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Abstract - Transition metal phosphorous trisulfides (TMPTs) are inorganic materials with inherent magnetic 

properties. Due to their layered structure, they can be exfoliated into ultra-thin sheets, which show 

properties different from their bulk counterparts. Herein, we present a detailed analysis of the interaction of 

the electron beam (30 – 80 kV) in a transmission electron microscope (TEM) with freestanding few-layer 
TMPTs, with the aim to tailor their properties. The irradiation-induced structure modifications were 

systematically investigated by various TEM methods on FePS3, MnPS3, and NiPS3, and the results are 

rationalized with the help of ab-initio calculations, which predict that the knock-on threshold for removing 

sulfur is significantly lower than that for phosphorus. Therefore, a targeted removal of sulfur is feasible. 

Eventually, our experiments confirm the dose-dependent, predominantly removal of sulfur by the impinging 

electrons, thus showing the possibility to tune the sulfur concentration. Using ab-initio calculations, we 

analyze the electronic structure of the TMPTs with single vacancies and oxygen impurities, and predict 

distinct electronic properties depending on the type of defect. Therefore, our study shows the possibility of 
tuning the properties of ultrathin freestanding TMPTs by controlling their stoichiometry.  

1. INTRODUCTION 
Two-dimensional (2D) materials exhibit a variety of intriguing electronic, optical, and magnetic properties1–

4. Moreover, by combining individual layers5,6, heterostructures with unique characteristics can be 

designed5,7–10. One promising class of 2D materials with interesting properties is transition metal 

phosphorous trichalcogenides11–13 (TMPTs). They show a large variety in band gaps,14,15 ranging from 1.5 
eV to 3.0 eV16,17, and the chemical elements they consist of are largely earth abundant and nontoxic18, 

which makes them suitable candidates for optoelectronic applications19,20. Specifically, TMPTs show 

inherent magnetic properties. They belong to the recently investigated antiferromagnetic 2D materials21–23, 

as the magnetism persists down to the few-layer limit24,25, suggesting them as testbeds for studying the 

fundamental aspects of 2D magnetism18,26. Moreover, the layered structure of TMPTs makes few-layer and 

bulk systems excellent candidates for intercalation by ions or molecules. Consequently, they are suitable 
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materials also for energy storage27–30,31. In particular, due to the high binding energy of Li to their surface, 

applications of TMPTs as anode materials in Li-ion batteries have already been predicted32,33. 

First theoretical and experimental studies showed the possibility of tailoring the properties of these 

materials. As an example, cooperative spin-crossovers and semiconductor-to-metal transitions were 

observed in MnPS3 and MnPSe3 under high pressure34. At the same time, TMPTs have not yet been 

intensively analyzed experimentally to understand defect-induced properties, although the theoretical 

studies on single-layers predicted intriguing defect-induced changes in the electronic and magnetic 
properties of the materials, e.g. the inclusion of spin-split mid-gap states in MnPS335. Furthermore, in several 

studies36–38 stacking faults were reported for various bulk TMPTs, and it was shown that the properties (i.e. 

thermal conductivity) of the materials are strongly altered by these defects39,40, however, no detailed studies 

on the effect of these faults on few-layer systems are given in the literature.     

Transmission electron microscopy (TEM) is a particularly useful tool for probing41–44, modifying and 

tailoring45–49 the properties of freestanding nanosheets with energetic electrons. This technique allows 

gaining chemical and crystallographic information from the materials, which can be correlated with each 

other even on an atomic scale using aberration-corrected (AC) high-resolution (HR) TEM50–52. A necessary 

condition is the preparation of pristine clean freestanding few-layer TMPTs samples, which recently was 

succeeded via polymer-assisted mechanical exfoliation53. However, detailed experimental analysis and 
characterization of the interaction of energetic electrons in low-voltage (30 - 80 kV) TEM with the ultra-thin 

TMPT is still missing.  

In this work, we study the response of freestanding few-layer TMPTs to the electron beam at acceleration 
voltages in the range of 30 - 80 kV. Structural changes associated with chemical and electronic properties 

were studied in spherical and chromatic aberration-corrected HRTEM, electron diffraction (ED), energy-

dispersive X-ray spectroscopy (EDX) and time-dependent electron energy loss spectroscopy (EELS). 

Experimental results were rationalized with the help of ab-initio calculations, and damage cross-sections 

were assessed using the McKinley-Feshbach formalism. In addition, the effects of defects on the electronic 

properties of the irradiated materials were studied.  

2. METHODS SECTION: 
Materials: Thin flakes of TMPTs were prepared by a polymer-assisted sample preparation method based 

on mechanical exfoliation. Bulk crystals were thinned down by exfoliation via an adhesive tape and pressed 

onto a polyvinyl acetate coated silicon substrate. The underlying polymer layer allows a gentle transfer with 

distilled water of the thin flakes to a Quantifoil TEM grid53. Samples prepared in this way were thin and 

clean freestanding flakes, and could directly be used for TEM investigations. 

TEM Experiments: HRTEM and EELS experiments were conducted at the Cc/Cs-corrected Sub-Ångström 

Low Voltage Electron Microscope (SALVE) at 30 - 80 kV. The energy resolution in the EELS experiments 

was determined to be 0.65 eV from the full width at half maximum of the zero-loss peak, measured in 
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vacuum. If not stated otherwise, for all presented core-loss EELS signals in the spectra, the background 

was removed with the help of the power-law model54, which has shown to give good results in previous 

analyses of elemental core-loss edges55–57. Following the method for quantification of ferrous/ferric ratios 

in the M2,3 edges proposed by van Aken58, the change of the valence in Fe is determined by the intensity 
ratio of the main to the pre-peak in the Fe M2,3 edge. Therefore, two integration windows of 2.5 eV one 

around the main peak 𝑤! and a second one 𝑤"  directly in front of the other window are acquired and the 

ratio"#!
#"
# of both is evaluated. The second method to evaluate the valence composition of an iron bearing 

compound is the determination of the white line ratio of the Fe L2,3 edge55,56,59,60. Here, the method for 

quantification of ferrous/ferric ratios in the L2,3 edges proposed by van Aken et al.56 was adapted. On the 

background subtracted spectra a double arctan function with inflection points at the minima behind the two 

main peaks is fitted and subtracted to remove excitations to the continuum for each spectrum respectively. 

In the next step, two integration windows of energy width 2 eV with the first $𝑤$#% centered around 709.5 

eV, the maximum of the L3 edge of the last acquired spectrum (irradiated), and the second $𝑤$$% at 720.9 

eV, the maximum of the L2 edge of the pristine structure, are applied. Then the ratio &
#%#
#%$

' is evaluated.  

HRTEM image simulations were performed using the open source abTEM Python Application Programming 

Interface based on the multislice algorithm61 and the effect of finite electron dose was included via addition 

of noise, using the Poisson statistics62. The energy-dispersive X-ray spectroscopy (EDX) experiments were 

conducted at a Talos F200X G2 STEM. Peaks are fitted to the acquired EDX spectrum for the selected 

elements, and the atomic fractions are calculated with the help of the Brown-Powell model63 to determine 

the elemental composition.  

Electron diffraction data (ED) were collected using a TITAN TEM operated at 300 kV in nanodiffraction 

mode with a condenser C2 aperture of 50 µm and an effective beam diameter on the sample of 1 µm. The 

data were collected at room temperature using a Fischione Advanced Tomo Holder 2020 and a Gatan 

US1000-XP 2k CCD camera. Tilt series were collected using a dedicated Digital Micrograph script64. The 

data were processed using PETS2 software65, supported by home-written MATLAB scripts.  

Computational Methods: The energetics and electronic structure of all point defects were investigated using 

spin-polarized density functional theory (DFT) as implemented in the VASP code66,67. All the calculations 
were carried out using the PBE exchange-correlation functional68. The primitive cells were fully optimized 

with an energy cut-off of 600 eV and a force tolerance of 0.01 eV Å -1. The point defects were modeled 

using a 3x2x1 supercell with a vacuum space of 20 Å in the confinement direction. The Brillouin zone of the 

systems was sampled using 8x8x1 Monkhorst-Pack grid for primitive cells and 3x3x1 for supercells. In the 

electronic structure calculations, the DFT + U method with an effective Hubbard value (U) of 5.5 eV for 

transition-metal atoms was employed.  
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The formation energies Ef of vacancies (chemical element X) were computed as 𝐸! = 𝐸"#$#%$& − 𝐸'()*+)%, +

	𝜇-	, where 𝐸"#$#%$& and 𝐸'()*+)%, are the energies of the defective and pristine supercell, respectively. 

𝜇-	represents the chemical potential of the X species, which is considered to be the energy of the isolated 

atom. 
 
Ab-initio molecular dynamics as implemented in the VASP package was used to simulate the displacement 

process (spin-polarized calculations with Hubbard term, plane wave cutoff 400 eV, k-points according to 

Monkhorst-Pack 3x3x1, time step 0.2 fs). An initial velocity was assigned to the recoil atom in the direction 

normal to the surface, for non-normal displacements an inclination of 30° relative to the surface normal was 

chosen. In the simulations, the initial velocity was increased until the atom meets the displacement criteria 

(minimum 5 Ångström displacement, force on atom < 0.1 eV/Å). 

 

3. RESULTS 
3.1 Crystal structure and thickness analysis: We start our study by analyzing the orientation, flake 

thickness, and quality of the transferred pristine few-layer material, see Figure 1 (a), which is known to be 

prone to oxidation53. Since MnPS3, FePS3 and NiPS3 are isostructural, all structural considerations 
presented in the following for MnPS3 are valid for all three materials.  

In bulk MnPS3, the layers are stacked in a shifted manner, obeying the monoclinic symmetry69 with β = 107° 

(Figure 1 (b)). [103] is the normal vector to the layer plane and is denoted here as normal incidence, as it 
is the observed orientation in all presented HRTEM results (Figure 1 (c)). In this projection, the structure 

has a rectangular centered pattern with a pronounced hexagonal pseudo symmetry, and the unit cell 

contains 6 atomic rows along b vector (marked in Figure 1 (b)) with different atomic compositions: rows 1 

and 4 consist of S and P atoms, rows 2, 3, 5, 6 consist of S and Mn atoms, resulting in a 1:2 rows alteration, 

depicted in (c). Our detailed ED study (see supporting information (SI) section 1), shows that the prepared 

few-layer flakes exhibit no stacking faults.  

In addition, we performed multislice image simulations to understand the intensity differences of mono- to 

6-layers in the [103] orientation (see SI section 2). In Figure 1 (c) a 4-layer crystal with absent stacking 

faults shows the best match to the experimental image, and the good crystallinity of these thin samples can 

be appreciated. Line scans besides, illustrate the 1:2 alternation mentioned above. An alternative TEM 
method for thickness determination70 gives a thickness value of around 3 nm, which reassures the finding 

of the image simulation, see SI section 3. Therefore, we conclude that the analyzed pristine samples are 

few-layer systems, 3 - 6 layers, of good sample quality, without stacking faults.  
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Figure 1. (a) Optical micrograph images of MnPS3 on a polyvinyl acetate coated silicon substrate (left inset) 
and transferred to a TEM Quantifoil grid (right inset). Three flakes with different number of layers are 
highlighted by colored letters. (b) Structure models illustrating the stacking order in MnPS3 - side view and 
top view along the [103] direction of the bulk structure. The unit cell is indicated by colored arrows in which 
the normal n is shown in black. (c) Cc/Cs-corrected High–resolution TEM image of MnPS3 recorded at 80 
kV and a simulated one of a four-layer model without stacking faults. 

3.2 Electron-specimen interaction: Continuous irradiation of the sample leads to degradation of individual 

layers. An example showing a 4-layer sample from pristine to degraded, including patches of 1-3 layers, 

can be found in Figure S5. In this context, individual defects in the layers can be observed. Figure 2 (a,b) 

display 80 kV HRTEM images of a NiPS3 single- and double-layer, respectively, showing distinct defects, 
highlighted by white arrows. The contrast at the defect sight in the double-layer vanishes as seen from the 

inset in (b), showing a red line-scan obtained from the area marked by a red rectangular. The defect shows 

a sulfur (S) vacancy (VS) in an atom column in which two S atoms of the two layers are located above each 

other (S2). 

Understanding the formation of single defects pave the way to explore the response of these layered 

systems to the electron irradiation in TEM, and to systematically modify the system’s properties. Our TEM 

experiments indicate that sulfur or phosphorus vacancies first emerge, which then lead to larger defects or 

even holes in the layer. Formation energies for phosphorus and sulfur vacancies and the corresponding 

displacement energies (Td) in single-layer TMPTs are obtained from ab-initio molecular dynamics 

simulations (Figure 2 (c)). Td is determined as the minimum kinetic energy that must be assigned to the 
recoil atom so that it leaves its position from the crystal without immediate recombination. 
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For normal displacement (that is the direction of the initial velocity vector being perpendicular to the 

surface), the recoil sulfur atom pulls the closest phosphorus atom behind, which leads to the displacement 

of a phosphorus-sulfur dumbbell (S-P). Displacement deviating from the surface normal, e.g. under a slight 

deviation of the electron beam from the normal direction, is required to remove single sulfur atoms (S*, 
denotes non-normal displacement). 

Furthermore, the atom displacement cross-section was estimated by using the McKinley-Feshbach 

formalism50,71–73. For an accurate estimation of lattice vibrations on the cross-section the Debye-
Temperature (θD) model was employed as described in detail in SI section 5. Figure 2 (d) presents the 

cross-sections for knock-on displacements of S and P atoms in FePS3, MnPS3 and NiPS350,71,74,75. In 

addition, the knock-on cross-section for graphene is shown for comparison, indicating a considerably higher 

threshold. Overall, the displacement threshold for sulfur is significantly lower than for phosphorous. As a 

result, it can be predicted that more S should be removed than P due to elastic interaction in the acceleration 

voltage range of 50 - 300 kV. It has been known that inelastic damage plays a significant role in 2D 

insulators and semiconductors75,76. Such additional channels for defect production were shown to be 
important for the formation of single S vacancies in MoS2 single-layer76 where damage production was 

observed for the electron energies well below the knock-on threshold. Therefore, considering inelastic 

effects and the fact that S is three times more abundant in the initial structure, it can be expected that S is 

easily removed by the high energy electrons (20 - 300 kV) in single-layer TMPTs. In few-layer systems, 

strong structural modifications due to electron interactions can be also expected and are experimentally 

evaluated in the following sections. 

In order to elaborate the effects of defects on the electronic properties, the atomic structure of the pristine 

material was first calculated and the optimized lattice constants (see Table 1) proved to be in very good 

agreement with the experimental values and the previous theoretical reports18. Then the spin-polarized 

density of states (DOS) was calculated, which is shown in Figure 3. Our results indicate that TMPT single-

layers have a semiconductor character with a bandgap in the range of 2.0 - 2.3 eV. Even though the DFT 
band gap should not be directly compared77 to the optical gap measured in the experiment, our band gap,  

calculated at the PBE+U level, for FePS3 single-layer is consistent with the experimental value of 2.2 eV17. 
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Figure 2. (a,b) 80 kV Cc/Cs-corrected HRTEM images of single- and double-layer NiPS3, respectively. 
White arrows mark selected isolated vacancies. In (b), a line scan over a S vacancy site (VS) in the double-
layer system is depicted as an inset, obtained from the red dashed area. Scale bars represents 1 nm. (c) 
Displacement energies Td and defect formation energies Ef for FePS3, MnPS3, NiPS3. Single S atom 
sputtering appears only under a slight deviation of the initial velocity vector from the surface normal (S*). 
For normal displacement the S atom pulls the P atom behind, forming a S-P dumbbell. (d) Damage cross-
sections over the acceleration voltage for FePS3, MnPS3, NiPS3; and graphene as a reference (black 
dashed curve). Cross-sections are calculated by the McKinley-Feshbach formalism with account for lattice 
vibrations (Debye model). Solid curves represent the sulfur displacement, dotted curves the phosphorus 
displacement cross-section. The inset displays the cross-sections up to 200 kV. 
 

Table 1. Experimental and calculated single-layer lattice constants (a) and layer thickness (d) of 
TMPTs (AFM denotes antiferromagnetic). 

 
a (Å) d (Å) Magnetic character 

exp. DFT DFT  Antiferromagnetic (AFM) 

MnPS3 6.0769 6.05 3.23  Néel 

FePS3 5.9569 5.87 3.13  zigzag 

NiPS3 5.8169 5.82 3.03  zigzag 
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Furthermore, we considered three types of point defects, sulfur and phosphorus vacancies (VS and VP) and 

a complex vacancy corresponding to sulfur and phosphorus (VSP) missing atoms. The presence of sulfur 

vacancy introduces new spin-polarized states close to the conduction and valence band edges, which are 

mainly contributed by S-p orbitals. The exception is MnPS3, where the defect states are formed as part of 

the band continuum. In the case of a single P vacancy, new localized states are formed 0.2 - 0.7 eV above 

the conduction band edge. Defect-associated states are clearly more pronounced in the case of VSP, where 
the electron density is increased around the Fermi level particularly for FePS3. 

3.3 Electron beam stimulated chemical and structural modification analyzed by EELS and EDX: 
Here, FePS3 is presented in detail and unless noted otherwise, analogous behavior was found for the 

corresponding Mn and Ni bearing components (see SI sections 6 and 7). Figure 4 shows an 80 kV HAADF 

image and elemental maps of irradiated and pristine samples. A disordering and formation of clusters can 

be observed in the irradiated areas, see the magnified area in Figure 4 (a) and Figure S12. The comparison 

of the atomic fractions in the pristine and irradiated regions reveals that mostly S is removed, which 

coincides well with our theoretical results (Figure 4 (b,c)).  

To further facilitate a comparison with the experimental results, we modeled phases with intermediate 

stoichiometry, which can potentially form in the sulfur-deficient material. The phases were generated by a 

uniform increase of vacancies in the pristine structure, simulating the experimental conditions under 

prolonged electron irradiation. For high concentrations of S vacancies (>50%), the optimized structures of 

the phases revealed metal atom clustering similar to our experimental data. Such non-stoichiometric 
phases can be stabilized in the metal-rich limit as shown before for transition-metal dichalcogenides78. The 

electronic structures were also analyzed for different concentrations of S vacancies. As expected, the 

number of midgap states increases with defect concentration. However, we found out that the position of 

the states depends on the distribution of defects. Eventually the states are expected to fill the whole band 

gap region indicating that the irradiated samples may exhibit hopping-type conductivity. 
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Figure 3. (a) Atomic structures of single S* and P and S-P vacancies in single-layer TMPTs. The solid black 
lines indicate unit cells of the systems with zigzag and Néel antiferromagnetic order, respectively. The 
hatched blue markers represent the directions of local spins (spin-up: checkerboard, spin-down: striped). 
(b) Spin-polarized total densities of states for various point defects in TMPTs. The spin-up and spin-down 
components are shown in black and red. The occupied states are filled (grey). The band structures are 
aligned in such a way that the valence band maximum (extended states not associated with defects are at 
the same position). 

 

Further, after irradiation, an increase in oxygen content is detected, and both observed effects become 

more prominent for strongly irradiated regions. The presence of oxygen as a substitutional impurity modi-

fies the electronic structure of the FePS3 system by creating new levels in the middle of the gap. The re-

sults are added to Figure S13. It is evident that although the positions of the defect-induced states in the 

gap change, the deep states do not completely disappear.  

The transformation process (Figure 5 (a)) is analyzed with the help of ELNES in the corresponding core-

loss EELS edges, as described in the Method section, and the change of the microstructure is presented 
in SI section 8. For this purpose, EELS signals were acquired over time with constant low electron dose 

(dose rate of 15 x 103 e-/(s·nm2)), and the corresponding changes in the ELNES of the materials were 

identified, and the evolution of the spectrum over the acquisition time is displayed in Figure 5. 



10 
 

 
Figure 4. HAADF image of a few-layer FePS3 flake and corresponding elemental maps of Fe, P, S and O 
are shown in (a). Upper row: Overview data. The irradiated region is marked by the dashed blue rectangular 
and a pristine region in red in the HAADF image. Lower row: Magnified data framed with black dotted border 
from the blue marked region in the overview HAADF image in the upper row. (b), (c) Corresponding energy 
dispersive EDX profiles for the pristine (b) and irradiated (c) regions. In (c), the black dotted curve 
corresponds to the magnified data. Elemental quantifications are presented in tables as insets in the 
diagrams. Two values are given for the irradiated area. The first column, values of the blue and the second 
column represents the black dotted curve. 

 

In Figure 5 (b), the Fe M2,3 edge of few-layer FePS3 is shown for different acquisition times. The M2,3 edge 

of first row transition metals have been used to identify the oxidation state of the corresponding transition 

metal in a compound58,79.  The spectrum of a divalent iron (Fe2+) is given by a prominent pre-peak and a 

broad maximum at around 57 eV58. With a change from divalent to ferric iron (Fe3+), the main peak blue 

shifts and the intensity of the pre-peak decreases58,79. The EELS signal of the M2,3 edge of pristine few-

layer FePS3 corresponds to a spectrum of mainly divalent iron, which is in good agreement with the 

proposed valence of iron in this material80,81. By increasing exposure time, a blue shift of the main peak and 

a strong decrease of the intensity of the pre-peak is observed in the spectrum. The decrease of the pre-
peak can be more clearly seen in Figure 5 (c), where the maximum is aligned to 56.9 eV for each spectrum, 

respectively. The intensity ratio of the main to the pre-peak #!
#"

 (Figure 5 (d)) changes from 1.7 (pristine) to 

around 2.8 (irradiated) suggesting a transition from divalent to ferric iron58. Nevertheless, an absolute 

determination of the ferric to divalent iron concentration is not given as the derived universal curve58 was 

only proposed for valance calibrated iron oxides in the high-spin configuration and general unambiguous 
quantification of the valence with the help of the intensity ratio is difficult57,82.  
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Figure 5 (e) shows the core-loss EELS of the Fe L2,3 edge, and the integral ratio 
#%#
#%$

 of the white line areas 

(L3 to L2) is presented in (f). The blue shift of the main L3 peak and the increase of the 
#%#
#%$

 ratio for the 

irradiated sample prove the gradual change of the valence55,56,59,60 from Fe2+ to Fe3+ and confirms the results 

obtained from the M2,3 edge. 

In the case of the L2,3 P-S edge, onsets of the P and S edges are highlighted by a distinct peak at around 

132 eV (I) and a small peak at slightly higher energy 138.5 eV (II), respectively (see Figure 5 (g)). The 

former peak is in good agreement with previously reported results obtained with XPS23 and can be attributed 

to a combined peak of P- 2p1/2 and P- 2p3/2 transitions to 3s 𝜎∗due to S-P bonding23,83. The same holds true 

for the peak observed at 162 eV at the pristine structure, which originates from the S- 2p1/2 and S- 2p3/2 

transitions23,83. With increasing time and interaction with the electron beam, the P-peak at 132 eV decreases 

(i.e. P-S bond is broken) and eventually two peaks at 138.5 eV (II) and 146.5 eV (III) arise. In addition, the 

peaks stemming from the phosphor contributions become more prominent in the normalized spectra in 

comparison to the sulfur contributions. This is in good agreement with the theoretical analysis suggesting 

that mainly sulfur atoms are removed from the sample under the electron beam. 

Figure 5 (h, i) shows the raw and the extracted signal of the O-K edge sequentially acquired to the other 

presented spectra. Under the prolonged exposure time, the oxygen edge becomes more pronounced 
indicating higher oxygen concentration in the illuminated area. The source of oxygen stems from two main 

factors, firstly the residual surface contamination, and secondly the imperfect vacuum in the TEM chamber, 

discussed in detail in SI section 9. This is in line with the EDX results, which show a large oxygen fraction 

of the illuminated area in comparison to the unaltered flake, Figure 4. 

The arising peaks at 138.5 eV and 146.5 eV at the L2,3 P edge fit well with previous reports on P-O bonds 

in oxidized P bearing materials84–86 and they suggest that the accumulated oxygen bounds to the residual 

phosphorus. Also, the combination of the EELS experiments (Figure 5) exhibiting the shift of the valence 

of Fe2+ to Fe3+ with EDX results (Figure 4) confirm the bounding between O and Fe. Nevertheless, 

unambiguous identification of the local chemical (i.e. stoichiometry) and structural composition of the 

oxidized structure after the electron beam interaction is not feasible.  

Similar results are obtained for 30 kV and 60 kV irradiation experiments, which are presented and discussed 

in detail for MnPS3 in SI section 10. 
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Figure 5. Core-loss EELS analysis of few-layer FePS3 acquired over time under constant electron 
irradiation with a dose rate of 15 x 103 e-/(s*nm2). (a) Sketch of the transformation process caused by the 
interaction of the material with the impinging electrons. (b) Evolution of the Fe M2,3 edge over time from 
pristine (red solid line) to irradiated sample (blue). Strong changes in the edge can be appreciated with a 
blue shift of the M2 peak (around 57 eV) and a decrease of the pre-peak. (c) the same spectra as in (b), but 
centered for the main peak around 56.9 eV, the determined maximum of the pristine structure, are shown. 
(d) change of the intensity ratio of the main to the pre-peak over time (60 min) calculated for the centered 
peaks of (c). The details of the integration methodology are given in the main EELS part. Changes of the 
Fe L2,3 edge over time (same time ordering as in (b)) are given in (e). A strong sift of the L3 edge to higher 
energies can be observed. The corresponding white-line ratios of the L3 to the L2 for the different acquisition 
times are given in (f). A strong increase due to the interaction of the material with the electron beam can be 
appreciated. The overlapping L2,3 edges of S and P over time are given in (g). Strong changes in the ELNES 
of the P L2,3 edge can be observed as well as a reduction of the S contributions. The corresponding signal 
of the O-K edge over time are presented as raw spectrum (h) and extracted spectrum (i).   

4. Conclusion 
In this study, we systematically addressed the structural and chemical modifications of few-layer MnPS3, 

FePS3, and NiPS3 by 30 to 80 keV electrons in the spherical and chromatic aberration-corrected low-voltage 

SALVE microscope. Starting with a detailed TEM analysis of pristine exfoliated material we showed that 
the investigated transferred materials are few-layer samples of good crystal quality. Subsequently, we 
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observed that single vacancies are produced in the pristine material due to the interaction with the electron 

beam.    

Our first-principles calculations predict significantly lower knock-on thresholds for ternary TMPTs as 

compared to graphene and many binary TMDs. Specifically, sulfur atoms have the lowest knock-on 

threshold leading to their predominant removal from these atomically thin materials. Single sulfur vacancies 

introduce defect-associated new states in the bandgap, and depending on sulfur concentration magnetic 

properties due to asymmetric spin polarization emerge. Furthermore, extended defects produce more 
pronounced states close to the conduction and valance band edges, for instance S-P dumbbell vacancies 

in FePS3 strongly increase the electron density around the Fermi level.  

In the TEM, EELS and EDX experiments were carried out for all the studied TMPTs, which illustrate the 

predicted strong modifications, and clearly show the possibility to change the sulfur concentration caused 

by the interaction with the probing electrons in the materials. Furthermore, ELNES analysis of M and L 

edges reveal that after defect formation subsequently O is drawn towards the sample, and that the residual 

P, as well as transition metal oxidize, illustrating the sensitivity of TMPTs to oxidation, and the necessity to 

control the imaging conditions (i.e. dose-rate as well as the irradiation time). Overall, our systematic study 

lays the foundation for investigating and tailoring the electronic and structural properties of freestanding 

few-layer TMPTs by the TEM’s probing electrons. 

Supporting Information 

A detailed analysis of the hexagonal pseudo symmetry in normal incidence, exemplified by the experimental 

and simulated electron diffraction pattern. Image simulations of different layer systems. +
.
 log-ratio method 

to show the thickness of the analyzed crystals. HRTEM image analysis of irradiated NiPS3. Derivation of 

the knock-on thresholds within the McKinley-Feshbach formalism based on the inclusion of lattice 

vibrations. Additional 80 kV EDX and EELS results for MnPS3 and NiPS3, as well as experimental EELS 
results for 30 kV and 60 kV of MnPS3. Additional HRTEM image series of few-layer FePS3. Spin-polarized 

total densities of states calculation for substitutional doping with O atoms. TEM analysis of the origin of the 

observed Oxygen accumulation. 
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