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Abstract Electron correlation microscopy (ECM) characterizes local structural relaxation dynamics in 
fluctuating systems like supercooled liquids with nanometer spatial resolution. We have developed a new 
type of ECM technique that provides moderate resolution in momentum transfer or k space using five-
dimensional scanning transmission electron microscopy. k-resolved ECM on a Pt57.5Cu14.7Ni5.2P22.5 metallic 
supercooled liquids measures rich spatial and momentum structure in the relaxation time data 𝜏𝜏(𝒓𝒓,𝒌𝒌). 
Relaxation time maps 𝜏𝜏(𝒓𝒓) at each azimuthal k are independent samples of the material’s underlying 
relaxation time distribution, and 𝜏𝜏 of radial k shows more complex behavior than the de Gennes narrowing 
observed in analogous X-ray experiments. We have determined the requirements for electron counts per k-
pixel, number of k-pixels per speckle, and time sampling to obtain reliable k-resolved ECM data. 

Keywords: 5D STEM; electron correlation microscopy; supercooled liquids dynamics; k-dependent 
dynamics 

1. Introduction 

Electron correlation microscopy (ECM) studies local relaxation dynamics in supercooled liquids (SCLs) 
and potentially other fluctuation systems using time-resolved coherent electron nanodiffraction [1,2]. 
Speckle patterns created by coherent electron scattering encode the structure of small volumes of atoms in 
the sample. The fluctuation of speckle intensity in time arises from changes in structure and can be used to 
analyze the structural relaxation dynamics. ECM experiments have been carried out primarily in a tilted 
dark field (TDF) transmission electron microscopy (TEM) configuration. The spatially resolved parallel 
illumination of TDF type ECM enables characterization of localized dynamics at nanometer scale [3]. Using 
this configuration, ECM was used in studying the fast surface dynamics of metallic SCLs [4] and phase-
composition dependent dynamics [5]. A major drawback of TDF type ECM is its lack of momentum-
transfer- or k-resolution: TDF TEM experiment collects and integrates the diffracted intensity from a single 
k region defined by the objective aperture, typically placed at the first diffraction ring of the sample. This 
geometry means the relaxation time measurement depends on only one k (or an average of k’s that fit 
through the aperture), which represent only a subset of the entire system’s dynamics. Nakazawa and 
Mitshuishi recently implement ECM using in situ four-dimensional scanning transmission electron 
microscopy (4D STEM) [6], but a relatively slow camera and data analysis that started by reconstructing 
virtual aperture TDF images meant no increase in k resolution. 

Relaxation dynamics in SCLs are spatially heterogeneous [7–9], meaning that the SCL is comprised of a 
distribution of nano-sized dynamic domains, each of which has different characteristic relaxation time. 
Each of those domains has the potential to diffract at different k, given potential differences in orientation 
and internal structure. By confining accessible dynamics to only one k defined by the objective aperture, 
TDF type ECM limits the number of dynamic domains studied and might lead to incomplete dynamic 
distribution due to the lack of sampling. Careful examination of the dynamic heterogeneity from a complete 
distribution is of great importance to study the relaxation behavior and glass transition [10–12]. Relaxation 
dynamics in SCLs also show different k-dependencies in different dynamics regimes under different 



temperatures [13] or atomistic or molecular details [14,15]. k-resolved dynamics in metallic SCLs and 
network glasses have been studied using X-ray photon correlation spectroscopy (XPCS) [16,17], showing 
the importance of studying k-dependent dynamics in understanding the complex relaxation mechanisms. 
For multicomponent glass, k-dependent dynamics can indicate structural- and compositional dependency 
in relaxation dynamics. 

Here, we develop the experiment and analysis protocol for five-dimensional scanning transmission electron 
microscopy (5D STEM) type ECM that captures both real space- and k-resolved relaxation dynamics and 
apply this method to Pt57.5Cu14.7Ni5.2P22.5 metallic SCL. Experimental requirements for electron counts, the 
number of k pixels that sample each speckle, and the time sampling are described. We find that a set of 
relaxation time measurements computed from speckles at the same k magnitude but at different azimuthal 
angles show different values and spatial domain patterns, but they have the same mean and log-normal 
statistical distribution. These results confirm that different domains in the SCL diffract in different 
directions and demonstrate that an abundance of information can be obtained from a single 5D STEM 
acquisition. Potential applications utilizing the 5D STEM ECM are discussed, including studying 
momentum-transfer-dependent and time-dependent dynamic processes. 

2. Methods 
2.1 Sample preparation 

Pt57.5Cu14.7Ni5.2P22.5 metallic glass nanowires were synthesized using nanomoulding method as described in 
[18]. The as-fabricated nanowires were attached to a substrate plate of the bulk metallic glass with the same 
composition. The plate was first rinsed with deionized water and isopropyl alcohol. Then the plate was 
immersed in methanol and sonicated for 15 min to release the nanowires. The nanowire dispersion in 
methanol was dropped onto a DENSSolutions Wildfire TEM heating chip using a micropipette. We dropped 
1.5-1.8 µL at a time for 10-12 drops with 5 min interval to allow methanol evaporation. The TEM sample 
was plasma-cleaned in 20 psi Ar + O2 for 10 min to remove organic residues. We then deposited 10 nm 
thick amorphous carbon layer to prohibit fast surface dynamics [4]. 

2.2 5D-STEM experiments and data analysis 

The 5D STEM experiments are performed on a 200 kV FEI Titan G2 microscope operated in micro-probe 
STEM mode. A probe convergence angle of 1.53 mrad was used, generating a probe size of 1 nm. Spot size 
5 was chosen for the experiments to obtain a relatively high probe current of 25 pA while maintaining 
enough partial coherence [19,20]. The sample is heated to the designated temperature via a DENS Wildfire 
heating holder. Nanodiffraction patterns were acquired using an ultrafast DE-Celeritas camera [21] at 256 
by 128 readout area. The scan controller system for 4D and 5D STEM acquisition is described in [22]. 

Figure 1 is a schematic of 5D STEM acquisition and ECM analysis. A coherent probe is scanned across the 
region of interest in a 2D grid and a 2D diffraction pattern is collected at each scan position. The 4D STEM 
scan is repeated without interruption. This creates a five-dimensional dataset 𝐼𝐼(𝒓𝒓,𝒌𝒌, 𝑡𝑡), where 𝒓𝒓 = (𝑥𝑥,𝑦𝑦) is 
the real space coordinate, 𝒌𝒌 = (𝑘𝑘𝑥𝑥,𝑘𝑘𝑦𝑦) is the reciprocal space coordinate, and 𝑡𝑡 is time. To correct for 
sample drift, the collected 5D dataset is registered along the real space axes using cross-correlation applied 
to a virtual dark field image time series computed from the 5D data. Since the diffraction frames are sparse 
in electrons and too low in intensity to be useful outside the first diffraction ring, the dataset is then polar 
transformed in reciprocal space axes into 𝐼𝐼(𝒓𝒓,𝒌𝒌𝒑𝒑, 𝑡𝑡), where 𝒌𝒌𝒑𝒑 = (𝑘𝑘𝑟𝑟,𝑘𝑘𝜙𝜙), 𝑘𝑘𝑟𝑟 is the radial component and 
𝑘𝑘𝜙𝜙 is azimuthal component. Only a strip of the polar transformed pattern covering 𝑘𝑘𝑟𝑟 from 0.3 Å-1 to 0.6 
Å-1 corresponding to the first peak in diffraction intensity is used for further analysis. 



 

Figure 1. Schematics of 5D STEM acquisition and k-resolved ECM analysis. Repeated cycles of 4D STEM 
acquisition create a 5D dataset. Raw data are preprocessed and compressed before being registered along 
the real space axes and polar transformed across the reciprocal axes. The intensity time correlation functions 
are calculated for each real and polar reciprocal pixel to extract relaxation times. 

To access the relaxation dynamics represented by the intensity fluctuations, time autocorrelation function 
of the diffracted intensities at each (𝒓𝒓,𝒌𝒌𝒑𝒑) pixel is calculated using 

𝑔𝑔2�𝒓𝒓,𝒌𝒌𝒑𝒑, 𝑡𝑡� =
〈𝐼𝐼�𝒓𝒓,𝒌𝒌𝒑𝒑, 𝑡𝑡′�𝐼𝐼�𝒓𝒓,𝒌𝒌𝒑𝒑, 𝑡𝑡 + 𝑡𝑡′�〉𝑡𝑡′

〈𝐼𝐼�𝒓𝒓,𝒌𝒌𝒑𝒑, 𝑡𝑡′�〉𝑡𝑡′
2 . (1) 

The time correlation function of the coherent diffraction intensity is fit to Kohlrausch–Williams-Watt 
(KWW) function [23] 

𝑔𝑔2(𝑡𝑡) = 1 + 𝐴𝐴 exp �−2 �
𝑡𝑡
𝜏𝜏
�
𝛽𝛽
�, (2) 

where 𝜏𝜏 is relaxation time, 𝛽𝛽 is the shape parameter related to dynamic heterogeneity [9], and 𝐴𝐴 is an 
instrument-dependent parameter related to probe coherence [24] and other factors. By fitting experimentally 
obtained 𝑔𝑔2�𝒓𝒓,𝒌𝒌𝒑𝒑, 𝑡𝑡� to the KWW function for each (𝒓𝒓,𝒌𝒌𝒑𝒑) pixel, we obtain real and reciprocal space 
resolved relaxation times 𝜏𝜏(𝒓𝒓,𝒌𝒌𝒑𝒑). 

The raw experimental data can have size from several hundred GB to a few TB. The raw data were 
preprocessed by dark and gain correction and setting pixels below a threshold value of 7 digital counts to 
zero. Then it is stored in a compressed format optimized for subsequent analysis [25]. The whole analysis 
procedure is parallelized on a high-performance computing cluster using the HpyerSpy [26] and pyXem 
[27] python packages. 

3. Results and Discussion 
3.1 Interpretation of relaxation times versus r and k 

ECM analysis from 5D STEM experimental data generates a data hypercube of relaxation times, 𝜏𝜏(𝒓𝒓,𝒌𝒌𝒑𝒑), 
which contains a rich amount of information. At fixed 𝒌𝒌𝒑𝒑, 𝜏𝜏(𝒓𝒓) represents the spatial distribution of the 



projection of dynamic domains that contains structures that diffract at 𝒌𝒌𝒑𝒑. This is illustrated in Fig. 2, where 
the dynamic domains marked red diffract to the same 𝒌𝒌𝒑𝒑 = 𝒌𝒌𝟏𝟏 , and 𝜏𝜏(𝒓𝒓,𝒌𝒌𝒑𝒑 = 𝒌𝒌𝟏𝟏)  maps the spatial 
distribution of that particular subset of dynamic domains. This geometry is analogous to TDF type ECM 
where the objective aperture is placed at 𝒌𝒌𝒑𝒑. One 5D-STEM experiment can obtain a large amount of 
relaxation time measurements equivalent to tens or hundreds of TDF experiments. On the other hand, at 
fixed 𝒓𝒓, 𝜏𝜏(𝒌𝒌𝒑𝒑) can be treated as a distribution of dynamic domains inside the probed volume at 𝒓𝒓 but 
separated in depth along the column of the sample illuminated by the probe. This is illustrated in the first 
column in Fig. 2, where domains marked with different colors at various depths diffracts at different 𝒌𝒌𝒑𝒑. 
Due to the diffraction geometry, 𝜏𝜏(𝒌𝒌𝒑𝒑) lose all the spatial information regarding the position of the domains 
inside the thickness. 

 

Figure 2. Illustration of correspondence between relaxation measured at different 𝒓𝒓 and 𝒌𝒌 and different 
dynamic domain distributions in the sample. 

Figure 3a shows relaxation time maps of a Pt57.5Cu14.7Ni5.2P22.5 nanowire heated to 511 K (𝑇𝑇𝑔𝑔  + 4 K) 
reconstructed at different azimuthal 𝑘𝑘𝜙𝜙  but at the same radial 𝑘𝑘𝑟𝑟  = 0.46 Å-1. These maps are spatial 
representation of dynamic domains with structures that have similar interatomic distances but different 
orientations causing diffraction in different directions. They show heterogeneous domains with different 
characteristic times. While the overall relaxation time scale and length scale are similar, their microscopic 
details are different. Fig 3b shows that at a fixed spatial position, relaxation time varies with 𝑘𝑘𝜙𝜙. However, 
all of these data are drawn from the same underlying distribution of relaxation behavior. Fig. 3c shows the 
histograms of 𝜏𝜏(𝒓𝒓) at different 𝑘𝑘𝜙𝜙. They exhibit the same log-normal distribution, with the same median as 
ensemble relaxation time, indicating they are taken from the same dynamic ensemble [28]. This suggests 
the relaxation time maps 𝜏𝜏(𝒓𝒓) like the ones in Fig. 3a are independent samples of the dynamics of this 
nanowire, each of which is descriptive to the dynamics of the whole system at the corresponding 𝑘𝑘𝑟𝑟. We 
will use the median relaxation time calculated at each 𝑘𝑘𝜙𝜙  then averaged over all 𝑘𝑘𝜙𝜙  to represent the 
ensemble average relaxation time for the remainder of this paper. The dynamic dependency on 𝑘𝑘𝑟𝑟 will be 
discussed in a following section. 



 

Figure 3. (a) Relaxation time maps of Pt57.5Cu14.7Ni5.2P22.5 nanowire at 511 K from 𝑘𝑘𝜙𝜙 = 0.52, 1.40, 2.27, 
4.01, 4.89, and 5.93 rad with a fixed 𝑘𝑘𝑟𝑟 = 0.46 Å-1; (b) Measured relaxation times versus 𝑘𝑘𝜙𝜙 at a fixed real 
space position and 𝑘𝑘𝑟𝑟; (c) Histograms of relaxation times maps 𝜏𝜏(𝒓𝒓) from different 𝑘𝑘𝜙𝜙 at the same 𝑘𝑘𝑟𝑟. 

3.2 Effects of electron counts and time-sampling 

k-resolved ECM experiments push the capabilities of detectors, sources, and data handling, so obtaining 
reliable quantitative results requires careful consideration of the influence of experimental design on the 
quality and accuracy of the time autocorrelation function 𝑔𝑔2(𝑡𝑡) . The major source of experimental 
uncertainty in relaxation time measurement comes from noise in 𝑔𝑔2. The signal-to-noise ratio (SNR) of 𝑔𝑔2 
from a coherent scattering intensity time series is given by [29] 

𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐴𝐴 ⋅ 𝐼𝐼𝑒𝑒 ⋅ 𝑁𝑁 ⋅ 𝑡𝑡 ⋅ �𝑁𝑁𝑠𝑠, (3) 

where 𝐴𝐴 is the instrument-dependent parameter from Eq. (2), 𝐼𝐼𝑒𝑒 is the electron count rate in electrons per 
pixel per second, 𝑁𝑁 is the number of detector pixels used to calculate 𝑔𝑔2, 𝑡𝑡 is the exposure time of each 
frame (the inverse of detector frame rate), and 𝑁𝑁𝑠𝑠 is the number of time samples, which is also the number 
of 4D STEM scan cycles. To increase the SNR, one can simply perform longer experiments. However, 
acquiring long experiments can be infeasible due to limitations imposed by sample drift and data size [5]. 
In addition, if the total duration becomes comparable to the persistence time of the dynamic domains, one 
𝑔𝑔2 measurement would no longer be characteristic for a single relaxation time of one dynamic domain as 
described by Eq. (2) [30]. The electron count rate is controlled by both detector frame rate and probe current, 



but probe current cannot be increased without sacrificing probe coherence [19]. This leaves decreasing 
frame rate as the remaining way to increase the 𝑔𝑔2 SNR. 

Figure 4a compares 𝑔𝑔2 calculated from data acquired using 3600 fps and 19600 fps detector frame rate with 
all other parameters the same for a Pt57.5Cu14.7Ni5.2P22.5 nanowire at 519 K. Unlike the high count 𝑔𝑔2, the 
low count 𝑔𝑔2 displays higher noise level and barely shows a decay with time. Fig. 4b shows the average 
relaxation time at 519 K measured from datasets with different frame rates plotted against the electron 
counts per pixel in the first diffraction ring. The detector frame rates were 3600, 4900, 6400, 10000, 19600, 
and 40000 fps, and the scanning size and field of view is changed for each frame rate to keep a constant 
time sampling rate of 0.25 seconds per 4D scan. At low electron counts, the measured average relaxation 
time becomes very small value due to large 𝑔𝑔2 SNR. For electron counts above ~ 1 electron per pixel, the 
average relaxation time plateaus to a constant value that can be viewed as the high electron count limit. 
These results show that an electron count of at least 1 per pixel at the first diffraction ring should be used 
for k-resolved ECM experiments. 

 

Figure 4. (a) Example time autocorrelation functions 𝑔𝑔2  calculated from datasets with low and high 
electron counts; (b) Measured average relaxation times versus electron counts with fixed time sampling; (c) 
Measured average relaxation times versus time step with fixed electron counts as a function of time 
sampling. Error bars in (b) and (c) are standard deviations of many different azimuthal k. 



Changing frame rate influences the time sampling of the experiments as well as the electron counts. In TDF 
ECM, a minimum time sampling rate of 0.1τ was found to be required [2]. As the time step between each 
frame grows larger, sampling of the relaxation events eventually becomes inadequate. Fig. 4c shows the 
effect of time sampling rate for 5D-STEM type ECM. The time step is adjusted during analysis, while the 
electron count is fixed by using a single experimental dataset collected at the frame rate of 3600 fps. The 
measured average relaxation time diverges once the time step between each 4D scan becomes larger than 
1/20 relaxation time, twice the requirement of TDF-ECM. This may reflect lower counts in the 5D STEM 
experiment, but it may also arise because the 5D STEM intensity time series at one position is not 
continuous. These results suggest that, on average, each relaxation event should be sampled at least 20 
times to obtain a reliable measurement. 

The following inequalities summarize the constraints on the acquisition parameters for a reliable, 
quantitative 5D-STEM experiment for k-resolved ECM: 

𝑁𝑁𝑥𝑥𝑁𝑁𝑦𝑦
𝑓𝑓

< 0.05𝜏𝜏, (4) 

𝐼𝐼𝑠𝑠
𝑓𝑓𝑁𝑁𝑑𝑑

> 1. (5) 

𝑁𝑁𝑥𝑥, 𝑁𝑁𝑦𝑦 are scanning size in each scan direction, 𝑓𝑓 is the detector frame rate, 𝐼𝐼𝑠𝑠 is the diffracted electron 
current (in electron per second) which depends on the probe current, sample composition and thickness, 
and 𝑁𝑁𝑑𝑑 is the number of detector pixel in the first diffraction ring. 𝜏𝜏 is the ensemble average relaxation time 
to be measured, which must be known, or at least estimated from, for example, viscosity data. Eq. 4 
represents the time sampling requirement and Eq. 5 represents the electron counts requirement. In practice, 
it might be unfeasible to satisfy these two requirements while maintaining enough spatial sampling, in 
which case a time sampling rate of 0.1τ can be used instead. As shown in Fig. 4c, less than 10% of deviation 
in relaxation time measurement is observed between time steps of 0.05τ and 0.1τ. 

3.3 Azimuthal k sampling 

Next we consider how many pixels are needed in a 5D STEM diffraction pattern for ECM. Can ECM be 
performed with small format detectors? What are the limits on reducing detector pixels to increase readout 
or binning pixels pre- or post-acquisition to increase electrons counts? In general, it is preferable to bin the 
polar transformed data 𝜏𝜏(𝒓𝒓,𝒌𝒌𝒑𝒑) in the azimuthal 𝑘𝑘𝜙𝜙 direction, rather than radial 𝑘𝑘𝑟𝑟, because an isotropic 
SCL will have no preferred 𝑘𝑘𝜙𝜙 , but different 𝑘𝑘𝑟𝑟  may correspond to scattering by different interatomic 
spacings. Fig. 5a demonstrates the value of increased signal from 𝑘𝑘𝜙𝜙 binning by comparing 𝑔𝑔2 calculated 
from data with no binning and from data binned by 8 in 𝑘𝑘𝜙𝜙. 𝑔𝑔2 from binned data shows improved SNR 
without changing the shape of 𝑔𝑔2.  

However, it is possible to use pixels that are too large compared to the size of the speckles, which is set by 
the probe convergence angle. Fig. 5b shows the measured average relaxation time versus Δ𝑘𝑘𝜙𝜙/𝑘𝑘𝑐𝑐, the ratio 
between the pixel size Δ𝑘𝑘𝜙𝜙  and probe convergence angle 𝑘𝑘𝑐𝑐 , where Δ𝑘𝑘𝜙𝜙  has been adjusted by post-
acquisition binning of originally finely-sampled data. At small pixel size, increasing Δ𝑘𝑘𝜙𝜙 increases SNR, 
resulting in more accurate relaxation time measurement. This effect is more pronounced for data with lower 
electron counts, as seen by comparing 19600 fps and 10000 fps data. However, as the pixel size increases, 
the measured relaxation time does not converge but instead keeps increasing. Once the bin size becomes 
larger than the convergence angle or the speckle size, i.e. Δ𝑘𝑘𝜙𝜙/𝑘𝑘𝑐𝑐 > 1, fluctuations of intensity from nearby 
diffraction speckles are summed in a single measurement, which appears to result in 𝑔𝑔2 that are more 



strongly influenced by events with longer 𝜏𝜏, making measured average relaxation time artificially larger. 
Fig. 5c shows this effect in binned diffraction patterns. For Δ𝑘𝑘𝜙𝜙/𝑘𝑘𝑐𝑐 < 1, the binned data show higher SNR 
with little to no loss in speckle features, but for Δ𝑘𝑘𝜙𝜙/𝑘𝑘𝑐𝑐 > 1, neighboring diffraction features are merged 
causing loss of information. Therefore, 𝑘𝑘𝜙𝜙 ≲ 𝑘𝑘𝑐𝑐 is optimal for increasing SNR without reducing sensitivity 
to diffraction intensity fluctuation. 

 

Figure 5. (a) Example time autocorrelation functions 𝑔𝑔2 calculated from dataset with no binning and a 
binning factor of 8 in azimuthal k direction; (b) Measured average relaxation times versus the ratio of 𝑘𝑘𝜙𝜙 
bin size to convergence angle for 10000 and 19600 fps data. Error bars are standard deviations of many 
different azimuthal k; (c) An example polar transformed diffraction pattern at 4 different 𝑘𝑘𝜙𝜙. 𝑘𝑘𝜙𝜙 and 𝑘𝑘𝑟𝑟 
axes are not to on the same scale. 

3.4 Application of k-resolved ECM 



A major advantage of k-resolution from 5D-STEM type ECM experiments is the ability to study 
momentum-transfer-dependent dynamics. Fig. 6a shows the ensemble average relaxation time versus 𝑘𝑘𝑟𝑟 
for Pt57.5Cu14.7Ni5.2P22.5 SCL measured at 511 K. Data acquired in this k range all have intensities above 1 
electron count per pixel, therefore the measured relaxation time is independent of electron counts according 
to Fig. 4b. The relaxation time shows a peak shape profile with peak around the first diffraction peak of 
electron diffraction. This behavior is similar to de Gennes narrowing observed in various glassy systems 
[15,31]. However, it does not coincide exactly with the diffraction peak, suggesting a more complex 
mechanism perhaps due to composition/structure dependent dynamics. A similar attempt in studying 
structure-dynamic relationships has been made recently using virtual reconstruction of in situ 4D STEM 
acquisitions and correlatively comparison with diffraction intensity variance [32]. 

The relaxation mechanism studied by k-dependent dynamic using XPCS and neuron scattering utilizes a 
larger k-range than just the first diffraction peak [17,33,34]. While 5D STEM type ECM can only 
characterize relaxation time in a narrower k-range (the first diffraction peak) due to the weak signal outside 
that range, it provides microscopic spatial information of the relaxation dynamics. Connecting the length 
scale and time scale of the relaxation dynamic is critical to understanding the slowdown of dynamic during 
glass transition [35]. Fig. 6b shows the average relaxation domain size 𝜉𝜉𝜏𝜏 versus relaxation time at 511 K. 
The domain size 𝜉𝜉𝜏𝜏 is measured by calculating the spatial autocorrelation function of the relaxation time 
maps 𝜏𝜏(𝒓𝒓) and fitting it to a 2D Gaussian function. The FWHM of the Gaussian function is used as 𝜉𝜉𝜏𝜏. We 
can see 𝜉𝜉𝜏𝜏 vs. 𝜏𝜏 at this one temperature appears to have two branches of scaling corresponding to the lower 
k and higher k legs of the diffraction intensity peak, respectively. They both exhibit power law dependences 
consistent with conventional dynamic scaling [36–38]. This bifurcation of 𝜉𝜉𝜏𝜏(𝑡𝑡) scaling is potentially due 
to differences in compositional and structural detail between low and high k, although the range of time 
scales and length scales studied here is too small to draw strong conclusions. 

 

Figure 6. (a) Measured average relaxation time versus 𝑘𝑘𝑟𝑟 for Pt57.5Cu14.7Ni5.2P22.5 SCL at 511 K. Gray line 
is diffraction intensity profile 𝐼𝐼(𝑘𝑘); (b) Log-log plot of dynamic length scale represented by dynamic 



domain size 𝜉𝜉𝜏𝜏  versus average relaxation time at each 𝑘𝑘𝑟𝑟 . Error bars are standard deviations of many 
different azimuthal k. 

The multi-dimensionality of 5D STEM also enables calculation of higher order correlation functions, such 
as two-time correlation function (TTCF). TTCF can be used to characterize non-equilibrium and therefore 
time dependent dynamic processes such as aging and rejuvenation [39–41]. TTCF is calculated from 5D 
dataset by 

𝐺𝐺(𝑡𝑡1, 𝑡𝑡2) =
〈𝐼𝐼(𝑡𝑡1)𝐼𝐼(𝑡𝑡2)〉𝑘𝑘
〈𝐼𝐼(𝑡𝑡1)〉𝑘𝑘〈𝐼𝐼(𝑡𝑡2)〉𝑘𝑘

, (5) 

where 𝑡𝑡1, 𝑡𝑡2 are two times, and the 〈… 〉𝑘𝑘 average is performed over all k pixels in the first diffraction ring. 
Fig. 7a shows TTCF at one spatial position for Pt57.5Cu14.7Ni5.2P22.5 measured at 511 K. The bright spots on 
the diagonal line 𝑡𝑡1 = 𝑡𝑡2  represent individual relaxation events inside the probed volume at this scan 
position. Fig. 7b shows positional averaged TTCF for the entire nanowire. The width of the diagonal band 
marked by the white lines is proportional to the average relaxation time at each time elapse during the 
acquisition[42]. The width fluctuates slightly, suggesting the sample was in (metastable) equilibrium during 
the experiment, although the slight widening at the end might indicate intermittent physical aging [43] or 
perhaps the onset of fluctuations leading to crystallization. 

 

Figure 7. (a) TTCF at one spatial position for Pt57.5Cu14.7Ni5.2P22.5 SCL measured at 511 K; (b) Spatial 
averaged TTCF for a Pt57.5Cu14.7Ni5.2P22.5 nanowire sample at 511 K. White lines are contours when 
𝐺𝐺(𝑡𝑡1, 𝑡𝑡2) − 1 decays to 1/𝑒𝑒2 of 𝐺𝐺(𝑡𝑡1 = 𝑡𝑡2). 

4. Conclusion 



We performed momentum-transfer-resolved ECM using 5D STEM acquisition on glassy 
Pt57.5Cu14.7Ni5.2P22.5 nanowires heated above glass transition temperature. Reconstruction of relaxation time 
data hypercube 𝜏𝜏(𝒓𝒓,𝒌𝒌) provides dynamic information resolved in both real- and momentum-transfer-space. 
The experimental condition required for a reliable measurement of average relaxation time is determined. 
A guideline described by two inequalities is provided for experimental design of 5D STEM type ECM. The 
experimental parameters are limited by the electron count, which should preferably be higher than one 
electron per pixel at the first diffraction ring, and the time sampling, which needs to be faster than one 4D 
scan every 0.1𝜏𝜏. Post-acquisition binning of data in 𝑘𝑘𝜙𝜙 direction is needed if the electron counts is low in 
raw data. A bin size around the speckle size or the probe convergence angle is ideal. From momentum-
transfer-resolved ECM experiment on Pt57.5Cu14.7Ni5.2P22.5 SCL at 511 K, we find that each 𝑘𝑘𝜙𝜙 slice of 
relaxation time data hypercube 𝜏𝜏(𝒓𝒓,𝒌𝒌) is an independent sample of the entire system dynamics, in that it 
shares the same statistical distribution with the whole dataset. Further analysis of 𝜏𝜏(𝑘𝑘𝑟𝑟)  and TTCF 
calculation show that this technique can be useful in investigating structure-dynamic relationships and time-
dependent dynamic processes such as aging. 
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