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Abstract 
 

Two-dimensional (2D) materials are among the most studied ones nowadays, because of their unique 

properties. They are made of single- or few-atom-thick layers whose variation in the stacking sequence 

may result in a variety of crystallographic structures, whether they are assembled by van der Waals 

forces or covalently bonded. Although identifying both the number of layers and the stacking sequence 

is of an utmost importance because of the driving role these parameters have on the properties, there is 

currently no technique available to do so. We demonstrate here that combining low energy (1-10 keV) 

electron diffraction with the usual high energy (> 50 keV) electron diffraction on the same 2D object is 

able to fill the gap. We illustrate this by taking the examples of a variety of 2D materials, built from 

either a single-type of atom with low Z-number such a graphene (C), or two types of atoms with low Z-

number such as diamane (C2H), or two types of atoms with high Z-number such as MoS2. Meanwhile, 

we propose a simplified method for comparing calculated patterns to experimental ones, and discuss 

the limitation of the technique.  
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1. Introduction  
 

Transmission electron microscopy (TEM) is often used for characterizing 2D layers. While the direct 

imaging is often not able to determine the stacking sequence, electron diffraction may have this ability. 

Taking the example of few-layer graphene (FLG), it is of an utmost importance to identify both the 

number of layers and the stacking sequence, because of the driving role these parameters have on the 

properties. For this purpose, analyzing the relative spot intensities of electron diffraction patterns 

(DPs) using a single wavelength selected within the 60-300 keV energy range is commonly used [1-

10] along with attempts to vary the number of layers [1,5,7,8] and the specimen tilt angle [2-4]. For 

instance, the determination of the stacking sequence in FLG was proposed by Ping and Fuhrer [7] to be 

achieved by analyzing the relative spot intensities in electron diffraction patterns, however requiring 

that the FLG to be analyzed exhibit incremental layer steps. As only one type of atoms is present, the 

relative intensities are not affected by the imaginary part of the atomic form factor because of its 

factorization. Moreover, multiple third-order scattering process, as proposed by Deb et al. [11] has no 

role here due to the absence of polarity in the primitive cell. Also, converting graphene films into other 

materials upon post-treatments is a synthesis route which is developing [10,12-16]. For MoS2, 

considering the imaginary part of the atomic form factor splits the 6-fold symmetry in two 3-fold 
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patterns, alternating strong and weak spots [17]. Although the relationship between weak peaks and 

atomic orientation is well understood, relying on the absolute intensity values is not straightforward 

because of others effects. For instance, multiple scattering events within thick, non-centrosymmetric 

crystals were recently proposed to be considered for estimating more accurately the scattered 

intensities [11]. 

Nowadays, multiwavelength electron diffraction analysis has become possible, thanks to the 

availability on market of TEM equipment able to operate between 5 and 300 kV. Therefore, it is of 

primary importance to know the differences between DPs obtained while varying electron wavelength. 

With pure carbon materials, an acceleration voltage of 80 kV is the maximum possible for reliable 

TEM observations due to the kinetic energy transfer from the incoming electrons to the atom nuclei 

(knock-on damage) [18]. As the H atoms involved in C-H bonds exhibit a mass difference of ~12, 

operating at 5 kV should ideally be the preferred choice for observing materials such as graphane and 

diamane as carried-out by Piazza et al. [19] for not inducing any irradiation damage. Thus, comparing 

materials to each other, or comparing a single material to itself after transformation, by investigating 

them at several electron wavelengths can be done although it requires some cautions. Consequently, in 

this paper, we discuss extensively the distribution of spot intensities in DPs while varying the electron 

energy in the 1-100 keV range for a selection of 2D materials. Meanwhile, the great benefit of 

performing multi-wavelength electron diffraction in the identification of stacking sequences in 2D 

materials is revealed. 

 

2. Theory 
 

2D materials exhibit the specificity of having the reciprocal spots corresponding to the material 

periodicities to be elongated perpendicularly to the thinned direction, and modulated according to the 

number of stacked layers (see Section 1 in Supplementary Information (SI)). In order to investigate the 

influence of varying the electron energy on the scattered intensities, we have simulated a selection of 

electron diffraction patterns (DPs) first considering graphene systems made of a variety of layer 

number N under various stacking configurations, such as A, AA, AB, ABA or ABC, while using an 

electron energy ranging from 100 to 1 keV. The relative positions of layers A, B, and C in the cell are 

reminded in SI (Section 2). 

DPs were obtained thanks to innovative calculation principles as follows (also see SI, Section 3): 
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2
        (1) 

where xi, yi and zi are the relative coordinates in the cell. Taking graphene as an example, it 

corresponds to 2 atoms in each plane when all planes are stacked in the z direction, where h and l are 

the Laue indices. qz is the vector in the reciprocal space involved in the diffraction process (see SI). 

With simple algebra, we obtain: 

𝑞𝑞𝑧𝑧 = 2𝜋𝜋
𝜆𝜆
− ��2𝜋𝜋

𝜆𝜆
�
2
− 𝐺𝐺2                                                                (2) 

where G is a vector of the reciprocal space in the (kxky) plane.  

For materials composed of only one type of atoms, the atomic form factor 𝑓𝑓𝑒𝑒𝑒𝑒𝑖𝑖(𝑞𝑞) can be 

factorized and its imaginary part does not change the phase of the summation in Eq.1. When several 

types of atoms form the primitive cell, the imaginary part of the atomic form factor acts differently: for 

carbon atom, the K absorption edge (the highest energy one) is around 280 eV only while the 𝑓𝑓(𝑞𝑞) 

module is changed by its imaginary part by less than 5×10-6. Consequently, for more energetic electron 

wavelengths such as those from most of studies including the present one, the imaginary part effect is 

negligible. Therefore, as long as low Z-number atoms are involved, such as for FLG, hydrogenated 

carbon structures (i.e., graphane, diamane…), or BN for instance, the imaginary part of atomic form 

factor plays nearly no role. Shevitski et al. [8] found 0.5% of scattering per graphene layer, supporting 

the fact that for few layers of graphene, multiple scattering can be neglected. 

In our approach, considering the in-plane extension to be infinite imposes on the reciprocal vector 

G to be in the plane. Along the z direction, the summation no longer involves a large number of cells 

as in regular calculations for 3D materials, but involves only few atoms. This approach is valuable 

thanks to its simplicity and rapidity. 

The reliability and relevance of the calculation principles described above were validated by 

comparing with the results obtained by a regular DP calculation software [20] (see SI, Section 4). 

Identical results were obtained. 

For materials involving more than a single type of atom and assuming an absorption edge in the 

range of 1 to 100 keV (starting from Na with Z=11), anomalous scattering has to be considered, 

leading to the additional contribution of the imaginary part. Thus, for 2D materials made of several 

different atoms as in transition metal dichalcogenides (TMDs), such as MoS2, the imaginary part of the 

atomic form factor can play a significant role and lift the symmetry (e.g., the 6-fold axis may become a 
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3-fold axis). Moreover, other effects can be present, such as multiple scattering events. Both effects 

will be discussed in detail in the following. 

Our calculation principle is simple and uses measured f(q) values.  The use of qz as defined by 

equation (2) has been suggested [8] but never incorporated in the calculation in such a way revealing 

the differences induced in the electron diffraction patterns by changing the energy of the incoming 

electrons regarding the distribution of the scattered intensities.  

 

3. Methods 
 

Suspended bi-layer (2LG) graphene films grown by chemical vapor deposition and deposited onto 3 

mm-diameter gold Quantifoil TEM grids were supplied from Graphenea 

(https://www.graphenea.com). The films are polycrystalline and were obtained from the successive 

transfer of two individual single-layer graphene. The resulting 2LG stacking sequence type therefore 

varies randomly across the film, with crystallite sizes not larger than 20 µm. 

Diamane was prepared by a low-temperature, pressureless hydrogenation process of the 2LG 

material above-mentioned according to the conditions reported in Piazza et al. [16]. 

Electron diffraction was carried-out using a low voltage (5 kV) table top transmission electron 

microscope equipped with a Schottky electron source from Delong Instruments. Electron diffraction 

patterns were obtained in selected area mode from 100 nm-large areas. 

The principles and basic equations for the calculations are provided in the Supporting Information.  

 

4. Application to 1- to 4-layer graphenes 
 

2D graphene materials exhibit DPs with two main rings, which will be named Ring1 (inner ring) and 

Ring2 (outer ring) respectively, both usually wearing 6 spots distributed according to a 6-fold 

symmetry (examples are plenty in the literature, and some will be provided later on). Examples of how 

the intensity features in the calculated DPs vary for the two rings, Ring1 and Ring2, for a selection of 

different stacking sequences involving up to 3 layers, when varying the electron energy continuously 

from 1 to 100 keV are provided in Figure 1.  

Considering plots such as in Figure 1 (and more reported up to 6 layers in Table S4 in SI) suggests 

that comparing spot intensities and intensity ratios should allow building an identification chart based 
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on varying the wavelength. As the results in the 60-100 keV range do not differ significantly 

(Figure 1), we propose as Table 1 such an identification chart by merely using 5 and 100 keV, 

respectively. Table 1 reports all the calculated intensity values for seven different stacking sequences. 

Interestingly, a given stacking sequence which does not exhibit any singularity at high electron energy 

value, making difficult its identification, can exhibit one at low electron energy value, or the other 

way. Therefore, identifying each of the stacking sequences, which was difficult or impossible so far 

when only using the standard 60-100 keV electron energies, now appears to be possible and easy by 

combining DPs at low and high electron energies when needed.  

In Table 1 are reported in bold the data which are believed to be characteristic of the stacking 

configurations considered. For some cases, e.g., bilayer graphene with AB stacking (2LG-AB), a 

single wavelength is enough (here for 5 keV), as it is the only case for which the three-fold symmetry 

appears strongly on Ring1, while the intensity difference between Ring1 (considering the strong spots) 

and Ring2 is low. It is worth noting, however, that the calculated Ring2/Ring1 intensity ratio values of 

0.9 and 3 reported here for 1LG and 2LG-AB, respectively, at 100 keV, is fairly consistent with both 

the experimental and calculated values of ~0.9 and ~3.5, respectively, obtained from Meyer et al. (at 

60 keV) [2], although the calculation method was different (Fourier Transform of the projected atomic 

potentials).  

In order to support what is claimed above and in the SI, examples of experimental DPs are shown 

and compared to calculated ones. On top of Figure 2 are provided calculated DPs obtained at 5 keV 

electron energy for the first three stacking configurations of Table 1 along with the corresponding 

experimental DPs at the bottom of the Figure, also obtained at 5 keV.  

The diffracted spot intensity features at 5 keV electron energy for single graphene (A, Figure 2a) in 

both the calculated and experimental DPs appear similar to what is reported in the literature for regular 

high energy (e.g., > 50 keV) DPs [1,2,22,23]. On the other hand, the intensity difference between 

Ring1 and Ring2 for 2LG-AA is enough to be discernible to eye in both the calculated and 

experimental DPs (Figure 2b), which could not be reported for high energy DPs of graphene in the 

literature, and has never been. Likewise, for 2LG-AB, the variation of the spot intensities along Ring1 

giving rise to a three-fold symmetry instead of the expected 6-fold one appears clearly (Figure 2c), 

whereas this intensity variation is too faint at high electron energy for having been observable and 

reported in the literature. The latter observations are unprecedented, they are fully consistent with what 

is reported in Figure 1 and Table 1, and therefore strongly support our claim.  
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5. Application to graphane and diamanes 
 

As another example of 2D materials, however built from more than a single type of atom, diamanes 

are now considered. Diamanes are obtained from the sp2-to-sp3 conversion of 2LG graphene promoted 

by a hydrogenation reaction on the basal plane on both faces [12,19]. 

With full hydrogenation, the graphene lattice parameter expands from 2.46 to ~2.53 Å. However, 

this parameter varies locally with the extent of hydrogenation, hence only using it to discriminate 

between the various forms of diamane, or graphane from diamanes, is not accurate, except to state that 

some hydrogenation event has happened. Surprisingly, Elias et al. [13], who claimed for the synthesis 

of graphane, observed a contraction of the lattice parameter from analyzing the DPs. This actually 

shows a deviation to perfect crystal and that genuine graphane was in fact not formed, and/or very 

likely modified due to the high electron energy used (300 keV). Indeed, graphane and diamanes are 

quite sensitive to electron irradiation for such a high energy (and even at lower energies, e.g., 60 keV), 

because of the light weight of H atoms and their resulting sensitivity to knock-on events promoted by 

the electron beam [14]. This prevents any reliable comparison between DPs obtained at low and safe 

electron energy (e.g., 5 keV) and at higher energies to be made. For such materials, DPs should be 

taken at very low electron energy. As a matter of fact, for fluorinated diamane, because F is heavier 

than C, hence than H, an electron energy of 80 keV was stated to be enough for maintaining the 

material stability and obtaining reliable DPs [10]. 

Because graphane and diamanes have a cubic or hexagonal structure with either the [111] or [001] 

axes perpendicular to the material foil plane, their DPs are expected to also exhibit the same two rings 

with 6-fold symmetry as FLG crystals. As the material contains two types of atoms, C and H, the 

atomic form factor cannot be factorized. However, as both atoms have a low Z number, the imaginary 

part plays a negligible role (see Table 2 with Ring1 differences less than 0.2 % evidenced for diamane-

AA). The same calculations as for FLGs were then made for graphane and diamanes, whose results are 

reported in Table 2: 

For graphane, it is interesting to see that, while no intensity variation could even be seen 

experimentally in Ring1 (Ring1(s)/Ring1(w) = 1.1) at 100 keV, the intensity ratio of the strong over 

weak spots is fortunately amplified up to 1.4 at 5 keV, i.e. at the estimated limit of the measurement 

reliability. This gives hope that the intensity variation could actually be seen and discriminated from 
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diamane-AA at 5 keV. On the other hand, diamane-AA discriminates fairly well from Diamane-AB at 

5 keV, thanks to both their Ring1(s)/Ring1(w) and Ring2/Ring1(s) ratios.  

 

6. Application to TMDs (MoS2) 
 

We have also applied our methodology to MoS2, as an example of TMDs, i.e., 2D materials built from 

two types of atoms, both with high Z numbers. TMDs are also materials resulting from the assembly of 

layers by van der Waals forces, as FLGs. Because each layer includes 3 sub-layers (1 Mo layer 

between 2 S layers) within which the relative spatial display of the atoms may vary, there are more 

structure variations than in graphene, and the overall atomic form factor is more complicate than for 

pure carbon material. In addition, due to the higher atomic numbers of the atoms involved, the energy 

of the incident wave in the 1-100 keV range can overlap some of the absorption edges of Mo and S 

(see Figure S5 in SI), leading to a substantial imaginary part of the atomic form factor. Moreover, as 

for hydrogenated carbon, it is not possible to factorize the atomic form factor; therefore, the imaginary 

part that we have estimated (see SI) contributes significantly to the absolute value of the scattered 

intensity. A complex atomic factor introduces a phase, and this phase modifies the exponential term, 

leading to lifting the degeneracy between 10 and 1�0 indices for example. The corrections related to the 

inelastic scattering can be easily incorporated with our methodology and we have included them as 

explained in the SI. The absorption edges are clearly visible in Figure 3a. Due to the existence of the 

two Mo and S sublattices, the lattice symmetry is reduced from 6-fold to 3-fold which can be used to 

obtain the crystallite orientation [17]. Because of both the variety of cases and the several effects 

which have to be considered, we will not provide the same detailed analysis as for the graphene system 

above. To use the data from the literature, we focus our attention to the 1H-structure of monolayer 

MoS2. Other cases (1T, and several layers) are reported in SI. In Figure 3, our calculation shows 

anomalies due to the imaginary part of the atomic form factors, which are seen to perturbate the 

intensity versus energy curves at ~2.5 and 20 keV. They correspond to the energy values of the K and 

L adsorption edges for both S and Mo (see Figure S5 in SI). Also, multiple scattering events play a 

role at high incident electron energy in the case of MoS2, hence they have to be considered [11]. Thus, 

we have plotted the Ring1(s)/Ring1(w) intensity ratio in Figure 3b. Both the imaginary part of the 

atomic form factor (blue curve) and multiple-scattering effects (magenta curve, see Figure 3b) prevent 

our method to be used in the same univocal and easy way as for graphene and diamanes.  
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Thus, using our methodology for TMDs is possible provided a full calculation specific to each TMD 

and including the imaginary part and the multiple scattering effects is carried-out. This is beyond the 

scope of this study. 

 

7. Conclusions 
 

We showed how the relative intensities between the various spots in diffraction patterns of 2D 

materials made of a single type of atom can be easily obtained for a large range of incident electron 

wavelengths (energies) by factorizing the imaginary part of the atomic form factor. The study revealed 

major discrepancies between the intensity distributions obtained at low (e.g., 1-10 keV) and high (e.g., 

> 50 keV) energies. This suggested that combining both could be an efficient technique to identify 

stacking sequences in few-layer graphenes (C), which considering a single high energy electron source 

cannot do. Our methodology was demonstrated to be also valid for more complex 2D materials such as 

diamanes (C2H), and is predicted the same for other 2D materials made of atoms with low Z number 

(below Na) such as h-BN, because the imaginary part of the related atomic form factors can be 

neglected. Our approach remains simple and easy as long as the multiple-scattering effects also remain 

negligible. On the other hand, although the principle remains valid for 2D materials made of atoms 

with high Z-numbers such as transition metal dichalcogenides (illustrated by MoS2), the simplified 

calculation method proposed here cannot be used, and attention has to be paid not to overlap the 

absorption edges of the atoms involved. 

More generally speaking, the novelty and input of our work regarding the study of 2D materials 

(hence with a limited number of layers so that to minimize the multiple scattering events) is then 

quadruple: (i) it reveals the differences induced in the electron diffraction patterns regarding the 

distribution of the scattered intensities when changing the energy of the incoming electrons. Among 

other implications, this means that comparing results from different papers which use different electron 

energies should be made carefully; (ii) it introduces a simplified method to obtain calculated electron 

diffraction patterns; (iii) it proposes to consider combining both low and high electron energy 

diffractions as a new technique to study 2D materials; (iv) it reveals that, should a single electron 

energy be used (because of time constraints, equipment availability, or material sensitivity to 

irradiation) low energy (1-10 keV) is preferable as more able to reveal characteristic features in in the 

diffracted spot intensity variation. 
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Supporting Information are provided, reminding the basics on the possible stacking sequences in 

graphene, giving details on the methodology proposed to calculate spot intensities in the diffraction 

patterns, and providing further data. 
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Fig. 1 Calculated variation of the diffracted spot intensities while continuously varying the electron 
energy from 1 to 100 keV, and for various stacking sequence types in graphene. Intensities are that for 
a single spot from each ring, Ring1 (blue line and circles) and Ring2 (red line and diamonds). When a 
three-fold symmetry of the intensity distribution appears on Ring1, two intensity values are provided 
corresponding to that of one of the weak spots (solid circle) and one of the strong spots (open circle), 
respectively. Intensities specifically obtained for electron energies of 5, 60, 80, and 100 kV TEM 
acceleration voltage are marked, for easier recognition. For AB and ABC stacking, the weak intensity 
corresponds to 10 or 100 Laue indices, which can be used to determine the FLG in-plane orientation 
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Stacking  
sequence 

5 keV 100 keV 
Ring 1 
weak 

Ring1 
strong 

Ring1(s)/ 
Ring1(w) 

Ring2 Ring2/ 
Ring1(s) 

Ring1 
weak 

Ring1 
strong 

Ring1(s)/ 
Ring1(w) 

Ring2 Ring2/ 
Ring1(s) 

A 0.784 1 0.695 0.9 0.784 1 0.695 0.9 

AA 1.505 1 0.940 0.6 1.564 1 1.367 0.9 

AB 0.157* 0.689 4.4 0.940 1.4 0.335* 0.451 1.3 1.367 3 

ABA 0.665  1 0.674 1 0.778 1 1.994 2.6 

ABC 0.093* 0.150 1.7 0.674 4.5 0.005* 0.006 ∼1 1.994 332 

ABAB 0.267* 1.166 4.4 0.234 0.2 0.665* 0.896 1.3 2.556 2.9 

ABCA 0.020 0.201* 10 0.234 1.2 0.162 0.220* 1.4 2.556 ∼12 

    * is along the 10(0) direction. 
 
Table 1 Identification chart for a series of possible stacking sequences in graphene up to 4 layers 
(additional cases up to 6 layers in Table S4 in SI) for DPs obtained for electron energies of 5 and 100 
keV respectively. Data in bold are assumed to be characteristic of the stacking sequence considered. 
Intensities reported are that of a single spot for each spot series (Ring1(weak), Ring1(strong), Ring2). It is 
considered that an intensity ratio in the range ~0.7-1.4 cannot provide an intensity difference high 
enough for being visible to eye, and can be misled by intensity variations due to local deformations 
(so-called corrugations [2,3]), although such corrugations rapidly become unlikely as the number of 
stacked graphene increases because of the exponential increase of the resulting bending modulus [21]. 
Detailed comments are provided in SI (Section 4) 
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Fig. 2 Examples, for a 5 keV electron energy, of calculated (above, using XaNSoNS, corrected by 
considering the electron cloud) and experimental (below, on 2LG materials) electron DPs. (a) Single 
graphene, where all spot intensities on Ring1 are equal and also equal to that on Ring2; the 
experimental DP (bottom) actually exhibits two monolayers incoherently stacked, since twisted with a 
6° angle. (b) 2LG-AA, where all spot intensities on Ring1 are equal and slightly higher than that on 
Ring2. (c) 2LG-AB, where the spot intensities on Ring1 are distributed according to a three-fold 
symmetry, i.e. with an alternance of strong and weak spots, whereas all spot intensities on Ring1 are 
lower than that on Ring2. Actual intensity values are provided in Table 1. Scale bars are 5 nm-1 
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Stacking 
sequence 

‖𝐚𝐚�⃗ 𝟏𝟏‖ 
[Å] 

5 keV 100 keV (but unstable under electron beam) 
Ring1 
weak 

Ring1 
strong 

Ring1(s)/ 
Ring1(w) 

Ring2 Ring2/ 
Ring1(s) 

Ring1 
weak 

Ring1 
strong 

Ring1(s)/
Ring1(w) 

Ring2 Ring2/ 
Ring1(s) 

Graphane 
 

2.53 0.511* 0.714 1.4 0.539 0.8 0.590* 0.633 1.1 0.561 0.9 

Diamane 
AA 

2.52 1.364* 1.362 1 1.04 0.8 1.393* 1.393 1 1.24 0.9 

Diamane 
AB 

2.53 0.056* 0.362 6.5 1.03 2.8 0.140 0.205* 1.5 1.228 6 

* is along the [10(0)] direction 

Table 2 Identification chart for graphane and diamanes. Intensities reported are that of a single spot for 
each spot series (Ring1(weak), Ring1(strong), Ring2) for DPs obtained for an electron energy of 5 or 100 
keV, respectively. It is considered that an intensity ratio in the range ~0.7-1.4 cannot provide an 
intensity difference high enough for being visible to eye, and can be misled by intensity variations due 
to local deformations, specifically for a single layer material such as graphane (also see Table 1 
caption) 
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Fig. 3 (a) Variation of the calculated diffracted spot intensities while continuously changing the 
incident electron energy from 1 to 100 keV for MoS2. Intensities are that for a single spot from each 
ring, Ring1 (blue line and circles) and Ring2 (red line and diamonds). Intensities specifically obtained 
for electron energies of 5, 60, 80, and 100 kV TEM acceleration voltage are marked, for easier 
recognition. (b) Intensity ratio deduced from part (a) (blue line) and from multiple scattering events 
[11] 
 

 


