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Abstract 

Fast pixelated detectors in scanning transmission electron microscopy (STEM) enables acquisition 

of a two-dimensional diffraction pattern at every probe position, known as four-dimensional 

STEM (4D-STEM). In 4D-STEM, each measured intensity has dual character, forming a pixel in 

diffraction space, and equally a pixel in real space. Applying binary masks in diffraction space is 

often used to produce ‘virtual’ bright-field or annular-dark field images. Here we present a 

complementary method for atomic-resolution 4D-STEM, using correlation between real space 

images (templates) and the data to create weighted masks in diffraction space. These weighted 

masks provide significant improvement over binary masks, and can produce images specific to 

different types of atom column. We demonstrate this approach by obtaining separate high 

contrast images of Li and O columns in LiFePO4 and O columns in PbTiO3. This method provides a 

computationally straightforward route to probe 4D-STEM data, and is particularly effective for 

specimens of moderate thickness where multiple scattering produces strong correlations in 

diffraction patterns. 

1. Introduction 

In scanning transmission electron microscopy, the relatively recent arrival of fast pixelated 

detectors has removed restrictions on detector geometry1. The most capable of these detectors 

now approach readout rates used in conventional STEM2-4, they have high quantum efficiency 

and it is possible to collect a complete diffraction pattern at every position of the electron probe 

as it scans across the specimen, producing a four-dimensional dataset (i.e. a 2D image for every 

point in a 2D raster scan), a technique that has come to be known as 4D-STEM,1 shown in Fig.1a, 

b.  In conventional STEM images, formed by scintillator and photomultiplier electron detectors, 

the electron flux is integrated across the surface of the scintillator to produce a monolithic signal 
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that is proportional to the sum of electrons detected.  The region of the diffraction pattern used 

to form the image is determined by the microscope’s camera length and detector geometry.  

Conversely, in 4D STEM there is complete freedom to choose which part of the diffraction pattern 

to select and the weighting it should be given.  Here, we present a general method (a template 

derived mask) that optimises this process for atomic resolution images of crystal structure.  We 

use a two-step process, first defining a template in real space with the aid of an initial STEM image, 

and then using that template to generate a mask in diffraction space, which can be applied to the 

data to extract specific features of interest.  The method allows visualization of specific atom 

types in a structure and is applicable to specimens of any thickness where atomic resolution 

imaging is possible. 

Perhaps the most common mode of conventional atomic resolution STEM uses an annular 

detector that collects electrons scattered to relatively high angles, forming an annular dark field 

(ADF) image, with bright contrast at atom columns that increases with atomic number (commonly 

called Z-contrast images).  The ready interpretability and relative insensitivity of these images to 

microscope aberrations, a result of the incoherent scattering that dominates at high angles, 

makes them the first choice for imaging.5  However, in materials containing atoms of both high 

and low atomic number the contrast of light atoms may be so weak that they are effectively 

invisible in ADF-STEM.  Other modes are therefore essential for such materials.  Electrons that 

pass through the central hole of the ADF detector can be collected to produce a bright field (BF) 

image, in which dynamical (multiple scattering) effects boost the contrast of light atoms, although 

in thick specimens contrast reversals can occur meaning that interpretation becomes less 

straightforward.6  Variations on this geometry include annular bright field (ABF)7, in which the 

central part of the BF diffraction pattern is blocked, and differential phase contrast (DPC) images, 

where a segmented annular detector collects the outer part of the direct beam and the difference 

between opposite segments is used as a signal. 8  ABF provides more interpretable contrast for 

light atoms than BF 7, and is therefore often used to study materials containing oxygen 9, lithium 
10,11, and even hydrogen 12,13.   

Several methods have been developed to improve resolution and/or sensitivity to light atoms 

using 4D-STEM.  Integrated Centre of Mass (iCoM), or Integrated Differential Phase Contrast (iDPC) 

recovers the phase shift of the sample transmission function and thus reveal atomic structure for 

thin specimens.14 Ptychography has also demonstrated excellent resolution and dose efficiency 

for thin samples, particularly 2D materials.1 However, for thicker specimens, multiple scattering 

introduces additional non-linear effects in the propagating electron probe, making the resulting 

image more complex  to interpret.  Studies to address this include improvements in iDPC for 

thicker samples15 and developments in single slice ptychography.16  Multi-slice ptychography, 

which explicitly models the evolution electron probe  through the specimen, has extended the 

technique to thicker materials, providing enhanced resolution and Z-contrast. 17-19 Nevertheless, 
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iCoM remains sensitive to defocus, and multi-slice ptychography currently requires substantial 

post-acquisition computation. A straightforward method to obtain high quality, interpretable 

images of thick specimens in 4D-STEM remains a practical challenge. 

The improved conventional modes for imaging of light atoms, like ABF, rely on detector 

geometries that are inflexible.  One might therefore expect, in principle, an improvement to be 

obtained in 4D-STEM by weighting pixels in the detector for regions of the diffraction pattern that 

contain the most information and reducing or eliminating the contribution of others with less 

information and more noise.  Nevertheless, the amount of information in 4D data is large, and 

not straightforward to analyse.  Matrix analysis methods and statistical algorithms, which perform 

well in handling multidimensional data, are required.  Principal component analysis (PCA), and 

matrix factorisation, including non-negative matrix factorisation (NMF) have proven effective for 

e.g. fast grain mapping and classification of polycrystalline materials in 4D-STEM data obtained 

with lower convergence angles,20 including reconstruction of sparse scan data (i.e. compressive 

sensing)21 and to significantly reduce data volumes both in low convergence 4D-STEM21 and for 

atomic resolution data.22 They have also been combined with machine learning for the 

characterisation of microstructures.23 However, these statistical methods are not, in general, used 

to extracting atomic information directly from atomic resolution data, in part due to the same 

fundamental problem of interpretability of high resolution images when multiple scattering 

dominates.24  Here, we overcome this problem by using an initial approximation of the desired 

information to define the data processing route, giving an interpretable result that maximises the 

use of the signals in a 4D-STEM dataset.  Specifically, a template image in real space containing 

specific atom positions acts as an initial ‘solution vector’ along the scan axis for an individual 

atomic species.  Calculating the Pearson correlation coefficient (PCC) of the 4D-STEM data with 

this solution vector produces an optimal weighted mask in diffraction space, and application of 

this mask produces STEM images that represent the best statistical correlation for the position of 

specific atom types.  Following this procedure, multiple structure and atom column-sensitive 

images may be extracted from the data, each using a different linear combination along the 

diffraction axis.  We show that this approach better resolves atomic structure, especially for thick 

specimens that are not ideal for ptychography or iDPC.   

In this formulation the act of applying a mask on the diffraction pattern to generate an image, or 

using structural data such as atomic coordinates to generate a mask, are expressed as matrix 

operations.  As part of this methodology, we reduce the dimensionality of the four-dimensional 

data by vectorising along diffraction and scan dimensions to give a 2D matrix.  Sorting these 

vectors by scattering angle and structural metrics allows direct visualisation of the whole data set 

as a single matrix image that simplifies, for example, choice of the optimal ABF signal, by 

comparing the matrix image with simulation.  We investigate the way this approach can be used 

to enhance contrast of atom columns with low atomic number (i.e. Li and O) in LiFePO4 
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nanoparticles, widely used in lithium battery cathodes in electric vehicles25,26.  As a second 

example we examine a structure with spatial variations, i.e. a 90° domain wall in PbTiO3, here 

using a subset of the data to define a mask that is subsequently applied to the whole data.  The 

technique is straightforward both computationally and experimentally and shows promising 

results on thick (tens of nm) specimens and noisy data. 

2. Results 

2.1. Methodology example: optimized ADF-STEM images 

We first consider the problem of examining a 4D dataset with a dual nature and begin by noting 

that each pixel in the diffraction pattern can, ideally, be considered as an independent STEM 

detector.  We call the image produced by a single pixel over the 2D spatial scan, with dimensions 

[𝑥, 𝑦] , a pixel-STEM image.  For a pixellated array with dimensions [𝑖, 𝑗] , the detector thus 

produces 𝑖 × 𝑗 = 𝑞 distinct pixel-STEM images.  At the same time, each probe position has an 

associated diffraction pattern, and there are 𝑥 × 𝑦 = 𝑝 diffraction patterns.  Thus, a measured 

intensity is both dependent on the position of the pixel in the detector, the position of the probe 

on the sample, and is strongly correlated with neighbouring pixels when sampling is sufficient (Fig. 

1b).  This conceptually difficult aspect of 4D-STEM data can be somewhat resolved by reducing 

its dimensionality.  Thus, we convert each diffraction pattern into a 1D row vector 𝑟 of length 𝑛.  

The simplest way to do this is by concatenation, i.e. placing the second row in the image into the 

1D array following the first, and so on.  Doing this for all 𝑚 diffraction patterns and arranging 

them as rows gives a 2D 𝑚 × 𝑛 matrix D, as shown in Fig. 1c for our [001] LiFePO4 data.  In D each 

measured intensity is present only once, and this matrix may be described equally as an array of 

row vectors r (diffraction patterns) or column vectors s (pixel-STEM images), i.e.  

𝐃 = [𝒔1, 𝒔2, 𝒔3, ⋯ , 𝒔𝑞] =  

[
 
 
 
 
𝒓1

𝒓2
𝒓3

⋮
𝒓𝑝]

 
 
 
 

 (1) 

While this clarifies the role of each measured intensity, it is not immediately helpful without 

applying a more useful mapping of the 2D data (images and diffraction patterns) into 1D vectors 

(columns and rows).  In Fig. 1c, pixel-STEM images from the bright field disk appear as separate 

vertical stripes because a simple 1D concatenation destroys the 2D spatial correlation present in 

the original diffraction patterns.  A more useful mapping arranges the columns according to the 

radial distance from the centre of the BF disk and, for atomic resolution data, a further 

improvement in the visualisation of data in the matrix D can be obtained by sorting rows 

according to their intensity at high scattering angles, as shown in Fig. 1d.  Here, pixels at the centre 
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of the diffraction pattern now form an obvious band on the left, while higher angle scattering is 

to the right. This organisation of the data allows the information it contains to be more readily 

visualised. 

 

 
 
Figure 1. Overview of 4D-STEM Data Formation and Preprocessing. (a) Schematic of 4D-
STEM. (b) Simulated [001] LiFePO4 4D-STEM dataset visualised as a [𝑥, 𝑦] set of diffraction 
patterns, each of size [𝑖, 𝑗].  (c) Reduction from 4D to 2D: each diffraction pattern is reshaped 
into a row vector and stacked to form a 2D matrix D.  Each column represents a pixel-STEM 
image, corresponding to an individual pixel in the detector.  (d) Reorganisation and 

normalisation of 𝐃̂  to highlight the information in the data; columns (left to right) 
correspond to increasing radial distance from the BF disk centre, and rows (top to bottom) 
correspond to increasing intensity at high scattering angles. Each column 𝐬𝑘 is normalised 
according to Eq. (3). 
 

In this formalism, applying a mask to the data corresponds to multiplying the matrix D by a mask 

vector 𝒎𝑝  of length 𝑞.  Three examples of radial masks are shown in Fig. 1(d) below D, with black 

representing 0 and white representing 1.  Thus, for example, a virtual ADF image 𝒔𝑎𝑑𝑓 is produced 

by a mask vector 𝒎𝑎𝑑𝑓 with value 0 at low angles and 1 at high angles, i.e. 

𝒔𝑎𝑑𝑓 = 𝑫𝒎𝑎𝑑𝑓
𝑇 , (2) 

with the resulting 1D vector 𝒔𝑎𝑑𝑓 then reshaped into a 2D STEM image (T indicates the matrix 

transpose, as required if 𝒎𝑎𝑑𝑓 is a row vector).  Similarly, an ABF mask is described by a vector 

with value 0 at high and very low angles and value 1 over a range in the BF disk (Fig. 1d). 
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There is, of course, no reason to restrict these operations to binary masks and our main interest 

here lies in masks that can have arbitrary weights and shapes, such as the lower mask vector in 

Fig. 1d.  As an introduction to the procedures involved, we first consider ADF-STEM images.  

Summation of the many pixel-STEM images that comprise the right-hand part of D produces a 

virtual ADF image of our atomic resolution LiFePO4 4D data, Fig. 2b, because the noise in each 

pixel is uncorrelated and both positive and negative, thus tending to zero when summed, while 

the signal is always positive, adding to a finite value.  As can be seen by comparison with the 

overlaid crystal structure, in this image only the relatively high atomic number atom columns (Fe 

and P) are visible, while the oxygen and lithium atom columns give no contrast. The distortions 

of the image are due to physical instability of the microscope/electron beam, which is more 

apparent for 4D-STEM data where the raster scan is relatively slow, limited by the frame rate of 

the detectors (~2000Hz with 0.5ms dwell time, which is over 10 times slower than a typical 

conventional STEM). 

The binary ADF mask simply sums all pixel-STEM images outside the centre of the diffraction 

pattern with equal weights.  We seek a more general mask that gives an ADF-STEM image with 

improved signal-to-noise ratio, which optimises the choice of pixel-STEM images (i.e. the shape 

of the mask) and how to weight their contributions.  We quantify the similarity between each 

pixel-STEM image and the ADF-STEM image using the PCC. i.e. the zero-mean normalised cross 

correlation 𝝆, which is insensitive to differences in magnitude. To calculate 𝝆 of the ADF-STEM 

image 𝐬𝑎𝑑𝑓  with the kth pixel-STEM image in D, the column vector 𝐬𝑘  in D is normalised by 

subtracting its mean intensity 𝑠̅𝑘 and dividing by its standard deviation 𝜎𝑠𝑘
, i.e. 

𝐬̂𝑘 =
𝐬𝑘−𝑠̅𝑘

𝜎𝑠𝑘

, (3) 

and its 𝝆 in comparison with the ADF-STEM image is then given by  

𝝆 𝑎𝑑𝑓,𝑘 = 𝐬̂𝑎𝑑𝑓
𝑇 ∙ 𝐬̂𝑘, (4) 

where 𝐬̂𝑎𝑑𝑓 is a similarly normalised ADF-STEM image.  Using Eq. (4) to produce a normalised 

matrix 𝐃̂, we can produce a PCC map with 𝝆 for all detector pixels 𝒎𝑎𝑑𝑓, (a row vector, converted 

into a 2D image using the same mapping of Eq. 1) which gives the similarity between each pixel-

STEM image and the ADF-STEM image: 

𝒎𝑎𝑑𝑓 = 𝒔̂𝑎𝑑𝑓
𝑇 𝑫̂. (5) 

This PCC map reveals the inner structure of the 4D-STEM data, shown for the LiFePO4 4D dataset 

in Fig. 2c.  Here a positive correlation is orange, and a negative correlation is blue.  The outer part 

of this PCC map is all positively correlated with the ADF-STEM image, although it is not entirely 

uniform; it is higher along Kikuchi bands where channelling effects are stronger.  The central part 
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of the PCC map, corresponding to the bright field disk of the diffraction pattern, has a complex 

and symmetrical pattern of positive and negative correlations.   

A PCC map 𝒎 has the same dimensions as a diffraction pattern and therefore can also be used as 

a mask that can be applied to the 4D-STEM data, following Eq. (2).  Most importantly, in 

combination with Eq. (5) it is apparent that there is an inherent duality in the equations, which 

corresponds with the dual nature of measured intensities.  That is, application of a mask 𝒎 on 𝐃̂ 

produces a STEM image, 𝒔 = 𝑫̂𝒎𝑇; and application of an image s to 𝐃̂ produces a PCC mask 𝒎 =

𝒔̂𝑇𝑫̂.  This complementarity provides a framework with which to investigate 4D-STEM data; any 

image 𝐬𝑖𝑛 with dimensions [𝑥, 𝑦] can be used to make a mask 𝒎, which can then be applied to 

the 4D-STEM data to produce an image 𝒔𝑜𝑢𝑡 

𝐬𝑜𝑢𝑡 = 𝐃̂𝐫𝑇 = 𝐃̂(𝐬̂𝒊𝒏
𝑻 𝐃̂)

𝑻
= 𝐃̂𝐃̂𝑇𝐬̂𝒊𝒏 = 𝐂𝐬̂𝒊𝒏, (6) 

where 𝐃̂𝐃̂𝑇 = 𝐂 is the correlation matrix.  In the current example, using the PCC map 𝒎𝑎𝑑𝑓 as a 

mask produces an output image that resembles the input virtual ADF-STEM image, but with 

significantly higher intensities since all pixel-STEM images contribute to the output (Fig. SI1).  

Those pixel-STEM images which most resemble the input ADF-STEM image are weighted more 

strongly, while pixel-STEM images that are uncorrelated with the input are weighted less.  

Nevertheless, the output image Fig. SI1 has additional contrast in the form of bright horizontal 

bands, which are unrelated to any atomic structure and are produced by contributions from 

uncorrelated pixel-STEM images.  The similarity between input and output indicates that the ADF-

STEM image is almost an eigenvector (principal component) of 𝐂  (in which case 𝐬𝑜𝑢𝑡 = 𝑘𝐬𝑖𝑛   

where 𝑘 is a constant, which can be obtained by eigen decomposition of 𝐂, or iterative application 

of Eq.6).  Nevertheless, since our main interest lies in visualising atomic columns the bright bands 

of contrast in the eigenvector image are not useful and illustrate the limitations of principal 

component analysis (PCA, also see discussion section below). 

Two factors can lead to poor correlation of an atomic resolution pixel-STEM image with an input 

‘test’ image (in this case, the virtual ADF-STEM image): first, the pixel may not contain the desired 

signal, i.e. it may have minima and/or maxima in different positions compared to the template 

image (mostly within the BF region); and second, the signal may be the same as that in the 

template image, but the correlation is degraded by noise (mostly within the ADF region).  

Examples of both scenarios, with similar PCC, are given in Fig. SI2. Thus, as shown in Fig. 2d, while 

pixel-STEM images obtained from >25 mrad from the centre of the PCC map in Fig 2c have a 

positive correlation with the ADF STEM image, their correlation coefficient is low (𝜌 < 0.2) due 

to their low intensity and correspondingly high shot noise.  Conversely, pixel-STEM images 

obtained from within the BF disk have high intensity and relatively low noise, but the large range 

of correlations indicates a variety of images, most of which do not correspond to the desired 

output.  We therefore use a modified scaling in which strong uncorrelated signals are given less 
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weight than weaker correlated, but noisy, signals, i.e. we divide each pixel-STEM image by its 

mean intensity  

𝐬̂′𝑘 =
𝐬𝑘−𝑠̅𝑘

𝑠̅𝑘𝜎𝑠𝑘

, (7) 

Giving a modified PCC mask 𝒎𝑎𝑑𝑓
′ = 𝒔̂𝑎𝑑𝑓

′ 𝑇
𝑫̂, as shown in Fig. 2e.  An optimised virtual ADF-

STEM image Fig. 2f is generated from applying this mask to the 4D-STEM data (Eq. 2). 

 
Figure 2.  Workflow in experimental 4D-STEM data for [001] LiFePO4.  (a) binary ADF mask. 
(b) virtual ADF-STEM image produced by applying (a) to the 4D-STEM data. (c) Map of 
Pearson correlation coefficient (PCC) for all pixel-STEM images in comparison with the ADF-
STEM image (b).  Here, positive correlation is orange and anticorrelation is blue.   (d) Scatter 
plot of pixel-STEM image intensity (blue) and PCC 𝜌 (red) as a function of scattering angle.  
(e) normalized PCC map working as a weighted mask. (f) optimised ADF-STEM image 
obtained using mask (e). 
 

Visually, there is little to distinguish Figs. 2b and 2f, although the latter has an improved signal-to-

noise ratio (~35.2dB) comparing to the former (~33.7dB). The detailed comparison procedure and 

evaluation method are provided in fig. SI3.  Both images show ‘atomic number’ contrast, with Fe 

(Z = 26) atom columns brighter than the P+O (Z = 15/8) atom columns, and the O (Z = 8) and Li (Z 

= 3) columns essentially invisible.  The improvement is marginal in comparison with the output of 

a conventional ADF detector that integrates signal over a suitable angular range and any benefit 

is essentially negated by the slower acquisition time and the resulting drift.  The more important 
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result here is that the mask and weights used to create Fig. 2e do not require a user to select 

lower/upper scattering angles.  As shown below, this approach – using the correlation of pixel-

STEM images with a test, or template, image to extract a particular signal of interest – has general 

applicability.  We now turn to the signals that can be uniquely accessed in atomic resolution 4D-

STEM, which reside inside the bright field disk. 

2.2. Atom column-sensitive imaging with weighted masks 

Annular bright field (ABF) masks are commonly used to improve contrast of light elements, and 

the image that results from applying a binary ABF mask with inner/outer radii of 11/23.5 mrad to 

the LiFePO4 4D-STEM data is shown in Fig. 3a.  Even though the specimen is rather thick – Figs. 

SI4 shows that summing all diffraction patterns to give a position-averaged convergent beam 

electron diffraction (PACBED) pattern and comparison with simulation gives a thickness of ~72.5 

nm – contrast is clearly present in the virtual ABF image that corresponds to the oxygen, and even 

lithium, atom columns.  In a specimen of this thickness, dynamical diffraction effects dominate 

contrast mechanisms and there are no obvious guiding principles that can be used to inform the 

choice of mask.  The choice of inner and outer radii in virtual ABF imaging is therefore rather 

arbitrary (and is often chosen in practice by varying its dimensions to obtain the ‘best’ result).  

Here, we use the procedures outlined above to generate optimised masks and show that this can 

be done for each type of atom column in the image.   

In the [001] view of LiFePO4 the four different atomic species mostly appear in distinct atom 

columns, as shown in the overlaid structure in Fig. 3a.  This knowledge, together with a part of 

the virtual ABF image that allows their approximate locations to be determined, can be used to 

generate masks that are specific to each atom type, and from these masks images can be 

extracted from the 4D-STEM dataset as shown in Figs. 3(b)-(e).  As an example, here we use a 

binary oxygen template image 𝐬𝑂 (with oxygen columns valued at 1 and all other pixels at 0) to 

generate a PCC mask specific to oxygen atom columns within the BF disk (bottom left, Fig. 3b): 

𝒎𝑂 = 𝒔𝑂
𝑇 𝑫̂. (8) 

This PCC mask shows the regions in the diffraction pattern that have the strongest correlation 

with the oxygen atom column positions. As might be expected from the success of ABF in imaging 

columns of low atomic number,27,28 the maximum correlation is found around the zone axis centre, 

although with a shape that would only be approximated rather poorly by a binary annulus.  This 

demonstrates how an ABF mask may work, while being clearly sub-optimal for the data.  Applying 

𝒎𝑂  to the whole 4D-STEM data following Eq. 8 produces the image bottom left, Fig. 3c.  

Interestingly, only oxygen atom columns are visible and the other low atomic number columns, 

Li, do not appear.  Performing the same procedure with a Li column template produces a lithium 

PCC mask 𝒎𝐿𝑖 (bottom right, Fig. 3b).  Here, the maximum correlation is also found at low angles, 
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although slightly further from the zone axis centre and concentrated in four regions (which could 

be captured by an annular ABF mask of a suitable size).  However, there are other regions of high 

correlation at higher angles that could lie outside an ABF mask, as well as regions of low 

correlation close to the zone axis centre that would not contribute anything useful to an ABF 

image.  Applying 𝒎𝐿𝑖  to produce the corresponding image 𝐬𝐿𝑖  (bottom right, Fig. 3c) not only 

reproduces the location of the Li atom columns, but again there is less signal from any other atom 

column, i.e. the image is atom column-sensitive.  The PCC masks of the higher atomic number 

species, 𝒎𝐹𝑒 and 𝒎𝑃, have regions of both strong positive and negative correlation distributed 

across the ABF disc.  While their corresponding images match the position of their respective 

atom columns there is some cross talk, i.e. P atoms are faintly visible in the Fe image, and vice-

versa, probably a result of the coincidence of regions with strong negative correlations in 𝒎𝐹𝑒 

and 𝒎𝑃. 

 
Figure 3.  Atom column-sensitive STEM imaging for [001] LiFePO4.  (a) ABF image of a ~72.5nm 

thick specimen with corresponding masks (left: experiment, centre: simulation) with overlaid 

structure showing four types of atom column. Scale corresponds to 0.2 nm. (b) and (d) atom-
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column sensitive PCC masks within BF region for experimental and simulated data, 

respectively, whereas the original PCC map may be found in fig. SI5~6. (c) and (e) 

Corresponding atom column-sensitive images obtained by applying the masks in (b) to the 4D-

STEM data.  (f) and (g) experimental and simulated images for all atom columns (PCC masks 

inset top right).  

 

Figs. 3d and 3e show a similar set of atom column-sensitive PCC masks and images for a multislice 

simulated 4D-STEM dataset.  The similarity between the PCC masks for simulation and 

experiment, Figs. 3b and 3d, is excellent for O and Li, rather less so for Fe and P.  However, the 

results Figs. 3b and 3d match perfectly, validating the approach and showing that atom column-

sensitive template derived mask imaging is a viable method.  It is also possible to produce an 

optimised image for all atoms using a combined template, as shown in Figs. 3f, g.  These images 

have significantly better contrast than the ABF image and allow all types of atoms, including Li, to 

be well resolved, detailed comparison can be found in the discussion section below.  Interestingly, 

atom-column sensitive masks can be generated using only a fraction of the dataset (i.e. sampling 

at least one unit cell in real space), allowing masks derived from one measurement to be applied 

to the full experiment. This is particularly useful for materials containing defects, where a small 

perfect region may be selected as a reference area to create masks applicable to the entire 

dataset. An example of this approach is shown for simulated data in Fig. 4, where a perfect unit 

cell is used as reference to calculate the masks, as indicated by the yellow box in Fig. 4a, which 

are then applied to the full dataset to characterise defects, including an oxygen vacancy (circled 

by red), an FeLi anti-site defect (circled by blue) and an extra Fe column (circled by pink). As shown 

in fig. 4c-f, the extra Fe column appears clearly only in the Fe/P sensitive images and shows limited 

contrast in the others. The oxygen vacancy is visible only  in O-sensitive image and contributes 

little to the remaining images. The anti-site defect is detectable in all five images, showing 

reduced  contrast in the Li sensitive image. All three defects are clearly visible in the image with 

all types of atoms. The continued development of LFP (and related battery materials) requires 

more synthetic control of defects (either intrinsic FeLi anti-site defects or doping induced e.g. Mn2+ 

for Fe3+), where the observed atomic distribution capability is required to guide developments to 

enhance Li-ion diffusion and overall performance29. 
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Figure 4. Simulated atom column-sensitive STEM imaging with defects in LiFePO4. (a) simulated 

ABF image with three defects: (1) an oxygen vacancy (red circle); (2) an extra Fe column (pink 

circle) and (3) an anti-site defect FeLi (blue circle, with the Li column containing an alternating 

sequence Li–Fe–Li–Fe). (b) simulated images for all atom columns with PCC mask. (c-f) atom-

column sensitive PCC images and corresponding masks. The scale bar in the images represents 

0.2 nm.  

 

To summarise our method up to this point: a) we apply a conventional mask (e.g. virtual BF, ABF, 

or ADF) to the 4D-STEM data set to obtain an initial image; b) sites of interest (e.g. a particular 

atom type) are chosen in this image; c) a binary template image is constructed, with value zero 

apart from a set of pixels in these sites, with value 1; d) correlations are determined between the 

template and all pixel-STEM images, giving a PCC map; e) the PCC map is used as a weighted mask 

to obtain an output image. 

It is not surprising that the final output image is a good match for the input template image, since 

the procedure is designed to produce exactly this result.  However, the sensitivity of output 

images to specific atom columns is both unexpected and potentially very useful.  In addition to 

providing a helpful visualisation of 4D-STEM data, allowing the most sensitive parts of the 

diffraction pattern for different atom columns to be identified, this approach facilitates the design 
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of weighted masks that will extract atom column-sensitive information in general.  We now 

investigate the capability of the approach for data that contains spatial variations in structure.  

2.3. Partial templates and microstructure 

Our second example is more complex: atomic resolution 4D-STEM data from a 90° 

ferroelastic/ferroelectric domain wall in PbTiO3, shown in Fig. 5.  This perovskite material is 

tetragonal at room temperature (c/a = 1.06) and has a ferroelectric polarisation along [001] due 

to the relative displacement of the Ti, O and Pb sublattices.  Bulk material generally contains 

ferroelectric (ferroelastic twin) domains, which form to minimise electrostatic fields.  Fig. 5 shows 

a boundary between two such domains, in a specimen approx. 45nm in thickness (Fig. SI15) with 

an {011} domain wall (DW) running diagonally from top left to bottom right separating regions 

with the c-axis rotated by approx. 90°.  As is apparent from the overlaid unit cells, Pb (blue) and 

Ti (yellow) atom columns are readily visible in both the virtual ADF and ABF images (Figs. 5a and 

5b), but oxygen atom columns (red) give no contrast in the ADF image and cannot be well 

distinguished in the ABF image.   

We define partial templates by choosing pixels marking the Pb, Ti and the roughly determined O 

atom columns using a relatively small reference region, 1/9 of the whole area, (blue box, Fig. 5b).  

The PCC maps 𝒎𝑃𝑏, 𝒎𝑇𝑖, 𝒎𝑂,  and 𝒎𝑎𝑙𝑙 obtained with these templates Figs. 5c-f are still effective 

masks for the full data, as is evident from the output images they generate.  However, this analysis 

differs from the first example in an important way.  In the case of LiFePO4 atom column-sensitive 

images could be produced using a binary mask, i.e. simply by setting single pixels at the location 

of oxygen atom columns to value 1 in an image otherwise of value 0.  However, while oxygen 

columns can be obtained by applying this procedure in this PbTiO3 data, a binary Ti template 

produces an image in which both Ti and Pb have similar intensities (Fig. SI7). 
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Figure 5.  Atom column-sensitive images across a {011} 90° domain wall in PbTiO3 along 

[100]. (a) virtual ADF and (b) virtual ABF images show Pb and Ti+O atom columns with the 

overlaid unit cells (Pb = blue, Ti = yellow and O = red). (c-e) atom column-sensitive images 

and (f) all-atom image, each generated from the corresponding PCC map. (g) atom model 

of polarized PbTiO3. (h) map of Ti atom column displacement relative to the centre of their 

four neighbouring oxygen atom columns. 

 

This loss of specificity arises because a binary mask with only a few non-zero pixels works 

primarily by anti-correlation, i.e. the PCC mask is mainly negative, weighted against pixel-STEM 

images with poor correlation.  In the LiFePO4 data these anticorrelations work well to select 
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specific atom columns, but in the PbTiO3 data they coincide for Ti and Pb.  We overcome this 

problem by using templates that more strongly weight positive correlations, i.e. by selecting a 

larger number of pixels around the atom column location.  Here a 2D gaussian function is used 

and the balance between positive and negative correlation is tuned by altering its width (Fig. SI8). 

Usefully, even though oxygen atom columns are not visible in either the virtual ADF or ABF images, 

a partial template using their positions generates an image that is specific to these atom columns.  

This demonstrates that signals ‘hidden’ in 4D-STEM data may be accessed using an appropriate 

template and mask.  The polarisation of the material can be qualitatively determined at a unit cell 

level by measuring the relative displacements of cation and anion sublattices (Fig. 5g).  In Fig. 5 

the domains share a common <100> axis parallel to the beam direction.  However, as with all 

atomic resolution STEM imaging, the measurement of atom displacements in these images is 

sensitive to specimen tilt and to projection effects in  a sample of finite thickness. Such 

measurement are therefore reliable  only when these effects are sufficiently small. The atom 

column-sensitive masks allow the relative displacements of Ti and oxygen atom columns to be 

extracted across the image, showing the change in polarisation at the domain wall (Fig. 5f), which 

are in agreement with previous studies.30 

3. Discussion  

Several other studies have also considered optimised masks in 4D-STEM imaging.  Ahmed et al. 
31 used an annular mask for bright field imaging with a negative central region and positive outer 

region, showing that this approach gave higher contrast for light elements in LiNiO2.  Gonnissen 

et al. examined simulated 4D-STEM data for thin (< 5 nm) [110] LiV2O4 and (< 30 nm) [001] SrTiO3 
28, with the aim of determining the optimal inner and outer radii of a binary annular mask.  They 

found that that the contrast of atom columns had a strong dependence on the radius selection 

and was sample dependent.  However, neither of these studies considered using the signal of 

interest to determine the relevant regions in the diffraction pattern, limiting the applicability of 

their results to the particular materials and specimen thicknesses they investigated.  Perhaps the 

closest approach to our work is that of Krajnak and Etheridge32, who also used cross correlation 

to identify symmetrically equivalent points in STEM images.  Their approach was based on cross 

correlations between diffraction patterns after application of symmetry operations, whereas ours 

examines correlations between images.  A combination of the two approaches may be productive. 

In contrast our approach, as demonstrated using the above examples, gives a general framework 

in which template images may be used to extract signals of interest in any atomic resolution 4D-

STEM data.  There are several other methods commonly applied to these types of data and we 

now discuss the relationship between them and our approach, in particular principal component 

analysis (PCA), which has many similarities. 
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Applying the PCA methodology to 4D-STEM data gives output images (components) 

corresponding to the 𝑛 eigenvectors of the correlation matrix 𝐂 = 𝐃̂𝐃̂𝑇, with the 𝑖th output  

𝐬[𝑖] = λ𝑖𝐂𝐬̂[𝒊], (9) 

i.e. the output image is the same as the input image 𝐬[𝑖] multiplied by a constant, the eigenvalue 

λ𝑖.  Following Eq. (6) this can also be reframed as the operation of a mask on the normalised 

matrix, 𝐬[𝑖] = 𝐃̂𝒎[𝑖]
𝑇  and we may say that using the input image to create a mask, and using that 

mask to create an image, simply results in the same image multiplied by a constant.  While there 

is no constraint on the outputs of a principal component analysis that requires them to be 

physically meaningful, often the largest eigenvalues can be associated with useful parameters.  In 

the case of atomic resolution STEM the largest eigenvalue often has a strong resemblance to an 

ADF-STEM image, which is clearly the case for the example in section 2, where the virtual ADF-

STEM image input produces a mask rather similar to an ADF detector, and the output that results 

from applying that mask is again an ADF-STEM image.  Nevertheless, in PCA it is often unclear 

whether other eigenvectors have a physical meaning and while in some cases the addition of 

further constraints can be helpful – such as the requirement that outputs do not have negative 

values, as is used in NMF – this is of little use for atomic resolution STEM.  In our approach we 

avoid this problem by choosing a template image with a known correspondence to the structure, 

and examination of both the PCC mask and the output image aids interpretation of both the 

diffraction and the image data.  

Successful analysis methods must both provide useful information about the sample, be 

experimentally robust, and have computational requirements commensurate with the value of 

the result they produce.  The template derived mask method proposed here gives useful 

information and is computationally straightforward.  Simulations also show it to be relatively 

insensitive to defocus and specimen thickness, as shown in Figs. SI10-14.  In fact, sensitivity to 

particular atom columns appears to improve with defocus (±6 nm), in contrast to ABF images 

which require close to exact focus, better than ±3 nm (Fig. SI9).  Template derived masks also 

appear to be more robust than the integrated centre of mass (iCoM) algorithm – where the 

gradient of the phase of the specimen transmission function is calculated from the CoM of the 

diffraction pattern.14  This often provides an output image that shows all atom columns, but is 

usually limited to relatively thin samples in which diffracted intensities are not redistributed in 

the diffraction pattern by dynamical scattering/channelling effects. 

Fig. 6 compares STEM images produced by three different methods. Fig. 6a-c show the inverted 

virtual ABF image, iCoM image and optimised (template derived mask) image respectively from 

the same LiFePO4 4D dataset.  The intensity redistribution and increased SNR of (c) in comparison 

with (a) is readily apparent.  For example, light elements in the virtual ABF image (a) are just above 

the noise level, but they have much more intensity in the template derived mask image (c), in 
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which the intensity of all 4 elements is similar.  The iCoM image (b) obtained from the same data 

is poor, partly because optimal focus for this method is not the same as conventional STEM33, and 

the specimen is relatively thick.  A unit-cell averaged line profile along the light elements is given 

in Fig. 6g, which sums the normalized intensity between the green lines in (a). The iCoM profile 

contains peaks that do not correspond to atom columns.  However, there is a good match 

between peaks and atom column positions in both the ABF and template derived mask images, 

with an obvious increase of the Li signal in the latter. Fig. 6d-f show the PbTiO3 data. In Fig.6(f) 

the template derived mask image has better identifiable oxygen columns in comparison with 

inverted ABF. A line profile of Pb-O columns is shown in fig. 6h, where a good match between ADF, 

ABF and the template derived mask image is observed. In this thinner specimen even though all 

atoms may be resolved though iCoM image (e), a peak shift on oxygen columns can be seen from 

fig. 6h, which could due to the image not under the best focus condition.  

 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

Figure 6.  Comparison between different imaging methods. (a-c) LiFePO4, (a) inverted virtual ABF 
image, (b) iCoM, and (c) template derived mask image (all atoms). (g) the line profile between 
the green lines in (a), normalized and averaged over unit cells. (d - f) PbTiO3, (d) inverted virtual 
ABF image, (e) iCoM, and (f) template derived mask image (all atoms), (h) the line profile between 
the green lines in (d). 

Perhaps the most useful result of the template derived mask approach is the ability to produce 

atom column-sensitive images, as shown in Figs. 2-4.  Sensitivity of electron diffraction data to 

specific atom types is well documented, for example using the ALCHEMI approach to enhance 

spectroscopic signals under particular diffraction conditions34, while Roussow et al.35 produced 

energy-filtered electron channelling patterns that showed strong variations in intensity for 

different atom types.  These methods rely on dynamical scattering and channelling to enhance 

the sensitivity to different atom columns, which is consistent with the observation that template 

derived mask imaging works well in specimens of moderate thickness.  An obvious next step that 

builds on these links would be to again return to spectroscopy; for example, in electron energy 

loss spectroscopy (EELS) using the entrance aperture to choose a region of the diffraction pattern 

with strong correlation to a particular atom column may suppress unrelated signal and thereby 

increase the relative contribution of the signal from the targeted atomic column.  This may aid, 

for example, Li 1s spectroscopy in LPF and analogues, which is not straightforward using X-ray 

absorption spectroscopy due to radiation effects36, or local measurements of oxygen 

stoichiometry37.  

4. Conclusion 

The central idea of the template derived mask approach is to use the 4D-STEM data itself to 

generate weighted masks instead of, e.g., a user-generated annular mask.  This method ensures 

that signals in the diffraction pattern are used more efficiently.  In brief, we generate a Pearson 

cross-correlation (PCC) map from a template image that selects for particular atom columns.  

Using this PCC map as a weighted mask then generates STEM images sensitive to those atom 

columns.  We trial this approach on two examples, a LiFePO4 sample and a domain wall in PbTiO3.  

Our experimental results appear robust and match well with simulations.  In LiFePO4, we obtain 

strong and specific signals for Li and O atom columns, outperforming the iCoM method in this 

~70nm thick sample.  In PbTiO3, we show that a template derived mask calculated from a small 

homogeneous part of the data may be applied across a spatially inhomogeneous image and still 

yield useful information (e.g. oxygen atom column locations).  Since the template derived mask 

method uses a linear combination of the diffraction patterns in the same way as virtual bright or 

dark field imaging, it is a relatively direct imaging method that is computationally straightforward, 

giving interpretable images that could be obtained during live imaging.  
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In conclusion, the template derived mask approach described in this work provides a 4D STEM 

method that extracts specific signals of interest from atomic resolution data.  These signals 

include atom column-sensitive STEM images for particular atom types, including those of low 

atomic number.  It also appears particularly suited to imaging specimens that are too thick for 

other methods such as iCoM or ptychography. 

5. Methods 

The LiFePO4 TEM specimen was prepared by mixing LiFePO4 nanoparticles with fine aluminium 

powder (approx. 10:1 Al:LiFePO4) in an Al foil wrap, which was cold rolled to produce a solid Al 

sheet approx. 100 μm thick. A piece of the sheet was mechanically ground, polished, and ion 

milled to electron transparency using 6 kV Ar+ ions, with final 1 kV and 0.1 kV cleaning to remove 

surface damage.  The PbTiO3 TEM specimen was prepared from flux growth PbTiO3 single crystals 

using a Tescan Amber FIB-SEM. The lamella was thinned using Ga ion beam at 30 kV, 50~150pA, 

and polished using 2~5 kV, 20~100pA. 

Experimental 4D-STEM datasets were acquired at room temperature in a double aberration-

corrected JEOL ARM200F using a Quantum Detector Merlin pixelated Detector. The datasets were 

taken at 200 kV accelerating voltage with ~23.5 mrad convergent beam semi-angle. The [001] 

LiFePO4 dataset was taken from a ~72.5 nm thick region, while the [100] PbTiO3 dataset was taken 

from a ~49 nm thick region as determined using PACBED, shown in Fig. SI15.  py4DSTEM38 was 

used to process the data and generate iCoM images. 

4D-STEM Simulations were performed using abTEM39 using conditions to match experiment 

(Table 1).  

Table 1. parameters used in 4D-STEM simulations. 

Parameter Value Parameter Value 

Thickness 20~90 nm Defocus -6 ~ 6 nm 
Crystal size 80 x 80 x 900 Å Cs 3 µm 
Slice thickness 4.692 Å Probe soft edge 4 mrad 

model Kirkland 
Probe sampling 
(angular) 

0.334 

projection infinite Energy  200 kV 
Potential sampling 0.073 Å Detector range 64.2 mrad 
Frozen Phonons 20 iters Scan step size ~0.3 Å 
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6. Data availability 

The workflow, including the example codes running on both experiment and simulation are 

currently available at https://github.com/WarwickMicroscopy.  All relevant data are available 

from the contributing author upon reasonable request. 
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Figure 1. Overview of 4D-STEM Data Formation and Preprocessing. (a) Schematic of 4D-
STEM. (b) Simulated [001] LiFePO4 4D-STEM dataset visualised as a [𝑥, 𝑦] set of diffraction 
patterns, each of size [𝑖, 𝑗].  (c) Reduction from 4D to 2D: each diffraction pattern is reshaped 
into a row vector and stacked to form a 2D matrix D.  Each column represents a pixel-STEM 
image, corresponding to an individual pixel in the detector.  (d) Reorganisation and 

normalisation of 𝐃̂  to highlight the information in the data; columns (left to right) 
correspond to increasing radial distance from the BF disk centre, and rows (top to bottom) 
correspond to increasing intensity at high scattering angles. Each column 𝐬𝑘 is normalised 
according to Eq. (3). 
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Figure 2.  Workflow in experimental 4D-STEM data for [001] LiFePO4.  (a) binary ADF mask. 
(b) virtual ADF-STEM image produced by applying (a) to the 4D-STEM data. (c) Map of 
Pearson correlation coefficient (PCC) for all pixel-STEM images in comparison with the ADF-
STEM image (b).  Here, positive correlation is orange and anticorrelation is blue.   (d) Scatter 
plot of pixel-STEM image intensity (blue) and PCC 𝝆 (red) as a function of scattering angle.  
(e) normalized PCC map working as a weighted mask. (f) optimised ADF-STEM image 
obtained using mask (e). 
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Figure 3.  Atom column-sensitive STEM imaging for [001] LiFePO4.  (a) ABF image of a ~72.5nm 

thick specimen with corresponding masks (left: experiment, centre: simulation) with overlaid 

structure showing four types of atom column. Scale corresponds to 0.2 nm. (b) and (d) atom-

column sensitive PCC masks within BF region for experimental and simulated data, 

respectively, whereas the original PCC map may be found in fig. SI5~6. (c) and (e) 

Corresponding atom column-sensitive images obtained by applying the masks in (b) to the 4D-

STEM data.  (f) and (g) experimental and simulated images for all atom columns (PCC masks 

inset top right).  
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Figure 4. Simulated atom column-sensitive STEM imaging with defects in LiFePO4. (a) simulated 

ABF image with three defects: (1) an oxygen vacancy (red circle); (2) an extra Fe column (pink 

circle) and (3) an anti-site defect FeLi (blue circle, with the Li column containing an alternating 

sequence Li–Fe–Li–Fe). (b) simulated images for all atom columns with PCC mask. (c-f) atom-

column sensitive PCC images and corresponding masks. The scale bar in the images represents 

0.2 nm.  
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Figure 5.  Atom column-sensitive images across a {011} 90° domain wall in PbTiO3 along 

[100]. (a) virtual ADF and (b) virtual ABF images show Pb and Ti+O atom columns with the 

overlaid unit cells (Pb = blue, Ti = yellow and O = red). (c-e) atom column-sensitive images 

and (f) all-atom image, each generated from the corresponding PCC map. (g) atom model 

of polarized PbTiO3. (h) map of Ti atom column displacement relative to the centre of their 

four neighbouring oxygen atom columns. 
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Figure 6.  Comparison between different imaging methods. (a-c) LiFePO4, (a) inverted virtual ABF 
image, (b) iCoM, and (c) template derived mask image (all atoms). (g) the line profile between 
the green lines in (a), normalized and averaged over unit cells. (d - f) PbTiO3, (d) inverted virtual 
ABF image, (e) iCoM, and (f) template derived mask image (all atoms), (h) the line profile between 
the green lines in (d). 
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Editor summary: 

Four-dimensional scanning transmission electron microscopy is able to capture intricate 

diffraction patterns at each probe position, yet traditional binary masks limit image specificity. 

Here, the authors introduce a method using real-space image correlations to create weighted 

masks, enhancing atomic-resolution imaging and enabling distinct visualization of atom columns, 

significantly advancing material characterization in complex specimens. 
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