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Abstract

The atomic and electronic structures of Lag 7Srg3MnOs (LSMO)/Lag 7Srg3CrOs (LSCO) mul-
tilayer thin films are investigated using aberration corrected scanning transmission electron mi-
croscopy (STEM) imaging and spectroscopy. Atomic resolution high angle annular dark-field re-
veals that LSMO layers have an expanded out-of-plane lattice parameter compared to compressed
LSCO layers, contrasting with X-ray diffraction measurements. The expansion is found to result
from preferential oxygen vacancy formation in LSMO during STEM sample preparation as de-
termined by electron energy-loss spectroscopy. The La/Sr atom column intensity is also found
to oscillate by about 4% between the LSMO and LSCO layers, indicative of La/Sr concentration
variation. Using energy-dispersive x-ray spectroscopy in combination with image simulations we
confirm the La/Sr inhomogeneity and elucidate the origin of charge redistribution within the mul-
tilayer. These results illuminate the sensitivity of the technique to subtle structural, chemical, and
electronic features that can arise to compensate charge imbalances in complex oxide heterostruc-

tures.
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Lag7Sr93MnO3 (LSMO) has the highest Curie temperature of the manganites and is a
promising candidate for applications in magnetic memory and spintronic devices.[1] Adopt-
ing the ABO3 perovskite structure, the mixed charge A-site cations, Sr*T and La®", cause
the B-site Mn to exist in both 34+ and 4+ states within the structure. The average Mn
charge is determined by the La/Sr ratio, and the multivalent Mn enables double-exchange
that is responsible for LSMO’s magnetism. In double-exchange, the Mn** ¢, electron is
transferred to the unoccupied Mn** orbital via oxygen.[2] Magnetism in LSMO is governed
by these exchange interactions which are sensitive to the average Mn charge state and the
Mn-O-Mn bonding, thus, the properties of LSMO can be tuned by engineering epitaxial

strain and/or film composition.[3, 4]

The application of ultra-thin LSMO films in devices has been stymied by the presence
of a region of reduced magnetic character that arises near the interface, referred to as the
magnetic dead layer (MDL).[3] The MDL thickness is dependent on substrate and growth
conditions. For example in ultra-thin films (2-5 unit cells), the LSMO magnetism can be lost
entirely. Strain due to lattice mismatch,[4, 5] octahedral structure coupling,[6, 7] and cation
and oxygen off-stoichiometry due to the polar discontinuity[8-10] have been suggested as
possible mechanisms that lead to MDL formation. To counteract MDL formation, spacer
layers have been introduced between the LSMO film and substrate in order to mitigate
the interfacial impact on LSMO magnetic properties. These heterostructured materials are
additionally of scientific and technological interest due to the coupling of structure and

properties when ultra-thin layers are brought into contact.

A number of spacer materials have been investigated in LSMO-based heterostructures.
For example, Lag55rg5TiO3 has been investigated for its ability to inhibit charge transfer
by introducing a Mn/Ti charge mismatch due to the varying La/Sr ratio between Mn-
and Ti-containing layers.[11] In a further study, the LSMO saturation magnetization, Curie
temperature, and coercivity were found to be controlled by a tetragonal distortion and
interfacial dislocations when the same heterostructure was grown on substrates that induce
various strain states.[12] In addition, the layer ordering of Lag 7Srg3C003-LSMO multilayer
heterostructures are found to impact the charge transfer, octahedral structure, and resulting
magnetic properties of the films by changing the structural compensation mechanisms at
the substrate interface.[13] Koohfar, et al., recently reported that the architecture of the
Lag 7519.3CrO3 (LSCO)-LSMO heterostructure causes LSMO to retain its magnetic character
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FIG. 1. (a) HAADF RevSTEM image of the [3 LSMO/2 LSCO]x8 heterostructure on STO (b)
Intensity profiles of La/Sr and Mn/Cr atom columns (¢) Cr and Mn EELS maps with (d) compo-
sition profiles of Mn and Cr EELS L-edges showing intermixing. (e) Atomically resolved Sr and
Cr concentration from EDS (f) In- and out-of-plane nearest-like neighbor (NLN) distances. The

substrate region is marked with a gray box.

when grown with a thickness of only 2 unit cells. Isovalent LSCO spacer layers not only
remove the polar discontinuity at the LSMO interface and are closely lattice matched with
bulk LSMO (arsyo = 3.879 A[14], arsco = 3.88 A[15]), but also reduce the octahedral
structure distortion leading to LSMO films with magnetic properties comparable to bulk.[16]

Throughout prior work, scanning transmission electron microscopy (STEM) and electron
energy-loss spectroscopy (EELS) have proven critical to examine structure and cation charge
states in thin films. For EELS, fine spectral features from cation and oxygen edges, energy
onset, and intensity ratio of the core-loss edges are used to quantify B-site charge state
and determine film stoichiometry.[17-23] Evidence has not been provided, however, of the
La/Sr stoichiometry through the film depth. Furthermore, direct comparisons between X-ray
diffraction (XRD) studies and structural measurements with STEM are not often reported.

In this Letter, we investigate a LSMO/LSCO multilayered heterostructure grown on
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SrTiO3 (STO). Using high angle annular dark field (HAADF) STEM imaging and simula-
tion, EELS, and energy dispersive X-ray spectroscopy (EDS), we show correlation of atomic
and electronic structure and film chemistry. We find an inhomogeneous La/Sr ratio that
differs between LSMO and LSCO, which is observed in HAADF STEM images and EDS.
Furthermore, EELS analysis indicates that there is preferential oxygen vacancy formation in
LSMO layers accompanied by an out-of-plane lattice expansion. These results are compared
with XRD studies to highlight the need to combine measurements from multiple modalities

to fully capture details of charge redistribution.

LSMO/LSCO heterostructures were grown using molecular beam epitaxy (MBE). In situ
reflection high energy electron diffraction was used to control the thickness of the layers
with atomic-layer precision. LSCO and LSMO layers were grown at 900°C in an oxygen
plasma pressure of 107% Torr on (001) oriented STO with TiO, surface termination. Prior
to growth, the atomic fluxes were calibrated with a quartz crystal monitor to within 5-10%
of the desired rates. The heterostructures were slowly cooled to room temperature after
growth in the same oxygen plasma pressure, to ensure the samples are fully oxidized. The
heterostructure grown was 2 unit cells of LSCO and 3 unit cells of LSMO, repeated 8 times
producing a 40 unit cell thick film. This structure is denoted [3 LSMO/2 LSCO]x8.

Samples for electron microscopy were prepared by mechanical polishing and single-sector
ion milling[24] at intervals of decreasing voltage beginning at 2 kV and finishing at 0.5 kV. A
probe-corrected FEI Titan G2 80-300 kV STEM was operated at 200 kV for STEM imaging
and EELS. HAADF STEM images were collected using the Revolving STEM (RevSTEM)
method to maximize the signal to noise ratio and minimize the effects of drift and scan
distortion.[25] Accurate and precise atom column positions were determined from RevSTEM
images using custom MATLAB programs that are available upon request.[26] STEM images
were simulated using the multislice method.[27] Atom column intensity measurements were
performed using a Voronoi partitioned integration window to minimize the influence of
microscope aberrations.[28] EEL spectra were acquired with a Gatan Enfinium Spectrometer
(40 mrad collection angle), with an energy resolution of 0.35 eV and a dispersion of 0.05
eV /channel. The probe current was 100 pA. The Mn charge state was determined using
non-linear least squares fitting to MnO, MnyO3, and MnO, reference spectra. EDS was
performed for elemental concentration measurements with Super-X detectors and 80 pA

beam current. EDS line profiles were formed by averaging the concentration values from
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2-D maps. Detailed information of simulations, EELS data processing and quantification,
and EDS maps can be found in the Supplementary Material.[29]

To determine the lattice constants of the LSMO and LSCO layers of the as-grown sam-
ples, crystal truncation rods (CTRs) were measured on a [2 LSMO/2 LSCO|x10 sample at
the 33ID beamline at the Advanced Photon Source. Figure 2 shows measured diffraction
data around the (112) Bragg peak. Finite thickness oscillations and superlattice peaks are
observed indicative of the crystalline quality and periodicity of the superlattice. The lattice
constants of the LSCO and LSMO layers are varied to fit the measured data. A comparison
of the measured and simulated CTRs for the sample are compared in Figure 2 and show
good agreement.

HAADF STEM reveals that the [3 LSMO /2 LSCO]x8 heterostructure is free of interfacial
defects, as shown in Figure 1(a). HAADF scales roughly as Z'®, where Z is the atomic
number (Ze, = 24, Zym = 25).[30] As such, simulations indicate that the Mn atom columns
are expected to exhibit 5.8% greater intensity than Cr, (Supplementary Figure S1(c)). As
measured from HAADF STEM in Figure 1(b), the average difference of the Cr/Mn atom
columns in the LSCO and LSMO is 3.2%, significantly less than expected. Furthermore,
La/Sr (Zp. = 52, Zs, = 38) atom column intensities are expected to be constant across
the heterostructure if the La to Sr ratio is also constant. The intensity of the La/Sr atom
columns, also in Figure 1(b), shows, however, that these atom columns are periodically 3.7%
brighter in the nominal LSMO layers.

To understand the compositional variations observed by HAADF, atomic layer resolved
EELS was performed. Figure 1(c) show maps of the integrated Cr/Mn L-edge intensity.
Comparing with the HAADF intensity profiles in (b), it is revealed that the brightest La/Sr
atom columns occur in the LSMO layers. Figure 1(d) presents the Mn/Cr composition pro-
files measured from the integrated intensity of Mn and Cr L-edges in (c) revealing intermix-
ing. This degree of chemical intermixing explains the discrepancy in intensity of nominally
Mn- and Cr-containing atom columns between experimental and simulated images. Though
observed intermixing in EELS can be due to beam broadening through the thickness of the
sample,[31] STEM probe simulations indicate that beam spreading is limited to about 0.05
nm for the 9 nm thick TEM sample.

Compositional analysis of these layers by EDS, shown in Figure 1(e), also indicates that

the Sr signal increases by 2+0.2 at% in the LSCO layers compared to LSMO, which is in
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FIG. 2. Crystal truncation rod measurement around the (112) film and substrate Bragg peak for
a [2 LSMO/ 2 LSCO]x10 superlattice grown on STO. The simulation is determined from a fit to

the experimentally measured diffraction intensities.

agreement with the decreased HAADF intensity in these regions. To validate the subtle EDS
observations, STEM image simulations were performed with a 60/40 La/Sr ratio in LSCO
compared to the nominal 70/30 ratio in LSMO. The adjusted ratio was chosen based on
the sensitivity of Mn charge state calculations, discussed later. The average La/Sr column
intensity of the layers from the image simulations (Supplementary Figure S1(c)), shows a
5% decrease in LSCO, where the Sr concentration is greater. Therefore, the change in La/Sr
ratio can readily account for the 3.7% variation in atom column intensity in experimental
images. This change in composition across the multilayer stack can have at least two main
impacts. First, the structure (lattice parameter and octahedral structure) would be modified
based on the ratio of the La/Sr atom columns. Second, the charge state of the Mn or Cr can
change to account for the change in the atomic layer-averaged A-site charge. While changes
in both HAADF and EDS signals are small, the measured values are above the sensitivity
limits for both techniques. A sensitivity of 0.1% is standard for the Super-X EDS detectors
with sufficient counts.[32] Furthermore, the EDS peaks considered for quantification do
not overlap, therefore the changing B-site chemistry does not affect La/Sr quantification.
Furthermore, HAADF can be sensitive to + 1 atom in an atom column when accompanied

by simulation.[33]
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To determine structural changes, the in- and out-of-plane nearest-like neighbor (NLN)
atom column distances are determined using atom column positions in HAADF STEM im-
ages and XRD. Figure 1(f) shows the STEM-determined average in-plane measurement of
3.905 A revealing the film is pseudomorphic to STO, in agreement with XRD results.[16]
Because the film is tensile strained in-plane, the out-of-plane parameter is expected to com-
press.

Figure 2 shows the off-specular (11L) crystal truncation rod for the [2 LSMO/ 2 LSCO]x10
sample on STO. Clear superlattice peaks are observed indicative of distinct LSCO and LSMO
layers and rules out the formation of a solid solution of (LaSr)(CrMn)O;. By fitting the
measured diffraction data using GenX, [34] the out-of-plane lattice constants are determined
for the LSCO and LSMO layers to be 3.821 4 0.005 A and 3.846 + 0.005 A. A similar analysis
for the [6 LSMO/ 2 LSCO|x4 yields identical lattice parameters confirming that increasing
the LSMO thickness does not lead to relaxation of strain in the LSCO and LSMO layers.
The oscillatory out-of-plane parameter is captured in the STEM-determined NLN distance in
Figure 1(f). The average LSCO parameter is 3.8140.01 A, in agreement with XRD. LSMO
layers, however, exhibit an average out-of-plane parameter of 3.8840.01 A approximately 4
pm larger than that of the XRD-determined value.

The valence state of Mn across the multilayer is determined by fitting the EELS L3 and
L, white lines to Mn?*, Mn?", Mn*" references using non-linear least squares fitting.[9] An
average Mn charge of 3.4+1 is nearly constant throughout the film, as shown in Figure
3(a). There is no clear charge oscillation within each layer, thus suggesting that charge
transfer between the layers does not occur. It is worth noting here that the reference and
experimental spectra were aligned by the L3 edge onset so that only the edge shapes were
considered as parameters in the fitting as shown in Supplementary Figure S2. This fitting
constraint was chosen due to an observed periodic shifting of the Mn L3 edge, with each layer
of the heterostructure as shown in Figure 3(b). An example of the Mn L-edge in LSMO
compared to intermixed Mn in nominally LSCO layers is shown in Figure 3(c). Dashed
vertical lines show the 0.5 eV shift between the two edges. The onset of the Mn Lj3 edge
reaches a maximum of 645.8 eV in LSMO layers and decreases to 645.3 eV in nominally
LSCO layers. This edge shifting can be indicative of varying charge state,[17] but this does
not agree with the charge determined from references.

To explain the edge shifts observed in EELS data, the O K-edge extended loss near-edge
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FIG. 3. (a) Layer-resolved Mn charge states determined from fits to EELS spectra. The error bar
is the standard error of the depth-dependent charge state using 3 Mn EELS line scans. (b) Mn
Ls-edge shifts through the film thickness overlaying the integrated intensity of the Mn Ls-edge. (c)
Representative Mn L-edge taken from LSMO compared to intermixed Mn from nominally LSCO
layers. The vertical dashed lines indicate the 0.5 eV shift between the edges. (d) Comparison of

oxygen K-edge from LSMO and LSCO layers

structure is examined. The O K-edge pre-peak at 533 eV is due to Mn/Cr-O hybridization,
and is reduced when oxygen vacancies are present or shifts with a change in Mn valence.[18,
35, 36] Figure 3(d) shows the O pre-peak occurs in LSCO layers but is diminished in LSMO.
This strongly suggests that oxygen vacancies accumulate in LSMO layers.

Cr charge state determination with EELS has proven complicated in bulk materials and
is further complicated by the strain, lattice distortions, and complex chemistry of the film
studied here.[37] The most reliable approach is to measure the distance between the O K-
edge pre-peak and the Cr Lg edge.[38] In LSMO layers where Cr has intermixed, the pre-peak
is not present or lost in the noise, so such analysis is not possible with Cr. While charge

state analysis is not possible on both Mn and Cr, the claim here that there is not charge
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transfer between Mn and Cr is corroborated in previous work on this heterostructure.[16]

The preferential formation of Lag;Srg3MnO3_5 oxygen vacancies explains the observed
expanded out of plane lattice parameter in these layers. The oxygen vacancies cause nearby
cation repulsion, subsequently expanding the lattice. The degree of lattice expansion corre-
sponds to an approximate oxygen deficiency of § = 0.125, or approximately one vacancy for
every 8 unit cells.[39] Since the film remains pseudomorphic to STO, only the out-of-plane
parameter increases. The oxygen vacancy-induced expansion also explains the oscillating
Mn EELS Ls-edge onsets observed in Figure 3(b). Although the edge onset shift can be
indicative of charge transfer between Mn and Cr, [13] oxygen vacancies would also reduce
Mn charge. Mn appears, however, to maintain its valence based on the reference fits. If
any change in Mn charge occurs, it is within the precision of the measurement, £0.1 eV .
Rather, the phenomenon is most likely the result of tetragonal distortion increasing the en-
ergy split of Mn ¢2¢g and eg orbitals, consistent with results from StMnOj3 thin films grown
with different strain states.[36]

The presence of positively charged oxygen vacancy point defects (Vey, using Kroger-Vink
Notation) in LSMO layers without a Mn charge decrease indicates the charge compensation
mechanism occurs in the La/Sr cation sublattice. The reduced La/Sr atom column intensity
in LSCO is due to two possible phenomena: Sr excess in LSCO (as was simulated) or
negatively charged Sr vacancies (V/S/r) in LSMO to balance V{. From simulated intensity
calculations, the 3.7% change in La/Sr column intensity is due to less than a 10% Vg, or
La/Sr ratio change in the layers, which is below the sensitivity of the EELS-determined Mn
charge measurement.

The non-uniform La/Sr ratio is consistent with interdiffusion on the order of a unit cell
observed at complex oxide interfaces and may be kinetically driven by intermixing resulting
from high growth temperatures (800 °C) required to achieve epitaxial growth.[40-42]

EELS results also explain the discrepancy between the LSMO out-of-plane lattice param-
eter from XRD and STEM measurements. The STEM measured value of 3.88 A is 4 pm
greater than the 3.84 A XRD value, consistent with the values for LSMO grown by MBE on
STO at oxygen deficient and stoichiometric conditions, respectively.[39] Furthermore, the
lattice parameter for LSCO layers for both XRD and STEM is in good agreement, and thus
the discrepancy is not due to systematic measurement error in either method. The observed

mismatch can thus be explained by the formation of oxygen vacancies in LSMO during TEM



AlP

Publishing

sample preparation, resulting in the decrease of the O K-edge pre-peak intensity and the
increased out-of-plane lattice parameter. During preparation for TEM, the top and bottom
sample surfaces perpendicular to the electron beam are exposed. While LSMO and LSCO
layers are equally exposed to the preparation process, both the differing B-site chemistry
and varied La/Sr ratio can easily reduce the oxygen vacancy formation energy allowing a
higher concentration of vacancies to form in LSMO. Small changes in doping, for example,
have shown to change this value by several electron volts.[43] We confirm that the lattice
expansion is independent of the electron dose during imaging, indicating that the effect is
already present in the as-prepared samples for electron microscopy. Further investigation of
the sample preparation steps responsible for oxygen vacancy formation is required and addi-
tional post-TEM preparation steps are likely needed fully probe the underlying mechanism.

In conclusion, we have characterized the structure and chemistry of an MBE-grown
LSMO-LSCO multilayer heterostructure using STEM imaging, simulation, EDS, and EELS.
The La/Sr ratio, oxygen stoichiometry, and resultant lattice parameter were found to vary
with each layer. These results strongly suggest that it is critical to examine the energy-loss
edge onsets, fine structure of cation and oxygen edges, and the La/Sr chemical heterogene-
ity in determining multilayer valence. Oxygen vacancies are found to preferentially form in
the LSMO layers during TEM sample preparation. These results indicate that acquiring a
combination of precise and accurate structural data with EELS are essential to fully explain

observed trends in either technique.

SUPPLEMENTARY MATERIAL

See Supplementary material for information on EELS data processing and quantification,

STEM image simulations, and expanded STEM EDS maps.
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