
Contents lists available at ScienceDirect

Ultramicroscopy

journal homepage: www.elsevier.com/locate/ultramic

Direct determination of structural heterogeneity in metallic glasses using
four-dimensional scanning transmission electron microscopy
Soohyun Ima, Zhen Chenb, Jared M. Johnsona, Pengyang Zhaoa, Geun Hee Yooc, Eun Soo Parkc,
Yunzhi Wanga, David A. Mullerb,d, Jinwoo Hwanga,⁎

a Department of Materials Science and Engineering, The Ohio State University, Columbus, OH 43212, USA
b School of Applied and Engineering Physics, Cornell University, Ithaca, NY 14853, USA
cDepartment of Materials Science and Engineering, Research Institute of Advanced Materials, Seoul National University, Seoul 08826, South Korea
d Kavli Institute at Cornell for Nanoscale Science, Cornell University, Ithaca, NY 14853, USA

A B S T R A C T

We report the first direct quantification of the structural heterogeneity in metallic glasses using intensity variance and angular correlation analyses of the 4-
dimensional (4-D) scanning transmission electron microscopy (STEM) data. We demonstrate that the real-space reconstruction and analyses of the 4-D nanodif-
fraction data acquired using a pixelated fast STEM detector enables quantitative determination of the details of local structural heterogeneity, including the type, size,
volume fraction and spatial distribution of local ordering at the nano- to meso-scale, beyond the limits of the previous measurements using conventional detectors.
We show that different types of local ordering are present in Zr55Co25Al20 glass, leading to a high degree of structural heterogeneity, with the total volume of locally
ordered regions making up to ∼14% of the entire volume. These findings are significant, as the structure-property relationship in metallic glasses and other
amorphous materials has been difficult to establish because of the lack of detailed structural information from experiments.

Understanding the properties of amorphous materials is often
complicated by the difficulties in determining the structural origin of
the observed properties. This is largely due to the challenges in char-
acterizing their structures, as the inherent disordered arrangement of
atoms makes the characterization much more complex than that of the
ordered arrangement of atoms in crystalline materials. The prime ex-
ample of this ongoing challenge is in the study of metallic glasses
(MGs), where understanding the detailed mechanism of their plastic
deformation has remained as one of the most critical issues [1–3]. Over
the last decade, significant progress has been made in gaining such
understanding using both experimental [4–7] and theoretical [8–12]
approaches. However, one of the important remaining challenges is to
determine how the structure is correlated to the deformation of MGs.
The current theory of MG deformation involves the activation of shear
transformation zones (STZs) upon thermal-mechanical loading [13].
While the STZs are usually manifested in dynamic local inelastic events,
the question is whether or how such events are affected by the local
atomic structures of the MGs. Such an explicit correlation between the
structure and deformation, if established, would be able to explain, for
example, why some MGs are much more ductile than others [14,15],
and why such differences in ductility can be induced by only a small
change in their composition or thermal history [16,17]. The correlation
would also provide new opportunities to tune the structure to

simultaneously achieve multiple desired properties, for example, both
high strength and ductility, which is one of the ultimate goals in the
development of new generation structural materials.

In this study, we focus on understanding the details of the structural
heterogeneity in MGs. Structural heterogeneity has been recently ob-
served both in experiments [18–21] and simulations [22,23], which
have suggested that the length scale of the heterogeneity may be at
about one to a few nanometers. The heterogeneity may be inherent to
the structure of the glass-forming liquid prior to quenching [22], but
the measured heterogeneity in an MG at room temperature is un-
arguably static in nature. Even so, the heterogeneity may still be in-
herently coupled to the local deformation event [24], especially at the
length scale of an STZ which is also proposed to be about one to a few
nanometers. This emphasizes the importance of accurate experimental
characterization of the heterogeneity in establishing fundamental un-
derstanding of the structure-deformation relationships in MGs. While
electron nanodiffraction studies have previously revealed a few types of
medium range ordering (MRO) [18,25] that may constitute the het-
erogeneity, there are still other important structural parameters of
MRO, for example, their average size (length scale), volume fraction,
and spatial distribution (or correlation), that have been shown critically
important in determining the deformation behavior of an MG (e.g.
[24,26]), but remained difficult to be directly characterized so far.
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Determining accurately such parameters requires new characterization
capabilities beyond the limits of the methods used previously.

Here we report the first direct determination of the type, size, vo-
lume fraction, and spatial distribution of nanoscale heterogeneity in an
MG using 4-dimensional (4-D) scanning transmission electron micro-
scopy (STEM) [27]. 4-D STEM uses the new-generation pixelated fast
STEM detectors with high sensitivity that enable the acquisition of in-
dividual 2-D diffraction patterns from every single probe position
within the 2-D sample area. Using the angular correlation function [28]
and intensity variance [29] analyses of the 4-D data, we show that the
MG structure contains multiple randomly distributed types of MRO
regions with different rotational symmetries and an average size of
∼1.3 nm, making up ∼14% of the material's volume. The implication
of this new characterization is significant, as the heterogeneity we de-
termined here could provide not only new insights into possible cor-
relations between structure and deformation behavior of MGs, but also
direct inputs to deformation simulations at both the atomistic [11,24]
and meso [26,30–32] scales to establish robust structure-property re-
lationships.

For this study, we prepared Zr55Co25Al20 alloy ingots using arc-
melting with high purity elements of Zr (99.9%), Co (99.9%) and Al
(99.9%) under Ti-gettered argon atmosphere. The ingot was re-melted
more than six times to ensure compositional homogeneity and the re-
melting process was completed within a minute. Zr55Co25Al20 metallic
glass ribbons were synthesized by a melt spinning technique. The alloy
ingot was re-melted in a quartz tube in an induction heater, and was
ejected with an over-pressure of 50 kPa through a 1.2mm-diameter
circular nozzle onto a copper wheel rotating with a surface velocity of
20m/s. The dimension of the as-spun ribbons was 4.5 ± 0.2mm in
width and 75 ± 5 μm in thickness. TEM specimens were prepared
using the standard lift-out method in a focused ion beam, using ion
beam energies of 30 kV and 5 kV. Low energy ion mill was used at 500 V
to further thin and clean the surface of the sample.

4-D STEM was performed using a Thermo Fisher Scientific Titan
Themis STEM equipped with a fast high dynamical range EMPAD
pixelated STEM detector [27], operated at 300 kV. A one nanometer-
sized probe was formed using a 50 μm C2 aperture and convergence half
angle of 1.15mrad. Each diffraction pattern has 128 by 128 pixels
(a pixel size is 0.16 nm−1) and was collected using a 1ms exposure
time. The detector readout time is 0.86ms. The nanodiffraction stacks
were analyzed using both the Cornell Spectrum Imager [33] and Igor
Pro software. At the magnification of 2.55Mx, scanning step size of
0.32 nm, and 128 by 128 scanning points, one 4-D nanodiffraction
dataset covers approximately a 40 by 40 nm2 area of the sample, with

oversampling of the probe positions (Fig. 1a). The oversampling, which
is now technically feasible due to the fast acquisition rate of the de-
tector [27,34,35], is important as it captures the gradual change in the
measured structure along the scan direction. From the acquired dif-
fraction stack (Fig. 1b), we can choose any pixel (kx, ky) or any area in
the diffraction plane to reconstruct the real space image that has the
corresponding pixel (or integrated) intensities for the same probe (i.e.
pixel) positions (Fig. 1c). For example, selecting a pixel at the center of
the diffraction pattern (where the zero beam is) will result in a bright
field image (not shown), and selecting a pixel near the diffraction
speckles (e.g. points e or f in Fig. 1d) will result in a dark field (DF)
image (Fig. 1e and f, respectively). It is worth noticing that the two DF
images (Fig. 1e and f) differ significantly from each other, even though
they are formed at the same scattering vector magnitude, k. This is
because each image only captures the MRO regions that are diffracting
to that particular direction.

The possible identification of MRO using DF images has been the
subject of previous studies (e.g. [36]). In the earlier studies, the DF
images were acquired by tilting the illumination to (–kx, –ky) position
and placing a small objective aperture at the optical axis (a.k.a. tilted-
DF), or using the hollow-cone illumination to integrate all the diffrac-
tion signals for the same k (which would be similar to using an unu-
sually thin annular DF (ADF) detector in STEM). However, these ap-
proaches may involve some complications. In the tilted-DF mode, for
example, the image may significantly undersample the MRO regions
because it only captures the MRO diffraction at a particular k direction.
Hollow-cone illumination, on the other hand, can capture the MRO
signals at all k directions, and also reduce noisy speckles that may arise
from random correlations [29,37]. However, the contrast of MRO
speckles is substantially suppressed in the hollow-cone images, which
tends to make the direct identification of some of the important MRO
parameters, such as the size and volume fraction, rather challenging.
The DF images may also contain intensities due to some factors not
intrinsic to the structure, such as sample thickness variation [20].

To avoid these issues, we have calculated the 2-D intensity variance,
V2D(φ), among the DF images, I2D(φ), that are formed using the pixels
with same k, annularly distributed over the angle φ. The rationale for
this method is that any structural variance due to the heterogeneity will
be more emphasized in V2D(φ), as compared to hollow-cone TEM or
ADF STEM where the annular integration of the intensity,< I2D(φ)> φ,
will substantially subdue the intensity variation. In other words, V2D(φ)
provides the ability to differentiate the local MRO regions that are all in
diffracting (i.e., Bragg) conditions but randomized in their in-plane
rotation angle φ. The V2D(φ) method conceptually aligns with the

Fig. 1. (color online). (a) to (c) Schematic of 4-D
scanning nanodiffraction. (a) The probe
(size=1 nm) is scanned with oversampling and the
dwell time of 1ms. (b) The diffraction patterns gen-
erated from each probe position, p1 to p4, are re-
corded on the pixelated detector. (c) Any pixel (kx, ky)
or area in the diffraction space can be chosen to re-
construct the real space image that will have the
corresponding intensity, i1 to i4, for the same probe
positions, p1 to p4. (d) shows a pattern among the
stack in (b), and the DF images in (e) and (f) are
formed using the pixel positions e and f indicated in
(d), respectively. The scale bars in (e) and (f) are both
10 nm. Images showing the (g) 2-D variance,V2D(φ),
and (h) averaged intensity, < I2D(φ)> φ, over φ at
k=4nm −1.
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calculation of variance as a function of k, or V(k), commonly known as
fluctuation microscopy [29], but the difference is that V2D(φ) preserves
all the spatial information in 2-D, while V(k) typically loses the 2-D
information. The calculation of V2D(φ) is enabled in the 4-D STEM
because it can resolve all the DF images as a function of φ, or I2D(φ). In
a conventional TEM or STEM, this would require acquiring many DF
images by continuously displacing the objective aperture over the angle
φ, which is technically challenging and highly inefficient. We calcu-
lated V2D(φ) using = < > < > < >V I I I( ) [ ( ) ( ) ]/ ( )D D D D2 2

2
2

2
2

2 , at
k=4nm−1 where V(k) shows the highest peak (Fig. 2a). The interval
between the angle φ, or Δφ, was set to be 10˚, according to the Bragg
acceptance angle (the average maximum angle that one diffraction
speckle spans over the φ range) defined previously [38]. As a result,
V2D(φ) formed at k=4nm−1 (Fig. 1g) is quite different from<
I2D(φ)> φ at the same k from the same area (Fig. 1h). As explained
above, the speckles in V2D(φ) should represent the MRO regions more
accurately as compared to those in< I2D(φ)> φ, and this will be con-
firmed when combined with the angular correlation analysis described
below.

We further analyzed the type of MRO by calculating the angular
correlation function of the intensity in each nanodiffraction pattern.
When the probed volume contains an ordered region, the diffraction
intensity from that region will be much stronger and more directional
as compared to the diffused scattering from the disordered regions and,
therefore, the angular correlation function tends to reveal the structural
symmetry of the local MRO within the probed volume [39,40]. Since
we scan the material using 1 nm-sized probes, the diffraction patterns
will be dominated by the diffraction from nanoscale MRO regions, ra-
ther than from the smaller nearest-neighbor clusters (∼0.5 nm in
length) that have been often identified as the structural unit in ato-
mistic simulations (see e.g. [41]). For a given k, the angular correlation,
C(φ), is = < + > < > < >C I I I I( ) [ ( ) ( ) ( ) ]/ ( )2 2, where θ
ranges from 0 to 2π radian [28]. Fig. 2b shows an example of C(φ)
calculated from one of the nanodiffraction patterns as a function of k.
The Fourier transform of each Ck(φ) can be calculated to reveal the
constituent sinusoidal functions that have the frequency of n. n depends

on how many peaks the Ck(φ) has within one period (0 - 2π) and,
therefore, it can represent the rotational symmetry present within the
pattern. Fig. 2c shows the power spectrum calculated from each C(φ)
averaged over the entire diffraction stack acquired from the sample
region shown in Fig. 1. It shows high amplitude for the even numbered
frequencies (n=2, 4, 6, ...), suggesting that some nanoscale regions
strongly diffract the electrons and show patterns that have even num-
bered symmetries (i.e. 2-, 4-, and 6-fold, ..). The power spectrum would
show no peak if the structure is completely disordered (or homo-
geneous) at the length scale of the probe size (1 nm), and therefore
Fig. 2c suggests that high degree of heterogeneity is present within the
MG structure at the length scale of ∼1 nm. It is also worth noting that
the rotational symmetry appeared in the data should be influenced by
Friedel symmetry. For example, the 5-fold symmetry in the structure, if
exist, should appear as 10-fold when the TEM sample thickness is suf-
ficiently thin.

While Fig. 2c indicates the heterogeneity involving nanoscale MRO,
the question of whether we can interpret each n value as indicative of a
particular MRO structure still remains. In general, any attempt to define
a deterministic structural motif in MGs can be misleading because, after
all, the structure is still amorphous. In past studies involving atomistic
modeling, MRO with a certain symmetry, for example, 5-fold (or 10-
fold with its conjugate) or 6-fold, has been identified as icosahedral
MRO or “crystalline-like” MRO (e.g. [18,22]), respectively. However,
since the present work relies only on the experimental data without any
input from atomistic modeling or simulation, we would like to reserve
such distinction and present the data as is to avoid any potential mis-
understanding, although it is certainly possible that each n value may
represent a different type of MRO. Some potential errors intrinsic to the
angular correlation analysis have been previously identified [42], but in
addition to those, here we also found that the amplitude of the odd
numbered n’s increases as the thickness of the TEM foil increases
(Fig. 2d). This may indicate that the odd numbered n’s may include
some artifacts due to plural scattering. The odd numbered symmetries
could also be related to the breakdown of Friedel symmetry with in-
creasing sample thickness reported in the previous work [40]. Hence,
for the following analysis, we only used data from very thin areas of the
sample (∼20 nm thick, such as the one shown in Fig. 2c), and avoided
using the odd numbered n’s in the analysis.

Based on the power spectrum calculated for each probe position, we
constructed the spatial map for each n-fold symmetry for even num-
bered n’s, which is shown in Fig. 3a to e (the maps for n=1 and 3 are
also provided in Fig. S1 for comparison). The maps are also overlaid
with a contour map (gray lines) of the V2D(φ) shown in Fig. 1g for
comparison. The hotspots in each map indicate the pixels whose cor-
responding n value is high, meaning that they indicate the regions
where the n-fold signal is strong. Therefore, these hotspots can be
considered as the MRO regions showing a strong local symmetry. Based
on the size of the hotspots, the MRO regions appear to be about one to a
few nanometers in diameter, which is consistent with the previous
fluctuation microscopy results [18,20]. More quantitative analysis of
the MRO size is provided in the next section. In all of the maps from
Fig. 3a to e, the hotspots are mostly confined within the contour lines of
the bright speckles in the overlaid V2D(φ), confirming that most of the
bright features in V2D(φ) (Fig. 1g) are indeed the diffraction speckles
from MRO regions that have strong structural symmetry. As indicated
by the intensity scale bars for each map, the n=2 and 4 maps show the
strongest signal, and n=8 and 10 signals appear to be relatively weak,
and this is consistent with the trend in the averaged power spectrum
data shown in Fig. 2c. However, this should not necessarily be inter-
preted as the degree of ordering being higher when n is lower, because
the diffracted intensities can be distributed among the speckles and
therefore the intensity per speckle will become lower as n increases.
Fig. 3f shows the normalized sum of all the maps shown in Fig. 3a to e,
and it also qualitatively confirms that most of the hotspots are confined
within the speckle positions in V2D(φ). Very similar results were also

Fig. 2. (color online). (a) V(k) measured from the Zr55Co25Al5 MG using the
nanodiffraction patterns acquired using Gatan Ultrascan CCD camera. It shows
the peak at k=4nm−1, suggesting that the degree of structural fluctuation
(heterogeneity) is the highest at that k value. (b) An angular correlation func-
tion over φ as a function of k, calculated from one of the diffraction patterns. (c)
The averaged power spectrum of the angular correlation function over the
entire sample area of a thin sample (∼20 nm thick). (d) The averaged power
spectrum from a thick area of the sample (∼42 nm thick).
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obtained from other thin areas of the sample (see Fig. S2).
We calculated the size and volume fraction of the hotspot (MRO)

regions for each n by applying the standard particle analysis routine
(Fig. 4a) onto each map shown in Fig. 3. Here we used two simple
assumptions, one is that each MRO has spherical shape on average, and
the other is that the Bragg acceptance angle is 10˚ [38], which provides
the percentage of the MRO regions that are in the diffracting conditions
to the ones that are not (5.9%). The latter is important because Fig. 3
shows only the MRO regions that are in the diffracting conditions. The
total volume of the material shown in Fig. 3 is ∼32,970 nm3, calculated
based on the area (40.6 by 40.6 nm2) and the thickness of the sample
(∼20 nm) estimated from the electron transmittance [20]. The result
shows that the average diameter of the MRO regions is 1.3 ± 0.08 nm,
indicating fairly uniform MRO sizes throughout the n values, although
n=4 and n=8 showed slightly larger diameter than the others

(Fig. 4b). Volume fraction of MRO showed more variation,
2.8 ± 0.3%, with n=4 being noticeably lower than others (∼2.2%),
which may indicate that n=4 MROs tend to be bigger but fewer in
quantity than others. The sum of all volume fraction among n’s from 2
to 10 is ∼13.8%, and this is higher than the volume fraction calculated
from the integrated map shown in Fig. 3f (∼7.5%), which indicates that
some MRO regions overlap between the maps.

We also calculated the 2-D autocorrelation function, σ, as a function
of distance, r, for each map shown in Fig. 3. σ(r) for low r, shown in
Fig. 4c, may provide another way to make the size comparison between
the MROs with different n’s. However, the direct comparison of their
sizes is still challenging because σ(r) is still dependent on the power
spectrum amplitude, which decreases as n increases (Fig. 2c). Still, it
does provide some interesting information, for example, n=4 extends
over longer r compared to n=2, even though n=2 has slightly higher
power spectrum amplitude. This indicates that the MRO regions with
n=4 may have larger sizes than others on average, which is also
consistent with the data shown in Fig. 4b. At the longer length scale,
σ(r) clearly shows a ‘nearest-neighbor’ peak appearing within
4 < r < 6 range for n=2, 4, and 6 (Fig. 4d), indicating that there
may be some spatial correlation among the MRO regions. However, it is
important to remind that this is only the correlation among the MRO
regions that are in diffracting conditions, and therefore the data does
not capture the full correlation among the same MRO types in 3-di-
mension.

By advancing fluctuation microscopy and angular correlation ana-
lyses of 4-D STEM data, new important information on MRO and
structural heterogeneity in Zr55Co25Al20 MG has been identified. Our
work presents a new way to precisely determine the details of the MRO,
including size, volume fraction, and spatial distribution of each MRO
type in a large volume of the sample. The implication of this result is
significant, as variations in structural heterogeneity caused by, for ex-
ample, a small change in composition or thermal history, could be re-
sponsible for changes in properties that were previously observed. It is
also important to emphasize that the types of MRO measured in this
work are not always present in molecular dynamics simulations of MG
structures (with only a few exceptions (e.g. [22])). Therefore, the ex-
perimentally determined heterogeneity can also inform and guide de-
formation simulations at both the atomistic and mesoscale levels to
establish more robust structure-property relationship in MGs.

Fig. 3. (color online). (a to e) Power spectrum amplitude of each nanodiffrac-
tion pattern spatially mapped over the entire sample area for each n value.
Different color scale represents the different maximum intensity in each map.
For comparison, the maps are overlaid with the contour map (gray lines) that
represents the bright speckles in the V2D(φ) map shown in Fig. 1g. (f) shows the
normalized sum of all the maps from (a) to (e), which shows the overall qua-
litative match between the power spectrum intensity and V2D(φ).

Fig. 4. (color online). (a) A map same as the one shown in Fig. 3f but applied
with a threshold value to perform the MRO size and volume fraction analyses.
The threshold value was determined using the iterative method in Igor Pro
software. From the map, the number (87 total) and the average size of the MRO
regions (radius ∼0.74 nm) were determined. (b) Bar graphs showing the dia-
meter and volume fraction of MRO for each n value. (c) Autocorrelation function,
σ, among the pixel intensity as a function of distance, r, calculated for each power
spectrum map shown in Fig. 3. (d) Same correlation function, σ(r), shown in (c),
but at a longer length (r) scale.
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