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ABSTRACT

Short range order (SRO) is critical in determining the performance of many important engineering
materials. However, accurate characterization of SRO with high spatial resolution — which is needed for
the study of individual nanoparticles and at material defects and interfaces — is often experimentally
inaccessible. Here, we locally quantify SRO via scanning transmission electron microscopy with extended
energy loss fine structure analysis. Specifically, we use novel instrumentation to perform electron energy
loss spectroscopy out to 12 keV, accessing energies which are conventionally only possible using a
synchrotron. Our data is of sufficient energy resolution and signal-to-noise ratio to perform quantitative
extended fine structure analysis, which allows determination of local coordination environments. To
showcase this technique, we investigate a multicomponent metallic glass nanolaminate and locally
quantify the SRO with <10 nm spatial resolution; this measurement would have been impossible with
conventional synchrotron or electron microscopy methods. We discuss the nature of SRO within the
metallic glass phase, as well as the wider applicability of our approach for determining processing—SRO

—property relationships in complex materials.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

The structure of materials with long-range crystalline order is
completely described by a unit cell. Conversely, materials which
lack long range periodicity can be described in terms of their short
range order (SRO), here defined as the local atomic arrangements
and compositional motifs within the first few nearest neighbor
shells. In many emerging systems, SRO critically influences material
properties and performance, e.g. the functional properties of
nanoparticles [1,2], strain-hardening and shear band formation in
bulk metallic glasses (BMGs) [3—5], surface passivation for mate-
rials in extreme environments [6], mechanical properties and
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radiation tolerance of high entropy alloys [7—11], dielectric
response of relaxor ferroelectrics [12], and electrical performance
of phase-change memory materials [13]. Conventionally, SRO is
studied with total X-ray and neutron scattering, or X-ray absorption
spectroscopy (XAS) with extended X-ray absorption fine structure
(EXAFS) analysis [14,15]. However, these techniques average the
local structure over very large areas defined by the beam size,
either ignoring or incorrectly interpreting the effects of local het-
erogeneity. (Scanning) transmission electron microscopy ((S)TEM)
offers A-scale spatial resolution, but standard (S)TEM methods (e.g.
imaging, diffraction, elemental mapping) cannot accurately deter-
mine SRO in complex, multi-element, and disordered systems.
Hence, mapping SRO evolution across a sample's microstructure
remains an experimental challenge. This shortcoming limits our
understanding of how material processing influences SRO, and in
turn, how SRO affects material properties. These issues must be
addressed for SRO-based materials engineering and optimization.
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A promising strategy for local SRO quantification is to combine
the benefits of STEM and X-ray synchrotron scattering within a
single instrument — a vision described by L. M. Brown in his 1997
paper “A Synchrotron in a Microscope” [16]. Specifically, we
consider STEM electron energy loss spectroscopy (EELS) with
extended energy loss fine structure (EXELFS) analysis. Similar to the
synchrotron EXAFS method, EXELFS analysis focuses on core-loss
excitation spectra, from ~50 to 1000 eV past the edge onset. Data
analysis allows the quantification of element-specific bond lengths,
coordination numbers, and coordination species, providing a
detailed understanding of SRO. Compared to synchrotron EXAFS,
STEM-EXELFS offers a ~1000 fold increase in spatial resolution.
However, extended edge analysis is ideally performed on high
energy edges, usually >3 keV. While synchrotron XAS allows reli-
able measurement out to several 10s of keV, the EELS signal-to-
noise ratio (SNR) and energy resolution both become limiting fac-
tors above 1 keV [17—23]. As such, prior EXELFS experiments have
primarily focused on low energy edges [24—30], which hinders
quantitative data analysis and prohibits the study of important
edges, e.g. the K-edges of 3d transition metals or the L-edges of
period 5 and 6 elements. In recent years, major steps have been
taken solve this impasse. Craven et al. demonstrated the impor-
tance of the TEM/spectrometer optical coupling at high energy [18],
and, using an optimized coupling, MacLaren et al. reported EELS
measurements out to at a record 10 keV [19]. Still, the high energy
EELS SNR and energy resolution remain too low for EXAFS-type
data quantification, and mapping of SRO with STEM-EXELFS has
only been performed at energies <1 keV [31,32].

In this article, we demonstrate the ability to locally quantify SRO
with STEM-EXELFS of edges out to >10 keV, greatly increasing the
number of accessible elements and the level of SRO quantification
(Fig. 1). We maximize spectral quality using a direct detection
sensor and an optical coupling optimized for high energy losses
(Supplementary Fig. 1). With this experimental set-up, we are able
to collect data out to 10+ keV with energy resolution and SNR
comparable to that of a synchrotron. To demonstrate the new sci-
ence enabled by this method, we perform localized Ni K-edge
(8.3 keV) measurements in a nanolaminate of crystalline Ni and a
Zr—Ni—Cu—Al BMG [40]. Through EXELES analysis, we quantify the
SRO in the BMG layer with ~7 nm spatial resolution, which would
have been impossible to measure with XAS or conventional (S)TEM
techniques. The ability to spatially map local bonding and coordi-
nation has far reaching implications for the study of complex and
disordered materials.

2. Results

Our high energy EELS set-up has two primary components. First,
we use a direct detection (DD) electron sensor, which allows
counting of incident electrons. Relative to a traditional CCD camera,
the DD sensor greatly increases the signal-to-noise ratio and the
combined energy resolution and energy field of view. These ad-
vantages have proven critical for applications such as in situ and
low dose EELS [33—39].

Secondly, we use a post-specimen lens configuration optimized
for high energy losses. With inelastic electron scattering, the
angular distribution follows a Lorentzian, with a characteristic
angle fg that is proportional to the energy-loss [41]. Hence, for
higher energy edges, electrons are scattered to higher angles, and a
larger collection angle is preferred. Additionally, because the STEMs
standard camera lengths are designed for the primary beam energy,
it is necessary to ensure that high-loss electrons are also transferred
to the spectrometer with an appropriate collection angle. As shown
in Supplementary Fig. 1, our system is well-suited for high energy
EELS; at 8 keV energy loss, the collection angle is 60 mrad, which is
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approximately 3 x fg. One potential drawback to using large
collection angles is that the collected spectra may include non-
dipole contributions. However, as shown below, our EELS data is
in excellent agreement with XAS reference data. This suggests that
for our on-axis spectrometer, dipole scattering dominates any non-
dipole contributions [41,42].

2.1. Benchmarking high energy EELS

First, we demonstrate the ability to measure high energy edges
with high SNR using a focused electron probe. For these bench-
marking experiments, we use a ~3 nm STEM probe of several nA.
The probe was continuously scanned over a region of ~50 x 50 nm?
during EELS collection, with acquisition times of 10—50 min (see
section 4). Fig. 2 presents side-by-side comparisons of EELS and
XAS measurements for several reference edges: the K-edge of Ti
(5 keV), the K-edge of Ni (8.3 keV), and the L3-edge of Au (11.9 keV)
(see Supplementary Fig. 2 for EELS processing and normalization
workflow). In general, agreement between the two techniques is
excellent, indicating the high quality of our EELS data. Notably, the
near edge EELS and XAS data are almost indistinguishable at the Ni
K-edge.

At the Ti K-edge, the sharp pre-peak (marked with an *) acts as a
resolution test for our EELS system (at this specific energy). Though
there is some broadening relative to the XAS data, the pre-peak is
clearly resolved in our EELS measurement. Based on the width of
this feature, we estimate an EELS energy resolution better than 2 eV
at 5 keV energy-loss (AEJE = 4 x 10~4). We note that the Ti K-edge
was previously studied with EELS by Blanche et al,, and we high-
light two key improvements in our data [17]. First, the energy
resolution is improved by roughly a factor of 5, which is needed for
quantitative fine structure analysis. Second, we have reduced the
required electron dose by a factor of ~65, which is essential for local
STEM analysis, as well as the study of beam sensitive materials. At
the Au L3-edge, agreement between the two techniques is some-
what worsened. This is likely due to the absence of sharp spectral
features to use as a focusing metric. Still, our Au L3-edge mea-
surement captures the main features observed in the XAS data, and
to our knowledge, this is the highest energy EELS result reported to
date.

Next, we compare the EXELFS and EXAFS data. We follow the
standard EXAFS procedure of isolating and normalizing the
extended edge signal and then converting the excited (photo)
electron energy to its wave number, obtaining x(k) [43]. The EXELFS
versus EXAFS comparisons are shown in Fig. 2 insets. Excellent
agreement is evident, with clear y(k) oscillations observed in the
EXELFS data out to at least 10 A~! for all edges.

To further verify the quality of our data, we perform ab initio,
multiple-scattering modeling of our EXELFS data using EXAFS
analysis procedures [44]. Fig. 3a shows a fit to the Ni K-edge which
includes the first 4 coordination shells of FCC Ni, and Fig. 3b shows a
fit to the Au L3-edge including the first two coordination shells of
FCC Au (fitting of the Ti K-edge is shown in Supplementary Fig. 3).
The data is displayed in R-space, where 7 (R) is the Fourier trans-
form of y(k), and the modulus |y (R)| is closely related to the radial
distribution function of the excited atom. Each fit includes minimal
free parameters: the amplitude reduction factor S3, an energy offset
AE, an isotropic lattice strain e, and bond length mean square de-
viations o2 applied to the different coordination shells (section 4).

The excellent agreement between experiment and theory
proves our ability to probe local atomic structure from core-loss
edges out to 12 keV energy loss, all while using just a 3 nm STEM
probe. Prior STEM-EXELFS studies have been limited to <1 keV
energy loss [31,32], which greatly restricts the number of accessible
elements. Additionally, the increased occurrence of absorption
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edges at low energy confines the post-edge energy field-of-view,
which in turn limits the quantification in R-space. Our analysis of
the Ni K-edge includes a ~1 keV energy field of view (with a k-space
fit window of Ak = 11 A~1), which gives an R-space bond-length
resolution of AR = m/2Ak ~ 0.15 A. This level of EXELFS data
quantification is unprecedented and was previously only possible
with an X-ray beam.

2.2. STEM-EXELFS investigation of local order

To illustrate the novel science enabled by high energy STEM-
EXELFS, we investigate an accumulative roll-bonded nano-
laminate of a BMG (ZrgsCuy75NijpAlys) and crystalline Ni. Such
composite structures of a BMG and crystalline metal show promise
for improved mechanical performance and ductility, which is
important for the commercial success of BMGs [45,46]. The accu-
mulative roll-bonding process starts with ~mm thick sheets of
crystalline Ni and the amorphous BMG stacked together. Through
iterative rolling, cutting, and restacking of the rolled layers, the two
sheets are fused together and the individual layer thicknesses
approach the pm or nm scale [40]. The chosen BMG has a large
supercooled liquid region, which is ideal for the roll-bonding pro-
cess [40]. Prior studies have shown that roll-bonding can drive
diffusion between layers and alter the constituent BMGs compo-
sition [47—51]. It is unclear, however, if there are also changes to the
BMG's SRO, which is sensitively tied to mechanical properties
[4,52]. Owing to the sub-micron width of the BMG layers, the local
structure cannot be isolated from the Ni matrix using standard X-
ray or neutron measurements (Fig. 4a). Conventional (S)TEM
analysis of BMGs can determine the elementally-averaged radial
distribution function, as well as structural and chemical order on
length scales greater than a few nm [53—55]. But a complete un-
derstanding of BMGs — and multicomponent disordered solids in
general — requires local EXAFS-type quantification of element-
specific bonding, which cannot be obtained with existing methods.

In Fig. 4 we present localized EXELFS measurements from the
nanoscale BMG phase. The sample geometry is shown in Fig. 4b.
Note that with the imaging conditions used here, diffraction from
crystalline phases leads to varying degrees of dark/light contrast;
the uniform intensity of the BMG layer reflects its amorphous
structure. The dashed box in Fig. 4b indicates the region of EELS
analysis. First, we performed conventional EELS measurements of
the Ni L-edge, Cu L-edge, and Zr L-edge. The evolution of these
edges across the BMG layer is shown in Fig. 4c. In agreement with
prior studies, we find that the Ni content within the BMG layer is
much higher near the interface, suggesting inter-layer Ni diffusion.
Next, we performed a high energy EELS spectrum image of the Ni K-
edge. From the 2D spectrum image, we integrate the data parallel to
the Ni/BMG interface, and then plot the data in R-space (Fig. 4d).
The spectra in Fig. 4d are color-coded with the arrows in Fig. 4c to
mark their spatial position. The extracted spectra have areal di-
mensions of 3 x 30 pixels?, with a 2 nm pixel size and 3 nm STEM
spot size. This corresponds to a ~7 nm spatial resolution normal to
the Ni/BMG interface. Comparing the Ni K-edge |(R)| data from the
BMG and the adjacent Ni matrix, the BMG shows a much weaker
and broader first shell peak, indicative of a lower average coordi-
nation number and increased disorder. The peak position is also
shifted to slightly lower R, which is attributed to anharmonicity in
the bond distribution [56].

To quantify the local Ni bonding environment, we simplify our
analysis of the Zr—Cu—Ni—Al system to a pseudo-binary Zr-(Ni,Cu)
glass. This step is justified owing to i) the low concentration of Al, ii)
the topological equivalence of Ni and Cu within this solution [57],
and iii) the similar EXELFS signatures of Ni—Ni and Ni—Cu bonding
(note that the local environment of Ni and Cu clusters can be
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independently analyzed through EXELFS measurements of the Ni
and Cu K-edges, but for our analysis of the Ni K-edge, Ni—Ni and
Ni—Cu bonds cannot be differentiated). With this simplification, we
fit the first coordination shell of Ni using two bonds, Ni—Zr and
Ni—Ni, the latter representing both Ni—Ni and Ni—Cu bonds. We fit
each of the spatially resolved EXELFS spectra independently,
allowing us to locally determine the Ni coordination environment
(section 4).

To analyze chemical SRO within the BMG layer, we use the well-
known Warren-Cowley parameter o [15,58,59],

CNNi~2r/ CNyi_1o¢
aNi—Zr:l_X—Zr (1)

where CNyj—z; is the number of Zr atoms within the first-shell of Ni,
CNni.tot is the total number of atoms in Ni's first shell, and Xz, is the
Zr atom fraction. The case of a. ~ 0 indicates no preferential bonding;
o < 0 indicates preferential bonding between Ni and Zr, i.e. anti-
clustering or local ordering; and o > 0 indicates clustering. BMGs
generally show preferential solute-solvent bonding, and several
EXAFS studies have found a < 0 for bulk Zr—Ni—Cu glasses [60,61].

In Fig. 4e we present the SRO analysis. First we plot the ratio of
CNNi—zr/CNni-Tot as determined from our EXELFS fits. Across the
entire width of the BMG layer, CNnj—z:/CNni-Tot < 0.5, indicating
that Ni atoms are predominately coordinated with other Ni and Cu
atoms. We also plot the local Zr atom fraction, Xz, as determined
form our conventional EELS measurement. From these quantities,
we then calculate anjz: according to Eq. (1) (Fig. 4e). Across the
entire BMG layer, o is positive, indicating a preference for Ni-(Ni,Cu)
clustering. We emphasize that the local Ni structure could not have
been directly obtained with EXAFS (owing to the X-ray beam size
[62]) or conventional STEM techniques, which cannot directly
probe local order in multi-component, disordered samples. We
note that chemical SRO in BMGs can also be characterized by the
Cargill equation [63], which accounts for differences in total coor-
dination between species, i.e. differences in CNyj.rota and CNzyTotal-
However, because we cannot experimentally access CNzptota, We
used the Warren-Cowley equation.

The finding of Ni-(Ni,Cu) clustering provides new insight into
the complex thermomechanical processing of the composite. As
noted above, bulk BMGs tend to show a < 0[4,57,64,65], which is in
stark contrast to the clustering found here. The observed clustering
is likely related to the extreme thermo-mechanical processing of
the composite, which involves both significant strain and inter-
layer diffusion. To understand how mechanical strain may influ-
ence SRO, we analyzed data from molecular dynamics simulations
of CupaZrsg glasses as previously reported in Ref. [66]. Specifically,
we compare the local structure in the as-quenched CugsZrsg glass
versus highly deformed material at the center of a shear band
(Supplementary Fig. 4). There is no evidence of increased clustering
within the deformed material, suggesting strain is not the primary
mechanism. Instead of deformation, the role of inter-layer Ni
diffusion (which is enhanced due to deformation [47—49]) may be
responsible for the observed SRO. We posit that Ni diffusing into
the BMG concentrates in local Ni clusters, which leads to a positive
value of ayj-zr.

We briefly comment on other results from the BMG fits, which
are detailed in Supplementary Table 4. The best fit Ryj_ni and Ryi-zr
are mostly constant across the BMG layer, and generally within
0.1 A of the summed metallic radii for Ni—Ni and Ni—Zr, respec-
tively. The total CN for Ni was rather low within the BMG, averaging
just 6.8. The CNyj_tor Within Zr—Ni—Cu BMGs is usually closer to 10
or 12 [67], though there are numerous EXAFS reports of CNyj_tot < 6
for Zr-Ni [61] and other Ni containing BMGs [68,69]. We also note
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that there is an inherent artifact for total CN determination when
fitting EXELFS and EXAFS data for structures with strong, asym-
metric bonding disorder [70—72]. Hence, the actual total CN may be
higher than our fitted results, if the asymmetry in the unknown
bonding distribution is taken into account.

3. Discussion and conclusions

Our EXELFS approach enables highly localized measurement of
atomic structure and bonding, with a spot size three orders of
magnitude smaller than those conventionally used with EXAFS.
Moreover, EXELFS offers chemical specificity, as opposed to (S)TEM
diffraction methods. This ability is relevant for the characterization
of disordered, nanostructured and/or heterogeneous materials, for
which local measurements of SRO were previously inaccessible. As
a topical example, we studied nearest neighbor chemical order in a
BMG, offering a snapshot of local clustering which could not have
been revealed through conventional means. This demonstration is
highly relevant to the long-standing challenge of accurate SRO
characterization in BMGs [3—5,73—75]. We note a recent finding
that compression of a similar Zr—Ni—Cu BMG altered the local or-
der, which lead to work hardening and greatly improved me-
chanical behavior [3]. However, the specific nature of the altered
SRO in Ref. [3] is unclear, further highlighting the importance of our
methodology in closing this knowledge gap.

Another relevant material system for STEM-EXELFS analysis is
high and medium entropy alloys. In these materials, the presence
of SRO is hotly debated, as is the potential impact on material
properties [7—9,76—79]. Recently, a (S)TEM imaging and diffrac-
tion study demonstrated the presence of medium range order in
aged CoCrNi on the length scale of 3—4 nearest neighbor shells,
and the observed order was linked to increased hardness [7].
However, questions remain over the presence of SRO within the
1st and 2nd nearest neighbor shells, which STEM-EXELFS is well
positioned to answer. Our method is equally relevant for materials
ranging from relaxor ferroelectrics, to electronic phase change
materials, to functional nanoparticles. In all cases, the ability to
locally quantify SRO will help establish processing—SRO—property
relationships.
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Fig. 1. Comparison of electron energy loss and X-ray absorption spectroscopies.
Synchrotron XAS provides excellent SNR and energy range, but a limited spatial res-
olution. Conversely, standard EELS provides nanoscale spatial resolution, but limited
SNR and energy range. The energy range of the 3d metal K-edges, and the period 5 and
6 L-edges are shown.
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We demonstrated that EELS, as a single instrument, is capable of
providing spectral analysis from ~1 eV out to >10 keV, spanning the
soft to hard X-ray regimes (Fig. 1). This improved spectral range will
enable efficient analysis of materials with both light and heavy
elements [80]. For chemical analysis, the improved spectral range
will facilitate efficient acquisition of multiple edges of a single
element, e.g. the L- and K-edges of 3d transition metals, allowing
more comprehensive chemical bonding analysis.

Lastly, we comment on some aspects of high energy EELS which
require further improvement. While the SNR demonstrated here is
sufficient for high energy EXELFS, the EELS energy resolution and
calibration present a significant challenge above 10 keV, as
apparent in our Au Ls3-edge data (Fig. 2). Improved methods for
spectrometer alignment and calibration are required for near edge
fine structure analysis at these energies. Beam induced specimen
damage presents an additional challenge, since large currents are
necessary to obtain adequate SNR at high energy (in this study, the
beam current ranged from 2 to 8 nA, see section 4). Here, the
investigated Ti, Ni, and Au reference samples are heavy enough to
avoid knock-on damage under the 200 keV beam. For the investi-
gated BMG sample, there may be some level of knock-on damage
[81], but the EXELFS signal showed no dose-dependence, indicating
that the electron beam did not alter the chemical SRO
(Supplementary Fig. 5). Conversely, many oxide, biological, and 2D
materials would readily degrade under a focused nA STEM probe
[82]. In some cases, the use of multi-frame spectrum imaging with
short dwell times may mitigate sample damage [83], and alterna-
tive approaches such as compressed-sensing or low-voltage (S)TEM
should also be explored [84]. Finally, while the present method
provides nanoscale spatial resolution, the method is not well suited
for 2D spectral mapping across large areas, owing to the long
acquisition time needed per pixel, as well as scan distortions
related to the unconventional post-specimen optics. Alternative
methods for high throughput SRO mapping should be considered.

4. Materials and methods
4.1. EXELFS acquisition

All electron microscopy and spectroscopy experiments were
performed on a JEOL 2100F instrument with an accelerating voltage
of 200 kV and a Schottky emitter. EELS was collected with a Gatan
Imaging Filter (GIF) Quantum equipped with a Gatan K2 IS camera
operated in electron counting mode [33]. The GIF high SNR aper-
ture (5 mm) was used for all experiments. The dispersion was
nominally set to 0.5 eV/channel, but, after EXELFS calibration on the
Ti and Ni reference samples, the dispersion for all edges was
adjusted to 0.485 eV/channel post acquisition. A custom post-
specimen lens configuration was used, with a collection semi-
angle that varied from 73 mR at 5 keV energy loss to 56 mR at
10 keV energy loss (Supplementary Fig. 1). For each EELS mea-
surement, the spectrometer was initially focused on the zero loss
peak, and then the Fx was re-focused on the edge of interest [19].
For all EELS measurements, the microscope was operated in STEM
mode with a convergence semi-angle of 16 mR. Multiple acquisi-
tions of ~60 s were performed, and individual spectra were then
aligned and summed. Prior to summation, individual EELS datasets
were processed to remove ‘hot pixels’ (pixels with extremely large
or negative values due to problems with the counting software).
After summation, plural scattering was removed with a Fourier
ratio deconvolution as implemented in Gatan Digital Micrograph
v.3 (Supplementary Fig. 2). To avoid saturation during zero-loss
peak measurements, we used a reduced current and a CCD cam-
era. The collection semi-angle for these measurements was 60 mR
at 0 keV energy loss.
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For the Ti K-edge measurement shown in Fig. 2, the beam current
was 2 nA and the total acquisition time was 600 s, giving a total dose
of 8 x 10'? electrons. The sample was a FIB lamella taken from bulk,
polycrystalline Ti. The lamella had a thickness of t/\ = 1.1, where t is
the sample thickness and A is the inelastic mean free path. Using an
estimated inelastic mean free path [85], the Ti sample was ~88 nm
thick. For the Ni K-edge measurement shown in Fig. 2, the beam
current was 6 nA and the total acquisition time was 1200 s, giving a
total dose of 5 x 103 electrons. The sample was prepared via FIB prep
from a polycrystalline Ni source, and had a thickness of t/A = 1.1
(~82 nm). For the Au L3-edge measurement shown in Fig. 2, the beam
current was 8 nA and the total acquisition time was 3000 s, giving a
total dose of 2 x 10" electrons. The sample was a sputtered poly-
crystalline Au film, and had a thickness of t/A = 1.2 (~65 nm). Note
that for this measurement, the STEM high tension was increased
above 200 kV, since the spectrometer used here only allows for
measurement of energy losses up to 10 keV. By increasing the high
tension, the effective spectrometer energy loss is increased. For all of
these experiments (meaning the spectrashownin Figs. 2 and 3), data
was collected as the STEM probe continuously rastered across an
area of several hundred nm? with a ~ps dwell time.

For the spatially resolved mapping of the Ni/BMG laminate
shown in Fig. 4, the STEM-EXELFS spectrum image (SI) had a step

size of 2 nm with a multi-frame SI acquisition of 30 passes and
0.01 s per pass, resulting in a total dwell time per pixel of 0.3 s per
SI. Seven multi-frame SIs were acquired, aligned, and summed. The
STEM probe current was 8 nA, and the spot size was ~3 nm. The
average sample thickness across the SI area was t/A = 0.55
(~39 nm). For each of the summed interfacial regions shown in
Fig. 4, the local dose was 1 x 10'3 electrons. The BMG sample was
prepared as in Ref. [40], and a Ga™ FIB was used to prepare the TEM
specimen, with final thinning at 5 kV.

4.2. EXAFS acquisition

For Ni K-edge, Ti K-edge, and Au L3-edge spectra of foils, all the
data were taken from the web depository of synchrotron catalysis
consortium at BNL at http://you.synchrotron.edu/scc2.

4.3. EXELFS and EXAFS data processing

EELS and XAS data were normalized using the Athena software
package [44]. Low order polynomials were fit to the pre- and post-
edge regions, allowing extraction of the normalized cross-section
(Supplementary Fig. 2). The same normalization and background
removal protocols were used for EELS and XAS data. The absolute
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Fig. 4. Application of STEM-EXELFS to a crystalline/amorphous nanolaminate. a Schematic showing the Ni/BMG laminate structure in cross-section and the improved spatial
resolution of STEM-EXELFS relative to synchrotron EXAFS. b STEM-ADF image of the laminate. The dashed box indicates the region of EELS analysis. c Raw EELS intensity data
(arbitrary units) for the Cu L-edge, Zr L-edge, and Ni L-edge across the BMG layer. Data have been shifted along the intensity axis for clarity. Tick marks on the y-axis mark every
20 nm. The colored arrows mark the positions of EXELFS spectra shown in d. The spacing between the arrows is 6 nm. d Comparison of the Ni K-edge EXELFS |y(R)| (k*-weighted) at
various locations within the sample. The spectra are color-coded with the arrows in c. Data are offset vertically for clarity, and the y-axis tick marks are at every integer value. Green
spectra are from the Ni matrix, and purple spectra are from the BMG. The vertical dashed line is a guide for the eye. The grey box shows the R-space window for EXELFS fitting, and
the k-space fitting window was 2—10 A~". e Spatial dependence of the relative Ni CNs (left), the local Zr atom fraction (center), and the computed Warren-Cowley SRO parameter, o.

(right). On the y-axis, the ‘C’ indicates the central region of the BMG.

energy calibration for EELS at high energy is poor, so all EELS edges
were aligned to the XAS data. Fitting the EXELFS data was per-
formed using the Artemis software package [44], and details for
each fit are given in the Supplementary Information.
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