figure le. Both carrier density (n,) and
mobility (i, 1) dropped when the sample was exposed to the
oxidizing anneal. Moreover, both parameters recover when the
sample was subsequently annealed in UHV. Hence, the 2DEG
at the LAO/STO interface is depleted through annealing in oxi-
dizing conditions, indicating a variable (and reversible) contri-
bution from electronic charge transfer at the interface. At the
same time, the mobility change indicates that additional defects
are incorporated at the interface when exposed to oxygen-rich
atmosphere. An alternative explanation for the lowered mobility
would be an orbital reconstruction through the changed carrier
density. This was discussed for example by Doennig et al.”?
where it was suggested that a change in local carrier density
may lead to a population of different bands in the Ti 3d-orbital,
changing the effective mass of electrons occupying the 2DEG.

Remarkably, the oxidized sample also shows an enhanced
anomalous Hall component, characterized by the critical field
B, and the amplitude Ry (Figure le) after oxygen-rich treat-
ment that also varies in a reversible manner after the subse-
quent reducing treatment. The anomalous Hall contribution is
related to the presence of magnetic moments in the system that
leads to a spin polarization of charge carriers, which could be
seen in multiple studies where a direct scaling of magnetism to
the anomalous Hall coefficient could be seen.>*> Also, in the
context of oxide heterostructures, the AHE is used to identify
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Figure 2. a) Sketch of the NAP-XPS setup and sample geometry. b) Experimental data and fitting of the Sr 3d spectra for a sample of 6 uc LAO on STO.
c) Fitting of the Ti 2p core-level spectra from the same sample. d) Area ratios of the obtained fits over the applied pressure steps. ) Sr 3d doublet
intensities normalized to the La 4d spectra over increasing sample thicknesses. f) Fitting of the Sr 3d core-level spectra of a 4 uc LAO/STO sample

under synchrotron radiation.

magnetism in transport properties.*->15¢ These results are
consistent with the behavior of LAO/STO samples in thermo-
dynamic equilibrium commonly observed at higher annealing
temperatures.’*] Based on low-temperature transport analysis,
an altered state of the interface characterized by lower mobility,
enhanced magnetic signature, and a depleted 2DEG (lower car-
rier density) are obtained in the oxidized condition.

The key question arising from these results is how the
sample changes structurally and chemically in these different
environments: Sample-to-sample variations can be excluded
as these data were recorded for the same sample and only dif-
ferent post-annealing procedures were applied. Furthermore,
the effect of removing growth-induced excess oxygen vacancies
during annealing can be excluded due to the observed reversi-
bility (excess oxygen vacancies would not have any driving force
to recover after being removed).**3>%8] In order to investigate
this phenomenon in more detail, we employ NAP-XPS which
enables probing interface chemistry in presence of gases while
the thermal processing is carried out.

The chemical and electronic reconstruction of the inter-
face under the applied atmospheres was investigated using
NAP-XPS (Figure 2a) with which we probed the chemical and
electronic states of the buried heterointerface directly while
supplying oxygen and heat in situ (T = 470 °C, pO, < 4 Torr).
Major changes in peak shapes were detected in the Sr 3d and
Ti 2p core-level spectra (Figure 2b,c), while the Al 2p and La 4d
spectra did not change in any significant way as the oxygen
pressure was varied (Section S4, Supporting Information).
The O 1s spectra showed a slight broadening while exposed
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to oxygen as shown in detail in Section S4, Supporting Infor-
mation. All spectra showed shifts to lower binding energies
(BEs) by different amounts which will be discussed in detail
below. Most interestingly, however, NAP-XPS reveals correlated
changes in the Sr 3d and the Ti 2p core-level spectra as the
oxygen atmosphere was varied (Figure 2b,c). These correlated
changes include the concomitant appearance of an additional
Sr feature at lower BE (low-BE-Sr, red area in Figure 2b) and
disappearance of a substantial Ti 2p contribution from Ti*" ions
(red area in Figure 2c), also at lower BE,”” when the hetero-
structure is exposed to oxygen. It is observed that the Ti*" con-
tribution is strong in more reducing conditions (UHV), while
the low-BE-Sr component is weak. In contrast, under applied
oxygen, the Ti** component is weak and the low-BE-Sr compo-
nent becomes much more intense. Moreover, the appearance
of the low-BE-Sr is reversibly correlated to the depletion of car-
riers from the 2DEG, as detected by the weakening of the Ti**
feature (Figure 2d). This correlation is observed in all samples
and shows little or no sign of degradation for all three oxida-
tion-reduction cycles that were measured in our experiment
(Figure 2d). This result suggests a coupling of the electronic
response of the interface (via Ti**) and the associated chemical
response (via low-BE-Sr).

In order to elucidate the chemical structure of the interface,
synchrotron-based NAP-XPS was employed for which the infor-
mation depth increases with increasing incident photon energy
(PE). The results for the Sr 3d core-level spectra are displayed
in Figure 2f. More surface-sensitive measurements are made
at lower PE (440 eV) and more bulk-sensitive measurements at
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Figure 3. a) Background corrected Ti 2p and Al 2p spectra of 6 uc LAO on STO. b) VBO over oxygen partial pressure, calculated from binding energy
shifts determined in (a) for varying LAO thicknesses. c) Band structure sketches interpreting the shifts seen in (b).

higher PE (870 eV) (left to right in Figure 2f). Again, elevated
temperature (470 °C) and different oxygen partial pressures
ranging from UHV to 1 Torr of oxygen were used, reflecting
reducing and increasingly oxidizing conditions (top to bottom
in Figure 2f). Three doublets are necessary to accurately repro-
duce the Sr 3d line shape at different probing depths and oxygen
partial pressures. In the oxygen-poor environment, the Sr 3d
spectrum exhibits the classical shape consisting of two doublets
reflecting Sr in the STO crystal lattice and a surface/interface
component at higher BE (grey area in Figure 2f). The high-BE
component is interpreted as Sr in a chemical environment that
differs from that in bulk STO, meaning a changed Madelung
potential®®®! which in this case may be caused by the proximity
of the neighboring oxide layer and the altered potential experi-
enced by Sr ions inside of the interfacial well. In the oxygen-
rich environment, however, the lower BE feature (red area
Figure 2f) appears and makes a significant areal contribution
to the total spectrum in most surface-sensitive measurements
(bottom-left in Figure 2f). Significantly, the intensity of the
low-BE-Sr component scales with the oxygen partial pressure,
thereby corroborating that this secondary Sr species is formed
through the oxidation process (pO,-dependence) and accumu-
lates in proximity of the heterostructure’s surface (PE-depend-
ence). At the same time, the intensity of the secondary compo-
nent at higher BE is diminished when oxygen is reintroduced.
In order to determine the depth distributions of these three
species within the heterostructure in more detail, different LAO
thicknesses were investigated and the spectral intensity scaling
with overlayer thickness was analyzed (cf. ref. [62]). In this case,
an interfacial phase is expected to be attenuated exponentially
with LAO film thickness, whereas a surface phase is expected
to show similar intensity, independent of overlayer thickness.
As we find, the bulk component and the high-BE-Sr component
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(observed in reducing conditions) show exponential attenuation
with LAO film thickness, whereas the low-BE-Sr component
(observed in oxidizing conditions) does not scale significantly
with LAO thickness, indicating that this component is located
close to or at the surface (Figure 2e). A more detailed analysis
can be found in Section S5, Supporting Information. Therefore,
the low-BE-Sr component shows the characteristics of a Sr
species that is displaced from the interface, indicating diffusion
of Sr ions through the LAO thin film and eventual precipita-
tion on the surface of the heterostructure. The Sr vacancies left
behind at the interface trap itinerant electrons from the 2DEG
upon formation, which is consistent with the diminished Ti**
signature observed in the Ti 2p spectra.®’l The spectral data
reveal that this process is fully reversible, indicating that Sr
moves from the interface to the surface and back again as the
oxygen gas activity is cycled.

The apparent diffusion of Sr ions from the interface results
in the low-BE-Sr species having a different local structural envi-
ronment than in STO and this result holds the key to under-
standing the unusual BE of this feature.®¥l A similar Sr 3d shift
to lower BE was also reported for STO overlayers on LAO/STO
heterostructures!®! and for lanthanum strontium ferrite thin
films on STO. These shifts are influenced by band align-
ment across the heterostructure as effective band shifts affect
the energies of all core-levels. In order to disentangle chemical
from electronic BE shifts, a detailed assessment of the band
alignment at the interface is required.

The electronic structure of the heterojunction in the different
thermodynamic environments can be determined from the
apparent BEs as the ambient pO, is varied. In accordance with
the literature, we assume a close to flat band scenario within the
LAO layer under UHV conditions, which is motivated by the
absence of significant core-level broadening.[¢-%! In Figure 3a,
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we show Al 2p and Ti 2p spectra as a function of oxygen par-
tial pressure for 6 uc LAO/STO. In the absence of interfacial
chemistry, BE shifts reflect changes in the electrostatic potential
of the LAO and STO, respectively. The Ti 2p spectrum shifts
about 0.1 eV to lower BE as oxygen is introduced. In contrast,
the Al 2p spectrum shifts by about 0.6 eV to lower BE. More-
over, the Al 2p peak shift in oxygen ambient increases to =1 eV
with increasing LAO overlayer thickness (see Section S6, Sup-
porting Information) whereas the Ti 2p shift remains small and
is independent of LAO overlayer thickness. The same behavior
is observed when using the Sr 3d and La 4d spectra to monitor
the STO and LAO, respectively (cf. Section S6, Supporting
Information). A shift in the apparent BE to lower values for any
of these core-levels reflects movement of the Fermi level deeper
into the bandgap,**! and is consistent with a depletion of the
2DEG when oxygen is applied. The general trend observed, is
thus consistent with the disappearance of the significant
Ti3* contribution under oxidizing conditions (Figure 2c).
However, the monotonicchangein energy difference between film
and substrate core-levels with oxygen partial pressure, indi-
cated by the arrows in Figure 3a, signals a change in the band
alignment.

Two possible scenarios may be considered to explain this
behavior: i) the development of an electric field in the LAO layer,
and, ii) a changing valence band offset (VBO) at the interface.
In the first case, a broadening of the Al 2p and La 4d features is
expected, provided the magnitude of the built-in potential is not
much smaller than the characteristic peak width.[®] However,
no peak broadening is observed (see Section S4, Supporting
Information) and this result establishes an upper limit for the
built-in potential in the LAO. In the second case, the VBO can
be determined from the energy differences between the
substrate and film peaksl®® (see Section S7, Supporting
Information). The resulting VBOs obtained for different LAO
overlayer thicknesses and different oxygen atmospheres are
shown in Figure 3b. In the literature, the VBO between LAO
and STO is typically found to be close to zero and is attributed
to the similar O 2p character of the valence band in both
oxides.%87 A VBO close to zero is also determined from our
spectra measured in UHV. In oxygen atmosphere, however, an
increase in VBO of =0.6 eV is measured, and the VBO rises to
0.9 eV with increasing LAO thickness.

As seen in Figure 3b, the energy difference between the bulk
component and the low-BE component observed in the Sr 3d
core-level spectra (shown as red data points) correlates with the
VBO as expected, if the low-BE feature is due to Sr atoms in
lattice sites on or near the LAO surface. This indicates that Sr
ions occupy lattice sites with a Madelung potential comparable
to that at A-lattice sites in the perovskite structure, namely, La
vacancy sites in the LAO layer or surface sites with comparable
coordination.[6+6>68]

The thickness dependence of the observed BE differences
(Ti 2p — Al 2p and Sr 3d — La 4d) is probably not solely due to
changes in VBO as there is no obvious reason why the VBO
should depend on the LAO thickness. In contrast, this result
may be due to the development of a small, uncompensated
field across the LAO layer as oxygen atmosphere is applied. We
note that simulations of the Al 2p line shape show that a built-
in potential of 0.1 eV nm™ can induce the observed BE shifts
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without measurably broadening the spectrum (see Section S8,
Supporting Information). Considering that a field across the
LAO layer could change from tilting downwards to upwards, this
yields a lower detection limit of a 0.2 eV nm™ gradient. A com-
plete attribution of the observed shifts to a linear potential, how-
ever, would result in an even higher slope of 0.3-0.4 eV nm},
which should be detectable through significant peak broadening.

This uncompensated field could be due to the partial filling
of LAO surface oxygen vacancies (which have been suggested
as the driver behind electronic reconstruction)’!! when exposed
to oxygen atmosphere.[©¢]

The BE of the low-BE-Sr component is at a highly unusual
value, as throughout the current literature secondary compo-
nents in STO based systems are almost exclusively reported at
the higher BE side with respect to bulk STO.[60.61 Exotic defect
states, such as complex Sr/Ti anti-site defects were reported to
yield low BEs,/? but these are unlikely to form in a reversible
manner under the light thermodynamic treatments in our study.
Therefore, we assign the observed low-BE component to be a
result of the band structure of the LAO/STO heterostructure
and particularly to Sr components located in or on the LAO
layer. A similar phenomenon to occur during growth was found
by Treske et al.] The dynamic and reversible change in the St
core-level with pO,, however, indicates that the precipitation/
out-diffusion of Sr ions is not fixed after growth, but actively
contributes to thermodynamic equilibration of the interface.

It is evident from our low-temperature conductivity measure-
ments that annealing in oxidizing conditions leads to a deple-
tion of the 2DEG, a lowered electron mobility, and an enhanced
magnetic signature in the 2DEG. These aspects can be directly
linked to our chemical analysis by NAP-XPS, in which the
depletion of free carriers is detected and correlated to the dif-
fusion of Sr ions to the surface and subsequent precipitation
as secondary phase in oxidizing environment. While the low-
ered carrier density and mobility can be intuitively linked to the
incorporation of Sr vacancies, the origin of the magnetic signa-
ture could also be only indirectly related to the cation migration
due to effects like local strain, or stronger localization caused by
the lowered mobility.

Previous studies have suggested that the Schottky equi-
librium of the Sr cation lattice could explain some of the
behavior observed at elevated temperature.''”3l The complex
nature of the heterointerfaces, however, may implicate other
defect-scenarios with contributions from both STO and LAO
defect sites. Given the reported importance of oxygen vacancies
for the properties of LAO/STO interfaces,>>7#7%] it needs to be
considered if annihilation and incorporation of oxygen vacan-
cies alone can explain all observed data consistently. For one,
however, the reversibility of the appearance of the Ti** signature
in the Ti 3d core-level rules out a mere effect of growth-induced
excess oxygen vacancies on the STO side of the interface.
Second, the concentration of oxygen vacancies in the bulk of the
LAO thin film compensating for the cation nonstoichiometry
of the thin film® is widely fixed and cannot explain the varying
electron concentration alone. Finally, oxygen vacancies formed
at the surface of LAO to compensate charge on the LAO side
of the interfacel®®”!l may vary in different oxygen ambient and
therefore influence the density of itinerant electrons at the
interface. However, none of these scenarios can explain the
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Figure 4. Illustration of possible Sr configurations and the resulting par-
tial Schottky equilibria considering surface precipitation of SrO (right-
hand process in sketch, Equation 1) or the involvement of LAO defect
sites (left-hand process in sketch, Equation 2).

distinct and reversible behavior of the Sr 3d core-level spectra.
This strongly indicates that while oxygen vacancies may play a
crucial role in providing “positive” charge on the LAO side of
the interface, Sr ions (vacancies) are involved to partially pro-
vide the negative counter-charge on the STO side of the inter-
face. The dynamic response of the Sr 3d core-level to a varied
oxygen pressure implies the sufficient mobility of Sr ions under
experimental conditions.

Figure 4 illustrates two scenarios, describing the release
of Sr ions from the STO lattice upon exposure to oxygen. The
formation of Sr vacancy defects upon interaction with ambient
oxygen (O,(g)) and the consumption of electrons are described
in Equation 1 in Figure 4. As a result, the removed Sr cations
(Sr) typically form SrO surface precipitates (SrOg,). The
primary driving force for this process is the uptake of oxygen
from the ambient, controlled by the surrounding oxygen par-
tial pressure and concentration of available electrons. Since
a highly dense electron gas is present directly at the interface
in the LAO/STO system, a large driving force for the Schottky
equilibrium to form Sr vacancy defects is present. This diffu-
sion of Sr ions from the interface through the heterostructure
involves an additional intermediate reaction step involving LAO
defect sites: Sr diffusion must take place via La vacancies within
the LAO layer, which are naturally formed during synthesis
of the thin films,”*”7% and even support 2DEG formation.””! At the
same time, the LAO thin film contains a finite reservoir of oxygen
vacancies, first, to compensate cation-nonstoichiometry!'-”77’]
and, second, to compensate the interface dipole at the surface of
the LAO thin film."l The diffusion of Sr ions from the interface
and concomitant uptake of oxygen by filling oxygen vacancies

Adv. Mater. 2021, 33, 2004132 2004132 (7 of 1)

www.advmat.de

in the LAO layer is facilitated through the presence of both La
vacancies and oxygen vacancies in the LAO overlayer. Note that
consistent with literaturel”””°! a stoichiometry evaluation based
on XPS data revealed a slightly La-poor composition of our
thin films, which generally permits La vacancies to form. The
resulting defect reaction can be expressed as shown in Equation
2 in Figure 4. The incorporation of Sr on a La vacancy site and
the uptake of oxygen results in an unchanged net polarization
in the LAO layer, leaving the general charge-transfer process
unaffected.””77%1 Upon diffusion of Sr ions toward the surface
via La vacancy sites, this process eventually transforms into
Equation 1, once Sr starts to agglomerate at the surface of the
LAO layer. Both equations describe the thermodynamic equilib-
rium state in a given oxygen partial pressure leading to a higher
concentration of Sr vacancies in higher pO,, as the chemical
reaction is driven more to the right-hand side. The reverse pro-
cess, a lowered Sr vacancy concentration and reincorporation of
Sr in more reducing conditions can be understood in the same
manner, where the reaction is driven more to the left-hand side
of the equations.

In order to corroborate that this microscopic picture is
energetically favored, we performed density functional theory
(DFT) calculations for the atomic configurations, shown in
Figures 5a—e, including their respective total energy (the
lowest energy is set to zero). We first compare the ideal het-
erostructure including an O, molecule in vicinity of the surface
(Figure 5a) with two resulting configurations due to the oxygen
exposure. These include an adsorbed oxygen atom at the sur-
face (Figure 5b) and a defective heterostructure in which a Sr
ion is moved from the interface to the surface and is bound
to one oxygen atom (Figure 5c). This configuration mimics
the process described by Equation 1 in Figure 4. Second, we
compare a heterostructure with a La—O Schottky defect in the
overlayer, also in the presence of an O, molecule near the sur-
face (Figure 5d), to the interface configuration with a Sr moved
into a La vacancy site with the oxygen vacancy filled (Figure 5Se).
This imitates the process described by Equation 2 in Figure 4.
The resulting total energies clearly indicate that the formation
of a Sr vacancy defect at the interface and subsequent precipita-
tion into the LAO overlayer and at the surface is energetically
favorable for the LAO/STO heterostructure upon oxidization.
Both processes result in an exothermic reaction bringing the
total energy of the system to a minimum and therefore support
the proposed interpretation.

To analyze the effect of Sr precipitation to the LAO surface
on the electronic properties of LAO/STO, we calculated the
spin-polarized electronic density of states (DOS), shown in
Figure 5f,g. For the ideal LAO/STO heterostructure one can
observe a shift of the LAO band edge deeper into the bandgap
(potential build-up). This results in an overlap of the LAO surface
states and the interfacial TiO, conduction band states, enabling
the electronic charge transfer (Figure 5f) and conductivity due to
the partially filled Ti 3d states. The electronic DOS changes dras-
tically, when Sr precipitation as shown in Figure 5c is introduced
(Figure 5g). While eliminating the electronic potential build-up
and reducing the overlap between LAO valence and STO con-
duction states, a diminished occupation of Ti 3d states at the
interface is observed. This result stands in agreement with the
2DEG depletion upon oxidization as could be observed through

© 2020 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 5. a—e) Relative energetic stability of LAO/STO slab under oxidizing conditions obtained from DFT: ideal interface with an oxygen molecule
nearby (a); ideal interface with the atomic oxygen, adsorbed on an AlO,-terminated surface atop the Al site (b); interface with a single Sr vacancy and
SrO precipitate on an AlO,-terminated surface (c); ideal interface with La and O vacancies in the LaO overlayer upon oxidizing conditions (d); the
interface with a Sr moved from the interface to a La vacancy site together with oxygen occupying the O vacancy site in the LaO overlayer (e). The values
are obtained at Ur; = 4 eV. The numbers in parentheses were obtained at Ur; = 7.4 eV for comparison (cf. Experimental Section). Note: For simplicity
only the surface and the upper layers of the simulation slab are shown. f,g) Structural model and the layer-resolved spin-polarized DOS for LAO/STO
slab under oxidizing conditions (obtained at Ur; = 4 eV). Ideal interface with an oxygen molecule nearby (similar to (a)) (f); the interface with a single
Srvacancy and SrO precipitate on an AlO,-terminated surface (similar to (c)) (g). The red dashed line represents the Fermi level position. The upper
(lower) part of each graph corresponds to spin-up (spin-down) DOS, correspondingly.

the diminished Ti** ions (Figure 2c) and supports that the poten-  fields, and the presence of defects have the potential to enhance
tial build-up can be ionically compensated through an active  and trigger ionic processes not accessible at similar tempera-
Schottky equilibrium (Equations 1 and 2 in Figure 4). tures in bulk materials. The mobility of ionic species is strongly
Our results hence show that Sr ions can be much more enhanced in defective heterostructures, allowing Sr cations
active at the spatially confined interfacial region of oxide het-  to penetrate through the LAO overlayer to the surface, driven
erostructures compared to bulk crystals. The macroscopic by the altered energetics and defect dynamics at the confined
diffusion coefficient in bulk STO renders Sr vacancies effec-  interface. The associated ionic charge transfer has direct impact
tively immobile at temperatures well below 1000 °C. However,  on the electronic properties of the interface and is accompanied
in LAO/STO the mobility of Sr ions and vacancies is remark- by emergent magnetism, underscoring the strong coupling of
ably enhanced, even allowing the migration of ionic species  electronic and ionic structure in oxide heterointerfaces. Care-
into and through the LAO overlayer, showcasing unusually high  fully conceived thermodynamic treatments can therefore tailor
mobility of cations. This result may apply to surfaces™*>#) and  the properties of the interface to allow control of the carrier den-
complex oxide interfaces in general. In the case of LAO/STO, it  sity and mobility and to trigger magnetic properties. NAP-XPS
is resolving the polar catastrophe via ionic charge transfer that  serves as a powerful tool to deconvolute the contributions of
drives the system into a fully reversible, more defective state  ionic motion and defect structure to the electrical properties.
with enhanced lattice disorder in the cation sublattice (when  Our results show how both electric and ionic contributions
exposed to oxygen). This phenomenon arises from the fact that  must be considered when dealing with the chemical complexity
in complex oxides both electronic and ionic species can con-  of oxide heterostructures and their interfaces. Beyond emer-
tribute to charge-transfer processes. gent electronic phenomena, novel nano-ionic processes may
Our investigation reveals that a purely electronic paradigm  also arise in nanoscale oxide structures, being derived from
to understand the nature of charge transfer at oxide hetero-  the enhanced mobility and driving forces for ionic motion. The
structures is insufficient to fully explain the observed emergent  high mobility of Sr ions observed in LAO/STO is illustrative of
phenomena: Ionic charge-transfer plays a crucial role for these  the rich physics and chemistry that occur in the transition from
systems, having direct impact on electrical and magnetic prop-  bulk to engineered nanoscale structures.
erties. Tonic—electronic charge transfer is much more effective
in driving functional properties at oxide heterostructures than
might be expected based on bulk behavior, and results in a
complex correlation between electronic/magnetic phenomena
and details of ionic structure. As demonstrated, confinement Pulsed Laser Deposition: All samples were grown by PLD (Surface
and lower dimensionality, broken symmetry, large local electric ~ Systems and Technology GmbH & Co. KG, Germany) under similar

Experimental Section
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growth conditions on TiO,-terminated STO (100) single crystals. A
KrF excimer laser (Aj,ser = 248 nm) was used with a repetition rate of
1 Hz on a single crystalline LAO target with a spot size of 2 mm? and
a laser fluence of 0.96 ] cm™2. Target-to-substrate distance was set to
44 mm, under an oxygen partial pressure of 1 x 107> mbar. A backside
laser heater was used to heat the substrates up to 800 °C. All samples
were subsequently held in deposition conditions for 1 h to refill oxygen
vacancies induced through the growth process.l The growth process
was monitored using high pressure reflection high-energy electron
diffraction. Clear intensity oscillations of the primary reflected spot
were observed for all samples indicating a layer-by-layer growth mode.
Representative data for a 8 uc thick LAO layer on STO can be found in
Section S1, Supporting Information.

Hall Measurements: The samples were bonded using ultrasonic
aluminum wire bonding. For low-temperature measurements, a PPMS
(Quantum design) was used whereas samples were contacted by
wire bonding in a mimicked Hall bar geometry.’¥ The samples were
cooled down to 5 K and magnetic fields from —9 to 9 T were applied.
The magnetic field was also applied at temperatures of 6, 7, 8, 9, 10, 15,
30, 100, and 300 K. The recorded Hall data was anti-symmetrized and
modeled by a two-electron-channel approach and an anomalous Hall
effect contribution represented by Rape =R, tanh(B/B.) as described
in ref. [50]. Further details on data analysis are given in Section S3,
Supporting Information.

Near-Ambient Pressure X-ray Photoelectron Spectroscopy: NAP-XPS was
carried out at Charles University, Prague, CZ using a lab-based system
(SPECS Surface Nano Analysis GmbH, Al-Ka source) and at Advanced
Light Source (ALS), Beamline 11.0.2., Berkeley, USA for synchrotron-
based experiments.Bl In both cases, NAP-XPS was similar to
conventional XPS, but employs differential pumping in close proximity
to the sample to allow sufficient photoelectron yield at increased gas
pressure. To prevent charging effects two stripes of platinum were
sputtered on all samples using a shadow mask and grounding contacts
were applied. A set of samples with different LAO thicknesses (4, 6, 8,
10, and 12 uc LAO) was characterized to ensure comparable properties.
These samples were then exposed to oxygen partial pressure, while being
spectroscopically investigated. The La 4d, Al 2p, O 1s, Sr 3d, and Ti 2p
core-level spectra and VB spectra were recorded. Prior to experiment,
all samples were heated and exposed to oxygen to remove carbonates
from the surface. During measurements the samples were kept at a
constant temperature of 470 °C. This was the highest safely accessible
temperature, which was chosen to be as close as possible to growth and
annealing conditions. Experimental parameters at the ALS experiments
were: pass energy = 20 eV, step size = 0.05 eV, and dwell time =100 ms;
and for Prague experiments: pass energy = 20 eV, step size = 0.05 eV,
and dwell time = 200 ms.

Electrical Conductivity Relaxation: ECR experiments monitor the
electronic response of the sample that was heated up to a defined
temperature in a furnace where the atmosphere could be changed
through inlet of different gas compositions. While the sample was
reacting with its surrounding atmosphere the corresponding changes
in conductance could be directly monitored using platinum wires and
electrodes. The measured sheet resistivity was transferred into sheet
carrier density (n) using the temperature depending electron mobility
reported in ref. [82]. To achieve oxidizing conditions, mixtures of oxygen
and argon gas were used. For the reducing conditions, a mixture of
hydrogen and argon was applied to mimic UHV-like conditions. Samples
were contacted via four-point geometry. The transition between different
gas atmospheres was realized using a four-port valve to switch between
two parallel flow channels, allowing rapid switching between gas flows.
Therefore, the change of present gas atmosphere could be viewed as
instantaneous with respect to the equilibration speed of the material
under analysis.

Density  Functional Theory: DFT calculations were performed
with the Vienna Ab initio Software Package®># using the
Perdew—Burke—Ernzerhof exchange-correlation functional®l and the
projector augmented wave pseudopotentials.”l The energy cut-off
and the Monkhorst—Pack k-points mesh were chosen to be 500 eV
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and 6 X 6 x 1 (9 x 9 x 1 for DOS calculations), correspondingly. The
electronic energy was converged to 107> eV, using Gaussian smearing
with o = 0.05 eV, and the atomic positions were relaxed until the
forces on atoms were not larger than 5 x 1072 eV A”. As a structural
model for the LAO/STO interface, the authors had used the symmetric
(LAO)5.0/(STO)5.5 slab with two identical TiO,/LAO interfaces and a
vacuum region between the slab and its periodic image of about 20 A.
The shape and the size of the simulation slab of tetragonal symmetry
were unchanged during atomic relaxation, with the in-plane constant of
the 2 x 2 lattice fixed to a = 3.905 A. The electronic correlation was taken
into account by using the GGA+U method in Dudarev’s approach,®
where the on-site Coulomb interaction parameter U was taken to
be 4 eV for Ti 3d-orbitals and 8 eV for the La 4forbitals. Additionally,
the calculations were performed for the value of Uy = 7.4 eV (usually
used for the correction of the bandgap of STO). The simulations
were conducted for the following systems: a) the ideal interface at the
presence of a O, molecule near the AlO,-terminated surface to imitate
LAO/STO in oxidizing environment; b) the ideal interface with atomic
O, placed atop the Al site, modeling oxygen adsorption on the AlO,-
terminated surface; ) the interface with a single Sr ion, removed from
the interfacial SrO layer (Sr vacancy) and placed at the central site on
top of the AlO; surface layer in the near vicinity of the adsorbed O atom,
modeling the Sr precipitation on the surface; d) the ideal interface and
La—O vacancy in the LaO overlayer at the presence of O, molecule
nearby; and e) interface with removed Sr, placed at the La site in LaO
overlayer together with O at the O vacancy site.

Supporting Information

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