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A B S T R A C T

Amorphous materials such as polymers, metallic and oxidic glasses consist of heterogeneous atomic/molecular 
packing at the nanoscale. Spatial variation of the local structure plays an important role in determining material 
properties. Experimentally probing the local atomic structure within the amorphous phase has been one of the 
main challenges for material research. Here, we present a new approach to characterize the local atomic 
structure and map structural variants in the amorphous phase using machine learning (ML) aided four 
dimensional-scanning transmission electron microscopy (4D-STEM). We utilized nonnegative matrix factoriza
tion (NMF) to identify the local structural types of metallic glasses in 4D-STEM datasets. Using Fe-based metallic 
glasses as a model system, we demonstrate that two basic structural types, one with a more liquid-like and 
another with a more solid-like structure, are distributed throughout the glass with a characteristic length scale of 
a few nanometers. Thermal annealing induces a change in their distribution and relative population but without 
the appearance of any additional phase. This provides new insights into the relaxation phenomena of metallic 
glasses and solid experimental evidence for the theoretical hypothesis on atomic packing in glassy structures.   

1. Introduction

Metallic glasses are amorphous alloys which exhibit superior yield
strength, wear resistance, and elastic limits compared to their crystalline 
counterparts. [1–3] The structure of metallic glasses can be described by 
the polyhedral packing of the constituting atoms. [4] The local atomic 
arrangement is not uniform everywhere due to packing frustration with 
different size ratios, chemical affinity, or negative heat of mixing be
tween atomic species, but distinct types of structural motifs, e.g., 
icosahedral cluster or other Zwischenkristall (Z) clusters, fill in the 3D 
volume. [5] Each structural motif exhibits certain geometrical and 
chemical features with various sharing/overlapping schemes resulting 
in different degrees of short-/medium-range order (S/MRO). [6–10] 
Metallic glasses are believed to exhibit a heterogeneous packing at the 

nanoscale, which can be simplified to consist of more stable (solid-like) 
and less stable (liquid-like) regions intermixed within the overall glassy 
matrix. [11] In general, the stable regions are characterized by efficient 
and dense polyhedral packing with minimal distortions, while the less 
stable region consists of unfavorable motifs with more free volumes. 
[12] The spatial variation of the local atomic structure has been a
principal structural descriptor determining the material properties
[13–18], and structural relaxation induced by quenching or thermal
annealing has been a topic of interest because it leads a larger fraction of
the stable regions and a better connection between them. [19–22]

Experimentally, numerous efforts have been devoted to characterize 
the local atomic structure of metallic glasses and to understand the 
structural evolution during thermal treatments. [16,19,23,24] Pair dis
tribution function (PDF) analysis has been a powerful tool to describe 
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Here, we present an analytical method applied to STEM-PDF to study 
the local atomic structure of metallic glasses using nonnegative matrix 
factorization (NMF). We used a Fe85.2Si0.5B9.5P4Cu0.8 (at.%) metallic 

glass ribbon as a model system, which receives attention owing to its soft 
ferromagnetism [56]. The new method identifies the structural bases of 
the glass phase without any preknowledge from atomic simulations. The 
resulting PDFs provide easily interpretable information about atomic 
packing of the individual structural bases forming the heterogeneous 
amorphous matrix. Our results reveal two structural types exhibiting 
more liquid-like and more solid-like characteristics, which are distrib
uted at a length scale of a few nanometers. Interestingly, the average 
atomic configuration of the two structural types obtained from an 
as-spun sample does not change even after thermal annealing, indicating 
that the local structures persist during relaxation without giving rise to 
any new structural phases. Only their relative population and the spatial 
distribution substantially change due to annealing. 

2. Experimental

2.1. Sample preparations

The Fe85.2Si0.5B9.5P4Cu0.8 (at.%) metallic glass is prepared from the 
melt by rapid solidification onto rotating Cu wheels, resulting in a rib
bon width of about 25 mm and a thickness of about 20 µm. [56] The 
as-spun glassy ribbon was flash-annealed for about 10 s at a temperature 
Ta = 633 K (~ 1.1 glass transition temperature). The annealing tem
perature was selected to match a previous study [56] which reported a 
significantly decreased fracture strain of the sample after the annealing. 
TEM lamellae from both as-spun and annealed ribbons were prepared by 
FIB (FEI Strata 400S). Thinning was performed to a sample thickness of 
about 50 nm for electron transparency with gradually decreasing ac
celeration voltage from 30 kV to 5 kV and beam currents from 8 nA to 2 
pA to reduce the ion beam damage. The thicknesses of the FIB-prepared 
lamellae were measured by energy-filtered transmission electron mi
croscopy (EFTEM) and confirmed to be about 50 nm for both samples 
using an estimated inelastic mean free path of 75 nm for electrons at an 
operation voltage of 300 kV and a mass density of 7.3 g/cm3. [57] 

2.2. Annular dark-field TEM and selected area electron diffraction 

Conventional high-angle annular dark-field (HAADF)-STEM mea
surements were performed using an aberration-corrected Titan 80–300 
(FEI Company) operated at a voltage of 300 kV with a 50 μm condenser 
C2 aperture, a camera length of 91 mm, and collection angle 70–200 
mrad. Selected area electron diffraction (SAED) measurements were 
performed in TEM mode with parallel illumination using a camera 
length of 245 mm to determine the average PDFs of the as-spun and 
annealed metallic glasses. 

2.3. 4D-STEM measurements and STEM-PDF analysis 

4D-STEM experiments were performed using microprobe STEM 
mode with spot size 7, and a 30 μm C2 aperture resulting in a semi- 
convergence angle of 0.6 mrad. These settings result in a probe diam
eter of approximately 2 nm. A Merlin pixelated direct electron detector 
(Quantum Detector Ltd) was used to record the diffraction patterns with 
a camera length of 195 mm. 4D-STEM maps were acquired by capturing 
the diffraction patterns (256×256 pixels) with 4 ms exposure time for 
each pattern while scanning the electron probe over a 2D sample plane 
with a step size of 1.2 nm and a scan range of 128×128 pixels. Since the 
small convergence angle does not significantly degrade the angular 
resolution of the diffraction patterns (See Figure S1), they can be pro
cessed without deconvolution of the beam spread function. The 
diffraction patterns were integrated azimuthally to obtain radial profiles 
I(q), where q = 2θ/λ, θ is half of the scattering angle, and λ is the 
wavelength of the incident electrons. Note that we only considered the q 
values ranged within 0.25–1.6 Å-1 to avoid noise at large scattering 
angles, as shown in Fig. S1a. The structure factor is calculated by sub
tracting and normalizing with atomic scattering factors according to 

the atomic packing structure of metallic glasses. [19,25–27] PDF mea-
sures the relative atomic density as a function of pair distances, 
providing real-space information on the atomic structure of amorphous 
materials. [28–31] Dmowski et al. used PDF analysis based on neutron 
diffraction and observed an annihilation of free volume and local 
chemical ordering of the glass phase after annealing. [19] Their results 
provided a detailed view and experimental insight into the atomic 
structure of metallic glasses and how it changes upon relaxation. How-
ever, the large beam size employed in traditional scattering experiments 
results in an averaging of information from many local regions and thus 
cannot resolve the intrinsically heterogeneous nature of metallic glasses. 

A solution has been to directly investigate nanosized volumes by 
electron diffraction using a semi-focused electron beam, i.e., nano-beam 
electron diffraction (NBED). [11,32–34] NBED studies indicate that the 
nanoscale spatial heterogeneity is closely related to local structural 
variations involving different polyhedral structures. [11] Fluctuation 
electron microscopy (FEM), which measures the fluctuations of the 
diffraction intensity in NBED patterns at different probe positions, is 
used to gain an understanding of heterogeneous glass structures. 
[35–39] In ZrCu-based glasses, the FEM studies revealed that similar 
groups of atomic motifs agglomerate into nanometer-scaled regions 
resulting in spatial heterogeneity. [40] However, one difficulty of FEM 
has been that the results obtained in reciprocal space cannot directly be 
translated into real space structures. Many FEM studies, therefore, 
employed simulations, e.g., molecular dynamics (MD) and reverse 
Monte Carlo (RMC), for reading out the information stored in reciprocal 
space. [40–43] Moreover, the NBED studies generally require very thin 
TEM specimens (< 30 nm) for minimal overlap of diffraction features; 
otherwise, the result suffers from nonlinear degradation. [44] 

Recently, scanning transmission electron microscopy-PDF analysis, 
so-called STEM-PDF, has been developed to characterize the local 
atomic packing structure of amorphous materials. [45,46] It uses a 
quasi-parallel electron probe to obtain the local PDFs using 
four-dimensional (4D)-STEM, thereby, enabling structural analysis and 
phase mapping at the nanoscale. [47] STEM-PDF analysis can be applied 
to much thicker samples compared to other advanced NBED analysis 
approaches such as FEM or local analysis of crystallographic rotational 
symmetry, [48] thus relaxing the sample preparation requirements. [49] 
However, the information from STEM-PDF is inevitably averaged over 
the anisotropic column in the projection direction giving rise to an 
overlap problem. Moreover, the finite collection angle of the electron 
diffraction patterns limits the resolution of the pair distribution peaks 
giving rise to difficulties in detecting subtle variations of the probed 
atomic structure. [50] 

Multivariate statistical analysis (MSA), e.g., principal component 
analysis (PCA) and independent component analysis (ICA), have been 
recently applied to solve the overlap problem and extract subtle signal 
variations in STEM-PDF datasets. [51,52] The results show the robust-
ness of combining STEM-PDF and MSA techniques to reveal the atomic 
structure of amorphous materials at the nanoscale. However, PCA pro-
vides progressive approximations of the whole dataset and only recovers 
holistic representations, [53] while ICA assumes the hidden variables to 
be statistically independent and non-Gaussian distributed in the PCA 
results. [54,55] Due to the approximations, complex dependencies be-
tween hidden variables cannot be easily captured especially when the 
different atomic S/MROs possess similar partial features. Moreover, as 
PCA is based on linear combinations that generally involve complex 
cancellations of negative and positive numbers, an intuitive interpre-
tation of resulting PDFs cannot be made in many cases. For these rea-
sons, matrix factorization, which only allows additive combinations 
with non-negativity constraints, could be useful in analyzing STEM-PDF 
dataset and obtaining atomic configuration of individual structural 
types. 



S(q) =
I(q) N<f(q)2>

N〈f(q)2〉
q, where N is the number of atoms within the volume 

sampled by the electron probe determined by matching < f(q)2 
> at 

qmax, and f(q) is the parameterized electron scattering factor for a single 
atom calculated based on X-ray reference data according to Ref. [58]. 
The equation 〈f(q)〉 =

∑

a
Cafa(q) denotes an elemental average of the 

atomic scattering factor fa(q) over all elements, Ca presents in the atomic 
percentage of the ath element. We assumed a uniform distribution of all 
elements in the sample for calculating the S(q), which is in good 
agreement with EELS elemental maps for Fe and B (Figure S2), where no 
indication of elemental segregation was observed. The PDFs are ob
tained by a Fourier sine transformation of the structure factors according 

to the following equation: PDF(r) =
∫qmax

0

S(q)sin(2πqr)dq. 

In practice, the estimated f(q) often does not perfectly match the 
experimental I(q) at small and large angles at the same time due to 
multiple elastic and inelastic scattering events. As amorphous materials 
do not have well-defined atomic columns, the scattering in an amor
phous sample does not include any channeling. Instead, it results in 
multiple self-convolutions of the 2D kinetic diffraction pattern. [59] 
Therefore, multiple scattering in amorphous materials does not intro
duce any additional peaks or peak shifts but gives rise to a smooth 
background to the diffraction pattern. [51,60] A 4th-order polynomial 
function is subtracted from the structure factor to reduce contributions 
caused by plural and inelastic scattering as demonstrated in [61]. This 
significantly reduces artifacts caused by variations in thickness× atomic 
density in the samples [51]. To illustrate this effect explicitly, we per
formed PDF analysis of Fe85.2Si0.5B9.5P4Cu0.8 metallic glass samples with 
different thicknesses in the range of 32 nm to 83 nm (Figure S3). Figure 
S3a-c shows that the corrected structure factors are (almost) the same, 

independent of sample thickness, and figure S3d shows nearly identical 
PDFs obtained from the samples of different thicknesses. 

3. Results and discussion

3.1. Conventional TEM characterization

The as-spun and annealed Fe85.2Si0.5B9.5P4Cu0.8 metallic glasses are 
inspected by conventional S/TEM analysis as shown in Fig. 1. STEM- 
HAADF images show inhomogeneous intensity fluctuations repre
sented by dark and bright intensity contrasts. The intensity fluctuations 
are related to local structural variations, where dark and bright regions 
indicate lower and higher local density, respectively. The length scale of 
the fluctuation is about 5 nm and is evenly distributed in the as-spun 
sample (Fig. 1a). However, it is not an accurate measure of the size of 
the structural heterogeneity of the sample because the electron probes 
have finite sizes and only the averaged information along the beam 
propagation direction through the sample thickness can be obtained. 
Nevertheless, the length scale matches the previous TEM study on 
metallic glasses [32]. Note that the intensity fluctuations become sub
stantially reduced after annealing treatment (Fig. 1c). This indicates a 
reduced structural heterogeneity considering that the thicknesses of the 
as-spun and annealed samples were similar (~ 50 ± 5 nm). The SAED 
diffraction patterns show the amorphous nature for both samples 
(Fig. 1b and d). PDFs are calculated from the SAED patterns to compare 
the average atomic configuration in the as-spun and annealed samples 
(Fig. 1e). Although quantitative analysis of electron pair correlation 
value itself is not easy due to different multiple scattering contributions 
from the samples, the shift of PDF peak position can still be reliably 
determined via proper normalization by the intensity of the first peak. It 
can be seen that the first peak of the PDF (2.51 Å for as-spun and 2.49 Å 

Fig. 1. Conventional S/TEM investigation of as-spun and annealed Fe85.2Si0.5B9.5P4Cu0.8 metallic glasses. (a) A STEM-HAADF image and (b) SEAD pattern for the as- 
spun glass, and (c) a STEM-HAADF image and (d) SEAD pattern for the annealed glass. (e) PDFs calculated from the SEAD patterns of the as-spun and annealed 
glasses. The heights of the PDFs are normalized by their first peak to highlight the peak shifts. 



and calculates an accurate solution with 0.00001 % termination toler
ance for the residual signal and up to 1000 iterations. To check the 
reliability of our method, we performed additional PDF and NMF 
analysis for the as-spun sample at a different sample location where the 
sample thickness is different using the same microscopy settings (Figure 
S4). The results were qualitatively the same, proving the reproducibility 
of the NMF-aided STEM-PDF analysis. 

3.3. Mapping local atomic structures of metallic glass 

Fig. 3 shows NMF results for a STEM-PDF dataset. The basis PDFs 
represent the average atomic configuration for each structural type, 
which may consist of various atomic motifs and different connection 
schemes. Structural types 1 and 2 show typical PDF patterns of the S/ 
MRO structure of an amorphous material. Note that Structural type 3 
only shows wave-like fluctuations with a significantly reduced correla
tion amplitude compared to other PDFs. Such simple fluctuations are 
also observed in PCA analysis for low-ranked information which can be 
considered to be background noise. [63] Structural types 1 and 2 can be 
clearly distinguished by their first and second peaks. The first peak po
sition of Structural type 1 corresponds to a larger atomic distance of 2.53 
Å compared to Structural type 2 at 2.46 Å. The first peak of Structural 
type 2 is substantially higher and shaper than that of Structural type 1, e. 
g., their full width at half maximum (FWHM) are 0.65 Å (Structural type 
1) and 0.48 Å (Structural type 2), respectively. This observation in
dicates that Structural type 2 possesses denser (with higher coordination
number) and well-defined nearest neighbors than Structural type 1. In
line with the first peak information, the second peak of Structural type 2
(4.10 Å) is located at a shorter atomic distance compared to that of
Structural type 1 (4.24 Å), indicating that Structural type 2 exhibits a
denser structure even in the second nearest neighbor arrangement.
Notably, the second peaks of both types appear with a shoulder peak at a
higher atomic distance. Since the polyhedral clusters forming the
metallic glasses share different numbers of atoms to overcome packing
frustration, relating the positions of the shoulder peak with the number
of shared atoms can offer insights into cluster connectivity and the
resulting degrees of MRO. [6,64-66] For polyhedra connections corre
sponding to 1 atom, 2 atoms, and 3 atoms, the most probable distance
for 2nd peaks can be estimated to be 2R1 (5.05 Å for type 1 and 4.92 Å 

for type 2), 
̅̅̅
3

√
R1 (4.38 Å for type 1 and 4.26 Å for type 2), and 

̅̅
8
3

√

R1 

Fig. 2. (a) Schematic illustration of NMF-aided STEM-PDF analysis. (b) Probabilistic blind source model underlying non-negative matrix factorization. The diagram 
model depicts a network in which experimental Vn are in the bottom layer of nodes and the blind sources Hiin the top layer of nodes (top). The experimental V can be 
represented by probability distribution with Vn

∑i
1Wn, iHi. According to the model, the significance of sources Hion V is represented by a connection with the 

weight matrix Wn, i. In the application to STEM-PDF cube, an experimental PDF Vn is decomposed by basis PDFs H1, H2,and H3 with their weighing constant W1, W2, 
and W3. 

for annealed samples) is shifted to a shorter atomic distance, indicating 
structural densification after annealing treatment. No significant dif-
ferences in the peaks at high r are observed between samples, revealing 
that major structural change only happened in the short/medium range 
during the annealing. 

3.2. 4D-STEM and machine learning aid STEM-PDF 

For local structural analysis, the 4D-STEM datasets were converted to 
PDF cubes and analyzed using an NMF algorithm as shown in Fig. 2. To 
model the signal mixing, the STEM-PDF data cube is represented by a 2D 
matrix V, where the rows are PDFs at nth columnar locations (Vn) and the 
columns correspond to the atomic pair distance. Ideally, the experi-
mental PDFs can be considered as a linear combination of PDFs from the 
structural bases, i.e., basis PDFs as demonstrated in [45]. The mixed 
signal can then be modeled by a matrix factorization V = WH, where the 
rows of the matrix H represent the basis PDFs and W is a weighting 
matrix describing the contributions of H mixed in V. The NMF algorithm 
deconvolutes H and W without any preknowledge of the structural 
bases. NMF is distinguished from other learning methods by its 
non-negativity constraints for the matrix factors. [55] To meet these 
constraints, in our work, V was shifted to be positive by adding the 
global minimum before applying the algorithm. The exact height of V is 
not crucial for the success of NMF in identifying the basis PDFs because 
the information in the PDFs is contained in the oscillations of the signals, 
not in the constant offset. The non-negativity constraint only permits 
additions during matrix factorization. This is compatible with the notion 
of a neural network where neuron connectivity and synaptic strength 
cannot be negative and thus able to recover the individual structure of 
basis motifs providing a part-based representation (Fig. 2b, top). [55] 

In this work, we used the low-rank approximate NMF algorithms 
implemented in Matlab. [62] The algorithm finds an approximate 
factorization WH using iterative update rules for nonnegative V. A 
two-step NMF calculation is applied to the STEM-PDF dataset to ensure a 
unique and accurate solution, targeting three principal factors (aiming 
for two different glassy configurations and a residual signal). The first 
NMF calculation roughly searches for the global minimum as a unique 
solution with low termination tolerance for the residual signal with up to 
five iterations, leading to good starting points W0 and H0 for the next 
calculation. In the second step, NMF starts from the initial W0 and H0 



(4.13 Å for type 1 and 4.02 Å for type 2), respectively, where R1 is the 
first peak position of each motif. [67,68] The estimated distances for the 
polyhedra connections with the number of shared atoms are marked by 
dashed lines for both structural types in Fig. 3a. The main branch of the 

second peak appears at 
̅̅
8
3

√

R1 for both structural types, indicating that
the structural types are dominated by polyhedra connected by sharing 
three atoms. Interestingly, their subpeaks appearing at larger pair dis
tances show a meaningful difference between the two types. The sub
peak of type 1 is located at a relatively large atomic distance (4.95 Å) 
which corresponds to vertex-connections (single atom shared between 
clusters). In contrast, the position of the shoulder peak of structural type 
2 (4.66 Å) indicates that the edge-connection (two atom shared between 
clusters) dominates here. Since the number of shared atoms in the 
polyhedral connections increases when the medium-range packing 

efficiency of the system becomes higher. [6,69] This means that struc
tural type 2 exhibits a higher packing efficiency in the SRO and MRO 
consisting of more energetically stable motifs, i.e., geometrically favored 
motif (GFM), compared to structural type 1 possessing more geometri
cally unfavored motifs (GUM) (See Figure S5). [70] Following the 
commonly used description in simulations, we will refer to structural 
type 1 as “liquid-like” and structural type 2 as “solid-like.” [4] 

The spatial distribution of each structural type is shown in Fig. 2b. 
Note that we regarded Structural type 3 as noise and excluded it from 
further analysis. The correlative length of each structural type is 
measured by an autocorrelation analysis of the maps. The size of the 
local zones is 5.43 nm for the liquid-like region and 5.66 nm for the 
solid-like region, which is in good agreement with previous observations 
obtained from nanobeam diffraction and simulations. [11,32,71,72] 

Fig. 3. NMF results for a STEM-PDF dataset of the as-spun Fe85.2Si0.5B9.5P4Cu0.8 metallic glass. (a) Obtained basis PDFs. The vertical dash lines indicate the distances 
of the polyhedra connections with different numbers of shared atoms (ranging from 1 to 3) for structural type 1 (black), structural type 2 (read) (b) Spatial dis
tribution of the basic structural types indicated by different colors. The brightness indicates their population. All three maps are incorporated in the color mix map at 
the rightmost. 

Fig. 4. Atomic structure mapping of the as-spun and annealed Fe85.2Si0.5B9.5P4Cu0.8 metallic glasses using NMF-aided STEM-PDF. Basis PDFs of (a) the liquid-like 
and (b) the solid-like structural bases separately obtained from both as-spun and annealed metallic glass samples. Maps of the liquid-like and solid-like structural 
bases for (c) as-spun and (d) annealed samples with the fraction of each structural type shown in a white box. 



4. Conclusions

We provide a new approach for characterizing the local atomic
packing and mapping their distribution in a metallic glass using ML- 
aided 4D-STEM analysis. We utilize NMF for blind source separation 
of STEM-PDF datasets. Unlike other learning algorithms, such as PCA, 
NMF provides a part-based representation resulting in more intuitively 
interpretable information about the structural bases of metallic glasses. 
In this work, we experimentally characterize the local atomic configu
ration and map their distribution in metallic glasses. The results indicate 
the presence of two basic glassy structures corresponding to more liquid- 
like and more solid-like structures, distributed at a length scale of a few 
nanometers in as-spun and annealed Fe85.2Si0.5B9.5P4Cu0.8 metallic 
glasses. The PDF analysis shows that the two fundamental glassy 
structures in both the as-spun and annealed glasses are essentially the 
same, signifying a uniform atomic arrangement in both states. This 
implies that their structural integrity remains unchanged during relax
ation. However, their relative population and distribution substantially 
change during annealing but without the emergence of additional 
structural types. This observation enhances our understanding of the 
relaxation phenomena in metallic glasses and contributes to a refined 
comprehension of their structural evolution. 
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