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Abstract  Densely spaced four-dimensional scanning transmission electron microscopy (4D STEM) 9 
analyzed using correlation symmetry coefficients enables large area mapping of approximate rotational 10 
symmetries in amorphous materials. Here, we report the effects of Poisson noise, limited electron counts, 11 
probe coherence, reciprocal space sampling, and the probe-sample interaction volume on 4D STEM 12 
symmetry mapping experiments. These results lead to an experiment parameter envelope for high quality, 13 
high confidence 4D STEM symmetry mapping. We also establish a direct link between the symmetry 14 
coefficients and approximate rotational symmetries of nearest-neighbor atomic clusters using electron 15 
diffraction simulations from atomic models of a metallic glass. Experiments on a Pd77.5Cu6Si16.5 metallic 16 
glass thin film demonstrate the ability to image the types, sizes, volume fractions, and spatial correlations 17 
amongst local rotationally symmetry regions in the glass. 18 
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1. Introduction 21 

Glasses lack long range periodicity, but they have well-defined short- and medium-range order (SRO and 22 
MRO). In metallic glasses, Voronoi polyhedra (VPs) [1], Frank-Kasper tetrapolyhedra [2], and Z-clusters 23 
[3] are example SRO motifs. Packing of these local motifs leads to MRO that can (for example) contain 24 
icosahedral or crystal-like symmetry structures [4–7]. The types of these clusters in the glass structure 25 
influence the glass forming ability [8], dynamics [9,10], and mechanical properties [11] of the alloy, so it is 26 
important to identify the SRO and MRO in metallic glasses. 27 

Ordered clusters in amorphous materials can be identified experimentally using electron microscopy. 28 
Fluctuation electron microscopy (FEM) uses coherent electron diffraction to probe the statistical variance 29 
of local structures in different volumes [12]. Stratton and Voyles [13] developed a quantitative model for 30 
variable resolution FEM (VR-FEM) which assumes the structure of the sample as a nanocrystal / amorphous 31 
matrix composite. This model can determine the size and volume fraction of the nanocrystals from a VR-32 
FEM experiment, but it does not account for non-crystal-like ordering. Hybrid reversed Monte Carlo 33 
(HRMC) simulations have been used to construct atomistic models in agreement with FEM measurements 34 
[6,7]. The structural models can be further characterized using metrics such as VP.  35 

Local rotational symmetries in electron nanodiffraction (END) patterns, which reflect rotational symmetries 36 
in the structure, provide a more direct observation of local clusters [14]. The rotational symmetry in END 37 
patterns has been evaluated by the angular correlation function of the intensity and its power spectrum. 38 
These analyses capture the magnitude of symmetry of different rotational order and at different wave 39 
vectors [15], but interpreting the power spectrum requires complex statistical analysis [16], and it can be 40 
susceptible to non-structural features [17]. Inspired by the Symmetry STEM method of Kranjak and 41 



Etheridge [18], we recently proposed correlation symmetry analysis as an improved method to extract 42 
symmetries from END experiments on amorphous samples [17]. Instead of calculating the angular power 43 
spectrum, correlation symmetry analysis averages the correlations at the characteristic angles of rotational 44 
symmetries. Symmetry coefficients can be more robust against multiple scattering and non-Friedel 45 
symmetry in diffraction patterns than power spectrum analysis. 46 

Any of the symmetry analysis methods can be extended to symmetry mapping by using a fast detector and 47 
densely-sampled 4D STEM data. Liu et al. [19] mapped symmetries in a small, 3 nm by 3 nm region of a 48 
Zr36Cu64 glass by collecting END patterns using a CCD camera. The magnitude of the power spectrum at a 49 
fixed wave vector and rotational order for each spatial pixel was used to create a spatial symmetry map. 50 
Comparison with simulated END data confirmed the local icosahedral order. The field of view and thus 51 
statistical power in that experiment was limited by the slow readout of the CCD camera. Im et al. [20] 52 
performed a 4D STEM experiment on a Zr55Co25Al20 glass with a larger 40 nm by 40 nm field of view using 53 
a faster electron microscope pixel array detector (EMPAD) direct detector. This provides an estimate, albeit 54 
from a small region, of the sizes of the local clusters with different orders. Even faster cameras [21,22] are 55 
enabling densely spaced 4D STEM experiments on very large fields of view with high spatial sampling, 56 
although at low electron counts per END pattern. 57 

Here, we report a systematic study of spatial symmetry mapping on amorphous samples using correlation 58 
symmetry analysis via densely spaced 4D STEM. First, we connect symmetry coefficients to VPs using 59 
multislice simulations of END data from atomistic models of Al-rare earth metallic glasses. Then, we 60 
discuss, using statistical models and experiments, the influence of experimental noise, electron counts, 61 
reciprocal space sampling and spatial coherence of the probe on the symmetry coefficient signal. These 62 
results lead to an operating envelope of experimental conditions for fast 4D STEM symmetry mapping. An 63 
example large area experiment on a Pd77.5Cu6Si16.5 metallic glass thin film demonstrates the ability to 64 
measure the sizes, densities, and spatial correlations of local clusters with different symmetries. 65 

2. Methods 66 

4D STEM experiments were conducted on a Thermo-Fisher Scientific Titan microscope operated at 200 67 
keV. The microscope was set in micro-probe STEM mode to create coherent nanometer-sized electron 68 
beams. Probes with semi-convergence angles of 0.7, 1.5, and 2.51 mrad and Rayleigh-criterion resolutions 69 
of 2.2, 1.0, and 0.6 nm were used to study the probe-sample interaction volume effect. A probe semi-70 
convergence angle of 2.51 mrad was used for all other experiments. Probe currents of 1.6, 6.4, 25, and 102 71 
pA, created by changing the microscope spot number from 9 to 3, were used to study the effect of probe 72 
coherence. A probe current of 6.4 pA was used for all other experiments. 73 

The END patterns were collected by a Direct Electron DE-Celeritas camera. The frame rate was fixed at 74 
20,000 fps for data collected to study the electron counts and probe-sample interaction volume. For data 75 
collected to study the probe coherence effect, different frame rates were used for different probe currents 76 
to maintain equal mean counts per pattern. Frames rates of 50, 100, 200, and 400 fps were used for probe 77 
currents from 1.6 to 102 pA. 1000 fps readout speed was used for large area symmetry mapping experiment. 78 
All experiments used 256 by 256 detector readout area. Camera length were set differently for experiments 79 
with different convergence angle to fit the first diffraction ring inside the detector. 48 mm camera length 80 
was used for 2.51 mrad probe and 77 mm camera length was used for 1.5 mrad and 0.7 mrad probes. Details 81 
about the scan controller system for 4D STEM scan acquisition can be found in [23]. 120 by 120 scanning 82 
array with step size of 0.52 nm were used for sparse sampling data collected to study the effect of electron 83 
counts, coherence, and probe-sample interaction volume. 1000 by 1000 scanning array with step size of 84 
0.06 nm were used for dense sampling data collected for large area (62 nm by 62 nm) symmetry mapping. 85 



Pd77.5Cu6Si16.5 thin films were synthesized using single alloy target magnetron sputtering at room 86 
temperature. An arc-melted alloy target with nominal composition Pd77.5Cu6Si16.5 was purchased from ACI 87 
Alloys. Deposition occurred inside a custom-built high vacuum chamber with an operating pressure less 88 
than 5 × 10–8 Torr and with a partial pressure of oxygen of 2 × 10–10 Torr and a partial pressure of water 89 
vapor of 5 × 10–9 Torr. A Tourus Magnetron sputtering gun from Kurt J Lesker was used to deposit the 90 
films onto electron transparent 15-nm-thick Si3N4 membranes with a deposition rate of 0.24 nm/s and an 91 
Ar process gas pressure of 3.1 mTorr. Two samples were prepared with nominal thicknesses of 10 and 20 92 
nm by varying the deposition time. 93 

END patterns were simulated from a set of Al100-xSmx atomistic models generated by molecular dynamics 94 
(MD) as described in [24]. To achieve better statistics from relatively small models, the models were rotated 95 
into 211 orientations even distributed on the top half of the unit orientation sphere, and END patterns were 96 
simulated in each orientation. Multislice simulations of the model were carried out using PRISMATIC [25]. 97 
A probe with semi-angle of 3.062 mrad at 200 keV energy was used with zero defocus and zero aberrations. 98 
The probe was scanned across the model with a step size of 0.5 nm to avoid overlapping. The multisilice 99 
potentials were calculated using 2.892 Å slice thicknesses. Ten frozen phonon configurations were averaged 100 
together for each END pattern. Standard deviations of 0.1 Å were used for both Al and Sm atoms thermal 101 
vibration in the frozen phonon configurations. The simulation supercells are one cell in thickness (58 Å). 102 

The experimental and simulated 4D datasets were processed with correlation symmetry analysis 103 
implemented in the pyxem package [26]. Each pattern is first unwrapped into polar coordinates 𝐼𝐼(𝑘𝑘,𝜑𝜑). 104 
Then the Pearson correlation at angular shift Δ is calculated as 105 

𝜌𝜌(Δ) =
〈𝐼𝐼(𝑘𝑘,𝜑𝜑)𝐼𝐼(𝑘𝑘,𝜑𝜑 + Δ)〉𝑘𝑘,𝜑𝜑 − 〈𝐼𝐼(𝑘𝑘,𝜑𝜑)〉𝑘𝑘,𝜑𝜑

2

〈𝐼𝐼(𝑘𝑘,𝜑𝜑)2〉𝑘𝑘,𝜑𝜑 − 〈𝐼𝐼(𝑘𝑘,𝜑𝜑)〉𝑘𝑘,𝜑𝜑
2 , (1) 

where 〈… 〉𝑘𝑘,𝜑𝜑 denotes averaging over wave vector 𝑘𝑘 and azimuthal angle 𝜑𝜑. The 𝑘𝑘 averaging windows are 106 
chosen to reflect the 𝑘𝑘 ranges of the first diffraction rings. For experimental Pd77.5Cu6Si16.5 data, 𝜌𝜌(Δ) was 107 
averaged from 0.4 to 0.5 Å-1. For the simulated Al100-xSmx dataset, three different windows were used due 108 
to the changes in the average interatomic distances with x. 0.375 to 0.415 Å-1 were used for Al94Sm6, 0.37 109 
to 0.41 Å-1 for Al92Sm8, and 0.365 to 0.405 Å-1 for Al90Sm10. The symmetry coefficients are calculated by 110 

𝑆𝑆(𝑛𝑛) =
1
𝑁𝑁
�𝜌𝜌(𝛿𝛿𝑖𝑖𝑛𝑛)
𝑁𝑁

𝑖𝑖=1

, (2) 

where 𝛿𝛿𝑖𝑖𝑛𝑛’s are the characteristic angles of the 𝑛𝑛th order rotational symmetry. In the simulated Al100-xSmx 111 
dataset, the symmetry coefficients at all probe positions for all rotations were averaged to generate an 112 
average 𝑆𝑆(𝑛𝑛). For sparse sampling experimental Pd77.5Cu6Si16.5 data, the symmetry coefficients at all probe 113 
positions were averaged to generate the spatial averaged 𝑆𝑆(𝑛𝑛). For dense sampling Pd77.5Cu6Si16.5 data, the 114 
rotational symmetries in each spatial pixel are represented as 𝑆𝑆(𝑥𝑥,𝑦𝑦,𝑛𝑛) to generate symmetry maps of 115 
different orders. All the averaging on 𝑆𝑆(𝑛𝑛)’s were performed after positive truncation. More details about 116 
the correlation symmetry analysis can be found in [17]. 117 

3. Results and Discussion 118 

3.1 Connecting Symmetry Coefficients to Atomistic Structure  119 

The magnitude of symmetry coefficient 𝑆𝑆(𝑛𝑛) reflects the degree of 𝑛𝑛-fold symmetry in the diffraction 120 
pattern. Figure 1 shows that the symmetry coefficients also reflect the rotational symmetry of the atomistic 121 
structure. It shows the average 4- and 10-fold symmetry coefficients versus the percentages of crystal-like 122 



and icosahedral-like VPs from three Al100-xSmx atomistic models with x = 6, 8, and 10. Crystal-like is 123 
defined as VPs with no less than 4 four-edged faces and with coordination number between 10 to 14, such 124 
as <0,4,4,4>. Icosahedral-like is defined as VP with more than 8 pentagon faces and with coordination 125 
number between 10 to 14, such as <0,0,12,0>, or <0,1,10,2>. Increasing x increases the icosahedral VP 126 
concentration and decreases the crystal-like VP concentration [24]. Models with more atoms in crystal-like 127 
configurations display higher orientation averaged 𝑆𝑆(4), and models with more atoms in icosahedral-like 128 
configurations display higher orientation averaged 𝑆𝑆(10) . Although the models contain far more 129 
icosahedral VPs than crystal-like VPs, the magnitude of 𝑆𝑆(10) is generally smaller than that of 𝑆𝑆(4). This 130 
is because 𝑆𝑆(10)averages the Pearson correlation over more angles than 𝑆𝑆(4), so it is more susceptible to 131 
cluster misorientation, distortion, and random overlapping of more than one cluster through the sample 132 
thickness. It is worth noting that the simulation boxes are only 5.8 nm thick, which is significantly thinner 133 
than the experimental samples studied here, although not thinner than some experimental samples[27]. As 134 
a result, these simulations contain fewer non-structural features, as will be discussed below. 135 

 136 

Figure 1. (a) Percentage of crystal-like VPs versus orientation averaged 𝑆𝑆(4) for the three 137 
Al100-xSmx models; (b) percentage of icosahedral-like VPs versus orientation averaged 𝑆𝑆(10) 138 
for the three Al100-xSmx models. 139 

3.2 Experimental Conditions for Reliable Symmetry STEM Maps 140 

In fast 4D STEM experiments, the main source of experimental noise is Poisson noise due to the low 141 
number of electrons in each END pattern. Poisson noise reduces the Pearson correlation coefficient at all 142 
angular shifts. As shown in Appendix A, the Poisson noise influenced symmetry coefficient can be written 143 
as 144 

𝑆𝑆𝑛𝑛,exp = 𝑆𝑆𝑛𝑛,0 ×
1

1 + 1/𝑉𝑉𝑟𝑟𝐼𝐼𝑟𝑟
, (3) 

where 𝑆𝑆𝑛𝑛,0 is the symmetry coefficient calculated from a noiseless pattern, 𝐼𝐼𝑟𝑟  is the mean intensity of the 145 
pattern in the 𝑘𝑘  window used to calculate symmetry coefficient, and 𝑉𝑉𝑟𝑟 = 〈𝐼𝐼2〉/〈𝐼𝐼〉2 − 1  is the “ring” 146 
variance as defined in [28] measured without noise (or at infinite dose). We will call 𝐼𝐼𝑟𝑟  the mean ring 147 
intensity and measure it in units of the number of electrons. (Eq. 3 is not correct if 𝐼𝐼𝑟𝑟  is measured in units 148 
of digital counts.) Correction of the systematic error expressed in Eq. 3 is critical, as it depends on the “ring” 149 
variance which is structure dependent. Less structured glasses with lower 𝑉𝑉𝑟𝑟  get more reduction in 150 
symmetry coefficient at fixed electron dose. The measured 𝑉𝑉𝑟𝑟  at finite dose is in turn influenced by Poisson 151 



noise via an additive term 𝑉𝑉𝑟𝑟,𝑝𝑝 = 1/𝐼𝐼𝑟𝑟  [12], so a minimum number of electron counts is needed to reliably 152 
estimate 𝑉𝑉𝑟𝑟 . 153 

Simulated END patterns with artificial noise are used to demonstrate the effect of Poisson noise on the 154 
symmetry coefficients and the effectiveness of correction with Equation 3. The noiseless simulated END 155 
patterns were first scaled to different 𝐼𝐼𝑟𝑟 , and then corrupted with randomly-generated Poisson noise. Figure 156 
2 shows the orientation averaged 𝑆𝑆(2) of simulations from the Al94Sm6 model at different 𝐼𝐼𝑟𝑟’s. Inset images 157 
shows examples of noisy patterns at different 𝐼𝐼𝑟𝑟’s with the same ground truth. Orientation averaged 𝑆𝑆(𝑛𝑛) 158 
diverges at low 𝐼𝐼𝑟𝑟  both with and without noise correction. 159 

 160 

Figure 2. Orientation averaged 𝑆𝑆(2) of Al94Sm6 model calculated from a simulated dataset 161 
corrupted by Poisson noise at different mean ring intensities before (blue) and after (red) noise 162 
correction. 𝑆𝑆(2) for the ground truth, noiseless data is 0.731, as marked by the black line. The 163 
insets are examples of the same simulation patterns added with Poisson noise at different 164 
electron counts. Scale bars are 0.3 Å-1. 165 

To access the performance of noise correction at limited electron intensity, both corrected and uncorrected 166 
𝑆𝑆(𝑛𝑛) can be fit to a function of the form 𝑆𝑆(𝐼𝐼𝑟𝑟) = 𝑆𝑆0/(1 + 𝑎𝑎/𝐼𝐼𝑟𝑟), where 𝑎𝑎 and 𝑆𝑆0 are fitting parameters. 𝑆𝑆0 167 
can be treated as the converged value at infinitely large mean ring intensity, i.e., the noiseless symmetry 168 
coefficient, and we can define a minimum 𝐼𝐼𝑟𝑟  required to obtain 𝑆𝑆(𝐼𝐼𝑟𝑟) within some percentage of 𝑆𝑆0. Table 169 
1 shows the thresholds using 5% and 10% deviation as criteria calculated from simulated data both with 170 
and without noise correction. Noise correction using Eq. 3 gives quantitatively reliable 𝑆𝑆(2) at about 20% 171 
lower counts in the END patterns for this simulated dataset. 172 

Table 1. Threshold mean ring intensities 𝐼𝐼𝑟𝑟  (electrons per pixel) calculated from simulation 173 
and experiment before and after noise correction under two criteria. 174 

Criteria 
Simulation Experiment 

Uncorrected Corrected Uncorrected Corrected 

10% Deviation 
in S(n) 1.13 0.90 7.40 ± 0.02 1.04 ± 0.4 

5% Deviation 
in S(n) 2.40 1.91 15.6 ± 0.04 2.20 ± 0.9 

 175 



Figure 3 shows experimental 𝑆𝑆(2) as a function of 𝐼𝐼𝑟𝑟 , both corrected and uncorrected. The data were 176 
collected from a 20 nm thick Pd77.5Cu6Si16.5 glass thin film, and 𝐼𝐼𝑟𝑟  was varied by reading the camera 177 
multiple times at each probe position, which we call “pixel cycling”. The data were collected with 50 pixel 178 
cycles, and then averaged over 4, 8, 12, 16, 25, 30 and 50 cycles to vary 𝐼𝐼𝑟𝑟 . The individual END patterns 179 
were thresholded to remove dark counts before summation, but not processed with an electron counting 180 
filter. The summed image was converted to electron counts by dividing by the mean number of counts per 181 
incident electron for the camera. The scan step size was large compared to the probe diameter so the spatial 182 
samples are independent for later averaging. To correct for the Poisson noise using Eq. 3, the ring variance 183 
was estimated using 𝑉𝑉𝑟𝑟 = 〈𝐼𝐼2〉/〈𝐼𝐼〉2 − 1− 1/𝐼𝐼𝑟𝑟 . 184 

The experimental 𝑆𝑆(2) of Pd77.5Cu6Si16.5 in Figure 3 diverges at low 𝐼𝐼𝑟𝑟 , similar to simulated results in Figure 185 
2. By using the same definition of the mean ring intensity threshold discussed earlier, after noise correction, 186 
𝐼𝐼𝑟𝑟  larger than ~ 2.2 electron per pixel is found to give less than 5% deviation of 𝑆𝑆(𝑛𝑛) from 𝑆𝑆0. Thresholds 187 
at other conditions can be found in Table 1. Thresholds before noise correction are much larger for the 188 
Pd77.5Cu6Si16.5 experiment data comparing to that for the Al94Sm6 simulation. This is because the ring 189 
variance measured from Pd77.5Cu6Si16.5 experiment is much smaller (𝑉𝑉𝑟𝑟 = 0.239 for data with the highest 190 
𝐼𝐼𝑟𝑟 ). The thresholds obtained after noise correction coincides between Pd77.5Cu6Si16.5 experiment and 191 
Al94Sm6 simulation within experimental error (see Table 1), which suggests that the counting statistics for 192 
symmetry coefficient after noise correction is potentially structure-invariant, and the thresholds obtained 193 
here can serve as a guideline for future experiments. 194 

 195 

Figure 3. Spatial averaged 𝑆𝑆(2) of Pd77.5Cu6Si16.5 glass thin film at different mean ring intensity 196 
before (blue) and after (red) noise correction. The inset images are examples of summed 197 
patterns over different pixel cycles at the same spatial position. Scale bars are 0.6 Å-1. 198 

Another approach to adjusting 𝐼𝐼𝑟𝑟  is to change the effective size of a detector pixel in reciprocal space by 199 
either changing the camera length or post-acquisition binning of the END patterns. This practice, however, 200 
is limited by the effect of low 𝑘𝑘 sampling on symmetry coefficient. Lower 𝑘𝑘-sampling of speckles leads to 201 
weaker variability of the intensity in the diffraction ring. Additionally, the ability to resolve the angular 202 
position of the speckles is reduced. The effect of 𝑘𝑘-sampling on correlation symmetry analysis was studied 203 
by calculating averaged 𝑆𝑆(𝑛𝑛)’s of Al94Sm6 model from simulated datasets with different binning factors, 204 
resulting in pixel sizes from 0.00346 Å-1 to 0.0553 Å-1. As the pixel size increases, both 𝑉𝑉𝑟𝑟  and 𝑆𝑆(𝑛𝑛) 205 



decrease. In other words, the symmetry information becomes partially lost when the speckle size in pixels 206 
becomes too small. From the simulated dataset, 𝑆𝑆(𝑛𝑛) reached a plateau for the speckles 15 pixels or more 207 
in diameter. This level of k-sampling can be hard to reach while maintaining the necessary 𝐼𝐼𝑟𝑟 , so some 208 
reduction in 𝑆𝑆(𝑛𝑛) due to poor k-sampling may be required for certain experiments. As long as the pixel 209 
sampling per speckle is kept constant, the 𝑆𝑆(𝑛𝑛) from different experiments can be reliably compared. 210 

Probe current is another parameter that determines 𝐼𝐼𝑟𝑟 . However, increasing the probe current at fixed 211 
aperture size and probe convergence angle means reducing the spatial coherence of the probe, since the 212 
source area is proportional to the probe current [29]. Fig. 4 shows 𝑉𝑉𝑟𝑟  as a function of spot size from the 20 213 
nm Pd77.5Cu6Si16.5 glass sample. 𝑉𝑉𝑟𝑟  is averaged over the same 𝑘𝑘  window used to calculate symmetry 214 
coefficients, and smaller spot number means higher probe current. The mean ring intensity is kept consistent 215 
at different spot sizes by adjusting the detector acquisition time. As the probe current increases, the 216 
magnitude of 𝑉𝑉𝑟𝑟  decreases substantially. A 4-fold increase of probe current from 1.6 to 6.4 pA leads to a 217 
reduction of 𝑉𝑉𝑟𝑟  by ~ 65%. (A brighter source would provide more current at the same degree of spatial 218 
coherence.) 219 

 220 

Figure 4. Spatial averaged 𝑉𝑉𝑟𝑟  of Pd77.5Cu6Si16.5 glass thin film sample under probes with 221 
different spot sizes. 𝑉𝑉𝑟𝑟  is averaged over 𝑘𝑘 range from 0.4 Å-1 to 0.5 Å-1. Electron intensities 222 
collected at each spot size are kept constant by changing the detector frame rate.  223 

The interpretability of the structural symmetries in the END patterns also depends on the probe-sample 224 
interaction volume, which is in turn controlled by the sample thickness and probe diameter. The probability 225 
of the pattern containing speckles from more than one cluster of atoms and the probability of multiple 226 
electron scattering both increase with increasing volume, with the potential to create complicated and 227 
sometimes misleading correlations [30]. While correlation symmetry analysis reduces this effect compared 228 
to other methods [17], Figure 5 demonstrates that it is still preferable to reduce the interaction volume by 229 
either decreasing the probe size or preparing thinner samples. We use the ratio between structural even 230 
symmetry coefficients and potentially non-structural odd symmetry coefficients as a metric to judge the 231 
interpretability of the experimental data. 𝑆𝑆even is defined as the average of 2-, 4-, 6- and 10-fold symmetry 232 
coefficients, and 𝑆𝑆odd is defined as the average of 7- and 9- fold symmetry coefficients. For samples both 233 
10 nm and 20 nm thick, 𝑆𝑆even/𝑆𝑆odd increases with decreasing probe size. At fixed probe size, 𝑆𝑆even/𝑆𝑆odd 234 
is consistently larger for the thinner sample. In general, a thinner sample is better for high quality correlation 235 
symmetry mapping, but determining the optimum probe size is more complicated. While a smaller probe 236 
gives a smaller interaction volume, the larger convergence angle also leads to more coherent interference 237 



of overlapping speckles, which in previous simulations potentially diminished angular correlations in END 238 
patterns [19]. Thus, a probe size similar to the average size of the clusters is preferred for discerning local 239 
clusters from structural symmetries in END patterns [31]. Here the minimum probe size used in Fig.5 was 240 
~ 0.6 nm, which is slightly smaller than the average size of the clusters measured from the mapping 241 
experiment discussed later. 242 

 243 

Figure 5. Ratio between structural 𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒𝑛𝑛 and non-structural 𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜 versus probe convergence 244 
angle for Pd77.5Cu6Si16.5 glass thin film samples with thicknesses of 10 nm (blue) and 20 nm 245 
(red). Error bars are calculated from the standard deviations of structural even symmetry 246 
coefficients and non-structural odd symmetry coefficients following the propagation of 247 
uncertainty. 248 

Based on the results from Figures 2 through 5, we can establish an envelope of operating conditions for 249 
quantitatively reliable fast 4D STEM symmetry mapping experiments. With Poisson noise correction using 250 
Eq. 3, the mean ring intensity should be 2.2 electrons per pixel or larger. The mean ring intensity per pixel 251 
can be controlled by (1) the probe current, (2) the detector frame rate, and (3) the size of the pixels in 252 
reciprocal space. The pixel size is in turn controlled by the camera length and post-acquisition binning. 253 
Intensity can be increased by increasing the probe current, but that reduces the probe coherence and thus 254 
reduces the signal. In general, high coherence, low current probes are preferable. The minimum reciprocal 255 
space pixel size is set by the 𝑘𝑘-sampling requirement, which suggests that the speckles be 15 pixels or more 256 
in diameter. Detector frame rate is the most freely adjustable parameter and should be tailored for the needs 257 
of individual experiments. 258 

Experiments with different objectives will require different combinations within the operating envelope. 259 
For example, a typical large area 4D STEM symmetry mapping experiment on a metallic glass sample 260 
should use an intermediate to slow frame rate, limited by the need to avoid saturating the detector, the total 261 
acquisition time limit and the scanning size, to allow a small probe current. On the other hand, the same 262 
experiment on a beam sensitive material needs to use a faster frame rate set by the dose limit of the sample. 263 
In this case, a smaller camera length or more post-acquisition binning is needed to maintain the required 264 
mean ring intensity. An in-situ time-resolved 4D STEM experiment requires an ultrafast frame rate for the 265 
time resolution, which in turn requires a larger probe current and large k pixels to maintain ring intensity. 266 
The Sn signal will be reduced, but not made noisy or subject to artifacts. A few examples sets of parameters 267 
for our Titan STEM are summarized in Table 2. It is worth noting that the experimental parameters studied 268 



here are not exhaustive. Other factors such as the size and shape of a beam stop, energy filtering, and 269 
electron counting filter can also influence the correlation symmetry analysis. 270 

Table 2. Examples of experimental parameters on a FEI Titan G2 microscope mounted with 271 
a DE-Celeritas detector for different types of 4D-STEM symmetry mapping experiments. 272 

Experiment Spot size / 
probe current Camera length / detector area / k pixel size Detector 

frame rate 
Large area 4D 

STEM 7 / 6.4 pA 48 mm / 256 by 256 / 0.00979 Å-1 1000 fps 

Large area 4D 
STEM for beam 

sensitive materials 
11 / 0.6 pA 1700 mm (EFSTEM) / 256 by 256 / 0.00495 Å-1  8000 fps 

In-situ time-
resolved 4D 

STEM 
5 / 25 pA 38 mm / 256 by 128 / 0.01239 Å-1 8000 fps 

 273 

3.3 Example Symmetry Mapping Experiment 274 

Figure 6 shows the average symmetry coefficients and symmetry maps from a symmetry mapping 275 
experiment on a 10 nm thick Pd77.5Cu6Si16.5 thin film sample. A 1000 by 1000 spatial pixel 4D STEM data 276 
set was collected from a 62 by 62 nm sample area at 1000 fps, using a probe current of 6.4 pA, a convergence 277 
angle of 2.51 mrad and a camera length that produces 20 pixels per speckle diameter. The mean ring 278 
intensity was 2.72 electrons per pixel mean ring, well above the threshold for 5% error after noise correction.  279 

Figure 6a shows the noise corrected pattern averaged symmetry coefficient with positive truncation. The 7- 280 
and 9-fold non-structural odd symmetries are almost completely suppressed. Figure 6b-f show the 2-, 4-, 281 
6-, 8- and 10-fold symmetry maps. The intensities are positive truncated and the color scale is normalized 282 
by the maximum value for each map. These maps display the spatial distributions of on-axis local clusters 283 
with different symmetry orders. Clusters with higher intensity indicate stronger symmetric diffraction, 284 
which can arise from the cluster orientation, less distortion in the atomic arrangement, higher volume 285 
fraction of the cluster in the interaction volume, or more random structure in rest of the volume. The 2-fold 286 
map has the most features because all structural even symmetries must contain 2-fold symmetry. It can be 287 
viewed as the map of all diffracting ordered local clusters regardless of configuration detail. The 4-fold 288 
map can be treated as the crystal-like cluster map, and the 10-fold map can be treated as the icosahedral-289 
like cluster map. The 6-fold map has contributions from crystal-like and icosahedral-like packing 290 
arrangements, both of which have 6-fold symmetric diffraction patterns orientations. The 8-fold map comes 291 
from 8-fold symmetry, which is not crystallographic. 292 



 293 

Figure 6. (a) Pattern averaged positive truncated symmetry coefficients calculated from a large 294 
area 4D STEM experiment on a Pd77.5Cu6Si16.5 thin film sample; (b) 2-fold, (c) 4-fold, (d) 6-295 
fold, (e) 8-fold, and (f) 10-fold symmetry maps from the same sample area. Intensities are 296 
positive truncated and scaled by the maximum value of each map. 297 

We have used a Laplacian of Gaussian (LoG) blob detection filter implemented in scikit-image [32] on the 298 
symmetry maps to identify the size, position, and intensity of local diffracting clusters. A threshold of 0.025 299 
was used to exclude unmeaningful correlations [17], and the size of the clusters was determined as the full-300 
width half maximum of a Gaussian kernel which gave the maximum correlation with the cluster as a 301 
function of the Gaussian standard deviation. Figure 7a shows an enlarged area of 2-fold symmetry map 302 
shown in Fig. 6b overlaid with cluster objects. (The circles are slightly larger than the actual cluster sizes 303 
so they do not block features in the symmetry map.) The clusters are one half to a few nanometers in 304 
diameter, consistent with previous experimental results on other metallic glasses measured by either angular 305 
correlation [20] or fluctuation microscopy [28,33]. Figure 7b shows the histogram of the total number of 306 
clusters detected in the symmetry maps with different orders. The populations of 2-, 3-, 4- and 6-fold 307 
clusters are significantly higher than the populations of 5- 8-, and 10-fold clusters. 7- and 9-fold clusters 308 
are scarce. This is consistent with the pattern averaged correlation symmetry profile shown in Figure 6a. 309 



 310 

Figure 7. (a) Enlarged area of the 2-fold symmetry map shown in Fig. 6b overlaid with cluster 311 
object detected; (b) histogram of total number of clusters; (c) violin plot of the cluster size 312 
distributions and average cluster sizes (black circles); and (d) histogram of  the volume fraction 313 
of the clusters with different orders. The circles in (a) are larger than the cluster sizes. The red 314 
line in (c) marks the probe size, and error bars are one standard deviation of the mean. Error 315 
bars in (d) are calculated from size measurement uncertainty (0.75 pixel) following the 316 
propagation of uncertainty. 317 

Figure 7c shows the size distributions and the average sizes of clusters with different rotational symmetries. 318 
Only clusters with sizes larger than 0.25 nm (~ one interatomic distance) were used to calculate the average 319 
size. The even order clusters, (2, 4-, 6- 8- and 10-fold) have very similar shaped distributions and average 320 
diameters significantly larger than the probe size. Most of the cluster are around two to five interatomic 321 
distances, implying that both SRO and MRO clusters are captured in the mapping experiment. The average 322 
sizes of 7- and 9-fold symmetry clusters are close to the probe size, and a large fraction of size distribution 323 
is smaller than the probe size. Small size is reasonable since many of the odd-symmetry clusters arise from 324 
non-structural sources, like chance correlations amongst speckles diffracted from different but overlapping 325 
structures. 326 

The 8- and 10-fold symmetries are not crystallographically allowed. The origin of the 8-fold correlation 327 
could be related to the 45° rotation between the two rings of four atoms in the bicapped square antiprism 328 



configuration (BSAP) with Voronoi index <0,2,8,0>, which is thought be one of the predominant atomic 329 
packing environments in Pd-Si-based metallic glasses [34–36]. The 10-fold clusters most likely arise from 330 
icosahedral arrangements of atoms with Voronoi indices like <0 0 12 0> with 5-fold real-space symmetry 331 
Friedel doubled to 10-fold in diffraction. The mean size of the 8- and 10-fold clusters is larger than the 332 
crystallographically-allowed 2-, 4-, and 6-fold clusters. Glass forming ability of different alloys has been 333 
attributed to the thermodynamic stability of crystal-like and non-crystal-like structures. Pd77.5Cu6Si16.5 is a 334 
good glass former, so these result may indicate that the size of crystal-like vs non-crystal-like structures 335 
may also reflect glass forming ability. 336 

Figure 7d shows a rough upper bound estimate of the volume densities of these clusters, based on assuming 337 
a spherical shape for all clusters and an average Bragg acceptance angle of 10° [13]. The estimate is an 338 
upper bound because the acceptance angle about the zone axis configuration for higher symmetries will be 339 
smaller than the Bragg acceptance angle estimate in Ref. [13]. 4-fold clusters have the highest volume 340 
fraction of 4.5 ± 0.1 % (not including cluster with higher 8-fold symmetry). 2-, 6-fold clusters are both 341 
lower at around 4.1 ± 0.1 %. 10-fold clusters have the lowest volume fraction among even symmetries at 342 
3.5 ± 0.1 %. The uncertainties quoted here reflect the random uncertainties from the sample thickness 343 
estimate and the counting statistics of clusters in the data. Systematic errors arising from the diffraction 344 
acceptance angle for the various clusters will be non-random and may be significantly larger than the 345 
random uncertainties. Material- and structure-specific models for diffraction acceptance of various clusters 346 
is required to obtain a more accurate estimate of cluster volume fractions. 347 

Modelling suggests that PdSi glasses have high fraction of 9-coordinated tricapped trigonal prisms (TTPs) 348 
with Voronoi index <0,3,6,0> and 10-coordinated BSAPs [35], both centered by Si atoms. Cu atoms 349 
substitute at Pd sites, and they are thought to bring TTPs closer to each other, while leaving the structure 350 
motif largely unchanged [37]. An ideal TTP has one 3-fold rotational symmetry axis and an ideal BSAP 351 
has one 4-fold rotational symmetry axis. The similar magnitude of pattern averaged 𝑆𝑆(4) and 𝑆𝑆(6) in Fig. 352 
6a as well as similar number of 4- and 6-fold clusters in Fig. 7b confirm the coexistence of these two motifs 353 
in the structure. The higher volume fraction of 4-fold clusters compared to that of 6-fold clusters suggests 354 
the structure may have a higher BSAP fraction. The intermediate number of 10-fold cluster suggests the 355 
existence of icosahedral-like packing. An ideal icosahedral has 6 5-fold symmetry axes, therefore the 356 
volume fraction of 10-fold clusters shown in Fig. 7d is overestimated, since the multiplication of symmetry 357 
axes was not accounted for. 358 

Previous VR-FEM studies measured the MRO cluster sizes of about 2 nm to 4 nm for Cu-Zr-based metallic 359 
glasses [33,38], and about 1 nm to 1.5 nm for a Pd-Ni-P glass [39]. Angular power spectrum studies on Zr-360 
Cu/Co-based glasses obtained MRO cluster sizes of 1 to 1.5 nm [40]. Here, we measured sizes range from 361 
0.6 to 1.3 nm with means of ~ 0.8 nm for MRO/SRO clusters with different types of symmetries in Pd-Si 362 
based glass, as shown in Fig. 7c. This might suggest that MRO clusters in Zr-late transition metal-based 363 
glasses are larger than Pd-non-metal-based glasses. However, these results are not strictly comparable as 364 
the quantities and objects being measured are different between VR-FEM and angular power spectrum or 365 
symmetry mapping. The beam sizes used in the various experiments are also not the same. In addition, 366 
symmetry coefficients are calculated from the second power (autocorrelation) of the intensity profile, which 367 
will tend to reduce the size compared to other measures that are linear in the intensity. The volume fraction 368 
measured here is comparable to the values reported from the angular power spectrum studies on Zr-Co-Al 369 
glass [20]. Therefore, symmetry mapping experiment holds great potential as a non-model-dependent 370 
alternative to VR-FEM and less and less artifact-prone alternative to angular power spectrum in studying 371 
the correlation between structural heterogeneities and mechanical properties or glass forming abilities 372 
[41,42]. 373 



Figure 8a is an enlarged area of the 7-fold symmetry map from the same data set showing an example of 374 
diffraction from overlapping clusters creating non-structural symmetry. Green and orange circles mark the 375 
positions of clusters in the 4- and 6-fold symmetry maps. They overlap with the red circle which marks the 376 
position of a 7-fold symmetry cluster. The two inset images on the left show the spatial averaged diffraction 377 
patterns of the two overlapping 4- and 6-fold clusters, with the speckles contributing to their symmetry 378 
coefficients circled. The inset image on the right is the spatial averaged pattern for the 7-fold cluster, which 379 
can be deconstructed into speckles that are also present in the 4-fold and 6-fold cluster diffraction patterns. 380 
Therefore, in this overlapping region, the electron beam traverses through the sample and encounters the 4-381 
fold and 6-fold clusters at different positions in the thickness. Due to the relative rotation between these 382 
two clusters, part of a 7-fold symmetric ring of speckles is produced. There is no seven-fold symmetric 383 
arrangement of atoms in the sample. 384 

A more systematic analysis shows that most of the observed 7- and 9-fold symmetric clusters arise from 385 
these kinds of random overlaps. We define a cluster as “non-overlapping” if more than 50% of the spatial 386 
pixels it contains are not part of a cluster with any other symmetry. This ensures that the non-overlapping 387 
clusters cannot be a result of half symmetry elements (e.g., 3-fold from 6-fold) or random overlaps. Figure 388 
8b shows that fraction of 2-fold symmetry clusters that are non-overlapping is larger than 25%. 3-, 4-, 5-, 389 
6- and 10-fold symmetries have non-overlapping fractions between 10% and 20%. 7- and 9-fold symmetries 390 
have non-overlapping fractions below 10%. 391 

 392 

Figure 8. (a) Enlarged area of the 7-fold symmetry map around a 7-fold cluster (red) overlaid 393 
with 4-fold (green), 6-fold (orange) cluster positions from the respective maps. Inset images 394 
show spatial averaged pattern from the three clusters marked by the white arrows; (b) fractions 395 
of non-overlapping clusters for different symmetry orders. 396 

Figure 9 shows the 2D spatial correlation function of the clusters with different symmetries calculated from 397 
the symmetry maps. The correlation function is defined as 𝐶𝐶2(𝑟𝑟) = 〈𝑆𝑆(𝒓𝒓′)𝑆𝑆(𝒓𝒓′ + 𝒓𝒓)〉𝒓𝒓′/〈𝑆𝑆(𝒓𝒓′)〉2 − 1 , 398 
where 𝑆𝑆(𝒓𝒓) is the intensity of symmetry maps. The 𝐶𝐶2’s show peaks at non-zero distance, indicating spatial 399 
correlations among clusters. 2-, 4-, 6- and 10-fold clusters show peaks at distances larger than 2 nm, 400 
suggesting the existence of ordered arrangement of TTPs, BSAPs and icosahedra at larger length scales, 401 
potentially corresponds to the connected network SROs structures found previously in metallic glasses from 402 
both experiments [6] and simulations [43–45]. All four structural even symmetries have different shapes of 403 
𝐶𝐶2 ’s with some peaks coinciding, suggesting different spatial correlations exists for different types of 404 
clusters but some of which originate from the same ordering. Measuring spatial correlations from 4D STEM 405 
symmetry mapping experiments have potential for studying larger length scale structural features in glasses 406 



and supercooled liquids such as chain-like connectivity of SRO clusters [46] and spatial heterogeneities 407 
[47]. 408 

 409 

Figure 9. 2D correlation functions of the symmetry maps at different symmetry orders. 410 

4. Summary 411 

Symmetry coefficient analysis of large, densely sampled 4D STEM data sets from amorphous materials 412 
can characterize the prevalence of different forms of rotationally symmetric local structures, including the 413 
size and density of local clusters with different symmetry. Simulated END dataset link the symmetry 414 
coefficients to the local atomic structure in atomistic models. Poisson noise leads to a minimum electron 415 
intensity requirement to obtain a well-converged estimate symmetry coefficients, although correcting for 416 
the noise-induced reduction in 𝑆𝑆(𝑛𝑛) decreases the minimum electron intensity threshold in both simulation 417 
and experiment. Symmetry coefficients also require sufficient sampling of each speckle in the diffraction 418 
pattern and benefit from high probe coherence. An operating parameter envelope for the electron intensity 419 
per pixel, the probe coherence, and the reciprocal space sampling to produce high quality correlation 420 
symmetry analysis and mapping with statistical significance was presented. Non-structural odd symmetries 421 
largely arise from the overlap of diffraction from separate clusters of atoms through the sample thickness. 422 
This effect can be reduced by probing a smaller sample volume by using a thinner sample or a smaller 423 
probe. An example large area 4D STEM symmetry mapping experiment on a Pd-based metallic glass thin 424 
film demonstrates the ability to analyze the types, sizes, volume fraction and spatial correlation of local 425 
atomic clusters as a function of their rotational symmetry. The results suggest the coexistence of both TTPs 426 
and BSAPs in the sample structure. These SROs potentially connect into networks and form MROs with 427 
sizes ranges from 0.6 to 1.3 nm.  428 

Appendix A: Poisson noise 429 

Symmetry coefficients sample the Pearson’s correlation of the intensity at different angles. The Pearson’s 430 
correlation is 𝜌𝜌 = �〈𝐼𝐼𝑖𝑖𝐼𝐼𝑗𝑗〉 − 〈𝐼𝐼𝑖𝑖〉2� �〈𝐼𝐼𝑖𝑖2〉 − 〈𝐼𝐼𝑖𝑖〉2�� , where 𝐼𝐼𝑖𝑖 is the intensity in each pixel on a ring segment 431 
that share the same magnitude of 𝑘𝑘, and 𝐼𝐼𝑗𝑗=𝑖𝑖+𝑜𝑜 is the intensity of the pixel that is 𝑑𝑑 pixels apart from 𝑖𝑖 in 432 
that ring. We decompose the intensity as 𝐼𝐼𝑖𝑖 = 𝐼𝐼0 + 𝑆𝑆𝑖𝑖 + 𝑛𝑛𝑖𝑖, where 𝐼𝐼0 is the ring mean intensity, 𝑆𝑆𝑖𝑖 is the 433 
deviation from 𝐼𝐼0, and 𝑛𝑛𝑖𝑖 is the Poisson noise intensity. The terms in the Pearson’s correlation become 434 



�𝐼𝐼𝑖𝑖𝐼𝐼𝑗𝑗� =
1
𝑁𝑁
��𝐼𝐼02 + 𝑆𝑆𝑖𝑖𝑆𝑆𝑗𝑗�
𝑖𝑖

, (A1) 

�𝐼𝐼𝑖𝑖2� =
1
𝑁𝑁
��𝐼𝐼02 + 𝑆𝑆𝑖𝑖2 + 𝑛𝑛𝑖𝑖2�
𝑖𝑖

, (A2) 

assuming that 𝑆𝑆𝑖𝑖  and 𝑛𝑛𝑖𝑖  are uncorrelated and 𝑛𝑛𝑖𝑖  and 𝑛𝑛𝑗𝑗  are uncorrelated. Substituing into the Pearson’s 435 
correlation definition gives 436 

𝜌𝜌 =
〈𝑆𝑆𝑖𝑖𝑆𝑆𝑗𝑗〉

〈𝑆𝑆𝑖𝑖2〉 + 〈𝑛𝑛𝑖𝑖2〉
. 

(A3) 

For Poisson noise of electron detection, the noise variance equals to mean electron intensity, so 〈𝑛𝑛𝑖𝑖2〉 = 𝐼𝐼0. 437 
Thus Eq. A3 can be written as 438 

𝜌𝜌 =
〈𝑆𝑆𝑖𝑖𝑆𝑆𝑗𝑗〉

〈𝑆𝑆𝑖𝑖2〉 + 𝐼𝐼0
=

〈𝑆𝑆𝑖𝑖2〉
〈𝑆𝑆𝑖𝑖2〉 + 𝐼𝐼0

⋅
〈𝑆𝑆𝑖𝑖𝑆𝑆𝑗𝑗〉
〈𝑆𝑆𝑖𝑖2〉

. 
(A4) 

The second fraction term is the Pearson’s correlation without noise 𝜌𝜌0 as defined by Eq. 1, giving  439 

𝜌𝜌 =
1

1 + 𝐼𝐼0/〈𝑆𝑆𝑖𝑖2〉
⋅ 𝜌𝜌0. (A5) 

Consider the ring variance 𝑉𝑉𝑟𝑟 = 〈𝑆𝑆𝑖𝑖2〉/𝐼𝐼02, as defined in ref [28]. Eq. A5 can then be written as 440 

𝜌𝜌 =
1

1 + 1/𝐼𝐼0𝑉𝑉𝑟𝑟
⋅ 𝜌𝜌0. (A5) 

Following Eq.2, this gives us the functional form of Poisson noise influence on symmetry coefficients 441 
defined by Eq. 3. 442 
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