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ABSTRACT: Nanoscale mapping of the distinct electronic phases
characterizing the metal—insulator transition displayed by most of
the rare-earth nickelate compounds is fundamental for discovering
the true nature of this transition and the possible couplings that are
established at the interfaces of nickelate-based heterostructures.
Here, we demonstrate that this can be accomplished by using
scanning transmission electron microscopy in combination with
electron energy-loss spectroscopy. By tracking how the O K and Ni .
L edge fine structures evolve across two different NANiO;/ Metallic
SmNiO; superlattices, displaying either one or two metal— Insula’[ing
insulator transitions depending on the individual layer thickness, N
we are able to determine the electronic state of each of the

individual constituent materials. We further map the spatial

configuration associated with their metallic/insulating regions, reaching unit cell spatial resolution. With this, we estimate the
width of the metallic/insulating boundaries at the NdNiO;/SmNiOj interfaces, which is measured to be on the order of four unit
cells.
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In order to fully understand the physics behind a particular was recently identified on the surface of NdNiO; thin films."”

phase transition, and to precisely control it for electronic In addition to this finding, novel interfacial phenomena such as
devices, it is necessary to know how the characteristic phases charge transfer or polar discontinuity effects might arise at
emerge and evolve while crossing the transition. A coherent interfaces, as has been previously observed in some
paradigmatic case is the widely studied sharp metal—insulator transition metal oxides'”*’ and even in some nickelate-based
transition (MIT) displayed by the rare-earth nickelate heterostructures,'”*' ~** which can also influence their
compounds (except LaNiO,), which is strongly correlated to electronic properties and hence their transitions. In order to
their structural properties.' ™ In particular, this MIT is mainly investigate how such local phenomena influence the MIT, and
regulated through the Ni—O—Ni bond angle and therefore it to measure how distinct electronic phases behave at their
can be tailored by modifying the NiO4 octahedral tilts interfaces, new characterization techniques capable of mapping

phase coexistence at the atomic-scale level are required. To this
end, various approaches have so far been used to map metallic
and insulating phases in strongly correlated oxides: scannin%
tunneling rnicroscopy;29 near-field infrared microscopy;”’3
scanning electron microscopy;31 photoemission electron
microscopy;16 and conductive atomic force microscopy‘18
However, most of these techniques are mainly restricted to

surface analysis and/or present a limited spatial resolution.

characteristic of their distorted perovskite structure. This is
typically accomplished either by changing the size of the rare
earth cation”” or by applying strain.'’~"® These compounds
also exhibit a paramagnetic—antiferromagnetic phase transition
at Néel temperatures (Ty) that either coincides with the MIT
temperature (Tyyr) or is below it."”” Even though this MIT is
considered to be first order in all nickelates, presenting a clear
hysteretic behavior and phase coexistence close to the

Ty, O the hysteretic behavior is significantly reduced in
those compounds hosting a rare earth cation smaller than Nd, Received: November 16, 2020
in which the magnetic order is suppressed at a lower Revised:  January 29, 2021

temperature than the electronic one (Ty < Tyyr). In nickelate Published: March 8, 2021

heterostructures, the MIT behavior might also be locally
modulated. For instance, the presence of domain walls
displaying signatures characteristic of a second order MIT
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In this work we demonstrate that aberration-corrected
scanning transmission electron microscopy in combination
with electron energy-loss spectroscopy (STEM-EELS) con-
stitutes an alternative approach to identify and map metallic
and insulating regions in rare-earth nickelate compounds.
Compared to the aforementioned techniques, an atomic-
resolution electron probe is used to scan the films under study
and the transmitted electrons are collected by multiple
detectors, each one providing complementary structural,
chemical, and electronic information. STEM-EELS has already
been demonstrated to be a powerful tool that can identify
electronic state modulations occurring in specific lattice
positions of transition metal oxide heterostructures.”* >’ For
instance, this technique enabled the identification of local
valence modulations occurring at the interfaces of LaNiO;-
based heterostructures induced by charge transfer ef-
fects.>2%% In our study, however, since the Ni valence
changes neither across the MIT nor from one nickelate
compound to another, we also do not expect it to vary across
the different electronic domains. Our approach is instead based
on locally assessing electronic properties by looking at specific
fingerprints, buried in the O K and Ni L edge fine structures,
which are characteristic of the distinct electronic phases, as
previously observed in X-ray absorption spectroscopy (XAS)
experiments.”'“**”** Here we demonstrate that this is
possible, reaching around 3.5 A spatial resolution.

As test samples for the experiment, we use two
[(NdNiO;),,/(SmNiO;),,]; superlattices (SLs) grown epitax-
jally on (0 0 1)-oriented LaAlO; single crystal substrates by
means of off-axis radiofrequency magnetron sputtering: a
system that allows an “artificial” metallic—insulating phase
separation to be engineered. One is a (5,5);o SL and the other
a (30,30),, which respectively consist of either 5 or 30
pseudocubic unit cells per nickelate layer (m) and 10 or 2
periodic repetitions (L), giving an overall film thickness of
around 35 nm in both cases. Figure la shows the X-ray
diffraction 6—26 scans obtained from both SLs. The reflections
and satellite peaks corresponding to each superlattice
periodicity are observed, as well as finite-size oscillations,
which confirm the epitaxial growth of the films and their high
lattice quality. The transport properties of the films are
measured using a van der Pauw configuration and are displayed
in Figure 1b. The long period SL displays two MITs at ~150
and ~375 K, similar to those reported for single phase NdNiO;
(100 K) and SmNiO; (380 K) thin films grown on
LaAlO3.10’43”44 For the short period SL, however, a single
MIT is identified at ~200 K. The emergence of this singular
electronic behavior, which was recently studied in a wider
series of NdNiO;/SmNiQOj; SLs, is ascribed to the energy cost
associated with the metallic/insulating phase boundaries.*’
Accordingly, while keeping the experiment at room temper-
ature, we can “artificially” modulate the electronic character
associated with the SmNiO; layers. This is accomplished
simply by lowering the SL periodicity, resulting in insulating or
metallic behavior in the large or short period SL respectively.
In contrast, the NdNiOj; layers are metallic in both SLs at
room temperature. We can therefore use these layers as a
reference, as will be explained in more detail later.

The quality of the films was also evaluated by STEM-EELS.
Atomic-scale imaging of the films was done by acquiring high-
angle annular dark-field (HAADF) images of the two studied
superlattices, which are displayed in Figure 2a). The obtained
images demonstrate the high quality of the superlattice crystal,
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Figure 1. (a) X-ray diffraction 6—26 scans obtained from the (5,5),,
(blue) and (30,30), (orange) SLs. “Re” represents Nd or Sm.
(b) Resistivity vs temperature curves measured in the (5,5);, (blue)
and (30,30), (orange) SLs using a van der Pauw configuration. Two
MITs are identified (orange arrows) in the (30,30), SL, whereas a
single MIT (blue arrow) is identified in the (5,5);o SL. The inset
shows an expanded view of the curves. The solid black line indicates
the temperature at which the EELS experiments are carried out.

with coherent interfaces and without structural defects. Figure
2b) shows the Ni, Nd, and Sm EELS compositional maps
obtained from a central region of the (5,5),, SL. The NdNiO,/
SmNiO; interfaces are observed to be atomically sharp, with a
very low degree of atomic intermixing. Similar EELS
compositional maps reveal the same interfacial quality in the
other studied SL.*

We assess the electronic states of the films by evaluating the
O K and Ni L edge fine structures. In this, we apply a concept
established in XAS experiments,*”** but now using STEM-
EELS to perform the measurements directly at the distinct
layers of the films. Prior experiments in these SLs revealed that
the films are sensitive to the incident electron beam flux, which
can create significant amounts of oxygen vacancies while
acquiring the EEL spectra. Careful testing finds that this
degradation mainly depends on the pixel size, dwell time, and
probe current used to acquire the EELS spectrum image (SI).

https://dx.doi.org/10.1021/acs.nanolett.0c04538
Nano Lett. 2021, 21, 2436—2443
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Figure 2. Atomic-resolution high-angle annular dark-field (HAADF)
images of the (a) (30,30), and (b) (5,5);0 SLs. Scale bar: 10 nm.
(c) EELS spectrum image data obtained from the area indicated by
the yellow box in panel (b). From left to right: HAADF image, Ni
(blue), Nd (red), and Sm (green) compositional maps, and RGB map
where the three previous EELS maps are overlaid. The Ni, Nd, and
Sm signals are extracted from the Ni L, Nd M, and Sm M edges, after
spectral background subtraction.

Avoiding this degradation therefore limits the spatial resolution
of the experiment. Specifically, by using a pixel size of around
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3.5—4 A, dwell times on the order of 0.1 s/pixel, and a probe
current of around 80 pA, we were able to scan the same film
area several times without inducing significant damage. With
these conditions, we found that a 0.1 eV/channel energy
dispersion gave a good compromise between spectral energy
resolution and signal-to-noise ratio (SNR). Another critical
aspect is that we improved the energy resolution by reducing
the energy spread of the incident electron beam with the use of
a monochromator, obtaining a zero-loss peak (ZLP) full width
at halfmaximum (FWHM) of ~0.4 eV for the energy
dispersion used to acquire the data. More discussion about
the experimental parameters and trade-offs are presented in the
Supporting Information.

With this approach, we recorded the O K edge spectra
associated with either the NdNiO; (red) or SmNiO; (green)
layers belonging to the (30,30), and (S5,5),, SLs shown in
Figure 3a,b, respectively.

The displayed spectra are the integration of many pixel
spectra specifically selected from the corresponding layers. In
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Figure 3. EEL spectra of the O K edge measured in the NdNiO;
(red) and SmNiO; (green) layers of the (a) (30,30), and (b) (5,5),0
SLs. “Re” represents rare earth. Each spectrum is made by integrating
several spectra obtained from distinct but analogous layers. The
spectra have been slightly smoothed and normalized to the maximum
intensity of the Re 5d peak to better appreciate the difference between
the layers. A direct comparison between the raw and smoothed data is
presented in the Supporting Information. The insets show an
expanded view of the normalized O K prepeak. The dashed lines
indicate the full width at half-maximum (FWHM) of the O K
prepeak.

https://dx.doi.org/10.1021/acs.nanolett.0c04538
Nano Lett. 2021, 21, 2436—2443
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this case, energy shift instabilities have been corrected by
realigning each pixel spectrum according to the ZLP position,
acquired near-simultaneously using a dual-EELS configuration
(see Supporting Information). The O K edge gives us
information about the electronic excitations from the O 1s
core level to the empty O 2p electronic states. In rare-earth
nickelate compounds, these O 2p states are hybridized with the
Ni 3d, rare earth Sd, and Ni 4sp electronic states, giving rise to
a first prepeak located at around 528 eV, followed by two main
peaks located at 535 and 542 eV, respectively.*>** In order to
compare the spectral variations between the distinct layers, we
normalize all of the spectra to the maximum intensity of the
main peak located at around 535 eV, after background
subtraction. We focus our study on the O K edge prepeak,
since it is very sensitive to subtle changes in the Ni—O bonds.
For instance, its amplitude significantly decreases under oxygen
removal.*® Considering that no significant changes in the
prepeak intensity are identified across either SL, the samples
are judged to have uniform oxygen content distributions. In
addition, the intensity of this prepeak is similar to those
reported in previous works and therefore we can assume that
our films are stoichiometric.*”*’ However, a more careful
inspection of the prepeak shape measured in the (30,30), SL
allows us to identify a subtle drop in the prepeak area in the
SmNiO; layers. This effect has been attributed to the Ni 3d
bandwidth shrinking,‘m’47 stemming from the lowering of the
Ni 3d and O 2p orbital overlap when the Ni—O—Ni angle
decreases. To better compare this effect with previous studies,
we also normalize the O K spectra to their prepeak maximum
(see insets), from which we extract their FWHM values. We
observe that, in the (30,30), SL, the prepeak is approximately
0.2 eV narrower in the SmNiO; layers than in the NdNiO,
ones. Although this value is at the edge of the attainable energy
resolution, it is in agreement with those values reported using
XAS from either bulk crystals*® or thin films.** Moreover, this
broadening effect occurs in all SmNiOj; layers of this SL, as
shown in the Supporting Information. Looking instead at the
prepeak fine structures obtained from the (5,5),, SL, we
observe that both SmNiO; and NdNiOj; layers present similar
prepeak shapes, i.e., similar areas and widths, indicating that
the degree of hybridization between the Ni 3d and O 2p bands
is now similar across the whole SL. This is not surprising if we
take into account that the prepeak also becomes around 0.2 eV
broader when crossing the MIT from the insulating to the
metallic state, as previously observed in NdNiO; and PrNiO;
crystals.*” Since the octahedral tilts do not significantly change
in the SmNiO, layers when lowering the SL periodicity,*” this
broadening effect, occurring in the (5,5),, SL with respect to
the (30,30), SL, therefore derives from the fact that the
SmNiO; layers are metallic in the former case. As such, this
result constitutes the first direct observation of the metallic
behavior of the SmNiO; layers at room temperature in the
(5,5)10 SL.

While the O K edge results give a first indication of the local
electronic state measurements, the changes observed in this
edge are subtle. Therefore, we turn our attention to possible
modulations occurring in the Ni L edge fine structure at the
distinct nickelate layers, which are expected to be more
pronounced.”” The Ni L edge fine structures obtained from the
(30,30), and (5,5);, SLs are displayed in Figure 4a,b,
respectively. The displayed integrated spectra are normalized
either to the Ni L, peak or Ni Ly peak (insets) maximum
intensity, after background subtraction and energy shift
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Figure 4. Ni L edge spectra obtained from the NdNiO; (red) and
SmNiO; (green) layers of the (a) (30,30), and (b) (5,5); SLs
normalized to the L, peak height. Each spectrum is made by
integrating several spectra obtained from distinct but analogous layers.
The spectra have been slightly smoothed to better appreciate the
difference between the layers. A direct comparison between the raw
and smoothed data is presented in the Supporting Information. The
insets show an amplified view of the Ni L; peak, in this case
normalized to the Ni Ly peak. The Ni L; peak is composed of two
secondary peaks that are labeled as peak A and peak B. The red and
green dashed lines in panel (a) indicate the approximate position of
peak A in the NdNiO; and SmNiO; layers, respectively.

calibration to the La M edge from the LaAlO; substrate. In
order to further verify that the areas under study were not
damaged during the specimen preparation, the O K edge fine
structure was also assessed nearby. Because the Ni L, fine
structure depends on the Ni valence,”*™*° the observed shape
and the fact that it does not change across the SLs confirm that
the Ni valence (close to nominal +3) is constant across both
SLs and that neither charge transfer effects nor accumulation of
oxygen vacancies occur at the layer interfaces. In agreement
with other works, the Ni L, peak is composed of two secondary
peaks located at approximately 852 and 854 eV, that we label
as peak A and peak B, respectively.”'®**** These two peaks
are more separated in energy in the insulating state, also having
a more pronounced dip between them. Correlated to this
larger splitting, peak A is slightly shifted toward lower energies
(by a few hundreds of meV) in the insulating regions.16 Even
though the Ni L; fine structure depends on the nickelate
compound, the change in the peak splitting is more significant

https://dx.doi.org/10.1021/acs.nanolett.0c04538
Nano Lett. 2021, 21, 2436—2443
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Figure 5. Nd compositional map (left panel) and peak A position map (right panel) obtained from the (a) (30,30), and (b) (5,5),o SLs. (c) Depth
profiles of the Nd content (red solid line) and peak A position (open symbols) calculated from the maps shown in panels (a) and (b). Each dot is
the average of each row of pixels, and the error bars correspond to their standard deviation. The limits of the profiles are indicated with an arrow
between panels (a) and (b). Two distinct peak positions are clearly identified in the (30,30),SL (green and red dashed lines), whereas one single
value is observed in the profile obtained from the (S5,5),,SL (red dashed line).

when crossing the MIT rather than when changing the rare-
earth cation size."” Accordingly, we can use this spectral
signature to evaluate the electronic character associated with
distinct nickelate regions.

We analyze first how the Ni L; peak evolves across the
(30,30), SL (see Figure 4a). In this SL each nickelate layer
presents a distinct fine structure. In particular, peak A is shifted
by around 0.2 eV toward lower energies in the SmNiOj layers,
with increased splitting of the two secondary peaks, which
agrees well with the fact that the NdNiOj; layers are metallic
and the SmNiOj layers are insulating in this SL. However, a
different observation is made in the (5,5);, SL, the one
displaying a single MIT, whose Ni L edges are shown in Figure
4b. In this case, both layers present similar Ni L edge fine
structures, with both secondary peaks equally separated and
fixed at the same spectral positions. This provides further
evidence that the electronic state associated with the SmNiO,
layers is different in the (30,30), and (5,5);, SLs and that they
are metallic, like the NdNiO; layers, in the short period SL.

Having established which spectral signatures are associated
with each electronic phase, we now explore how they evolve
across the superlattices. As previously mentioned, peak A shifts
to lower energies in the insulating state. Therefore, we can use
this fingerprint to track the evolution of the electronic
character across the SLs. In order to map the position of
peak A across the SLs, in each pixel spectrum of the SI the rise
of the Ni L; peak is fitted to a Gaussian profile, and its
associated central position is then extracted. Prior to the fitting
procedure, a principal component analysis (PCA) algorithm is
applied to the SI data in order to reduce random noise
components. Since PCA filtering can introduce artifacts in the
fine structure of core-loss edges,‘c’l’52 we have limited its use to
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mapping purposes, where improved SNR is required for fitting
each individual pixel spectrum. The width of the overall Ni L,
peak was also assessed, in order to verify that the measured
shifts are not associated with spectral energy shift instabilities,
as shown in the Supporting Information. From the calculated
peak A position values, we generate the color maps shown in
the right panels of Figure Sa,b, for the (30,30), and (5,5),,SLs,
respectively. These maps are plotted alongside their corre-
sponding Nd compositional maps (left panels), as generated
from the same data set, in order to compare peak position with
layer type. To aid this comparison, the SNR is improved by
integrating and averaging all of the peak positions/Nd signals
contained in each pixel line, which are then represented as
depth profiles in Figure Sc for both SLs.

As expected, two distinct positions for peak A are identified
in the (30,30),, SL, associated with the different nickelate
layers. In particular, peak A moves to lower energies (blue
color) in the SmNiO; layers and to higher energies in the
NdNiO; ones (yellow color), which agree well with our
previous results. Given that the pixel size is of the order of one
pseudocubic unit cell, the metallic/insulating phase boundaries
are rather sharp, with an approximate width of four unit cells.
This value agrees very well with the propagation length of the
structural distortions observed at these interfaces.””> On the
contrary, no color-wise changes are identified across the (5,5),
SL map, with peak A always being located at the spectral
position that is characteristic of the metallic state, further
confirming that the whole SL is now metallic.

While these measurements are at the limit of what can
currently be done with EELS spectrometer detection using
conventional charge-coupled device cameras, our results
demonstrate that they allow characterization of the electronic
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properties in local positions of nickelate heterostructures with
about one pseudocubic unit cell spatial resolution. Given that
the spatial resolution is mainly limited by the allowable beam
flux, it should be possible to improve this by using newly
commercially available direct electron detector cameras with
the EELS spectrometer, which offer much better energy
resolution and SNR resulting from the improved point spread
function and detective quantum efficiency.””** These
improved properties should permit a finer spatial sampling of
the spectral signal while maintaining the same allowable
electron dose/flux, toward atomic-resolution measurements.
We further expect that our approach will open a new
experimental avenue associated with the investigation of
electronic phase distributions in rare-earth nickelates. An
example of this is to apply the methodology across a
temperature range in order to map how the electronic phases
evolve when crossing the metal—insulating transitions
displayed by both superlattices.

In summary, we have shown that monochromated STEM-
EELS can be used to map electronic phase coexistence in rare-
earth nickelate compounds, providing at least unit cell spatial
resolution. By evaluating the O K and Ni L edge fine
structures, we demonstrate the local measurement of electronic
state in two NdNiO;/SmNiO; superlattices, having distinct
periodic lengths, which display either one or two metal—
insulator transitions. While, at room temperature, the NdNiO;
layers are always metallic, the SmNiOj; layers are insulating in
the large period SL but metallic in the short period SL. By
tracking how the Ni L; fine structure evolves across both SLs,
we not only image the metallic/insulating regions in both
cases, verifying the room temperature metallic nature of the
SmNiO; layers in the short period SL, but also estimate the
width of the metallic/insulating boundaries in the long period
SL.
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