RESEARCH ARTICLE

FUNCTIONAL

www.afm-journal.de

Oxygen lon Pumping across Atomically Designed Oxide

Heterointerfaces

Yongshun Wu, Yang Zhang, Jianbing Zhang, Yingjie Lyu, Cong Li, Sijie Wu, Yupu Wang,
Meng Wang, Youwen Long, Tianxiang Nan, Di Yi, Junyi Zhu, Qing He, Shuyun Zhou,

and Pu Yu*

Complex oxide heterointerfaces and heterostructures have demonstrated
enormous emergent phenomena over the last decades, attributed

to the reconstructions of mis-matched crystalline structure, polarity, and spin
ordering across the heterointerfaces. This work employs the heterostructures
of La, ;Sro;MnO; and CaFeO, ; as model system to demonstrate an interface-
specific oxygen migration/reconstruction across the interfaces due to the
mismatched chemical potential, which dramatically influences the ferromag-
netic and electronic states of La, ;Sr, ; MnO; layer. Specifically, the alternative
stacking of octahedral (O,) and tetrahedral (T,) layers in CaFeO, ; are used to
form two distinct heterointerfaces, namely the O,-T, and the O,-O,, interfaces
with the adjacent La, ;Sr, ;MnO; layer. Interestingly, the oxygen ion migrates
toward opposite directions across the interface for these two cases, in which

1. Introduction

Over the past few decades, complex ox-
ide heterostructures/heterointerfaces have
been developed as an exciting platform to
design and explore emergent phenomena
and advanced functionalities absent in cor-
responding bulk materials."**! This excel-
lent opportunity is primarily offered by the
mismatched lattice, charge, and spin de-
grees of freedom across the heterointer-
faces. For instance, the mismatched lattice
constant leads to epitaxial strain and en-
forces the lattice deformation into the func-
tional layer to manipulate its magnetic and

the CaFeO, ; layer acts as an “oxygen pump” and manipulates the oxygen
contents of its adjacent La, ;Sr, ;MnO; layers. Such manipulation leads to a
dramatically changed ferromagnetic transition temperature for the heterostruc-
ture with the O,-T,; and O,-O,, interface. This work establishes a feasible and
efficient strategy to control the oxygen ionic distribution through atomic-scale
interface design and opens up new opportunities to exploit emergent states
at the complex oxide heterostructures through selective oxygen ion evolution.

electronic states®”); while the discontinu-
ity of the spin ordering at the interface
can lead to spin frustrations with emer-
gent magnetism.[®°! Besides these, the mis-
matched charge degree of freedom (elec-
trostatic potential) is particularly fascinat-
ing because it can result in charge trans-
fer across the interface, leading to substan-
tial modification of the electronic states in
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the heterostructures.[>1%13] For instance, attaching a polar ma-
terial (e.g., LaAlO;, LAO) to a non-polar material (e.g., SrTiO;,
STO) can result in distinct charge reconstructions depending on
the atomic stacking sequence at the interface. Specifically, when
a few unit cells of LAO are grown on TiO, terminated STO, 2D
electron gas (2DEG) is formed at the interface,!?! which was first
attributed to the electron transfer from the LAO surface to the
interface based on the so-called polar catastrophe mechanism.!*"]
However, it is nowadays widely recognized that oxygen ion also
plays a critical role in the formation of 2DEG.[14-16]

Manipulating oxygen vacancy, the most common defect in
complex oxides, is a straightforward pathway to tailor the prop-
erties of oxides, such as magnetism,['”!8] superconductivity,!**’
metal-to-insulator transition,!?! ionic conductivity,?!! and even
ferroelectricity.[??! Such efficient manipulation arises from two
primary factors. First, the creation/annihilation of an oxygen va-
cancy donates two electrons/holes into the system,[?324] thereby
contributing substantially to the carrier filling. Second, the
long-range ordered oxygen vacancies can dramatically change
the crystalline symmetry, such as transforming perovskite into
grenier,[?] brownmillerites!?-2%] and even planar infinite layered
structures.[?-31] Because of its charged nature, oxygen vacancy
is always coupled with the charge reconstruction across the in-
terface driven by the gradient of electrostatic potential. Addition-
ally, oxygen vacancy can also migrate through the crystal due
to the gradient chemical potential of oxygen ions, which is in-
tuitively correlated to the bonding energy of oxygen ions with
the transition metal ions.??l Although artificial control of the
oxygen ionic migration is challenging, previous studies have al-
ready demonstrated that the chemical potential mismatch be-
tween adjacent compounds can lead to oxygen ionic migration
across the heterointerfaces.>%"] Inspired by the concept of polar-
catastrophe-governed 2DEG, one might come up with the ques-
tion that whether this oxygen vacancy migration can be controlled
by the atomic stacking at the heterointerfaces. In this work, we
employ the heterostructures of the perovskite La,,Sr,,;MnO,
(LSMO) and brownmillerite (BM) CaFeO, ; (CFO) as a model sys-
tem to demonstrate an elegant way of controlling the oxygen ionic
migration at the heterointerface by delicately design the polyhe-
dral stackings at the heterointerface, which effectively manipu-
late the magnetic and electronic states of the adjacent LSMO lay-
ers.

In this model system, the control of oxygen ion migration
direction across the heterointerface is achieved by agilely ma-
nipulating the oxygen chemical potential gradient between the
adjacent layers. The brownmillerite structure, with alternately
stacked by octahedral (O,) and tetrahedral (T,) layers, inherently
presents a great candidate due to the associated distinct coordina-
tion environments. In this study, brownmillerite CaFeO, ; (CFO)
was chosen as part of the model system, in which the Fe ions have
the coordination numbers of both 6 and 4, corresponding to the
octahedral (FeO;) and tetrahedral (FeO,) layers, respectively. De-
spite the distinct local chemical environments, previous studies
revealed that the Fe ions hold the robust and identical valence
state of Fe**, 38 which indicates a substantial electron transfer
(around one electron per Fe) from the tetrahedral to octahedral
layers, predominately via the apical oxygen ions. This fact nat-
urally leads to different chemical potentials for oxygen ions in
these layers (T, and O,), which nicely fits our design philosophy.
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Indeed, previous calculations also confirmed that the oxygen va-
cancy formation energy of equatorial oxygen in FeO, T, is notably
lower than that in FeO4 O,.1°! To effectively prove the proposed
concept, we choose perovskite La, ,Sr, ;MnO; (LSMO) as the sec-
ond element of the heterostructure system, as its magnetic and
electronic properties are very sensitive to oxygen content.

2. Results and Discussion

We successfully achieve the dual-directional oxygen migration in
the perovskite-brownmillerite heterointerfaces by designing two
different interfaces, namely T;-O, and O,-O, with the brown-
millerite layer terminated as T, and O, respectively (Figure 1a).
The key to obtaining these two interfaces relies on the excel-
lent layer-by-layer growth mode of both CFO and LSMO layers.
Figure 1b shows typical reflection high-energy electron diffrac-
tion (RHEED) intensity oscillations, when CFO is grown on TiO,-
terminated SrTiO; (STO) (001) substrates (see Experimental Sec-
tion). Initially, the RHEED intensity oscillation exhibits the char-
acteristics of staggered growth of O, and T, layers, and quickly
the growth mode turns into the growth of O, and T as a whole
block, indicated by the evolution of RHEED intensity into dou-
bled periodicity. These results suggest that the growth of CFO
is terminated by the T, layer due to its relatively lower oxy-
gen vacancy formation energy and the reduced growth environ-
ment. Meanwhile, the well-defined RHEED intensity oscillations
of LSMO suggest a conventional layer-by-layer growth mode
(Figure 1c). Based on these results, the growth sequence of these
two layers forms a convenient strategy to control the polyhedral
connections (Figure 1d,e and Figure S1, Supporting Informa-
tion). Specifically, the STO//CFO/LSMO and STO//LSMO/CFO
samples grown by RHEED-assisted pulsed laser deposition (Ex-
perimental Section) correspond to the T;-O, and the O,-O,, het-
erointerfaces, respectively.

High-resolution scanning transmission electron microscopy
(STEM) measurements were carried out to verify the atomic
structures across these heterointerfaces. The high-angle annu-
lar dark-field (HAADF-STEM) images in Figure 2a,b demon-
strate that both heterointerfaces are of high crystalline quality and
atomically sharp. Combined with the electron energy loss spec-
troscopy (EELS) measurements (Figure S2, Supporting Informa-
tion), the connection across the interfaces between LSMO and
CFO can be determined as MnO,-CaO in both cases (right panel
of Figure 2a,b). Annular bright-field (ABF-STEM) images, suit-
able for imaging light atoms, were obtained to reveal the interfa-
cial polyhedral structures. As depicted in Figure 2¢,d, the T, and
O, layers can be easily identified by the contrast of oxygen atoms.
Accordingly, the stacking sequence across the interface is de-
termined as (La, St)O-MnO,-CaO-FeO, and FeO-CaO-MnO,-(La,
Sr)O in STO//LSMO/CFO and STO//CFO/LSMO heterostruc-
tures, respectively. Thus, both O,-O, and T;-O, heterointerfaces
are achieved as we designed, as the Figure S3, Supporting Infor-
mation illustrated.

To probe the direction of oxygen ionic migration across these
0,-0, and T;-O,, heterointerfaces, we employed the EELS mea-
surements to determine the valence state of Mn ions near the
heterointerfaces. Figure 2e,f summarizes the EELS signals of the
Mn L; -edges extracted from five consecutive unit cells (u.c.) of
LSMO layers near the interface, where a noticeable “blue shift”
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Figure 1. Construction of oxide heterointerfaces with designed polyhedral connections. a) Schematic illustration of oxygen pumping across brownmil-
lerite/perovskite heterointerfaces due to mismatched chemical potential of oxygen ions. Two types of heterointerfaces, namely the O,-O,, and the T,;-O,,
heterointerfaces, can be formed based on the terminated polyhedron in the brownmillerite layer. The red arrows represent the directions of oxygen mi-
gration across two distinct heterointerfaces. b,c) Reflection-high-energy-electron diffraction (RHEED) intensity oscillations of the specular spot during
the growth of b) brownmillerite CaFeO, 5 (CFO) and c) perovskite Lag ;Sry ;MnO;3 (LSMO) layers, respectively. The substrate is TiO,-terminated SrTiO5
(STO) (0071). The right panel shows the growth modes of CFO and LSMO, in which the CFO layer is grown by the combined O, and T, layers and
terminated by the T, layer. On the other hand, the LSMO layer is grown with O, blocks. d,e) Schematic illustrations of d) the T,-O,, and e) the O,-O,,

heterointerfaces, in which the growth sequence of LSMO and CFO layers is switched.

and “red shift” of the Mn L;-edge can be observed for the T,-
0, and the O,-0O, heterointerfaces, respectively, as compared to
that of the pristine LSMO film. Such energy shift of the Mn L;-
edge indicates a higher (lower) valence state in Mn ions at the T-
O, (the O,-0,) heterostructure. It is important to note that both
charge transfer and oxygen ion migration can lead to a change
in valence. However, the charge transfer driven by the “polar
catastrophe”[**1] mechanism, arising from the electrostatic po-
tential gradient, will lead to a higher valence state in Mn ions
near the O,-O, heterointerfaces than the T;-O,, heterointerfaces
(Figure S4, Supporting Information), which is opposite to what

Adv. Funct. Mater. 2024, 34, 2407046
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we observed. Thus, the scenario of charge reconstruction can be
excluded. Furthermore, it is intriguing that the valence state of
all five-unit-cell Mn ions is homogeneously modified, which fur-
ther excludes the charge transfer mechanism due to the short-
range screening effects. Additionally, the oxygen K-edge exhibits
a significant right shift of pre-edge peak position in the O,-O,
sample as comparing with the T,-O, sample, further confirm-
ing the formation of oxygen vacancies (Figure S5, Supporting
Information). Therefore, the different electronic states in these
two heterointerfaces should be attributed to the migrations of
oxygen ions. In stark contrast with the LSMO sample in O,-O,
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Figure 2. Structural insights of the controlled dual-directional oxygen-ion pumping. a,b) HAADF-STEM images of a) the T;-O), and b) the O,,-O, het-
erointerfaces, respectively. The left panel is the cross-sectional view of the heterostructures. The middle panel shows a zoom-in view across the interface
of LSMO and CFO (the white square region), where the polyhedral connection can be nicely resolved. The right panel is the atomic-layer-dependent
EELS intensity of Ca Ly, (blue line), La Ms 4 (yellow line), Mn L; , (yellow line) and Fe L, (red line) edges extracted along depth direction (see raw
data in Figure S2, Supporting Information). The black dotted line represents the interface. c,d) ABF-STEM images of c) the T;,-O, and d) the O,-O,,
heterointerfaces. e) Atomic-layer-dependent EELS signals measured at Mn L; , edges for both the T-O), and the O,-O), heterointerfaces, respectively.
The dashed lines help distinguish the variation of the positions of L; peak for two different LSMO layers. f) Fitted L; peak positions of different atomic
layers extracted from T,-O), and O,,-O,, heterointerfaces. Lorentz function was used to fit the peak position. The LSMO reference spectra comes from
LSMO/STO heterostructure. g) Normalized intensity of oxygen column and h) c-lattice constant of LSMO layer for samples with O,-O, and T;-O,
heterointerfaces. The oxygen intensity is normalized by the intensity of Mn site.

heterointerface with oxygen vacancy, we deduce that the LSMO
in the T;-O, heterointerface has slightly excess oxygen content.
We note that oxygen non-stoichiometry is widely observed in per-
ovskite oxides such as titanates and manganites, showing wide
range of functionalities.[*?} Particularly, studies in manganites
demonstrated that the non-stoichiometric LaMnO,, ;(*** and
La,,St,MnO,, ;¥ samples can remain in the perovskite struc-
tures, while their magnetic and electronic properties are dramat-
ically modified predominately due to the charge doping effect.
However, the direct imaging of the excess oxygen ion forms a
much challenging work to pursue for us. The recent work from
Chen et al.l¥’l demonstrated that single oxygen vacancy can be
identify from the oxide samples, which should be able to shed
new light for a future study on the current work. We further es-
timate the change of oxygen content based on the valence state
of Mn measured by EELS. We note that the L,/L, ratio of Mn
L-edges forms a widely accepted caliber to evaluate the valence
state of Mn ions in manganites.[*¥! As shown in Figure S6, Sup-
porting Information, the valence state difference () of Mn ions is

estimated to be ~0.3 between O,-O,, and T,-O, heterointerfaces.
With that, we estimate that the LSMO sample with T,-O, het-
erointerface has 0.15 more atomic oxygen/c.f. than the sample
with O,-O,, heterointerface. It is noted that majority of this dif-
ference should be attributed to the oxygen vacancy formation in
O,,-O,, heterointerfaces, as indicated by the larger valence differ-
ence between reference LSMO sample and sample with O,-O,
heterointerface (Figure 2f).

In addition to the change of EELS signal, we also observed vari-
ation of oxygen column intensity in the ABF-STEM image. We
normalized the intensity of Mn atoms in the two heterointerfaces
as a benchmark and found a lower oxygen contrastin LSMO layer
near the O,-O,, heterointerface (Figure 2g). This result is quali-
tatively consistent with the lower oxygen content in O,-O,, het-
erointerface. Additionally, oxygen vacancy formation in LSMO is
expected to elongate its c-lattice due to the combined chemical
expansion and in-plane epitaxial strain, which is confirmed by
the measured lattice parameters in the LSMO layers (Figure 2h).
Moreover, we observed no measurable change of Fe L; ,-edges in

Adv. Funct. Mater. 2024, 34, 2407046
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Figure 3. Evolution of magnetic and electronic states of LSMO heterostructures due to the formation of different polyhedral connections. a) Temperature-
dependent magnetizations of LSMO heterostructures measured with field cooling at 0.01 T. The yellow and blue curves represent the results taken from
the samples with the T;-O), and the O,,-O,, heterointerfaces, while the data on LSMO//STO layer (gray curve) are used for comparison. b) Magnetic
hysteresis loops for LSMO samples measured at 100 K. The magnetic field is applied along the in-plane [100] direction of the substrate. c) Temperature
dependent electrical resistivity of the LSMO layers. d) Temperature-dependent colossal magnetoresistance (CMR) data for different LSMO layers. The
CMR is defined as (R(0)—R(B))/R(B), where R(0) and R(B) are the resistances taken at zero and 9 T magnetic field applied along the out-of-plane
direction. The thickness of LSMO layers is 7 u.c. for all samples shown in this figure.

two heterointerfaces (Figure S7, Supporting Information), indi-
cating that the oxygen content remains unchanged in CFO layers.
These results suggest distinct oxygen ionic migration directions
of LSMO layers at the O,-O,, and the T;-O, heterointerfaces, in
which CFO layer can be considered as a “oxygen pump” to trans-
fer oxygen ions into the LSMO layer, instead of taking the role as
oxygen ion acceptor or donor, as we illustrated in Figure 1a.
Since the magnetic and electronic states of LSMO are
strongly correlated with its oxygen content, we further stud-
ied/compared the magnetic and electronic properties of the O,-
O, and the T,-O, heterostructures. The temperature-dependent
magnetization measurements (Figure 3a) show that the Curie
temperature (T¢) of LSMO with the O,-O, (the T;-O,) heteroint-
erfaces ascends (descends) to 220 K (=150 K), compared to the
T of 200 K in pristine state (7 u.c. thick). The M-H measure-
ments (Figure 3b) also prove the consistent enhancement (re-
duction) of the saturation magnetizations of LSMO with the O,-
O, (the T,;-O,) heterointerfaces compared to the pristine state.
In agreement with the corresponding magnetic properties, dis-
tinct resistivity properties (Figure 3c,d) of LSMO were also ob-
served with the T,;-O, and the O,-O, heterointerfaces, exhibit-
ing insulating and conducting behaviors, respectively. Further-
more, the O,-O, sample shows an enhanced metallicity and a
higher metal-insulator transition temperature (Ty,r), consistent
with its enhanced magnetization. We note that the magnetic or-
der and insulator-metal transition in the mixed-valent mangan-

Adv. Funct. Mater. 2024, 34, 2407046
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ites strongly depend on the doping level and the lattice distortion.
Considering the posibility that extra hole doping caused by Sr
surface segregation!*-33] and the strain/®*>%! on our thin LSMO
layer, it is reasonable to expect that our pristine LSMO (Sr = 0.3)
locates equivalently at the over-doping regime instead of the op-
timally doped regime. In this scenario, the oxygen deficient will
bring the sample back to the optimal doping regime through elec-
tron doping. Additionally, the oxygen migration also plays a key
role on the lattice structure. We observed that the oxygen defi-
cient LSMO film has a larger c¢-lattice constant (Figure 2h), which
can reduce the octahedral tilt and then subsequently enhance
the p-d hybridization and widen the bandwidth, and the corre-
lation between such structure change and enhanced magnetiza-
tion has been revealed in previously studies.’”*8] We note that
the charge doping and structural change both favor the enhanced
magnetization, as observed in LSMO samples with the O,-O,, in-
terface. Figure S9, Supporting Information further displays the
thickness-dependent T and Ty, for both interfaces with various
LSMO thicknesses, where the difference between the O,-O, and
the T;-O,, heterointerfaces is more pronounced for thinner sam-
ples and damps gradually as the thickness of LSMO increases
to about 20 u.c. (%8 nm). This trend indicates that the oxygen
ions migration induced by the brownmillerite oxygen “pump”
plays a significant role with extended length scale compared
to the conventional interfacial effects (e.g., the interfacial oxy-
gen octahedral coupling®-°!l and electronic reconstruction!®2¢3)
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Figure 4. Oxygen-ion pumping with the combination of the T;-O), and the O,,-O,, heterointerfaces. a) ABF-STEM image (left) of STO//LSMO/CFO/LSMO
system, where both the T;-O,, (upper right panel) and the O,-O,, (lower right panel) heterointerfaces are nicely constructed. b) Schematic illustration of
oxygen-ion pumping across the T;-O,, and the O,-O,, heterointerfaces. The red arrows indicate the direction of oxygen migration across the heterostruc-
ture. ¢) Comparison of normalized oxygen column intensity in LSMO layers with single (the T;-O), and the O,-O,, hollow circles) and combined (solid
circles) heterointerfaces. The yellow and blue colors represent the T,-O,, and the O,-O,, interfaces, respectively. d) Evolution of valence states in Mn
ions across the interfaces. The left panel shows the comparison of EELS spectra in Mn L; , edges between single (dotted lines) and combined (solid
lines) heterointerfaces. The right panel is fitted L3 peak positions of single (hollow circles) and combined (solid circles) heterointerfaces. ) Temperature-
dependent magnetization of LSMO/CFO/LSMO tri-layer heterostructure. The magnetization was calculated by averaging among both the top and the
bottom LSMO layers. The data reveal two distinct transitions as highlighted by the arrows.

that are confined within just a few unit cells from the
interface.

We note that the chemical potential difference for electron and
oxygen ion across the interface leads to respectively electron and
oxygen ion diffusion across the interface, which however behaves
very different. In the case for only electron diffusion such as at P-
N junction, the different Fermi energies (i.e., chemical potential
for electron) between materials lead to charge diffusion, generat-
ing an interfacial electric field and thus an electrostatic potential
difference across the interface, which counter-balance the initial
Fermi level difference to form an equilibrium state with local-
ized space charge. In this case, the transferred electron exponen-
tially decays from the interface. Similarly, for an idea case with
only oxygen ion diffusion such as at the interface between elec-
trode and electrolyte, a space charge layer (the so-called double
layer) can be formed, in which the developed potential difference
can also “screen” the initial chemical potential difference. While
in a more practical situation, both oxygen ion and electron dif-
fusion can simuatniously occur between two materials, such as
in the case with short-circuited anode and cathode, in which the
screen effect is less effective since both materials tend to remain
charge neutral with the accompanied electron transfer. Conse-
quently, although the chemical potential difference can be very
close between the electron and oxygen ion, the oxygen ion can dif-
fuse over much greater distance, leading to extended influenced
length scale.

With the brownmillerite CFO acting as the “oxygen pump,” we
designed the sandwiched STO//LSMO/CFO/LSMO heterostruc-
ture to further enhance the “pumping” effect by combining both
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heterointerfaces in the same system. As shown in Figure 4a and
S10, Supporting Information, the O,-0O, and the T;-O, heteroin-
terfaces of the sandwiched heterostructures were confirmed by
the ABF-STEM images and the EELS measurements, verifying
the robust nature of this growth strategy. Due to the collective
contributions of the O,-O,, and the T;-O, heterointerface to the
oxygen migration, their combination is expected to enhance the
oxygen potential gradient within CFO, leading to a more signifi-
cant pumping effect. Furthermore, the oxygen content would be-
come distinctively different for the top and the bottom LSMO lay-
ers (Figure 4b). This scenario is verified by the measurements of
the oxygen contrast and Mn valence states with the ABF-STEM
images and the EELS analysis, respectively. Interestingly, this en-
hancement of “pumping effect” is not symmetrically distributed
between the top (with the T,-O, interface) and the bottom LSMO
layers (with the O,-O, interface). The top LSMO layer takes the
predominant share, which can be observed from the oxygen con-
trast, Mn valence states and magnetic properties. The difference
of the oxygen contrast (Figure 4c) of the O,-O, and the T;-O,, in
the combined heterointerface system, is more substantial than
that of the single heterointerface. Specifically, the top LSMO layer
(with the T;-O, interface) shows a more prominent “blue shift”
of the Mn L;-edge from that of the bottom LSMO layer (with the
0,-0, interface) (Figure 4d) as compared with the effect of their
corresponding single heterointerfaces, which implies a coopera-
tively enhanced valence change in this tri-layer structure. Such
an enhanced difference in oxygen stoichiometry between the top
and the bottom LSMO layers leads to further magnetic change
between these two layers. As shown in Figure 4e, two distinct
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magnetic transitions can be clearly identified in the temperature-
dependent magnetization measurements, which are individually
contributed by the top and the bottom LSMO layers. Specifically,
the T of the T;-O, LSMO layer in the combined heterointerface
is further reduced as compared to the corresponding single het-
erostructure, and the T, of the O,-O, LSMO layer remains al-
most unchanged, which is consistent with the change of oxygen
concentration in these two layers. The results of this sandwiched
structure clearly demonstrate that the brownmillerite CFO can
serve as an efficient “oxygen pump” to modulate the oxygen mi-
gration between its neighbored layers, and this structure can be
conveniently extended and integrated to other complex oxide het-
erostructures to manipulate or even create new magnetic and
electronic states through oxygen ionic evolution.

3. Conclusion

To summarize, we propose and demonstrate the possibility on
control of oxygen ionic migration across the perovskite LSMO
and brownmillerite CFO heterointerfaces, where the brownmil-
lerite CFO layer acts as an “oxygen pump” to its neighbored per-
ovskite LSMO layer. Consequently, the magnetic and electronic
properties of LSMO layers was successfully manipulated depend-
ing on the polyhedral stacking sequence across the interface,
which determines the oxygen ionic migration direction across the
interface. This work not only highlights the critical role of oxygen
ionic evolution on the electronic and magnetic states within com-
plex oxides, but also opens a new avenue to control the oxygen
ionic migration across oxide heterointerfaces for tailored elec-
tronic states and functionalities.

4. Experimental Section

Sample Fabrication: Complex oxide heterostructures were grown by a
home-built pulsed laser deposition (PLD) system (KrF, 2 =248 nm) while
utilizing high-pressure reflective high-energy electron diffraction (RHEED)
spectroscopy to monitor the growth. Single crystal SrTiO; (STO) (001)
substrates were used for the growth, which were treated with buffered
HF acid etching and thermal annealing (at 950 °C) to obtain TiO, (B
site)-terminated surfaces (Figure S1, Supporting Information). CaFeO, 5
(CFO) thin films were deposited at a growth temperature of 575 °C and
an oxygen pressure of 0.12 mbar, and the laser energy density was fixed at
1.3 ) cm™2 at the ceramic target surface with the repetition rate at 3 Hz.
Lag 7Srg3MnO; (LSMO) thin films were deposited at a growth tempera-
ture of 660 °C and an oxygen pressure of 0.18 mbar, and the laser energy
density was fixed at 1.2 ] cm~2 with the repetition rate at 1 Hz. After the de-
position, the samples were cooled down to room temperature at a cooling
rate of 10 °C per minute and an oxygen pressure of 0.18 mbar.

Scanning Transmission Electron Microscopy: STEM samples were pre-
pared using a focused ion beam (FIB) instrument (Zeiss Crossbeam). The
samples were thinned down to 50 nm using an accelerating voltage of
30 kV with a decreasing current from 240 to 50 pA, followed by a fine polish
treatment with an accelerating voltage of 5 kV with a current of 20 pA. Sub-
sequently, the FIB lamella was cleaned by Nanomill with low-voltage 900 V
at 120 yA and then 500 V and 100 uA to remove the amorphous layer. We
note that through this low-voltage cleaning, the amorphous layer can be
well reduced as evidenced by the high quality STEM images. The HAADF-
STEM and ABF-STEM images were acquired on an FEI Titan Cubed Themis
60-300 (operated at 300 kV), capable of recording high-resolution STEM
images with the spatial resolution of ~#0.059 nm. The microscope was
equipped with a high brightness electron gun (X-FEG with monochro-

Adv. Funct. Mater. 2024, 34, 2407046

RIGHTSE LI MN iy

2407046 (7 of 9)

www.afm-journal.de

mator), a spherical aberration corrector, and a post-column imaging en-
ergy filter (Gatan Quantum 965 Spectrometer). The collection angle of the
HAADF and ABF detector was ~48-200 mrad and 6—48 mrad, respectively.
Quantitative measurements of c-lattice, bond angle and oxygen intensity
are based on fitting atomic position with AutoMap and custom-build code
in python.[®4] The Dual-EELS mode was employed to collect core-loss sig-
nals of multiple ions. The entrance aperture was 5 mm, the step size was
0.5 eV for elemental mapping, and 0.25 eV for measuring chemical shift.
Data processing, including calibration of the zero-loss position, pre-edge
background subtraction, removal of multiple scattering, and normaliza-
tion, was carried out to extract EELS signals. All EELS data were processed
using the Gatan Microscopy Suite 3.0 software package.

Macroscopic  Magnetism and  Electrical Transport Measurements:
Temperature-dependent magnetization (M-T) measurements and
magnetic hysteresis loop measurements were performed using a SQUID
magnetometer (MPMS; Quantum Design), in which the maximum
magnetic field is 7 T. A physical property measurement system (PPMS;
Quantum Design) was used to measure the resistivity of the samples, in
which the maximum magnetic field is 9 T. Four-probe method was used
to eliminate the contact resistivity.

Supporting Information

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