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Although nanoscale spatial heterogeneity of metallic glasses has been demonstrated by extensive
experimental and theoretical investigations, the nature of spatial heterogeneity remains poorly known
owing to the absence of a structural depiction of the inhomogeneity from experimental insight. Here we
report the experimental characterization of the spatial heterogeneity of a metallic glass by utilizing state-of-
the-art angstrom-beam electron diffraction and scanning transmission electron microscopy. The sub-
nanoscale electron diffraction reveals that the nanoscale spatial heterogeneity and corresponding density
fluctuation have a close correlation with the local structure variation from icosahedronlike to tetragonal
crystal-like order. The structural insights of spatial heterogeneity have important implications in under-
standing the properties and dynamics of metallic glasses.
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Extensive experiments and computational simulations
have demonstrated that the dynamic response of metallic
glasses to external excitation is spatially heterogeneous in the
nanoregime [1-8], although disordered metallic glasses have
been traditionally regarded as homogeneous materials. The
spatial heterogeneity has a strong correlation with the
mechanical properties [9-11] and dynamics [12-15] of
metallic glasses. Several prevailing models, such as free
volume [16], shear transformation zones (STZs) [17-20],
atomic level stress [21,22], liquidlike zones [ 7], flow units [8],
and flexibility volume [9], have been postulated to describe
the heterogeneity. These models are usually based on the
assumption of a structural defect or inefficient local atomic
packing in metallic glasses which leads to the formation of
heterogeneously dense and loose regions. By utilizing ampli-
tude-modulation dynamic atomic force microscopy (AM
AFM), the nanoscale heterogeneous response of viscoelas-
ticity has been visualized in real space from different metallic
glasses [12,23-26]. However, the nature of the nanoscale
domains with different viscoelasticity cannot be disclosed by
AM AFM, and, accordingly, the structural origins of the
spatial heterogeneity remain unknown. On the other hand,
extensive efforts have been devoted to understanding the
atomic structure of metallic glasses. In particular, both
icosahedronlike and crystal-like local structures have been
experimentally observed in metallic glasses by electron
diffraction [27-32]. In contrast, the direct correlation between
these short-range order and nanoscale spatial heterogeneity
has not been well explored. In this Letter, we investigate
the local atomic structures corresponding to the spatial
heterogeneity of a hyperquenched metallic glass by utilizing
state-of-the-art spherical aberration corrected scanning
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transmission electron microscopy (STEM) and angstrom-
beam electron diffraction (ABED), which provide a high
spatial resolution for imaging in real space and for diffraction
in reciprocal space, respectively.

A hyperquenched metallic glass Zrs3CusgAly; (at. %) with
anominal cooling rate of around 2.4 x 107 K s~! is prepared
by single-target rf magnetron sputtering at room temperature
[12]. The experimental details for the TEM and ABED
measurements are included in Supplemental Material [33].
The specimen used for ABED measurements is prepared by
gentle ion milling with a thin edge of about 28 nm [34].

The amorphous nature of the hyperquenched metallic
glass is verified by high-resolution TEM (HRTEM) and
selected area electron diffraction (SAED). The homogeneous
mazelike feature of the phase-contrast HRTEM micrograph
as shown in Fig. 1(a), together with the homogeneous
diffraction halo in the SAED pattern [inset in Fig. 1(a)],
proves that the sample, prepared by gentle ion milling,
is fully amorphous without any visible crystalline phase.
However, when the sample is imaged by high-angle annual
dark field scanning TEM (HAADF STEM), heterogeneous
contrast with alternating dark and bright domains at the
nanometer scale can be observed as shown in Figs. 1(b) and
S1. The heterogeneous contrast in HAADF STEM images
can also be viewed from the sample prepared by electro-
chemical polishing [Figs. 1(c) and S2]. Although the TEM
samples are thinned by two different methods, the hetero-
geneous contrasts are very similar to each other. The
hyperquenched metallic glass without any posttreatment is
also characterized by AM AFM [35]. The phase shift
mapping shows a nearly identical morphology and character-
istic length of the spatial heterogeneity as those in the
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FIG. 1. Spatial heterogeneity of the hyperquenched metallic
glass. (a) HRTEM observation of a sample prepared by ion
milling. HAADF STEM images of samples prepared by (b) ion
milling and (c) twin-jet polishing. (d) EDS mapping of the sample
prepared by ion milling with a color scale showing the intensity
of x-ray counts. (¢) HAADF STEM image and (f) the corre-
sponding map derived from the EELS zero-loss peak. The color
scale for the EELS map indicates the values of the /1 ratio,
where ¢ is the thickness of the sample and 4 is the inelastic mean
free path. The inset is the corresponding SAED pattern.

HAADF STEM images (see Fig. S3). The agreement
between HAADF STEM and AM AFM images in the
heterogeneous structure further confirms that the spatial
heterogeneity imaged by HAADF STEM is an intrinsic
feature of metallic glasses. We also inspected a melt-spun
Zr70CuyPt; (at. %) metallic glass ribbon with an extremely
thin edge for direct TEM characterization without any
thinning. Again, a similar heterogeneous contrast can be
observed in the milling-free sample by HAADF
STEM (Fig. S4).

Since HAADF STEM is sensitive to the local chemistry
and density, the heterogeneous contrast implies an inho-
mogeneous distribution of chemistry or density in metallic
glasses. STEM energy-dispersive x-ray spectroscopy
(EDS) mappings show that a visible chemical variation
correlated with the heterogeneity cannot be detected in the
sample down to the subnanoscale with quantitative mea-
surements [see Fig. 1(d)]. The thickness map is derived
from zero-loss peaks of EELS [Fig. 1(f)] according to the
log-ratio technique [36]. As determined in Fig. S5, the
contrast variation in the HAADF STEM images is mainly
from the mass density difference between the dark and

bright regions, which is evaluated to be approximately
9.2+ 1.5% based on the HAADF and EELS zero-loss
images [37]. The density variation between the dark and
bright regions experimentally verifies the long-standing
assumption on the coexistence of loosely and densely
packed regions in metallic glasses [38]. Importantly, the
length scale of the density variation is beyond short-range
structural or chemical order.

The local atomic configurations in metallic glasses can
be detected based on diffraction patterns from phase
correlation among nearest-neighboring atoms by using
ABED with a nearly parallel angstrom-sized electron beam
[30,31]. Combining with the scanning function of STEM, a
series of ABED patterns can be taken in a short period with
a scan step of about 0.2 nm [Fig. 2(a)]. By selecting the
ABED patterns solely from the bright or dark regions in
HAADF STEM images, respectively, an integrated ABED
pattern from either the bright or dark regions can be made
by the superposition of the selected ABED patterns for
statistical analyses on the structure of bright or dark regions
[33]. The diffraction patterns in Figs. 2(b) and 2(c) are
formed by integrating about 70 individual ABED patterns
obtained from bright or dark regions, respectively.
Apparently, the integrated ABED pattern taken from bright
regions has a sharper and more uniform contrast than that
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FIG. 2. Integrated ABED patterns from bright and dark regions.
(a) A schematic illustration of scanning ABED measurements over
spatially heterogeneous regions in the metallic glass. Integrated
ABED patterns taken from (b) bright regions and (c) dark regions.
(d) The intensity profiles derived from (b) and (c). For reference,
the intensity profiles of SAED patterns taken from the hyper-
quenched metallic glass and the partially devitrified sample are
also presented. Magnified views of the intensity profiles at (e) low
Q and (f) high Q portions for bright and dark regions.
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from dark regions. The intensity profiles in Fig. 2(d) are
transferred from the two-dimensional integrated ABED
patterns (see the method in Fig. S6). In Fig. 2(d), we can see
that the normalized intensity profile taken from bright
regions is very similar to that of the SAED pattern taken
from the hyperquenched metallic glass over an area around
10 pm in diameter. However, two additional subpeaks at
Q ~2.21 and 3.06 A~ can be observed in the intensity
profile taken from dark regions. The feature of the two
subpeaks is akin to that in the intensity profile of a SAED
pattern of a partially devitrified sample annealed right
below the crystallization onset temperature for 1 min [see
Figs. 2(d) and S7], indicating that the dark regions may also
contain a certain crystal-like order.

A direct comparison of the enlarged intensity profiles
[Figs. 2(e) and 2(f)] reveals more structural differences
between bright and dark regions. Although the two
integrated ABED profiles contain the same number of
individual ABED patterns, the intensity of the profile from
the bright regions is much higher than that from the dark
regions [see Fig. 2(e)], indicating stronger coherent scatter-
ing from the bright regions. The full width at half maximum
of the profile from the bright regions (~1.2 A™") is also
obviously smaller than that from the dark regions
(~1.4 A1) Therefore, the bright regions appear more
structurally ordered than the dark regions. Moreover, the
intensity profile from the bright regions in Fig. 2(f) shows a
peak shoulder around 5.28 A" at the right side of the
second peak, while we cannot see it from the profile of
the dark regions. The Q ratios of the second peak and the
shoulder to the first peak are calculated to be around 1.75
and 2.05, respectively. These two values are in accord with
the theoretical values 1.71 and 2.04 for icosahedral order in
metallic glasses [39,40]. Therefore, the integrated ABED
analysis suggests that the bright regions in the HAADF
STEM images contain well-defined icosahedral order while
the dark regions contain detectable crystal-like order.

The local atomic structures of bright and dark regions
can be obtained by analyzing the diffraction vectors of
individual ABED patterns taken from these regions. Since
individual ABED patterns are from a very small volume of
the sample, they may or may not represent the typical
structural features of the glass. To solve this issue, we
selected the ABED patterns which directly contribute to the
peaks of the intensity profiles in Fig. 2(d). The consistence
between the individual ABED pattern and the statistical
profile can ensure that the selected ABED patterns re-
present the most common structural features of bright or
dark regions. Figure 3(a) shows one representative ABED
pattern taken from bright regions in the HAADF STEM
image. The dashed ring which passes through most
diffraction spots at Q ~2.57 A~! is in accord with the
major peak at Q ~2.57 A" in the intensity profile of
bright regions [Fig. 2(d)] and the SAED pattern of metallic
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FIG. 3. Representative ABED patterns for bright and dark
regions. Individual ABED patterns taken from (a) bright regions
and (d) dark regions. The dashed white rings correspond to the
peak positions of the intensity profiles of the integrated ABED.
The angles between diffraction vectors are marked in (b) and (e).
SAED patterns taken from (c) the as-prepared hyperquenched
metallic glass and (f) the partially devitrified metallic glass.

glass taken from a large area [Fig. 3(c)]. The angles between
diffraction vectors marked in Fig. 3(b) are close to those of a
distorted icosahedron along a fivefold orientation [31]. The
ABED pattern corresponding to the fcc-like order from a
distorted icosahedron can also be observed in the bright
regions (Fig. S8). The ABED patterns further confirm that
the atomic structure in the bright regions has a noticeable
icosahedral order. In comparison with those from the bright
regions, the ABED patterns taken from dark regions usually
have weak and broad diffraction spots as shown in Figs. 3(d)
and S9, indicating relatively more structural disorder in the
regions. However, as a common feature, the diffraction spots
in the ABED patterns from dark regions can be marked by
two dashed rings located at Q ~ 2.21 and 3.06 A‘l, which
are in accord with the peaks in the intensity profiles of
integrated ABED [Fig. 2(d)] and the SAED pattern obtained
from a partially devitrified sample [Fig. 3(f)] that has a
tetragonal crystal-like order. Moreover, the sum of two
adjacent angles between diffraction vectors is close to 90°
[Fig. 3(e)], further confirming the formation of the tetrago-
nal-related order in the low-density dark regions [Fig. S10].
The ABED patterns corresponding to tetragonal-related
order can be often observed in the dark regions. Figure 4
shows two more examples in which the major diffraction
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spots locate at the cycles of Q ~2.62 A™!, one of the
characteristic peaks in the integrated ABED profile of dark
regions [Fig. 2(d)]. In Fig. 4(b), the angles between
diffraction vectors are around 45°, and the sum of two
adjacent angles is close to 90°, while for the ABED pattern
shown in Fig. 4(f), the diffraction vectors have an angle of
about 60°. The two ABED patterns can be marked as the
diffraction from a stretched body-centered cubic (bcc)-like
structure (similar to a distorted rectangular prism) along the
[100] and [111] directions, respectively. However, it is worth
noting that crystal-like lattice fringes cannot be found by
high-resolution TEM and STEM, although the tetragonal
crystal-like order can be detected in reciprocal space by
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FIG. 4. ABED patterns showing tetragonal crystal-like order in
dark regions. Experimental ABED patterns (a) and (d) are taken
from a stretched bec (or distorted rectangular prism) structure
along the [100] and [111] directions in dark regions, respectively.
The dashed white rings are located at the corresponding peak
position of the intensity profile of the integrated ABED. The
angles between diffraction vectors are marked in (b) and (f). For
comparison, simulated ABED patterns (c) and (g) are calculated
from an atomic configuration with a stretched bcce structure along
the (d) [100] and (h) [111] directions, respectively. The atomic
configuration is a Zr-centered atomic cluster with a Voronoi index
of (04 45) taken from the MD model where Zr atoms are marked
as white spheres, Cu atoms brown spheres, and Al purple spheres.

ABED. This indicates that the crystal-like order may exist
only in a very short range together with severe geometric
frustration [31].

The combination of HAADF STEM and ABED demon-
strates that the spatial heterogeneity of metallic glasses has a
close correlation with structural variations, which results in a
density fluctuation, while an obvious chemical composition
fluctuation cannot be seen. The bright regions in the
HAADF STEM have a relatively high density and more
icosahedral order. In contrast, the dark regions have a lower
density and lower structure ordering but contain a certain
crystal-like tetragonal order. Based on the effective packing
theory [41] and MD simulations [42,43] (see details in
Fig. S11) of a hyperquenched Zr-Cu-Al metallic glass, the
icosahedral order is usually from Cu- or Al-centered clusters
with a relatively dense packing, while the crystal-like order is
associated with Zr-centered clusters with a large number of
coordinated atoms from 13 to 17. Although crystal-like order
is expected to give rise to an effective atomic packing
because of high symmetry, the Zr-centered clusters actually
have relatively loose atomic arrangements caused by a large
difference in the bonding lengths among Zr-Zr (3.16 A),
Zr-Cu (2.85 A), and Zr-Al (3.01 A) and thus significant
geometric frustration. The local structure scenario revealed
by ABED certainly coincides with our previous synchrotron
XRD and EXAFS characterizations of hyperquenched
Zr-based metallic glasses [44]. The dark regions with lower
density and higher disorder appear to be dominated by
Zr-center clusters with longer interatomic bonds and more
significant geometric frustration, while the dense bright
regions are mainly occupied by well-developed Cu- and
Al-center icosahedronlike clusters.

The two distinct structural assemblies in spatial hetero-
geneity can account for many important phenomena of
metallic glasses. By combining differential scanning calo-
rimetry and AM AFM, the dark regions have been found to
shrink with the release of excess enthalpy [12], which act as
fertile sites for the localized translational motions of atoms
during f relaxation [45]. Moreover, due to the relatively
loose packing and the size analogue with STZs [17-20], dark
regions might also contribute to the nonlinear deformation of
metallic glasses [6,7,46]. Interestingly, it has recently been
found that the metallic glass-forming ability is strongly
correlated with the stability of crystal-like order under
annealing below the glass transition temperature 7', [47],
indicating that the glass-forming ability has a certain relation
with the spatial heterogeneity. The icosahedral order in
bright regions might correlate with the slow dynamics and
the stability of supercooled liquids [48-51] of metallic
glasses. The coexistence of icosahedral order and crystal-
like order in the metallic glass may provide new insights into
the fractal nature of medium-range order [52,53] and elastic
moduli inheritance of solvent atoms [54] in metallic glasses.

In summary, the local atomic order corresponding to
spatial heterogeneity in a hyperquenched metallic glass has
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been systematically studied by Cs-corrected STEM and
ABED. A local structure characterization demonstrates that
the spatial heterogeneity has a direct correlation with local
atomic configuration variation, which gives rise to a density
fluctuation and thus nanosized bright and dark domains in
HAADF STEM images. The densely packed bright regions
have well-defined icosahedronlike order, while the loosely
packed dark regions are more disordered with a certain
tetragonal crystal-like order. Our study clarifies the inherent
relationship between the local atomic order and the spatial
heterogeneity in metallic glasses and provides experimental
insight into the nature of structural inhomogeneity of
metallic glasses.
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