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Pair distribution analysis of short‑  
and medium‑range order of  
metallic glasses: Direct imaging and  
diffraction‑based approaches
Sangjun Kang,* Hyeyoung Cho, Takeshi Egami, Yuxuan Liao, Jianwei Miao,  
and Christian Kübel* 

Pair distribution function (PDF) analysis provides a quantitative framework for resolving short- 
and medium-range order in glasses. This article summarizes recent advances that extend PDF 
methods from bulk x-ray and neutron-diffraction methods to local electron microscopy-based 
characterization for metallic glasses. High-energy x-rays and neutrons offer robust structural 
averages, while electron-based approaches such as electron PDF (ePDF) enable nanoscale 
mapping of local order and heterogeneity in metallic glasses. Validated PDF techniques, 
supported by molecular dynamics simulations, allow direct correlation between real-space 
pair correlations and the underlying atomic configurations. In particular, ePDF mapping 
visualizes nanoscale variations in short-range order (SRO), interfacial amorphous phases, and 
deformation-induced structural changes. Machine learning-assisted analysis enhances the 
extraction of meaningful structural motifs from large ePDF data sets. Complementary three-
dimensional (3D) imaging methods, including atomic electron tomography and ptychography, 
allow to reconstruct coordinate-resolved 3D atomic models, which can be directly compared 
with atomistic simulations and can be evaluated locally via PDF analysis. This article provides an 
overview over recent methodology advances and further introduces possibilities to link multiscale 
PDF-derived structural information with properties and functionality in metallic glasses.

Motivation
Metallic glasses are structurally disordered alloys that lack 
long range periodicity, but display pronounced short- and 
medium-range order (S/MRO).1 Their atomic structure is 
commonly described in terms of local coordination motifs, 
packing of polyhedra, and the way these motifs interconnect 
over nanometer length scales.2–4 Their properties, including 
strength, plastic flow, and relaxation dynamics are highly sen-
sitive to these local correlations. A quantitative description of 
S/MRO is therefore essential for understanding and designing 
metallic glasses.

Pair distribution function (PDF) analysis has been a central 
tool for characterizing S/MRO.5–8 By describing the probability 
of finding atomic pairs as a function of distance, PDF provides 
direct access to nearest-neighbor coordination, bond length distri-
butions, structural motifs, and medium-range density correlations 
up to several nanometers.1,4,5,9 Advances in high-energy x-ray 
sources and synchrotrons now enable diffraction measurements 
that yield high-quality bulk PDFs for reliable pair correlations 
and robust coordination metrics with well-controlled system-
atic errors, providing reliable S/MRO information. When inte-
grated with modeling approaches such as reverse Monte Carlo 
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(RMC),10–13 empirical potential structure refinement (EPSR),14–16 
or molecular dynamics (MD),17–21 PDF analysis provides strin-
gent constraints on feasible atomistic configurations and facili-
tates quantitative testing of structure–property relationships across 
various metallic glass systems. However, obtaining a comprehen-
sive structural picture from average pair correlations in the bulk 
alone remains challenging. Different local configurations can lead 
to very similar average scattering signatures, chemically complex 
alloys produce overlapping partial correlations, and nanoscale 
heterogeneities in density or topology are easily washed out in 
volume averaged measurements.

These difficulties have driven the development of experimen-
tal approaches that expand PDF analysis beyond conventional 
bulk total scattering. Electron-based methods, in particular nano-
beam electron diffraction can confine the probe to nanometer 
sized volumes, enabling local ePDF analysis.22–28 In combina-
tion with scanning transmission electron microscopy (STEM), 
four-dimensional (4D) STEM enables spatially resolved ePDF 
mapping and direction-sensitive pair-distribution analysis, which 
together capture changes in coherence length and structural ani-
sotropy around defects, interfaces, and shear bands formed dur-
ing deformation.22,24–26

In parallel, three-dimensional (3D) imaging methods such 
as atomic electron tomography and ptychographic phase 
retrieval have made it possible to reconstruct the 3D atomic 
structure of amorphous materials.29,30 From these real space 
coordinates, one can compute PDF and related correlation 
measures that are directly comparable to atomistic simulations. 
Such coordinate resolved analyses provide a complementary 
view of S/MRO, highlighting connectivity of coordination 
polyhedra and spatial fluctuations in local packing.

This article focuses on PDF-based analysis of S/MRO in 
metallic glasses, with an emphasis on diffraction and direct 
imaging-based approaches. We discuss how bulk x-ray total 
scattering, local ePDF measurements based on 4D STEM, and 
atomic electron tomography can be used to extract PDFs, what 
assumptions and limitations are involved in each method, and 
how these techniques can be combined with simulations to obtain 
a consistent structural picture. We will further illustrate how the 
information obtained from the different pair distribution analysis 
approaches can help to understand materials aspects in metallic 
glasses research, such as thermodynamics of glass forming, glass-
transition kinetics, and in situ processing pathways. This also 
includes possibilities for multimodal analysis enabling a direct 
correlation of PDF and functional analysis (e.g., characterizing 
local magnetic and/or strain fields). Our aim is to provide a practi-
cal framework for using PDF, measured across different length 
scales and modalities, to quantify S/MRO in metallic glasses.

Bulk total‑scattering PDF as a probe of glass 
structure
In the absence of periodicity, the bulk structure of glasses and 
liquids is experimentally accessed primarily through their 
PDF that describes the distribution of atomic distances.5 PDF 

analysis is as old as conventional crystallographic analysis of 
x-ray diffraction.31 In 1913, Peter Debye suggested that the PDF 
can be directly determined by x-ray diffraction.32 However, 
the experimental measurement of PDFs is more challenging 
than crystallographic diffraction measurements, because the 
structure signal is scattered over the entire reciprocal space, 
rather than just at Bragg peaks. This requires accurate subtrac-
tion of the background intensity, correction for absorption and 
multiple scattering, etc., to obtain the correctly normalized 
structure function, S(Q), where Q is the momentum transfer 
for scattering. The method is often called the total scattering 
method, because not only sharp Bragg peaks, but also diffuse 
background are used to construct the PDF.32 For a long time, 
the method suffered inaccuracies due to the limited Q range 
that laboratory x-ray generators offer, which results in spurious 
termination errors, and was thus often discredited. However, 
this difficulty was largely eliminated by the advances in syn-
chrotron radiation facilities, which provide intense high-energy 
x-rays. In a typical high-energy x-ray experiment carried out 
at a synchrotron facility, a monochromatic beam of the order 
of 100 keV with wavevector ki is scattered by the sample into 
ks at an angle 2θ, defining the scattering vector Q = ks − ki; a 
2D flat-panel detector records Debye–Scherrer rings that are 
azimuthally integrated to give I(Q) (Figure 1a). After standard 
corrections for background, absorption and instrument response, 
I(Q) is converted to the total structure function S(Q) and Fourier 
transformed to obtain the PDF, G(r) or g(r), defined by5 

As shown in Figure 1b–c, neutrons and x-rays give slightly 
different results, because of the different scattering amplitudes 
of neutrons and x-rays for each element. The atomic scattering 
factor for x-rays, f(Q), decays with Q, but that for neutrons 
does not, providing more accurate information on S(Q) at high 
Q values. With a reactor neutron source the range of Q is lim-
ited to about 12 Å−1, but with a pulsed neutron source we can 
reach 50 Å−1 or beyond. This contrast provides some clue on 
chemical order. The scattering intensity of x-rays or neutrons 
is given by

where α, β refer to chemical elements, cα is the concentration 
of element α, fα(Q) is the atomic scattering factor of element 
α, and Sαβ(Q) is the partial structure function between α and 
β. The full analysis into compositionally resolved partial PDFs 
is impractical for metallic glasses with complex composition. 
But by using resonant scattering34 for x-rays and isotropic 
substitution35 for neutrons it is possible to determine the dif-
ferential structure function, Sα(Q), defined by

(1)

G(r) = 4πrρ0[g(r)− 1] =
2

π

∫

∞

0

[S(Q)− 1]sin(Qr)QdQ.

(2)S(Q) =
∑

α,β
cαcβfα(Q)fβ(Q)S

αβ(Q),

(3)S(Q) =
∑

α
cαS

α(Q), S
α(Q) =

∑

β
cβS

αβ(Q).
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The Fourier transformation of Sα(Q) gives the differential 
PDF, the PDF centered on element α.

The resulting PDF can be interpreted in terms of bond 
lengths, coordination numbers, chemical short-range order, 
and medium-range correlations. It can be modeled either by 
real-space refinement against structural models or by reverse 
Monte Carlo and molecular dynamics approaches. Modeling 
can be made much more reliable when the differential PDFs 
are available, or both x-ray and neutron PDFs are determined. 
Otherwise, it is dangerous to determine the chemical identity 
by the peak position alone, because many peaks overlap in the 
PDF. From the first peak of G(r) or g(r) one can readily extract 
information on the average distance to the nearest-neighbor 
shell and the number of nearest-neighbor atoms, called the 
coordination number. This approach can be extended to the 
second neighbor shell as illustrated in Figure 2. However, 
beyond the second peak the number of pairs of atoms covered 
by each PDF peak becomes quite numerous. Thus, it is dif-
ficult to explain higher order PDF peaks in terms of the local 

structure. Yet, the PDF oscillations persist up to surprisingly 
long distances, covering several nanometers, indicating the 
presence of extended MRO.

Interestingly, these extended MRO oscillations are quite 
regular, representing just one frequency. Furthermore, the 
amplitude decays exponentially with distance, as

where ξs(T) is the MRO coherence length, as shown in Fig-
ure 3.36,37 Here, a Pd42.5Ni7.5Cu30P20 glass with complex 
chemistry, involving covalent bonds for P, exhibits very regu-
lar MRO oscillations similar to those of liquid Ar, suggesting 
that the MRO oscillations are insensitive to chemistry and 
local structure or bonding. Indeed, a study of the MRO oscil-
lations in chemically resolved partial PDFs proves that the 
extended MRO oscillations are not sensitive to chemical com-
position.38 Therefore, it is impossible to explain these oscilla-
tions in terms of combinations of local motifs. As was pointed 

(4)G(r) = G0(r)exp

(

−
ξs(T )

r

)

,

a b

c

Figure 1.   (a) High-energy x-ray total-scattering setup in transmission geometry: the incident beam with wave vector ks is elastically 
scattered by the sample into ki at angle 2θ, defining the scattering vector Q = ks − ki. A two-dimensional flat-panel detector records 
concentric Debye–Scherrer rings (inset), which are azimuthally integrated to obtain I(Q) for pair distribution function (PDF) analysis. (b) 
The structural function S(Q) and (c) the PDF, for Zr52.5Cu17.9Ni14.6Al10Ti5 glass, by neutron scattering (gray) and x-ray scattering (black).33
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out by Cargill,6 the MRO oscillations are almost totally deter-
mined by the first peak of S(Q), which is much taller and 
sharper than the other peaks of S(Q) as shown in Figure 1b. Its 
height is proportional to ξs(T), whereas its width is inversely 
related to ξs(T). Such sharp peaks are almost universally seen 
for all kinds of glasses and liquids, including inorganic and 
molecular glasses and liquids. They are called the “first sharp 
diffraction peak (FSDP).39”

If the FSDP cannot be explained through the “bottom-up” 
approach of starting from an atom and building up the local 
motifs, how can we elucidate such extended MRO correla-
tions? A possible answer is the “top-down” approach, based on 
the density wave theory.37,38,40,41 If we start with a high-density 
gas of non-interacting particles and introduce local interparticle 
interactions in real space, this leads to the formation of local 
clusters or motifs. However, if we instead introduce simultane-
ously an interaction with all particles, a long-range structure is 
obtained, which can be described by the density wave theory.42 
Utilizing a pseudopotential concept,37 it was found that density 
waves with a wavevector QDW, which is close to the position of 
the first peak of S(Q), are formed as results of the interparticle 
interaction introduced in reciprocal space. In this density wave 
state, the MRO coherence length ξs(T) is infinite. So, it has a 
long-range order and is no longer glassy. It is a quasicrystal 
with 3N order parameters, where N is the number of atoms in 
the system. Unlike the icosahedral quasicrystal,43 it has no ori-
entational order, and its model appears random and isotropic.36 
The PDF of this state is given by G0(r) in Equation 4. Details 
of this approach are discussed in References 44 and 45 and 
this issue.

In situ synchrotron experiments on metallic-glass-forming 
liquids demonstrate how the PDF evolves along the entire liq-
uid-glass pathway within a single measurement. For example, 
high-energy x-ray diffraction on Zr60Cu20Al10 shows that the 
first diffuse maximum in S(Q) gradually grows and shifts to 
slightly higher Q as the melt is cooled from the equilibrated 
liquid through Tg (Figure 4a). The corresponding reduced PDF 
g(r) exhibits a sharpening of the first-shell peak and an increase 
in the amplitude and coherence of the medium-range oscilla-
tions (Figure 4b), reflecting both a tightening of the spread of 
nearest-neighbor distances and the growth of MRO. An earlier 
measurement on a Pd42.5Ni7.5Cu30P20 alloy shows the height of 
the first-peak or integrated intensity in S(Q) (Figure 4c) as well 
as the MRO coherence length ξs(T) (Figure 4d) to follow the 
Curie–Weiss Law,

where a is the average nearest-neighbor distance and TIG is the 
ideal glass temperature at which ξs(T) diverges in extrapola-
tion.36 Below Tg ξs(T) freezes to a constant value. Molecular 
dynamics simulations on various metallic alloy liquids show 
that the Curie–Weiss Law is universally obeyed for metallic 
liquids, as shown in Figure 4d.46

(5)
ξs(T )

a

= C

Tg

T − TIG

(

T > Tg

)

,

The MRO coherence length ξs(T) can be directly related to 
viscosity,36 liquid fragility,48 and mechanical ductility.21 In par-
ticular, it was shown that the activation energy for viscosity just 
above Tg is proportional to ξ3

s
(T ) , the coherence volume. This 

suggests that the MRO coherence length ξs(T) defines the range 
of dynamic cooperativity in supercooled liquids. For this reason, 
it is an important parameter that controls various properties of 
supercooled liquids.44 The Curie–Weiss Law shows that ξs(T) 
becomes longer as a liquid is cooled, suggesting that there is 
a driving force toward the state with infinite ξs(T), the density 
wave state. In reality, a liquid never reaches this state, because 
ξs(T) freezes at Tg and also TIG is negative. Nevertheless, the 
presence of such a driving force toward the density wave state is 
a compelling argument for the need for a top-down approach.37 
The Curie–Weiss Law, Equation 5, was quantitatively explained 
in terms of local structural volume fluctuations.45

A related line of work uses bulk PDF to probe how defor-
mation modifies the glassy state.47 When stress is applied to a 
metallic glass, its structure becomes anisotropic. In the absence 
of the periodic lattice, it is not easy to characterize the effect of 
stress on the local structure. The best way is to expand S(Q) and 
g(r) by spherical harmonics Ym

ℓ (z) as,

They are connected through the spherical Bessel 
transformation,

where Jℓ is the spherical Bessel function. For the affine (homo-
geneous) uniaxial deformation along  the z-axis, it can be 
shown that g0

2
(r) is given by

However, even for apparently elastic deformation, g0
2
(r) 

measured experimentally deviates significantly from Equa-
tion 6. So, it is useful to define the r-dependent strain

As shown in Figure 4e–f, ε(r) is less than the average strain 
ε(∞) at the nearest neighbors even for elastically deformed 
sample. The non-affine deformation zone extends further in a 
sample creep deformed by applying stress at an elevated tem-
perature. This non-affine strain results from the local structural 
relaxation to accommodate the applied stress by local atomic 
rearrangements.

It is interesting to note that even elastic stress well below 
the elastic limit induces local plastic atomic rearrangements in 

(6)

S(Q) =
∑

ℓ,m
S
m

ℓ (Q)Y
m

ℓ

(

Q

Q

)

, g(r) =
∑

ℓ,m
g
m

ℓ (r)Y
m

ℓ

(

r

r

)

.

(7)g
m
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a b c

d

f g

e

Figure 2.   Cluster-connection analysis of the origin of the second-peak splitting in metallic-glass pair distribution functions  (PDFs). 
(a) Schematic illustration of how atoms in the second-neighbor shell arise from connections between coordination polyhedra that 
share one, two, three, or four atoms with a central cluster. (b) Decomposition of the total PDF g(r) into contributions from the nearest-
neighbor shell (NN) and from 1-, 2-, 3- and 4-atom-shared connections, showing that an unequal population of these connection types 
reproduces the characteristic splitting of the second maximum. (c) Example of the same analysis for a higher-density glassy state, 
highlighting the enhancement of face-sharing (three-atom-shared) connections on vitrification. (d) Partial PDFs gCu–Zr(r), gZr–Zr(r), and 
gCu–Cu(r) for a Cu50Zr50 metallic glass obtained from molecular dynamics simulations at different cooling rates, demonstrating that the 
second-peak splitting is essentially insensitive to quench rate. (e–g) Decomposition of the Cu–Zr, Zr–Zr, and Cu–Cu partial PDFs for a 
rapidly quenched glass into contributions from the first shell gαβ(s) and from connections where the corresponding coordination poly-
hedra share i = 1–4 atoms, gαβ(c–i). Three-atom-shared connections dominate the low-r subpeak, while one-atom-shared connections 
contribute mainly to the high-r subpeak. Adapted with permission from Reference 17. © 2011 American Physical Society.
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metallic glasses.49 This is evidence that a glass is not totally 
frozen, and locally some liquid-like states remain.44 Such 
residual liquidity results in mechanical loss down to T = 0 due 
to quantum mechanical tunneling,50 connecting it to the two-
level states (TLS) universally found in glasses.51 The origin 
of these liquid-like states is closely tied to the mechanism of 
the glass transition. Because the number of the nearest neigh-
bors is finite (12–13), a certain minimum strain is required 
to change the local coordination.33 In terms of the volume 
strain, this critical strain is ǫcrit

v
= 11.

52 This defines “liquid-
like” atoms of which atomic-level volume strain exceeds ǫcrit

v
, 

thus intrinsically unstable. If the glass transition occurs by the 
loss of percolation of liquid-like atoms,53 about 20% of atoms 
remain liquid-like even after a liquid freezes into a glass.33 
These left-over liquid-like atoms provide the residual liquid-
ity in glasses.

Local characterization of metallic glasses 
via ePDF
Methodology of ePDF
In ePDF total scattering analysis is applied to nanometer-scale 
volumes recorded in a TEM.27,28,54 The basic workflow fol-
lows similar steps as in x-ray and neutron-diffraction-based 
PDF analysis. Diffraction patterns are first corrected for the 
detector response and integrated azimuthally to obtain radial 
intensity profiles I(k). k denotes the electron scattering vector, 
defined as k = 2 sin θ/λ, where θ is half the scattering angle 
and λ is the electron wavelength. In the traditional x-ray and 
neutron PDF literature, the scattering vector is usually written 
as q = 4π sin θ/λ. The two conventions are therefore related 
by k = q/2π. Throughout this text, q is used when referring to 
conventional x-ray PDF, and k is used for electron diffraction. 
Each profile is normalized using the total elastic scattering fac-
tor to give the structure function S(k). The reduced structure 

function F(k) = k [S(k) − 1] is then Fourier transformed over 
a selected k range to obtain G(r), which describes deviations 
of the local atomic density from the average as a function of 
distance as introduced above for x-ray-based PDF analysis.

The main complication compared to x-ray and neutron-
based PDF is the strong interaction of electrons with mat-
ter.55,56 Even for amorphous foils that are only a few tens of 
nanometers thick, electrons undergo significant multiple elas-
tic scattering. In reciprocal space this appears as a thickness-
dependent diffuse background, a mismatch between the fitted 
atomic scattering factor and the measured I(k) that leads to a 
low-frequency background of S(k). In real space, these effects 
generate artificial intensity especially at small r, but also shift 
the first coordination peak to smaller distances, and attenuate 
or broaden oscillations associated with the MRO.

The basic strategy for treating these effects is illustrated in 
Figure 5. Starting from the diffraction profile I(k), the single-
atom scattering contribution f(k)2 is removed and the intensity 
is normalized to obtain the total structure function S(k). Mul-
tiple scattering mostly appears as a smooth background on 
which the true structural oscillations are observed. To remove 
this, a low-order polynomial (red curve in Figure 5) is fitted 
to the background and subtracted, leaving only the oscillatory 
part of S(k). A careful choice of polynomial order is required 
to avoid either residual baseline curvature or over-subtraction 
of genuine structural signals, both of which can bias peak posi-
tions in G(r). Practical guidance on selecting the polynomial 
order and assessing thickness-related peak shifts is provided 
by Kang et al.57

Kang et al. showed that, even with a reasonably chosen 
polynomial background correction, the extracted G(r) still 
exhibits a gradual shift of the first peak toward lower r with 
increasing sample thickness.57 This can be attributed to mul-
tiple scattering, which redistributes electrons toward higher 

a b

Figure 3.   Exponential decay of the medium-range order oscillations for (a) Pd42.5Ni7.5Cu30P20 glass at 600K by x-ray diffraction33 and 
(b) Ar liquid at 40 K by simulation.36
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scattering angles and produces shoulders on the diffraction 
peaks, so that the apparent first-peak position decreases by 
about 1% as the thickness increases from 20 to 100 nm, 
accompanied by a reduction in peak height and a nonlinear 
change in width.

To address the physical origins of multiple elastic scattering 
and its influence on ePDF, Kang et al. adopted the analytical 
deconvolution originally developed by Anstis and co-work-
ers.55,56 A deconvolution framework can be applied to efficiently 
compensate for the multiple scattering impact on ePDF, yielding 

a

c

e f

d

b

Figure 4.   (a) Temperature-resolved structure factor S(Q) plotted as a surface versus Q and T, showing the growth and slight outward shift of 
the first diffuse maximum on cooling, obtained by in situ high-energy x-ray diffraction on a Zr60Cu30Al10 alloy during cooling from the equilibrium 
liquid through the glass transition. (b) Corresponding reduced pair distribution function g(r), whose first-shell peak sharpens and medium-range 
oscillations become more pronounced as the liquid approaches the glassy state.36 (c) Temperature evolution of the height of the first diffuse 
maximum, S(Q1) − 1, for Pd42.5Ni7.5Cu30P20 liquid measured by electrostatic-levitation high-energy x-ray diffraction, following a Curie–Weiss 
Law in the equilibrium liquid.36 (d) Temperature evolution of the inverse of the medium-range order coherence length, ξs(T), for various metallic 

alloy liquids, where a is the average nearest-neighbor distance.46 (e) g0
2
(r) under the stress of 1 GPa compared to that for affine deformation by 

Equation 5, (f) r-dependent strain, ε(r), for elastic deformation (red circle) at RT (room temperature) and creep deformation (blue circle).47
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highly accurate peak positions, as quantitatively analyzed 
and illustrated for an amorphous Pd-Si glass in Figure 6c–f. 
In this formalism, the measured intensity I(k) is written as a 
Poisson-weighted sum of self-convolutions of an effective 
single-scattering distribution Ψ(k), with the weights depending 
on the specimen thickness Z and the elastic mean free path Λ. 
Assuming azimuthal symmetry for amorphous materials, a Fou-
rier–Bessel transform converts I(k) into a radial representation 
in which the Poisson series can be inverted via a logarithmic 
relation, allowing the single-scattering distribution to be recov-
ered. Transforming back to reciprocal space yields a corrected 
I(k) dominated by single scattering. Kang et al. showed that, 
after this deconvolution, the thickness-dependent shifts of the 
shoulders in S(k) are largely removed and the first peak of ePDF 
fully collapses onto the ground truth (Figure 6c and d). The 
remaining smooth background can then be removed with a low-
order polynomial (first to third order), as quantified in Figure 6e. 
With this combined deconvolution plus baseline correction, the 
first peak in G(r) becomes essentially thickness-independent 
(within about 0.001 Å over the tested thickness range), and the 
variations in peak height and width with thickness are strongly 
reduced (Figure 6f). In addition to multiple scattering and back-
ground correction, the fidelity of ePDF is strongly influenced by 
the electron-optical and acquisition conditions. Small to moder-
ate convergence semi-angles preserve angular resolution and 
MRO in G(r), whereas overly large angles blur the oscillations 

in S(k) and broaden the peaks. Sufficient detector sampling and 
an appropriately chosen k range and Fourier window are like-
wise essential to avoid aliasing and truncation artifacts, so that 
ePDF peak positions and medium-range oscillations remain 
consistent with bulk x-ray and neutron PDFs while retaining 
nanometer-scale spatial resolution.

The different scattering contrasts further define the strengths 
of each approach. Bulk x-ray PDFs provide statistically robust 
structural averages with high reciprocal-space resolution, espe-
cially at synchrotron sources, but the x-ray atomic form factor 
decreases with increasing scattering vector and the total PDF 
is weighted approximately by electron density. Neutron PDFs 
provide complementary element-specific contrast because neu-
tron scattering lengths are element- and isotope-dependent and 
do not decrease with scattering vector in the same way as x-ray 
form factors. Electron PDFs offer strong scattering and nanom-
eter-scale spatial resolution, making them particularly useful for 
interfaces, shear bands, nanoglasses and other locally hetero-
geneous structures, but they require careful control of multiple 
scattering and specimen thickness.

STEM‑PDF for nanoscale structural mapping
The capability of 4D STEM-PDF for nanoscale structural 
mapping has been demonstrated both for amorphous organic 
films and metallic glasses (Figure 7).27,58,59 In a typical work-
flow, a nanometer-sized probe is scanned across the specimen, 

Figure 5.   Schematic workflow for electron pair distribution function (ePDF) data processing. Multiple-scattering deconvolution is applied to 
the measured diffraction intensity, I(k), obtained from the raw 2D diffraction pattern after detector correction and azimuthal integration. The 
deconvolved intensity is then normalized by the single-atom scattering factor, f(k),2 to obtain the total structure function, S(k). A low-order 
polynomial background is subsequently fitted and subtracted to remove the remaining low-frequency background, yielding the oscillatory 
part of S(k). The reduced structure function, F(k) = k[S(k) − 1], is then Fourier sine transformed to obtain the real-space PDF, G(r), from which 
the first and second coordination shells can be identified. Adapted with permission from Reference 28 with permission. © 2013 International 
Union of Crystallography.
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while a 2D detector records a diffraction pattern at each posi-
tion, generating a 4D data set. Each pattern is processed as 
described in the “Methodology of ePDF” section to calculate 
the corresponding ePDF. Stacking the local ePDFs over the 
scan grid yields a 3D “PDF cube” with two spatial coordinates 
(x, y) and one real-space axis r(Figure 7a). Mu et al. first used 
this approach to map structural heterogeneity in metallic glass 
multilayers and amorphous organic semiconductors, revealing 
nanometer-scale phase separation and morphology that are dif-
ficult to access by conventional imaging while simultaneously 
providing quantitative local pair-correlation information.27,59

As a proof of principle for metallic and oxide glass multilay-
ers, 4D STEM-PDF of ZrFe/ZrO2 multilayers resolved distinct S/
MRO signatures associated with different amorphous regions.59 
The PDFs contain features attributable to Zr–O, Fe–Fe, Fe–Zr, 
and Zr–Zr distances, enabling phase identification (Figure 7b). By 
fitting representative PDFs to the PDF cube, Mu et al. constructed 
coefficient maps that delineate the ZrFe and ZrO2, thereby visual-
izing nanoscale phase distributions and interfacial amorphous lay-
ers (Figure 7c).59 Mu et al. subsequently extended 4D STEM-PDF 
from mapping to a multivariate framework capable of separating 

overlapping amorphous phases in projection (Figure 7d–h).58 In 
this approach, the PDF cube is reshaped into a matrix where rows 
correspond to probe positions and columns to discrete r values. 
Principal component analysis (PCA) is used for denoising and 
to estimate the number of significant components using a modi-
fied scree criterion that combines eigenvalues with a local-entropy 
measure of the component maps.58 Because PCA components 
can remain mixtures of distinct amorphous environments, inde-
pendent component analysis (ICA) is then applied to rotate the 
PCA subspace into statistically independent components that are 
interpreted as PDFs of individual nanophases.58 Applied to the 
amorphous ZrO2/FeZr multilayer, this PCA-ICA workflow yielded 
three independent PDFs and coefficient maps: two matched the 
FeZr and ZrO2 layers, while the third showed Fe–O and Fe–Fe 
correlations consistent with a marokite-type Fe3O4 model.58 The 
corresponding coefficient map revealed a thin, highly overlapped 
Fe3O4-like interlayer, demonstrating that multivariate decompo-
sition of STEM-PDF data can uncover hidden nanophases and 
recover their local bonding geometry. The differences in atomic 
packing and MRO between core and interfacial regions yielded a 
spatial resolution on the order of 2–3 nm (Figure 8).

a c
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Figure 6.   Influence of sample thickness and polynomial baseline correction on electron pair distribution function (ePDF) after deconvolution. 
(a) Stacked Pd80Si20 atomic models are used to simulate increasing thickness and (b) the corresponding selected-area electron diffrac-
tion (SAED) patterns for 20-nm and 100-nm samples. (c) Structure factors S(k) for thicknesses of 20–100 nm after deconvolution, showing 
thickness-dependent low-frequency background from residual multiple scattering, compared to the ground-truth kinematic S(k). (d) Resulting 
ePDFs for different thicknesses obtained from the deconvolved S(k). (e) First-peak position in g(r) as a function of polynomial fitting order, 
illustrating overfitting at high orders even after deconvolution. (f) First-peak position, height, and width as a function of sample thickness after 
deconvolution and polynomial baseline correction, demonstrating systematic thickness effects on ePDF metrics. Adapted with permission 
from Reference 57. © 2025 Elsevier.
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In 4D STEM structure mapping, “machine learning” is 
commonly used in a broad sense to denote data-driven statis-
tical methods for dimensionality reduction and signal separa-
tion in large diffraction data cubes. Unsupervised decompo-
sition or clustering (e.g., NMF, PCA/ICA-type approaches) 
are applied to diffraction-derived representations such as azi-
muthally averaged diffraction profiles or ePDFs to extract a 
small number of recurring components and their spatial weight 

maps, which serve as quantitative maps of selected structural 
descriptors related to local order, clustering, or compositional 
SRO. These tools primarily provide a systematic and repro-
ducible way to compress and segment high-dimensional data. 
Physical interpretation still requires connecting the extracted 
components to established structural metrics, simulations, or 
complementary experiments. As one example, Rakita et al. 
introduced the scanning nanostructure electron microscopy 
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Figure 7.   Four-dimensional scanning transmission electron microscopy-pair distribution function (STEM-PDF) mapping of nanoglass 
multilayers. (a) Schematic of 4D STEM-PDF acquisition: a nanobeam is scanned across the sample, a diffraction pattern recorded at each 
probe position, and the resulting stack is converted to a 3D PDF cube with two real-space coordinates (x, y) and an interatomic distance 
axis r. (b) Example PDFs from a ZrFe-based nanoglass multilayer, showing pair correlations (FeZr and ZrO2 layers and Fe3O4 interface) that 
distinguish the local atomic packing in different amorphous environments. (c) PDF-based phase mapping of a ZrFe/Fe3O4/ZrO2 multilayer: 
high-angle annular dark-field (HAADF) image (left) and coefficient maps for the different amorphous phases (center) with an RGB com-
posite (right) that visualizes their nanoscale spatial distribution. (d–f) Principal component analysis (PCA) of the PDF cube: scree plot of 
eigenvalues (d), first three principal component PDFs (e), and their spatial maps (f), which already reflect the presence of three structurally 
distinct regions. (g) Independent component PDFs obtained by applying independent component analysis (ICA) to the PCA results, sepa-
rating FeZr, ZrO2, and an additional interfacial phase. (h) Comparison of the third independent component with a simulated PDF and partial 
PDFs of Fe3O4, identifying Fe–O and Fe–Fe correlations characteristic of an iron oxide interlayer. (i) Spatial maps of the ICA coefficients, 
revealing the distribution of FeZr, ZrO2, and Fe3O4-like interfacial regions and their correspondence with the virtual annular dark-field (ADF) 
image. Adapted with permission from Reference 58. © 2021 Elsevier.
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(SNEM) framework, in which a 4D STEM data set is con-
verted into a set of local 1D ePDFs and analyzed with simple 
unsupervised, data-driven tools to produce spatial maps of 
structural “quantities of interest” (QoIs).60 They used correla-
tion-based similarity mapping and nonnegative matrix factori-
zation (NMF) to segment the ePDF cube into a small number 
of recurring component PDFs and their coefficient maps. Sev-
eral NMF components could be interpreted as partial pair-cor-
relation contributions, allowing the corresponding coefficient 
maps to be viewed as approximate “bond maps” and further 
condensed into a chemical short-range order (CSRO) map that 
highlights nanoscale heterogeneity, especially near interfaces 
and nucleation sites.

Kang et al. employed NMF-based 4D STEM-PDF analysis 
to identify structural bases of metallic glasses directly from the 
PDF cubes (Figure 9a).24 NMF decomposes this cube into a 
small set of basis PDFs Hi and corresponding weight maps 
from the ePDF cube. Because NMF enforces nonnegativity, 

each measured PDF is represented as an additive mixture of 
the basis PDFs, which makes the extracted bases easy to inter-
pret as physically meaningful local structural types rather than 
abstract mathematical modes. The decomposition yields two 
dominant basis PDFs with clearly different S/MRO, shown as 
H1 and H2 in Figure 9a. The first basis has a slightly larger first 
neighbor distance and broader peaks, while the second basis 
shows shorter interatomic distances and sharper first and sec-
ond peaks. By relating the second-peak positions and shoul-
ders to different polyhedron connection schemes, Kang et al. 
found that H2 corresponds to more efficiently packed motifs 
with a larger number of shared atoms, whereas H1 contains 
less efficiently packed motifs with more free volume. Follow-
ing liquid theory terminology, these two structural types were 
labeled as “liquid-like” and “solid like.”

The physical meaning of these bases becomes clear when 
comparing as spun and flash annealed samples. As shown in 
Figure 9b, d, the liquid-like and solid-like basis PDFs obtained 

a

b c

Figure 8.   Data-driven analysis workflow for mapping nanoscale order from 4D scanning transmission electron microscopy (STEM) 
diffraction data. (a) Schematic workflow converting a 4D STEM data set (a diffraction pattern recorded at each probe position) into 
spatial maps of selected quantities of interest (QoIs). Electron probes provide high spatial sampling; the diffraction patterns can be 
reduced to 1D profiles (e.g., electron pair distribution functions [ePDFs]) and analyzed using statistical decomposition methods (e.g., 
nonnegative matrix factorization) to obtain component signals and their spatial weights. The resulting QoIs are assembled on the scan 
grid to visualize heterogeneity in local order or clustering (illustrated here for chemical short-range order). (b) Virtual bright-field image of 
a Ni/BMG(bulk metallic glass)/Ni laminate indicating the region used for analysis. (c) Example QoI map across the BMG layer showing 
spatial variations from random-like to clustered or more ordered motifs at nanometer-scale sampling. Adapted with permission from 
Reference 60. © 2021 Elsevier.
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from the two states nearly overlap, demonstrating that annealing 
near the glass transition does not create new structural motifs 
but preserves the underlying local configurations. However, 
annealing redistributes their populations. NMF coefficient maps 
in Figure 9c, e show that liquid-like and solid-like regions are 
intermixed throughout the glass with a characteristic correla-
tion length of about 5–6 nm, consistent with earlier nanobeam 
studies of structural heterogeneity. Quantitative analysis of these 
maps reveals that the fraction of solid-like structure increases 
from roughly 47% in the as-spun ribbon to about 67% after 
annealing, while the fraction of liquid-like structure decreases 
correspondingly, in agreement with the idea that the energeti-
cally favorable structure is preferred during flash annealing.

While 4D STEM-PDF provides a direct, real-space resolved 
view of local structure through pair correlations, it is important 
to emphasize that the fact that any structural variations emerge 
in PDF coefficient maps of ≈100-nm-thick samples implies that 
similar local motifs are not randomly distributed, but instead 
organize into larger assemblies over nanometer length scales. 
In other words, real-space heterogeneity in PDF-derived metrics 
is a manifestation of higher-order structural organization that 
goes beyond purely two-body statistics. This directly connects 
4D STEM-PDF with fluctuation electron microscopy (FEM), 
because FEM is explicitly designed to probe medium-range 
structural organization through higher-order correlations that are 

largely invisible in the average diffuse diffraction signal. FEM 
yields quantitative MRO descriptors as discussed in more detail 
by Voyles and Rösner et al. in References 61–66 and this issue.

Application to shear‑band characterization
Mu et al. used STEM-based PDF mapping combined with ICA 
to resolve the local atomic structure changes across a shear band 
in a Vitreloy 105 metallic glass (Figure 10). A 4D STEM data 
set was acquired over a region containing a single shear band 
(SB) and converted into a local PDF map (Figure 10a). ICA of 
this map yielded two independent PDFs (IC1 and IC2) that can 
be assigned to Zr-rich and Zr-poor local configurations, based 
on their nearest-neighbor distances and comparison with MD-
derived bond lengths (Figure 10b). The corresponding IC maps 
show that these two structural motifs form an antisymmetric pair 
of shear-band-affected zones (SBAZs) on either side of the SB: 
a Zr-depleted/Cu-rich zone on one side and a Zr-enriched zone 
on the other, separated by a narrow band where the fitting error 
is largest (Figure 10c–e). This demonstrates that shear banding 
modifies the local glass structure not only within the band, but 
also tens of nanometers into the surrounding matrix with a dif-
ferent response on the compressive and tensile side of the SB.

To probe the associated changes in S/MRO order, a line scan 
of PDFs perpendicular to the SB (Figure 10f–g) reveals a grad-
ual shift of the Zr–Zr nearest-neighbor peak across the SBAZs, 
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Figure 9.   Nonnegative matrix factorization (NMF) aided 4D scanning transmission electron microscopy-pair distribution function (STEM-
PDF) analysis of an Fe-based metallic glass. (a) A 4D STEM scan is converted into a local PDF cube, which is decomposed by a neural 
network style NMF model into a small number of basis PDFs H1 , H2 and H3 and their weights. (b) Basis PDFs associated with the liquid-like 
structural types independently extracted from as-spun and annealed Fe85.2Si0.5B9.5P4Cu0.8 metallic glass; the nearly identical curves 
show that the underlying local atomic configurations are preserved upon annealing. (c) Maps of the liquid-like (orange) and solid-like (blue) 
structural types for the as-spun glass, together with their areal fractions. (d) Basis PDFs associated with the solid-like structural types inde-
pendently extracted from as-spun and annealed Fe85.2Si0.5B9.5P4Cu0.8 metallic glass; the nearly identical curves show that the underly-
ing local atomic configurations are preserved upon annealing. (e) Maps of the liquid-like (orange) and solid-like (blue) structural types for the 
annealed glass together with their areal fractions. Adapted with permission from Reference 24. © 2024 Elsevier.
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reflecting compositionally driven changes in local packing over 
tens of nanometers and an abrupt drop of the shoulder of the 
second peak at about 4.8 Å exactly at the SB position. These 
compositionally driven S/MRO changes in the SBAZ are more 
localized than the MRO variations observed by FEM in Vit-
reloy 105 extending micrometers from the SB.68 Directly at 
the SB, by relating the ratio of the first- and second-peak posi-
tion in the PDF to different polyhedra-connection distances, 
a decrease in geometrically favored face-sharing tetrahedra 
could be identified in the SB, which indicates fragmentation 
of these densely packed motifs inside the SB during mechani-
cal deformation.

Gammer et al. developed a 4D STEM-based strain-mapping 
approach for amorphous materials by quantifying the elliptic 
distortion of diffuse diffraction rings: at each probe position, 
the diffraction pattern is fitted by an ellipse, and elastic load-
ing induces an elliptic distortion of the rings from which the 
local strain is extracted.69 Applied to an in situ tensile test of a 
CuZr-based metallic glass, the method enabled visualization of 
a strongly heterogeneous elastic strain distribution with a spatial 
resolution of a few nanometers. During continuous loading, the 
tensile-direction elastic strain increased, and after catastrophic 
fracture a residual elastic strain field was observed that relaxed 
over time, highlighting the ability of 4D STEM nanodiffraction 
to capture transient strain evolution in amorphous solids.

Building on this methodology, Kang et al. combined 4D 
STEM-based strain mapping with local ePDF analysis to 
directly correlate nanoscale stress fields with atomic structure 
in a deformed Fe85.2Si0.5B9.5P4Cu0.8 metallic glass.26 From the 
elliptic distortion of the diffuse diffraction rings, maps of devia-
toric and volumetric strain can be reconstructed, while azimuth-
ally averaged patterns from the same 4D STEM data can be con-
verted into local PDFs to extract the nearest-neighbor distance at 
each probe position for a multimodal analysis. This provides a 
fully correlative view of the residual strain field and local atomic 
packing around SBs in a thick TEM lamella (≈200 nm), where 
conventional high-resolution imaging and FEM would struggle 
because of multiple scattering and the projected sample volume. 
However, this high TEM sample thickness helps to maintain the 
bulk structure, whereas strain relaxation has been observed for 
significantly thinner FIB prepared samples.70

Figure 11b–e illustrates the key findings for a representa-
tive shear band (SB1). A vector field of the maximum shear 
strain overlaid on the volumetric strain map (Figure 11b) 
reveals a chain of vortex-like features along the SB. A magni-
fied view shows that these vortices coincide with quadrupo-
lar shear patterns and dilated regions in the nearest-neighbor 
distance map (Figure 11c): strain concentrates at the cores of 
Eshelby-like inclusions that sit at the center of quadrupolar 
strain fields and exhibit slightly larger atomic spacings than 
the surrounding matrix. Line profiles along the band (Fig-
ure 11d) quantify this correlation: the maxima of deviatoric 
strain, volumetric strain, and nearest-neighbor distance occur 
at the same positions, whereas the regions between inclusions 
show reduced strain and slightly shorter nearest-neighbor 
distances. The width of the sharp peaks in deviatoric strain 
is about 15 nm, providing an experimental upper bound for 
the projected size of the inclusion cores. PDFs averaged 
over inclusions, regions between inclusions, and the unde-
formed matrix (Figure 11e) show that the overall short- and 
medium-range order remains very similar, consistent with 
the amorphous nature of all regions. Nevertheless, statisti-
cally significant differences are small shifts of the first peak 
toward larger distance and a reduced peak height, indicating 
a reduced coordination number, at the inclusions compared 
with the compressed zones between inclusions and the matrix. 
Together with the volumetric strain map, this indicates that 
the inclusions correspond to locally dilated zones where the 
hydrostatic stress increases the average atomic spacing, while 
the areas between inclusions are slightly compressed. As the 
small Eshelby-like inclusions are clearly visible in projections 
of a 200-nm-thick sample, this raises the unanswered question 
of their 3D structure, if they are more extended in the projec-
tion direction.

Taken together, the shear-band studies by Mu et al. and 
Kang et al. should be viewed as complementary. Mu et al. 
combined STEM-PDF mapping and ICA with atom probe 
tomography (APT), which provided quantitative 3D compo-
sition information across the shear band and the shear-band-
affected zones. The STEM-PDF/ICA resolved local structural 
components assigned to Zr-rich and Zr-poor configurations, 
while APT independently supported elemental partitioning 

(See figure on next page.)

Figure 10.   Scanning transmission electron microscopy-pair distribution function (STEM-PDF) and independent component analysis (ICA) map-
ping of local atomic structure around a shear band (SB) of a Vitreloy 105 metallic glass. (a) STEM-high-angle annular dark-field (HAADF) image 
of a deformed section, indicating the region used for 4D STEM-PDF acquisition and the position of the SB. (b) Independent-component PDFs 
IC1 and IC2 obtained by independent component analysis (ICA) of the STEM-PDF cube, corresponding to Zr-rich (IC1) and Zr-poor (IC2, Cu/
Ni/Ti/Al-rich) local configurations. (c, d) Spatial weight maps of IC1 and IC2, revealing a sharp structural contrast across the SB (yellow dashed 
line). (e) Line profile of the IC weight fractions and fitting error along the direction marked in (a), showing antisymmetric Zr-rich/Zr-poor shear-
band-affected zones (SBAZs) on either side of the SB and a narrow region of enhanced misfit at the SB core. (f) PDF line scan perpendicular to 
the SB extracted from the STEM-PDF cube. (g) Magnified view of the line scan highlighting changes in the Zr–Zr nearest-neighbor distance and 
the second-shell feature associated with face-sharing tetrahedra; right-hand traces show intensity profiles in the Zr-depleted SBAZ, SB, and Zr-
enriched SBAZ. (h) PDFs averaged over these three regions, illustrating the progressive change in nearest-neighbor correlations and the abrupt 

reduction of the face-sharing contribution in the SB. (i) Map of the population of face-sharing tetrahedral motifs derived from the PDF amplitude 

at 
√

8/3 RNN , showing depletion of geometrically favored motifs along the SB. Adapted with permission from Reference 67. © 2021 Wiley.
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across the two sides of the shear band. This combination 
allowed Mu et al. to link changes in local pair correlations 
and SRO to measured elemental redistribution. In contrast, 
Kang et al. combined 4D STEM strain mapping with local 
ePDF analysis and focused primarily on mechanical and elas-
tic heterogeneity around the shear band. Their measurements 

revealed Eshelby-like quadrupolar strain fields, local volu-
metric dilation, and small but statistically significant changes 
in nearest-neighbor distance and PDF peak height, without 
resolving a compositional gradient (within the sensitivity of 
their measurements). The difference between the two observa-
tions could therefore arise from differences in alloy chemistry, 
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deformation history, specimen thickness, projection geometry 
as well as differences in sensitivity of the characterization 
methods. Nevertheless, both studies suggest that shear bands 
in metallic glasses are not uniform planar defects, but structur-
ally heterogeneous zones in which elemental redistribution, 
SRO, motif connectivity, free volume, and residual strain 
could evolve in different combinations.

Toward functional analysis
In addition to the pure structural analysis, Kang et al. recently 
showed that 4D STEM can be extended to simultaneously pro-
vide functional information. In the large-angle Lorentz 4D 
STEM analysis of a Fe-based metallic glass (Figure 12), the 
same 4D data set is used to reconstruct the in-plane magnetic 
field from shifts of the amorphous diffraction ring, the elastic 
strain tensor from its distortions, and the relative mass density 
from the integrated intensity. The resulting maps reveal how 
shear bands reorganize not only the atomic packing but also 

the local magnetization and strain state on the few nanometer 
scale (Figure 12a–e). Statistical analysis of the strain and mag-
netic-field orientations (Figure 12f–i) reveals regions where 
the field is primarily constrained by the shear-band geometry 
and regions dominated by magnetostatic interactions. To con-
nect these functional maps to the underlying atomic structure, 
the Lorentz-4D analysis is complemented with local PDF 
line scans taken perpendicular to the shear band (Figure 12j). 
PDFs averaged over the left and right shear-band-affected 
zones (SBAZs) exhibit subtle, but systematic differences in 
the first and second peaks compared to each other and the 
undeformed matrix, indicating asymmetric changes in nearest-
neighbor spacing and SRO across the band (Figure 12k). This 
asymmetry around the SB fits to the asymmetric SBAZs (Zr-
depleted/Cu-rich versus Zr-enriched) previously observed by 
Mu et al.,67 supporting the view that shear banding induces 
different nearest-neighbor and SRO changes on the tensile and 
compressive sides. Together, these results demonstrate that 
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Figure 11.   Correlative 4D scanning transmission electron microscopy (STEM) strain and pair distribution function (PDF) mapping of 
Eshelby-like inclusions along a shear band in a deformed Fe85.2Si0.5B9.5P4Cu0.8 metallic glass. (a) Experimental geometry for 4D STEM 
strain mapping. At each probe position, a convergent-beam electron diffraction (CBED) pattern is recorded and fitted with a best-fit ellipse; 
elastic loading induces an elliptic distortion of the rings, from which local strain is quantified. (b) Vector-field map of the maximum shear 
strain γmax overlaid on the volumetric strain ǫvol . The dashed box marks the region used for quantitative line analysis. (c) Magnified view 
of the boxed area showing ǫvol (top), shear strain ǫxy (middle), and nearest-neighbor distances (bottom) derived from 4D STEM. Dashed 
circles highlight dilated Eshelby-like inclusions located at the center of the quadrupolar strain fields. (d) Line profiles along the shear band 
of deviatoric strain, volumetric strain, nearest-neighbor distance, and curl of γmax ; red shaded bands denote the position of inclusions and 
their nanocores, where strain and nearest-neighbor distance reach local maxima. (e) PDFs averaged over typical inclusions, regions between 
inclusions and the undeformed matrix, with the inset showing the first peak, revealing small but statistically relevant increase in nearest-
neighbor distance and reduction in peak height (coordination number) at the inclusions, consistent with local dilatation. (a) Adapted from 
Gammer et al.69 (b–e) Adapted from Kang et al.26
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Figure 12.   Large-angle Lorentz 4D scanning transmission electron microscopy (STEM) mapping of magnetic field, strain, density, and local structure 
around shear bands (SBs) in an Fe85.2Si0.5B9.5P4Cu0.8 metallic glass. (a) Annular dark field (ADF)-STEM image of a lamella showing two SBs; the 

green frame marks the LA-Ltz-4D STEM scan area. (b) Map of the in-plane magnetic field 
−→
B obtained from the shift of the first amorphous diffraction 

ring; the color encodes the field direction and brightness its magnitude. (c) Map of the compressive principal strain ǫcom ; the color code indicates the 
strain direction. (d) Relative density map �ρ derived from the integrated intensity of the first diffraction ring, highlighting local dilatation and compaction 

around the shear bands. (e) Combined view of magnetic and strain fields: white arrows show 
−→
B and colored sticks ǫcom , visualizing strong magnetoelas-

tic coupling in the highly strained regions. (f, g) Representative 2D histogram of the tensile strain field and corresponding binarized map, illustrating two 
preferred strain orientations set by the SB geometry. (h, i) Analogous 2D histogram and binarized map for the magnetic field, revealing domains that fol-
low the strain-induced anisotropy and domains dominated by magnetostatic interactions. (j) PDF line scan perpendicular to one SB, marking the left and 
right shear-band-affected zones (SBAZs) and the band core. (k) PDFs averaged over the left and right SBAZs, showing subtle, but systematic differences 
in nearest-neighbor distances and peak amplitudes that reflect asymmetric atomic packing across the SB. Panels adapted from Kang et al.25
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multimodal 4D STEM analysis can simultaneously deliver 
maps of strain, density, magnetic field, and local pair correla-
tions, enabling a direct correlation between atomic-scale pack-
ing motifs and functional responses such as magnetoelastic 
anisotropy in metallic glasses.

From PDF to 3D motifs: Atomic electron 
tomography of SRO and MRO
Atomic electron tomography (AET) is a real-space comple-
ment to total-scattering and PDF analysis.71–74 Instead of 
inferring structure from an ensemble-averaged PDF, AET 
reconstructs 3D atomic coordinates in a nanoscale volume 
from an atomic-resolution STEM tilt series and then applies 
to the experimental coordinates the same correlation and 
topology tools that are widely used in atomistic simula-
tions. This enables direct calculation of the PDF, partial pair 
correlations and higher-order descriptors such as Voronoi 

topology, bond-orientational order, and motif connectiv-
ity. Because AET is local, it can also map spatial hetero-
geneity in SRO and MRO that is averaged out in bulk PDF 
measurements.

In a landmark study,30 Yang et al. determined the 3D 
atomic structure of an eight-element metallic-glass nano-
particle (Co, Ni, Ru, Rh, Pd, Ag, Ir, and Pt) using an ADF-
STEM tilt series reconstructed by the RESIRE algorithm, 
followed by atom tracing and refinement (Figure 13). The 
final experimentally determined model contained 18,356 
atoms and was chemically resolved at the level of three effec-
tive species by clustering ADF intensities (type 1: Co/Ni, 
type 2: Ru/Rh/Pd/Ag, type 3: Ir/Pt). Forward multislice vali-
dation indicated a 3D positional precision of about 21 pm and 
an overall atom identification accuracy of about 97 percent. 
From the disordered fraction of the nanoparticle, the authors 
computed the total PDFs and type-resolved partial PDFs, 
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Figure 13.   Atomic electron tomography (AET)-based pair distribution function (PDF) and topology analysis of short-range order (SRO) and 
medium-range order (MRO) in a multicomponent metallic-glass nanoparticle. (a) Annular dark-field (ADF)-scanning transmission electron 
microscopy STEM projection. (b) Power spectrum showing a diffuse amorphous ring. (c, d) Orthogonal slices through the 3D reconstruction. 
(e) 3D atomic model from AET, with atoms grouped into three Z-contrast classes (types 1–3). (f) Total PDF calculated from the coordinates, 
with coordination shells R1–R5 and split second peak (inset). (g) Partial PDFs for all type–type pairs. (h) Voronoi-index distribution for atoms 
in the amorphous matrix. (i) Representative chemically resolved SRO clusters. (j) Distribution of edges per Voronoi face, highlighting fivefold 
faces. (k) Coordination-number distributions for each type. (l) Representative MRO segments obtained by linking neighboring SRO clusters 
that share atoms. (m) Shared-atom connectivity between clusters. (n) MRO-domain size distribution and fraction of face-centered cubic (fcc)-
like, hexagonal close-packed (hcp)-like, body-centered cubic (bcc)-like, and simple-cubic (sc)-like centers from bond-orientational order 
(inset). (o) Three-dimensional rendering of the interconnected MRO network colored by dominant crystal-like character. Adapted with permis-
sion from Reference 30. © 2021 Springer Nature.
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showing metallic-glass features including a weak second-
peak splitting (Figure 13f). The partial PDFs and Warren-
Cowley analysis provided direct evidence of chemical SRO, 
with enhanced type-1–type-1 and type-2–type-3 bonding and 
suppressed type-1–type-2 and type-3–type-3 bonding (Fig-
ure 13g), trends that are difficult to isolate from bulk PDFs 
without strong model assumptions.

The power of AET is that it converts SRO from a set of 
averaged correlation peaks into explicit 3D motifs. Voronoi 
tessellation of the experimental coordinates shows that five-
edged faces dominate the local topology, yet only a small 
fraction of Voronoi polyhedra are distorted icosahedra (Fig-
ure 13h–j). In this nanoparticle, five-edged faces account for 
about 44% of all faces, while distorted icosahedra account for 
about 7% of the polyhedra, and the mean coordination num-
bers are close to 12 (approximately 12.0, 12.0, and 12.4 for 
types 1–3) (Figure 13k). These quantitative results sharpen an 
important point for PDF-based discussions of glass structure: 
abundant fivefold signatures do not imply that icosahedral 
SRO is the dominant local motif.

Because the full 3D configuration is known, AET can also 
identify MRO as explicit networks of linked motifs (Fig-
ure 13l–m). Yang et al. experimentally identified the type-3 atoms 
as solute centers and used a breadth-first search criterion against 
ideal lattice-site templates to identify four coexisting crystal-like 
MRO superclusters (fcc-like, hcp-like, bcc-like, and simple-
cubic-like (Figure 13n–o).30 These MRO superclusters exhibit 
translational order but lack global orientational coherence, and 
they interconnect into an extended, nonperiodic backbone within 
the amorphous nanoparticle. Quantitatively, the nanoparticle 
contained 85 fcc-like, 71 hcp-like, 31 bcc-like, and 17 simple-
cubic-like MRO superclusters (Figure 13n), with connectivity 
distributions that can be expressed in terms of how many atoms 
are shared between neighboring solute-center clusters.

A complementary AET study by Yuan et al. focused on mona-
tomic amorphous metals,29 including a sputtered Ta film and two 
Pd nanoparticles (Figure 14). After reconstructing the 3D atomic 
coordinates, crystalline nuclei were removed using a bond-ori-
entational order metric, leaving purely amorphous regions for 
structural analysis. PDFs computed directly from the experimen-
tal coordinates agree well with molecular dynamics liquid Ta 
when distances are normalized by the first-neighbor peak posi-
tion, consistent with the central conclusion of liquid-like pack-
ing in these monatomic amorphous solids (Figure 14c). Unlike 
multicomponent metallic glasses, these monatomic amorphous 
metals do not exhibit a pronounced second-peak splitting in the 
PDF (Figure 14f), highlighting that “amorphous” and “metallic 
glass” are not interchangeable categories.

With chemical complexity removed, Yuan et al. quantified 
the geometric building blocks of SRO and their extension into 
MRO.29 Voronoi statistics again showed abundant five-edged 
faces (about 46%), but only about 10% distorted icosahedra 
(Figure 14d). The dominant motifs are polytetrahedral, especially 
pentagonal bipyramids. Using a tetrahedral distortion parameter 
δ to quantify how close local tetrahedra are to ideal, they showed 

that for modest distortion (δ ≤ 0.255) pentagonal bipyramids out-
number distorted icosahedra by orders of magnitude (17 versus 
26,262 across the three experimental samples). Most pentagonal 
bipyramids connect into pentagonal-bipyramid networks (PBNs) 
by sharing vertices or edges, producing a direct real-space rep-
resentation of MRO. In the Ta film, the largest PBN consisted of 
135 pentagonal bipyramids formed by 165 atoms and extended to 
2.83 nm. Because AET yields the full 3D tessellation, local mass 
density can be estimated from Voronoi volumes, and regions rich 
in polytetrahedral motifs are systematically denser than motif-
poor regions by about 3% (Figure 14h–j). This establishes, exper-
imentally and in three dimensions, a direct link between motif 
statistics, MRO network formation, and density heterogeneity.

Note that the atomic-position precision in AET for amor-
phous materials is approximately 21 pm,29,30 which acts 
directly in real space and broadens the reconstructed pair-dis-
tance distribution. This broadening can reduce the apparent 
PDF peak heights and increase the peak widths. However, the 
intrinsic full width half maximum of the PDF in amorphous 
materials is typically much larger than the positional uncer-
tainty. Therefore, the PDF linewidth broadening arising from 
the reconstruction uncertainty is low. As the AET volume is 
small, this represents very local PDF information.

Finally, advances in sub-angstrom electron ptychography 
point to a route for extending AET to thicker specimens and 
to amorphous materials with light element.75 Ptychography 
reconstructs a phase image from coherent diffraction data and 
can be substantially more dose efficient than incoherent ADF 
imaging because it uses both unscattered and scattered elec-
trons.71,76 When combined with tomographic reconstruction, 
ptychographic AET (pAET) has the potential to improve 3D 
atomic localization and species sensitivity for light-element 
systems.77,78 In a recent multislice benchmark simulation 
on a 6-nm amorphous SiO2 nanoparticle, multislice pAET 
at 1.6 × 103 e−/Å2 per projection correctly identified 98.2% 
of Si and 96.7% of O, with 3D positional precisions of 10 
pm–14 pm, respectively, while retaining medium-range struc-
tural information through ring statistics.75 Together, ADF-
based AET and pAET provide a pathway to experimentally 
determined 3D atomic coordinates that can be analyzed with 
PDF-style and topology-based tools to build an explicit real-
space picture of SRO, MRO, and heterogeneity in amorphous 
materials.71

Outlook
PDF analysis has evolved into a common descriptor that con-
nects bulk scattering, electron microscopy, and 3D imaging 
of amorphous materials. High-energy x-ray and neutron total 
scattering still provide the most robust PDFs, measuring aver-
age bond lengths, coordination numbers, and medium-range 
correlations in metallic glasses and related disordered alloys. 
These bulk measurements establish the structural parameter 
space within which local probes must operate and supply ref-
erence PDFs that are essential for validating models and for 
interpreting spatial variations.
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Electron microscopy builds on this foundation by combin-
ing PDF analysis with real space variations. Electron PDF in 
the TEM applies the same total-scattering formalism to thin 
foils and nanovolumes, after careful correction for multiple 
scattering and instrumental artefacts. Four-dimensional STEM 
records a diffraction pattern at every probe position, effec-
tively turning each pixel into a local PDF measurement. The 
resulting PDF cube reveals how SRO and MRO vary across 
interfaces, in nanoglasses and in deformation microstructures. 
Multivariate and machine learning methods such as PCA, ICA, 
and NMF increase the information that can be retrieved for 
these complex structures. They allow to separate partially 
overlapping amorphous components, thus identifying a small 

set of basis PDFs (e.g., liquid-like and solid-like configura-
tions), and provide quantitative maps of phase fractions and 
distributions, their correlation lengths, and motif populations. 
In this way, electron-based PDFs bridge the gap between 
ensemble-averaged bulk measurements and the nanoscale het-
erogeneity that underpins shear-banding, structural relaxation, 
and interfacial phenomena.

Three-dimensional imaging closes the loop by providing 
explicit atomic configurations from which PDFs and higher-
order descriptors can be computed directly. Atomic electron 
tomography of multicomponent metallic-glass nanoparticles 
and monatomic amorphous metals has shown that it is now 
possible to reconstruct tens of thousands of atoms, calculate 
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Figure 14.   Atomic electron tomography (AET) of monatomic amorphous Ta and Pd: polytetrahedral packing and density heterogeneity. (a, b) 
Experimental 3D atomic models of an amorphous Ta thin film and a Pd nanoparticle (Pd1), with surface crystalline nuclei in gray. Insets show 
averaged 2D power spectra with diffuse amorphous rings. (c) Pair distribution functions g(r) computed directly from the experimental coor-
dinates for Ta, Pd1, Pd2, and a molecular dynamics-simulated Ta liquid, plotted versus r/R1. (d) Fractions of the 12 most populated Voronoi 
polyhedra in the amorphous regions, labeled by Voronoi indices. (e) Dominant polytetrahedral motifs: triplet, quadrilateral, pentagonal, and 
hexagonal bipyramids, represented by three-, four-, five-, and sixfold skeletons connecting tetrahedral centroids. (f) Motif fraction in the Ta 
film as a function of the tetrahedral distortion parameter δ. (g) Motif fractions in Ta, Pd1, and Pd2 for δ ≤ 0.255. (h) Local mass-density distri-
butions in Ta regions with (orange) and without (blue) polytetrahedral packing, showing an average density increase of about 3% in motif-rich 
regions. (i) Slice through the Ta film showing local mass density (color) overlaid with polytetrahedral packing (black). (j) Three-dimensional 
rendering of the boxed region in (i), overlaid with triplet (purple), quadrilateral (blue), pentagonal (orange), and hexagonal (yellow) skeletons. 
Panels adapted from Reference 29.
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total and partial PDFs from the experimental coordinates, 
and then analyze local polyhedra, cluster connectivity 
and density fields without assuming a particular structural 
model. These studies provide concrete local real-space reali-
zations of ideas that previously came only from simulations 
or model fits to bulk PDFs: efficient cluster packing, crystal-
like medium-range order, polytetrahedral backbones, and 
nanoscale density fluctuations.

A comparison of bulk PDF, ePDF, 4D STEM-PDF, and 
AET requires caution because the characteristic length scales 
obtained from these methods are related but not identical. In 
bulk x-ray or neutron PDF, the medium-range-order coher-
ence length is typically extracted from the decay of PDF oscil-
lations or from the width of the first sharp diffraction peak. 
It therefore represents a volume-averaged structural correla-
tion length. In 4D STEM-PDF, the corresponding length scale 
more often describes the spatial correlation of PDF-derived 
components, motifs, or coefficient maps within a projected 
nanovolume. In AET, medium-range order can be evaluated 
directly from reconstructed atomic coordinates as the size, 
connectivity and topology of motif networks, polyhedral clus-
ters, or crystal-like domains. Thus, these methods all quantify 
medium-range structural organization, but they probe differ-
ent observables and different averaging volumes.

Finally, multimodal 4D STEM diffraction analysis ena-
bles simultaneous and correlated measurements of function 
properties, such as electric or magnetic fields, together with 
structural properties, such as strain and packing density, 
alongside the local PDFs. This demonstrates that struc-
ture–property correlations can be directly established within 
a single experiment and further even be combined with in 
situ measurements (5D-STEM).

Taken together, the methods reviewed here outline a 
coherent path toward a multiscale structural description of 
metallic glasses and other disordered materials. Bulk total 
scattering defines global averages and thermodynamic trends; 
electron-based PDFs reveal spatial variations in local order 
and functional properties; and 3D electron tomography pro-
vides direct atomic models. When combined with advanced 
data analysis and theory, this toolbox allows to follow how 
local packing motifs, medium-range networks and structural 
heterogeneity evolve during processing, deformation and 
relaxation with electron microscopy providing a quantita-
tive structural description of amorphous structures.
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