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ABSTRACT: Mastery of order−disorder processes in highly
nonequilibrium nanostructured oxides has significant implications
for the development of emerging energy technologies. However,
we are presently limited in our ability to quantify and harness these
processes at high spatial, chemical, and temporal resolution,
particularly in extreme environments. Here, we describe the
percolation of disorder at the model oxide interface LaMnO3/
SrTiO3, which we visualize during in situ ion irradiation in the
transmission electron microscope. We observe the formation of a
network of disorder during the initial stages of ion irradiation and
track the global progression of the system to full disorder. We
couple these measurements with detailed structural and chemical
probes, examining possible underlying defect mechanisms
responsible for this unique percolative behavior.
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■ INTRODUCTION

Interface engineering of oxide thin films is one of the great
achievements of materials science, underpinning exotic
physics1 and giving rise to advanced computing and energy
technologies.2 Because of strong interplay among lattice,
charge, and spin degrees of freedom, even slight fluctuations
in local order at oxide interfaces can greatly impact behaviors
such as electronic3 and ionic conductivity.4 Order can be
disrupted via numerous defect mechanisms, such as local
structural perturbations5,6 or the formation of cation and anion
vacancies.7,8 The class of manganite perovskite oxides, such as
LaMnO3, has attracted particular attention in this context since
electronic, magnetic, and optical properties are closely coupled
to lattice structure and defects.9−11 The desire to understand
these mechanisms has motivated efforts to map defect
formation pathways during oxide synthesis12,13 and exposure
to extreme environments.14−16 Understanding oxides in
extremes of temperature and irradiation is particularly
important, since devices such as solid oxide fuel cells
(SOFCs),6,17 durable nuclear waste forms,18,19 and space-
based electronics20 must deliver reliable long-term perform-
ance under challenging conditions. At a more fundamental
level, the nature of order−disorder processes represents a
grand scientific question with implications for the design of
high entropy alloys21 and ceramics,22 strongly correlated
quantum systems23 and more.

To dictate order−disorder behavior, we must be able to
visualize and direct defect formation processes at high spatial,
chemical, and temporal resolution. The community has a long,
successful history of using tailored ion irradiation to
manipulate and induce defect populations in bulk metals24,25

and oxides.19,26−29 While recent studies15,16,30,31 have show-
cased the promising properties of nanostructured systems, such
as enhanced defect annihilation at grain boundary sinks32

leading to radiation hardness, past work has focused almost
exclusively on metals and bulk oxides.15 A handful of studies of
model oxide heterointerfaces have combined controlled ion
irradiation and local characterization tools to identify unique
behaviors, such as antisite defect buildup,33 oxygen vacancy
formation,34 and orientation-/chemistry-dependent amorph-
ization behavior.35−37 These studies show that there is an
interplay between defect formation energy, which depends on
the interface configuration (e.g., strain, charge state, chem-
istry),34,36−39 and defect kinetics, particularly defect mobility in
different interface components.40 However, most prior work
has focused on static snapshots of these materials and has
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lacked sufficient spatiotemporal resolution to probe the
kinetics of local defect formation, particularly during the initial
loss of crystallinity in oxide thin films.
Moving beyond traditional static characterization ap-

proaches toward in situ methods will allow us to capture the
initial onset and evolution of local defects. In situ (scanning)
transmission electron microscopy ((S)TEM) has been widely
employed by the radiation effects community to examine
defects in materials,41−45 providing an invaluable window into
irradiation-induced disorder, particularly in the low dose
regime. These methods have long been used to examine bulk
ceramics,44,46−49 revealing radiation-induced defect formation
pathways and kinetics. Local (S)TEM probes are particularly
well-suited to examining nanostructured oxide interfaces,50

whose nonequilibrium behavior can deviate greatly from bulk
materials, but surprisingly little work has been done on
complex oxide thin film systems in the context of radiation
damage. More broadly, the microscopy community has also
recognized the need for new data-driven approaches to
characterization of transient processes, needed to detect and
quantify salient features during high-speed imaging.51−53

Here, we visualize the evolution of local disorder at a
LaMnO3 (LMO)/SrTiO3 (STO) (001) perovskite oxide
interface using ion irradiation coupled with in situ high-
resolution transmission electron microscopy (HRTEM)
imaging at the I3TEM irradiation facility at Sandia National
Laboratories. These interfaces can be synthesized with a high
degree of precision, providing an excellent testbed to evaluate
ion-irradiation-induced disorder. We observe the initial onset
of disorder and track its progression over continued irradiation.
Using a Fourier filtering time series approach, we show that
initial radiation damage is accommodated by the percolation of
amorphous regions throughout the crystalline LMO matrix. In
addition, we find evidence for a preserved crystalline interface
region even at the highest fluence studied, whose origin we
examine in the context of electronic structure calculations and
past work. Taken together, these results demonstrate the
power of high-resolution in situ approaches to derive complex
disordering pathways at oxide interfaces. More broadly, the
data processing approaches we demonstrate may be applied to
other dynamic studies of complex materials phase transitions.

■ RESULTS AND DISCUSSION
We first consider the overall degradation of the system from a
crystalline, as-grown condition to a disordered state. Figure 1A
shows the configuration of the electron and ion beams during
irradiation, with the sample inclined 30° in the X tilt direction
to minimize shadowing of the ion beam. In this geometry, both
the LMO and STO layers are illuminated by the ion beam
simultaneously. Figure 1B shows a cross-sectional STEM-
HAADF image of the starting epitaxial 40 nm LMO film along
the STO [100] crystallographic zone-axis prior to irradiation.
In this mode, the directly interpretable atomic number (Z∼1.7)
contrast reveals a clear difference between the film and
substrate, with minimal intermixing, excellent epitaxy, and no
extended defects. Figure 1C shows an HRTEM image of the
same film in the I3TEM system, with the interface rotated
approximately 60° about the [100] zone (the normal direction
to the image plane). Phase contrast in HRTEM is less directly
interpretable than STEM-HAADF, but the inset fast Fourier
transform (FFT) and clear lattice fringes confirm the
crystalline starting condition. From this point, a series of
four irradiations were performed in 1 h increments with 2.8

MeV Au4+ ions, as shown in Figure 1D−G, with the sample
inclined during irradiation and then tilted back to the zone for
imaging. Each irradiation step corresponds to a fluence of 9.37
× 1014 Au4+ cm−2. These figures show a gradual amorphization
sequence, starting from the LMO film and extending to the
STO substrate. A careful inspection of the images and
associated FFTs reveals the emergence of local amorphous
patches in the LMO at a fluence of 9.37 × 1014 Au4+ cm−2

(Figure 1D), with less apparent damage in the STO film. By a
fluence of 1.87 × 1015 Au4+ cm−2 (Figure 1E), the patches have
grown more extensive in the LMO and the STO side also

Figure 1. Evolution of local disorder with fluence. (A) Schematic of
the irradiation geometry. (B,C) Colorized cross-sectional STEM-
HAADF and HRTEM images of the as-grown film. (D−G) HRTEM
images for fluences of 9.37 × 1014, 1.87 × 1015, 2.81 × 1015, 3.75 ×
1015 Au4+ cm−2, respectively. (H) STEM-HAADF image of the 3.75 ×
1015 Au4+ cm−2

fluence sample. (Higher-resolution images are
provided in Supporting Information Note 5.)
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exhibits obvious disorder; this is accompanied by a decrease in
the intensity of the FFT reflections. At a fluence of 2.81 × 1015

Au4+ cm−2 (Figure 1F), the LMO film is almost entirely
amorphous, except for a thin, several nanometers thick band at
the interface. Finally, at a fluence of 3.75 × 1015 Au4+ cm−2

(Figure 1G), the LMO film appears similarly disordered to its
state at a fluence of 2.81 × 1015 Au4+ cm−2, but it is clearly
thinner in the beam direction (as indicated by the larger
vacuum region at the top left corner of the image), likely due
to sputtering of the film under the ion bombardment. In
addition, the STO layer is extensively damaged and the only
remaining lattice fringes are from a 2−3 nm band at the film−
substrate interface. There is almost no periodic signal left in
the FFT, reflecting the loss of overall crystalline order. STEM-
HAADF images of the 3.75 × 1015 Au4+ cm−2 condition
(Figure 1H) show that some lattice fringes are still present in
the bulk of the STO, but the bulk of the LMO is completely
amorphous. Nonetheless, there is a pronounced and persistent
crystalline band on the film side of the interface (marked by
the arrow).
While many heavy ion species have been effectively used for

radiation effects studies, including Kr and Au, we have chosen
the latter species and an ion energy peak just through the film
to maximize damage per ion strike and subsequent ability to
rapidly induce amorphization. This selection creates a minor
potential for increased sputtering and some implantation in the
bulk, as discussed in Supporting Information Note 3. However,
a similar irradiation response has been observed in the
La2Ti2O7/STO system,34 where a 5−10 nm crystalline band
persisted on the STO side of the interface. While the origins
and mechanisms leading to the resistant interface behavior are
not fully clear, we do note the presence of some cation
intermixing in the irradiated sample (shown in Supporting
Information Note 4), which may also affect its stability.
Overall, this behavior points to the broader trend for

perovskite oxide interface systems to remain crystalline under
irradiation environments.
We focus next on the initial stages of the irradiation process,

probing the initial percolation of disorder and its buildup to
the more global amorphization shown in Figure 1H. For this
experiment, we captured a high-speed time series with the
sample inclined at 30° in the X tilt direction to maximize
exposure to the ion beam. At this high tilt angle, it is no longer
possible to directly resolve atomic columns in the [100] zone-
axis, and we instead image (100)-type lattice planes. However,
the remarkable stability of the sample during the extended
period of irradiation (40 min, total fluence 6.25 × 1014 Au4+

cm−2) provided a unique window into the initial stages of
disorder. We employ a temporal Fourier filtering approach,
analogous to time-resolved geometric phase analysis (GPA),54

processing the raw movie frames into maps of local crystallinity
and lattice displacement. In addition, we quantify the total
Bragg filter amplitude, which effectively measures the spatial
abundance of the selected (100)-type lattice domains in any
given frame. It is important to note that, while the overall
sample was quite stable, these measurements are very
challenging and some periodic bending/rotation of the sample
due to local heating did occur; since this results in large,
random drops in the Bragg filter amplitude, a trend line was fit
to the Bragg filter amplitude only where crystalline signal is
present (see Supporting Information Methods for details).
These measurements are shown in Figure 2 and Supporting
Information Movie S1.
We observe a large, initially contiguous block of crystalline

region (red), as expected. By 5 min, some disorder emerges in
the film, beginning at its center and extending laterally, but the
Bragg amplitude is still around 95% of the starting condition.
Disorder is accompanied by significant local lattice displace-
ment around the defective regions. At this stage, dislocations
emerge that run from the lower left to upper right corner of the

Figure 2. Percolation of initial local lattice disorder. Top to bottom: Raw frames, crystallinity maps, displacement maps, and total Bragg filter
amplitude as a function of frame time. The dark red line corresponds to an iteratively fitted time-average of the amplitude data and the inset shows
the masked FFT reflections used for the analysis. Total combined fluence over 40 min is 6.25 × 1014 Au4+ cm−2.
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frames. Between 9 and 19 min, the percolation extends from
the film center to its surface and the substrate interface. At this
point, there is a substantial drop in the Bragg amplitude to
nearly 80%, accompanied by a still more complex pattern of
lattice rotation and crystalline domains, some <10 nm in size.
The dislocations appear to reconnect, forming repaired
epitaxial domains, but there is a clear increase in the fraction
of disorder. Between 19 and 33 min the overall distribution
remains steady near 80%, but between 33 and 37 min the
percolation continues and the crystalline domains become
increasingly sparse and disconnected. In the final condition
around 40 min, only about 60% of the film is still similar to the
starting crystalline condition and there is a large disconnected
network of ordered regions. These results point to the highly
nonuniform evolution of the interface during the initial stages
of irradiation.
To further explore this nonuniform interface response in

later stages of irradiation, we have performed local position-
averaged convergent beam electron diffraction (PACBED) and
electron energy loss spectroscopy (STEM-EELS) measure-
ments. The former is a mode of scanning nanodiffraction55 that
can quantify crystallinity at the nanoscale and has been used
before to examine local disorder in oxides,34,56,57 while the
latter has been used to examine chemical states in both pristine
and irradiated oxides.14 As shown in Figure 3A, at a fluence of
3.75 × 1015 Au4+ cm−2 the bulk of the LMO film has
amorphized, resulting in a diffuse, ringlike PACBED pattern. In
contrast, PACBED from the uniform ∼3 nm interface band
exhibits strong diffraction disks; there is also evidence for more
weakly diffracting patches that extend further into the film.
Similarly, the STO side of the interface also exhibits strong
diffraction disks, despite some distributed damage, consistent
with past observations.47,58 Correlative STEM-EELS chemical
analysis of the interface, shown in Figure 3B, reveals the
gradual breakup of the crystalline film upon transitioning from
the interface into the bulk, resulting in three distinct regions
(labeled 1−3). Region (1) consists of a ∼3 nm region of LMO
that is strongly diffracting and highly chemically ordered on
both the La and Mn sublattices. We do note the presence of
some oxygen sublattice disorder, as indicated in EELS spectra
from this region, which contain a characteristic prepeak (a),
main peak (b), and secondary peak (c) in the O K edge fine
structure (Figure 3C), as well as a clear Mn L2,3 white-line
doublet (Figure 3D), consistent with previous observa-

tions.11,59 Moving away from the interface and into the
LMO, we move into a more weakly diffracting ∼2 nm Region
(2) consisting of more poorly defined perovskite atomic order.
This region exhibits a reduction in the O K prepeak feature
and loss of definition between the main and secondary peaks.
In addition, there is a clear 0.5 eV shift of the Mn edge to lower
energy loss, pointing toward underlying reduction. This region
is followed by third and final amorphous region (3) with no
extended ordering of La and Mn; now the O K edge prepeak
has disappeared and the main edge features have blurred into
one from the increased randomization of the sublattice. There
is a further 0.5 eV Mn chemical shift, reflecting further Mn
reduction (see Supporting Information Note 7 for more
detail). The origin of this reduction is likely the loss of oxygen
(oxygen vacancy formation) and electronic reconfiguration
during the ion irradiation process.34,36

In order to understand the energetics of oxygen vacancies at
the LMO/STO interface, density functional theory (DFT)
calculations have been performed, in which an oxygen vacancy
has been introduced at different locations of the LMO/STO
interface. These simulations used three different model
interface terminations (i.e., two LMO/STO (001) and one
LMO/STO (110)), as shown in Supporting Information Note
2. The two (100) interface models were built from the STO
(100) substrate orientation, terminated either by SrO or TiO2,
yielding LMO/STO interface configurations with cation rows
ordering as (Ti−Sr−Mn−La) and (Sr−Ti−La−Mn), respec-
tively. As shown by the relative energy plots in Supporting
Information Note 2, forming an oxygen vacancy on the LMO
side of the interface is found to be more favorable than on the
STO side. This behavior is likely due to the ability of Mn4+

ions to reduce to Mn3+ more readily than for Ti4+ to reduce to
Ti3+. Supporting Information Note 2 also shows that creating
an oxygen vacancy at the interface of the Ti-terminated LMO
(100)/STO (100) configuration is less favorable than creating
it at the Sr-terminated configuration. While the Ti-terminated
interface provides a less favorable environment for oxygen
vacancy creation compared to the Sr-terminated interface, the
formation energy is still similar to that in STO. These results
suggest that in the LMO/STO system the mechanisms for
interface stabilization are not dominated by the oxygen
vacancy creation. Nevertheless, these results overall show a
net energy gain of 2 eV for vacancy formation on the LMO
side of the interface relative to the STO side. This finding is in

Figure 3. Detail of the interface after irradiation. (A) Colorized cross-sectional STEM-HAADF image with local PACBED patterns from the film,
interface, and substrate, taken from the 3.75 × 1015 Au4+ cm−2

fluence sample. (B) Colorized STEM-ADF and corresponding STEM-EELS for Ti
L2,3, La M4,5, Mn L2,3, and composite maps taken from near the boxed region in (A). (C−D) Corresponding Mn L2,3 and O K spectra, respectively,
from Regions 1−3.
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excellent agreement with the overall trend in the amorphiza-
tion sequence that we observe experimentally. However, unlike
in the case of LTO/STO,34 no interfacial oxygen vacancy
differences were observed to explain the retention of
crystallinity at the interface, so the specific characteristics of
the damage mechanism are likely different.

■ CONCLUSIONS
Using an in situ imaging approach, we reveal the percolation of
disorder in oxide thin film interfaces. Our results indicate the
formation of a complex network of amorphization during the
initial stages of irradiation, which progresses to global disorder
over longer time scales. However, we also observe the
preservation of a distinct crystalline interface region on the
film side of the LMO/STO interface. Our calculations
demonstrate a propensity for defect accumulation in the bulk
of the LMO, which likely influences the course of the
disordering processes. These results support the general trend
toward retention of interfacial crystallinity, which appears to be
unique to epitaxial oxides. Collectively, these results demon-
strate the untapped potential of high-resolution spatiotemporal
probes to survey the complex landscape of disorder and
underscore the important role of interface engineering in
mediating disordering processes.
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