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Abstract 

Quasi-two-dimensional (2D) manganese phosphorus trisulfide, MnPS3, which exhibits 
antiferromagnetic ordering, is a particularly interesting material in the context of magnetism in a 
system with reduced dimensionality and its potential technological applications. Here, we present an 
experimental and theoretical study on modifying the properties of freestanding MnPS3 by local 
structural transformations via electron irradiation in a transmission electron microscope and by 
thermal annealing in vacuum. In both cases we find that new MnS1-xPx  phases (0 ≤ 𝑥 < 1) form in a 
crystal structure different from the host material, namely that of the α- or γ-MnS type. These phase 
transformations can be both locally controlled by the size of the electron beam as well as by the total 
applied electron dose, and simultaneously imaged at the atomic scale. For the MnS structures 
generated in this process, our ab-initio calculations indicate that their electronic and magnetic 
properties strongly depend on both in-plane crystallite orientation and thickness. Moreover, the 
electronic properties of the MnS phases can be further tuned by alloying with phosphorus, suggesting 
a novel route toward the design of lateral heterostructures. Therefore, our results may enable 
pathways for the controlled growth of new phases with distinct properties embedded in freestanding 
quasi-2D MnPS3. 
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The ability to characterize and modify materials at the atomic scale is as important for the progress in 

nanotechnology1,2 as the precise control over their growth. To this purpose, aberration-corrected (AC) 

high-resolution (HR) in situ transmission electron microscopy (TEM)3,4, along with scanning 

transmission electron microscopy (STEM)5,6, as well as scanning tunneling microscopy (STM)7,8 is one 

of the indispensable techniques that provides information about the atomic structure of the specimen 

and its transformations in real-time9–11. 

On the other hand, with the help of (S)TEM techniques, depending on the choice of the size of the 

electron beam, structural modifications can be introduced locally down to the atomic level12 as result 
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of the interaction of the highly accelerated electrons with the specimen5,13–15. The modification of 

ultrathin nanolayers has recently attracted considerable attention, as the structure and, thus, 

properties of two-dimensional (2D) materials can be altered more easily (as compared to bulk systems) 

due to their geometry. Specifically, the crystallographic, electronic, and magnetic properties of 2D 

materials can be tuned by creating single-16–18 and extended defects19–21 as well as by the adsorption 

of atoms22,23. Moreover, (S)TEM can be used to cause spatially-localized phase transformations in 

crystalline few-layer or monolayer materials and, therefore, significantly alter their local properties. 

(S)TEM studies of various low-dimensional materials have been carried out. Controllable structural 

transformations in transition metal dichalcogenides (TMDs)18,24–26, alumina27, silica28, and 

nanowires29,30 have been reported, as well as the formation of Pb nanoparticles on CsPbX3 

nanocrystals31, just to mention a few. Further, phase transformations in two-dimensional materials 

induced by STM are reported11,32,33. The advantage of electron-beam-mediated modification compared 

to other conventional processes (e.g., heating34, electrostatic gating35, strain engineering36–38) to 

induce 2D phase transformations is the control over the transformation process down to the atomic 

scale in real-time25,29. Thus, (S)TEM is next to STM a paramount tool for locally engineering the 

properties of 2D materials. 

Within the class of 2D materials, the spotlight has recently turned to transition metal phosphorous 

trisulfides (TMPTs). Among them, manganese phosphorous trisulfide (MnPS3) has received the most 

attention. MnPS3 crystallizes in the monoclinic space group C2/m39, in which magnetic Mn2+ ions are 

octahedrally coordinated to six S atoms with a dumbbell-shape structure [P2S6]4-, occupied by P-P 

groups in the centers of the hexagons40–42. MnPS3 has inherent magnetic properties43,44, persisting even 

when the material is thinned down to few-layers45, with a bandgap of about 3 eV46, making it an ideal 

candidate for multifunctional electronics/spintronics47–49 and battery50 applications. Moreover, it has 

been shown that the intrinsic properties of MnPS3 can be significantly tailored. For instance, pressure-

driven compression has proven to significantly modify the magnetic properties as well as to force an 

insulator-metal transition51–53. In addition, a reduction of intralayer coupling and a change of the 

magnetic properties of few-layer MnPS3 occur upon suitable intercalations54–56. Moreover, it has 

already been shown that MnS type systems are promising candidates for various applications. For 

instance, α-MnS was proposed as a new promising anode material for post-lithium batteries57–59 and 

an interesting candidate for future electronic devices, e.g., in field-effects transistors60. Our recent TEM 

study already showed that few-layer TMPTs lose predominantly sulfur as a result of their interaction 

with the impinging electrons, which in turn leads to strong modifications of the pristine material61. 

However, the change in properties of free-standing few-layer MnPS3/MnS systems due to electron-

beam-induced phase transformations and due to annealing has not been investigated so far in detail.  



3 
 

Here, we investigate in detail the effects of electron irradiation and annealing on few-layer MnPS3. We 

find phase transformations and identify their crystallographic and electronic structures using a 

combination of chromatic and spherical aberration (Cc/Cs)-corrected -80kV HRTEM, 3D electron 

diffraction (3D ED), electron energy loss spectroscopy (EELS), and energy-dispersive X-ray spectroscopy 

(EDX). First, we show that electron irradiation primarily leads to the growth of one distinct new MnS1-

xPx phase (α-MnS type, 0 ≤ 𝑥 < 1) oriented in a defined manner within the host MnPS3. This phase 

transformation of MnPS3 can be locally controlled by tuning the size of the electron beam down to a 

nanometer scale. Further, we show that the area of the emerging phase can be tuned by the total 

applied electron dose. After the complete degradation of the host other orientations of the ultrathin 

MnS1-xPx  phases also in the γ-MnS type are emerging. High stability of the observed freestanding 

phases under the electron beam and under even ambient atmosphere was found, which is confirmed 

by ab-initio calculations for different P concentrations down to the monolayer limit, yet the 

experimental findings indicate a high S and a low P concentration. Second, annealing in vacuum was 

used to transform few-layer MnPS3 into pure α-MnS and we found a phase transition temperature of 

490°C. By density functional theory calculations, we show that the electronic and magnetic properties 

of the formed MnS type phases strongly depend on thickness and their in-plane orientation. The 

electronic properties of MnS type phases can be further tuned by alloying with phosphorus. As a result, 

our results indicate new pathways of the controlled growth of unique phases with various properties 

starting from few-layer MnPS3. 

Results and Discussion 

Phase transformation in few-layer MnPS3 observed under the electron beam in the TEM 

In Figure 1 (a.1-a.3), we present an 80 kV Cc/Cs-corrected HRTEM image sequence illustrating the 

evolution of few-layer MnPS3 under the electron beam with a constant dose rate of 0.5 × 106 !!

"	$%". 

Figure 1 (a.1) shows the pristine material, viewed along the normal incidence direction [103] (see 

Figure S1) of MnPS3, where a magnified region is depicted on the right-hand side. After irradiation, in 

Figure 1 (a.2, a.3), changes in the material are evident: islands with an altered structure continuously 

grow within the parent matrix. The projected areas of the newly emerging structure are clearly 

observable also in the FFT-mask filtered images presented next to the HRTEM images (dyed areas). 

The projected areas are generated by selecting the reflections of the new phase in the FFT of the 

corresponding images, and the applied filter mask is presented in Figure S2. From these projected 

areas, the proportion of the new structure to the total imaged area is quantified and compared with 

the total accumulated dose in Figure 1 (b); a linear dependence can be inferred.  

As shown in our previous study, a primary removal of sulfur (S) and phosphorus (P) atoms by 80 keV 

electrons is favored via direct electron-nucleus collision61. This leads to an S deficiency in electron 
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beam exposed regions of few-layer MnPS3 (see Figure S3) and, therefore, can lead to the growth of 

new structures. 

Extensive studies (TEM experiments and computational calculations) with a wide variety of materials 

have shown that atoms in layers facing the electron beam are considerably lower affected than the 

beam exit surface (here the bottom layer) by electron beam-sputtering via direct electron-nucleus 

collisions62–64. This can be attributed to the elastic interaction of the electron beam with the target 

atoms and following momentum transfer considerations of these elastic processes, see e.g.64. 

Especially considering a single-layer, the displacement thresholds for chalcogen atoms facing the beam 

(in the top chalcogen layer) proved to be higher than for the bottom chalcogen layer10,65,66. Assuming 

that additional layers are present on a single-layer (few-layer), it can be assumed that the outer layers 

of the few-layer system are influenced primarily by the electron beam (or most likely the bottom layer 

first, see inset in Figure 1 (b)). To facilitate the supposed transformation process in MnPS3, an 

experimental and two corresponding FFT-mask filtered images are depicted in Figure 1 (c). If the MnPS3 

atomic lattice is FFT-mask filtered, the structure extends over the entire sample area. In contrast, the 

new structure is only present in the red-framed areas. This indicates that the new phase spreads 

primarially laterally (in-plane), while intact MnPS3 layers are present on top or underneath. A modeled 

bi-layer scheme beneath visualizes the occurring new structure (red) embedded in an isolated MnPS3 

layer (gray). While the 1st layer is hardly affected by the electron beam remaining virtually intact, new 

structures emerge in the 2nd layer due to the removal of S and P atoms. Therefore, we propose that in 

MnPS3, a new structure grows primarily within one layer after the other in the few-layer host, and the 

transformation starts first at the bottom layer. 

 

Figure 1. Panels (a.1-a.3) show 80 kV Cc/Cs-corrected HRTEM images of MnPS3 acquired under a dose 
rate of 0.5 × 106 𝐞!

𝐬	𝐧𝐦𝟐.  (a.1) Pristine MnPS3 structure. (a.2, a.3) Irradiated and FFT-mask filtered 
images with phase-islands highlighted in red. The normalized measured area of the newly grown 
phase is shown in the diagram in panel (b). A linear increase with accumulated dose can be inferred. 
The points corresponding to the structures shown in panel (a) are marked. (c) An experimental and 
corresponding FFT-mask filtered images (MnPS3 and new phase) are shown. The applied filter mask 
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(FFT) is shown in Figure S2. Schematic illustration of the structure of the newly formed and 
embedded phase in an isolated MnPS3 layer (2nd layer) is shown beneath.  

 

3D ED was used to determine the lattice parameters (unit cell) of the newly formed phases67. Few-

layer MnPS3 was irradiated until additional Bragg reflections of the new phases were clearly seen in ED 

data (see Figure 2 (a,b)). Two distinct new phases (labeled as phases 1 and 2) can be detected; 

reflections corresponding to phase 1 have higher intensities and match the observed embedded phase 

of Figure 1. The irradiated crystal was tilted in the TEM within ±60° with a tilt increment of 1°. At each 

tilt position of the crystal, a diffraction pattern was collected. A tilt series of the patterns was 

reconstructed into a 3D reciprocal space (exemplary diffraction patterns are presented in Figure S4 

(a)). The diffraction volume67 in Figure 2 (c) exhibits an overlay of two pronounced crystalline lattices - 

the MnPS3 host (blue) and the new phase 1 (red).  

The extracted positions of the red reflections align well with a single lattice suggesting that all 

inclusions have a similar orientation within the matrix. This new lattice was found to be cubic with the 

unit cell parameters: a=2.47 Å, b=2.56 Å, c=2.67 Å, α=90.1° β=89.4°, and γ=90.3°, and the lattice 

parameters of the new cubic unit cell corresponding to the Mn-S bond length in MnPS3 of 2.61 Å. More 

details about the reconstruction of the reciprocal space and the assignment of the crystal lattices can 

be found in the SI section 2. 

Therefore, 3D ED indicates that phase 1 is a NaCl type F-centered lattice with a cell parameter of 5.21 

Å. The most stable compound in the Mn-P-S system with the NaCl structure type is the mineral 

Alabandite – α-MnS with the lattice constant of 5.22 Å68, space group Fm-3m, with Mn being bi-valent. 

The elemental composition of the present phase could be different from the strict MnS stoichiometry; 

therefore, we assign phase 1 to α-MnSxP1-x, see Figure 2 (d). The peak at 1.84 Å of Figure 2 (b) can then 

be attributed to the 002 α-MnSxP1-x reflection, and the lattice of phase 1 is aligned with the [111] 

direction, see Figure 2 (d), along the [103] of the host MnPS3. Further, these are the identical 

orientations as observed in HRTEM experiments presented in Figure 1. 

Unambiguous identification of phase 2 by 3D ED was not possible due to the weak reflections. 

Nevertheless, in combination with HRTEM, phase 2 is identified, elaborated in detail below.  
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Figure 2. (a) Normal incidence [103] diffraction pattern of MnPS3 after pre-irradiation with 80 keV 
electrons. Next to the spots of the host material MnPS3, diffraction spots of two new emerging 
phases (phase 1 and phase 2) can be observed. (b) A line profile of the diffraction pattern in (a) along 
the highlighted direction is shown, and the observed peaks of the different phases are marked 
accordingly. (c) Reconstructed 3D ED reciprocal space of the irradiated crystal. The parent MnPS3 
phase (blue) and the new phase (red) are segmented. (d) Structure models of the new emerging 
phases α-MnS1-xPx (phase 1) and 𝛄-MnS1-xPx (phase 2) are presented. The orientation of the shown 
structure models illustrates the primarily observed orientations of the new phases aligned to the 
host MnPS3. 
 
 

From 3D ED, it is not feasible to determine the exact S:P ratio of α-MnSxP1-x and to find out whether 

the Mn valence is bi-valent (2+) in the new cubic phase 1. However, a detailed spatially resolved EELS 

analysis (Figure S5) indicates that predominantly S can be measured and that the Mn valence state is 

predominantly 2+. Therefore, our combined experiments are evidence of the formation of Mn(II, III)S1-

xPx with the NaCl structure (α-MnS1-xPx), and the lattice parameter of 5.21 Å, Figure 2 (d), with high S 

and low P concentration.  

The experiments indicate that at the beginning of the irradiation process, the electron beam causes 

the transformation of the host material to the cubic α-MnS1-xPx aligned with [111] direction parallel to 

the normal incidence [103] of the MnPS3 host matrix. With increasing imaging time (i.e., larger total 
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accumulated dose), freestanding patches of the newly formed phases could be imaged after the host 

has be completely degraded. An experimental HRTEM image of a newly grown isolated α-MnS1-xPx 

crystal is presented in Figure 3 (a). A magnified part of the image is shown in the red frame. An overlay 

of the simulated image with the atomic model of the cubic α-MnS1-xPx phase, oriented along the [111] 

direction, highlights the atomic column contrast. The lattice parameters match the found α-MnS1-xPx 

phase in the 3D ED, see Figure 2. At this transformation stage, different orientations of the α-MnS1-xPx 

emerge and can be imaged as freestanding structures as well. Figure 3 (b) shows the HRTEM image of 

an α-MnS1-xPx patch viewed along the [001] direction, with a magnified part shown in the green framed 

area. The experimental image agrees well with the simulated HRTEM image for this orientation. 

Additional HRTEM images of the MnS1-xPx crystals are provided in Figure S6.  

The analysis of the normal incidence ED pattern in Figure 2 (a,b) revealed an additional set of weak 

diffraction spots aligned with the two other lattices (MnPS3 and cubic α-MnS1-xPx) belonging to the 

unidentified phase 2. These reflections appeared at later stages of the structural transformation, and 

the reflections appeared as small arks; sometimes, parts of diffraction rings were seen. We attribute 

this to a partial loss of the orientation relationship of phase 2 to the host MnPS3. The search for a 

suitable phase candidate resulted in the hexagonal 𝛾-MnS1-xPx, see Figure 2 (d), with the wurtzite 

structure69. The structural characterization of this phase was complicated by the presence of the two 

other phases. Yet, the reflection positions match the observed data well. For example, the peak at 1.98 

Å (in Figure 2 (b)) matches the 21)1)0 𝛾-MnS1-xPx reflection. In addition, ultrathin patches of phase 2 

could also be found in experimental HRTEM images at the later transformation stage. Figure 3 (c) 

shows a patch of the 𝛾-MnS1-xPx in the [0001] direction, a magnified image of this area is shown in blue. 

The observed contrast agrees well with corresponding image simulations of 𝛾-MnS1-xPx [0001]. Further 

examples of HRTEM images of different crystallographic orientations of 𝛾-MnS1-xPx are presented in 

Figure S6 (e). 

The energetics of emerging α-MnS1-xPx and 𝛾-MnS1-xPx phases at room temperature were studied using 

first-principles calculations. To analyze the stability of such compounds, the convex hull was 

constructed (see Figure S7) based on the formation enthalpy per atom  

HForm(MnS1-xPx) = [E(MnS1-xPx) – xE(MnS) - (1-x)E(MnP)]/2,  

where x denotes the phosphorus concentration and E(MnS1-xPx), E(MnS), E(MnP) are the energies of 

the mixed compound and the pure phases as obtained by DFT calculations, respectively. Using a convex 

hull is a standard approach in materials science to assess the relative stability of materials with 

different stoichiometries. More details about the stability calculations can be found in the SI section 4. 

In the case of α-[111] MnS1-xPx, several mixed compounds (e.g., for x=0, 0.625, 1) are on the convex 

hull, suggesting that these materials should be at least metastable. As for other unstable compounds, 
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the energy differences to the convex hull are in the meV range, such that at room temperature, the 

mixing entropy70 per atom 

Smix(x) = - [xln(x) + (1-x)ln(1-x)]kB/2 

may stabilize the compounds, see Figure 3, where the Gibbs free energy difference ΔG = ΔH - Tsmix to 

the convex hull is plotted on the right-hand side. Compared to the [111] direction, the MnS1-xPx sheets 

with the surface oriented in [001] direction show higher stability at a wide range of low P 

concentrations. In the case of 𝛾 phase, the stabilization of the mixed MnS1-xPx compound in [0001] 

direction requires a higher fraction of phosphorus as compared to the α -phase. 

 

Figure 3. 80 kV Cc/Cs-corrected HRTEM images of MnS1-xPx crystals and the energetics of the phases. 
(a) α-MnS1-xPx in [111] direction, (b) α-MnS1-xPx in [001] direction, and (c) 𝛄-MnS1-xPx in [0001] 
direction is shown. Magnified regions are marked and presented beside. In addition, the 
experimental images are complemented by HRTEM image simulations. The calculated convex hulls 
are shown in the right panels. 

 

Phase transformation in few-layer MnPS3 caused by annealing and analyzed in TEM  
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Phase transformations caused by electron beam irradiation were studied in the previous section in 

detail, and here structural modifications caused by in situ annealing of the sample are analyzed to gain 

further insight into structural changes in MnPS3. 

Pristine MnPS3 flakes of different thicknesses were heated in situ stepwise (~ 10°C) (technical details 

are given in Materials and Instrumentations), and structure transformations were observed at 490°C, 

see Figure S8. The sample appeared completely different after the annealing experiments. No large 

MnPS3 flakes were observed, but instead, clustered polycrystalline nanocrystals emerged. The 

morphology change indicates a complete structure transformation of MnPS3.  

To analyze the elemental composition of the annealed structure, STEM-HAADF images and EDX 

elemental maps (80 kV) were acquired on different sample positions, Figure 4 (a), which were annealed 

at a temperature of 600°C. The HAADF images show the altered structure, and the elemental maps of 

Mn and S prove the presence of these elements. In Figure 4 (b), a detailed EDX spectrum of the 

annealed sample is given, and the observed peaks are labeled to the corresponding element edges. In 

addition, the corresponding atomic fractions and errors are presented in Figure 4 (b) as a table. Mainly, 

Mn and S can be observed, as well as small amounts of C, O, and residual P. These results indicate that 

additional carbon contamination is present (discussed in more detail in SI section 5, see also Figure S9) 

and residual oxidized Mn, P, and S. From the elemental analysis, the main structure is expected to 

consist of Mn and S atoms.  

To determine the valence, core-loss EELS of the Mn-L2,3 edge is performed and presented in Figure 4 

(c). The white line ratio71 of the L3 to the L2 gives a value of 4.50, which suggests that the structure 

mainly contains Mn (2+)61,71.  

Selected area electron diffraction experiments were performed on the annealed sample as well (see 

Figure S10 (a)), and an azimuthally integrated (elliptical distortion corrected) pattern is shown in Figure 

4 (d). A simulated powder diffraction pattern of alabandite - F-centered cubic Mn2+S2- is shown in red. 

The simulated and experimental patterns are in good agreement, indicating the formation of 

alabandite due to the annealing of pristine MnPS3. An additional peak at 0.45 Å-1 corresponds to 2.2 Å 

and is likely associated with graphitic contaminations formed at the surface (the presence of carbon is 

found in the EDX elemental quantification as well, see Table in Figure 4 (b)).  

To verify the formation of alabandite, the annealed structure was imaged in Cc/Cs-corrected HRTEM 

at 80kV. In Figure 4 (e), a typical crystalline grain is shown, and its magnified region is presented in 

Figure 4 (f). A cubic lattice oriented along [100] direction can clearly be identified. The distances in x- 

and y- directions between atomic columns in Figure 4 (f) are 2.60 Å and 2.58 Å, respectively, fitting 

well with the expected values of 2.62 Å68 for the alabandite structure projected in [100]. The FFT of the 

image in Figure 4 (e) is shown in Figure 4 (g), and the measured reciprocal distances 
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(0.38	Å*+,	0.54	Å*+, 0.77	Å*+) of the observed reflections are in good agreement with the azimuthally 

integrated distances shown in Figure 4 (d). 

Core-loss EELS spectra of the annealed sample show that next to the pristine alabandite, oxidized 

phosphorus is formed, see Figure S10. Therefore, we conclude that during the annealing process, 

MnPS3 is transformed to alabandite with the formation of graphitic contamination at the surface and 

oxidized residuals. When the sample is annealed to higher temperatures, the observed polycrystalline 

clusters reassemble into larger alabandite nanocrystals, which are also stable, as evident from Figure 

S11. 

 

Figure 4. Analytical TEM of annealed MnPS3 (for 40 min at 600 °C). (a) HAADF and corresponding EDX 
Mn and S elemental maps of the structure obtained after annealing. (b) EDX spectrum of a 
freestanding annealed sample and the observed peaks are labeled with the corresponding elemental 
transitions. In addition, an elemental quantification is presented, and mainly S and Mn can be found. 
(c) Core-loss EELS of the Mn L2,3 –edge of the heated sample is given. (d) Scattering profile of a 
diffraction pattern of MnS powder. The experimental curve (blue) is divided by d (interplanar 
distance) to enhance the intensities at higher scattering angles. The red curve corresponds to 
simulated MnS. An 80 kV Cc/Cs-corrected HRTEM image in (e) shows a crystalline grain of the 
polycrystalline MnS structure. (f) Aligned magnified region of the structure presented in panel (e). 
The corresponding FFT of that structure is shown in (g); the red curve illustrates a line scan along the 
black dotted box in (g). 

 

We further studied the electronic and magnetic properties of new MnS polymorphs using DFT 

calculations. The energetically favored magnetic ordering was determined for monolayer and bilayer 

systems, see Figure S12. The stability of facets was studied for both the ferromagnetic (FM) and 

antiferromagnetic (AFM) alignments of the spins in Mn layers. In the case of the α-MnS phase, the 

[001] facet is more stable in the AFM state than in the FM state, whereas [111] facet prefers to remain 
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in the FM state. In the case of the γ-MnS phase, however, the thickness of the slab influences the 

magnetic character of the system, changing the ordering from ferromagnetic to antiferromagnetic. 

Our results show that the electronic structure of bulk MnS is significantly modified in the new 

polymorphs. For the bulk material, DFT+U calculations yield a band gap of 1.43 eV originating from a 

transition between the valence band maxima (VBM) situated at the M point and the conduction band 

minima (CBM) at the G point, see Figure S13 and Table S1. In the case of the slabs, the material can be 

either semiconducting or metallic, depending on the orientation and the thickness of the facets. In the 

MnS monolayer limit, α-[001] and γ-[0001] phases are semiconductors with band gaps of 0.03 and 0.23 

eV, while the α-[111] monolayer has a metallic character. As PBE generally underestimates electronic 

band gaps, as discussed in the literature, see, e.g72 and references therein, we further calculated the 

band gaps using more advanced approaches such as DFT+U, and Heyd-Scuseria-Ernzerhof (HSE) hybrid 

functional (Table 1). Note that we list the calculated PBE gaps for the reference only. More technical 

details regarding the ab-initio calculations are given in the Materials and Instrumentation section. The 

DFT+U calculations using onsite U values on transition metal atoms increase the magnitude of the band 

gap to 0.83 and 1.98 eV for α-[001] MnS and γ-[0001] MnS monolayer, respectively. Similarly, the band 

gap values at HSE levels increase to 0.66 (2.34) for α (γ) type phases, respectively. The electronic band 

structures indicate that the band gap in α-[001] MnS monolayer from an indirect transition from the 

VBM at the X point to the CBM at the G  point, Figure 5. In contrast, the monolayer in the γ-[0001] MnS 

phase has a direct band gap at the G  point. Furthermore, the electronic structure of the γ-MnS phase 

shows a strong dependence on the thickness of the facets. If the thickness of the [001] slab increases 

from mono to bilayer, the size of the band gap decreases, which is accompanied by a direct to indirect 

gap transition, Figure 5. In the case of α-[001] MnS phase, however, the electronic structure remains 

almost intact by increasing the thickness from monolayer to bilayer. We also note that the magnetic 

moments and phase ordering do not depend on the degree of localization of the exchange-correlation 

as shown previously73. 

 
Table 1. The Band Gap Values (eV) of MnS Polytypes Calculated at Different Levels of Theory. 

 
MnS polytypes DFT+PBE DFT+U DFT+HSE 

α-[001] 1L/2L 0.03/0.02 0.83/0.83 0.66/0.66 

γ-[0001] 1L/2L 0.23/0.03 1.98/1.68 2.34/2.04 
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Figure 5. Electronic band structure of various MnS monolayer and bilayer polytypes. The calculations 
are performed using the DFT+U method. Optimized atomistic structures are shown on the right in 
the top and side views. The atomic structure of the monolayer is indicated. Yellow and lilac balls 
represent S and Mn atoms, respectively. The energetically preferred magnetic ordering is presented 
in Figure S12. 
 

To get more insights into the effects of phosphorus alloying on the electronic properties of MnS, the 

electronic structures of the mixed compounds were investigated. Only γ-[0001] type monolayer was 

considered, as it possesses a relatively large band gap. Figure 6 shows the projected electron density 

of states for pristine MnS and alloyed MnS1−xPx monolayer. After introducing P into the MnS system, 

the new occupied electronic states appear at the valence-band edge making the mixed compound 

metallic at higher P concentration. Since P has one electron less as compared to S and can be referred 

to as an acceptor dopant, it shifts the Fermi level to the valence band. In the case of 6% P concentration 

(MnS0.94P0.06), the defect-induced states show small dispersion formed from the p atomic orbitals of 

phosphorus atoms. The electron density plot also indicates highly localized states on the P atom with 

some smaller contributions from the next adjacent Mn atoms (see Figure 6 (b)). By increasing the P 

concentration to 25%, the midgap states are more delocalized around the Fermi level.  
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Figure 6. (a) The projected density of states of γ -[0001] MnS1−xPx monolayer with the spin-up and 
spin-down components corresponding to positive and negative values. The Fermi level is shifted to 
zero. The P-associated states are clearly seen at the edge of the valence band. (b) The partial charge 
densities at the Fermi level for MnS0.94P0.06 monolayer. The isosurface value is set to 0.001 eÅ–3.  

Conclusion 

Our in-situ Cc/Cs-corrected HRTEM experiments provided insights into the annealing and electron-

beam-induced structure transformations of MnPS3. We showed that suitable dose rates allow for a 

controlled growth of α-MnS type phases embedded in the host system, with the crystals being oriented 

with their [111] direction along the c* direction of the parent MnPS3. In addition, we predict that the 

discovered α-MnS type phases are alloyed with P forming α-MnS1-xPx structures. At later stages of 

irradiation, different orientations of α-MnS1-xPx and a new phase γ-MnS1-xPx emerge, and the stability 

of all observed phases is confirmed by ab-initio calculations.  

Another route to transform MnPS3 into pure α-MnS was proven to be in situ annealing under vacuum 

conditions. This finding indicates that there exist different pathways to a controlled nanoscale 

transformation of a few-layer antiferromagnetic host into other stable phases, even down to ultrathin 

films. However, in the case of annealing, the complete sample is transformed to MnS, whereas in the 

electron beam irradiation case, the process can be controlled by the size of the electron beam and the 

total applied electron dose. 

Our DFT calculations reveal that the pure MnS phases can show diverse magnetic and electronic 

properties depending on the orientation and thickness of the facets. In particular, α-[001] MnS 

monolayer is an antiferromagnetic semiconductor with an indirect band gap, while γ-[0001] MnS 

monolayer was found to be a ferromagnetic semiconductor with a direct band gap. We further showed 

that the confinement effects in γ-[0001] MnS facets are strong, giving rise to a direct to indirect band 

gap transition. In addition, alloying with phosphorus (i.e. MnS1-xPx, 0 ≤ 𝑥 < 1) was found to be a 
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powerful technique to tailor the electronic and optical properties of the MnS facets. Further, we 

provide evidence that the mixed MnS1-xPx phases in both α- and γ- type can be stable for certain 

phosphorus concentrations. We conclude that if the thickness and orientation of the MnS1-xPx phases 

can be controlled appropriately, such compounds have great potential as novel 2D materials for 

various optoelectronic applications. For instance, one future pathway might be to partially irradiate a 

few-layer MnPS3 flake to create a MnPS3/ MnS1-xPx lateral heterostructure with varying properties 

depending on the flake thickness and lateral extent of the interface.  

 
Materials and Instrumentations 

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 on a PVA coated Si substrate. The underlying polymer layer allows a gentle transfer with 

distilled water of the thin flakes to a Quantifoil grid74. 

Specimens for annealing are prepared by stamping a PMMA layer onto a ThermoFisher micro-electro-

mechanical system (MEMS)-chip (note: isopropyl alcohol can be helpful to bring the PMMA layer in 

contact with the chip surface). Finally, the chip is dipped first into acetone and then in distilled water 

to remove PMMA residuals. 

Characterization and equipment: HRTEM experiments were conducted with a Cs-corrected TEM FEI 

Titan 80 – 300 and the Cc, Cs-corrected Sub-Ångström Low Voltage Electron Microscope (SALVE) at 30 

- 80 kV. The EDX data were collected with a Talos F200X G2 STEM. ED data were collected with the FEI 

Titan TEM at 300 kV.  

In order to extract the elemental composition from the EDX data, the peaks were fitted by spectra of 

selected elements, and the atomic fractions were calculated with the Brown-Powell model75. The 

energy resolution in the EELS experiments was determined to be 0.6 eV from the full width at half 

maximum of the zero-loss peak, measured in vacuum. If not stated otherwise in the corresponding 

spectra, for all presented core-loss EELS signals, the background was treated with a power-law model76, 

which has shown to give good results in the previous studies of the analyzed elemental core-loss 

edges77–79. The thicknesses of the emerging annealed crystals were obtained from EELS by the log-ratio 

method80,81. 

For annealing experiments, a side entry Double Tilt Heating Holder Model 652-Ta (Gatan Inc.) and a 

FEI NanoEx-i/v - TEM holder was used (www.fei.com/nanoex). The transition temperature for the 

annealing experiments was measured directly from the FEI TEM holder at vacuum conditions (7x10-9 

bar). Here, the temperature was ramped to 250°C and then increased stepwise by ~ 10°C until phase 
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transformation occurred, and in a second step, the temperature was ramped to 900°C by ~ 50°C. For 

the structural investigation, the Model 652-Ta was used, and the sample was heated to 600°C for 40 

min in vacuum (1x10-5 bar) and analyzed subsequently at room temperature. 

3D ED data were processed with EDT-collect program (Analitex, Stockholm, Sweden), supported by 

self-written MatLab scripts. 

All HRTEM image calculations for the different observed MnS1−xPx phases were performed using the 

open source abTEM Python Application Programming Interface (API), which is based on the multislice 

algorithm82. Experimentally determined image parameters were used as input parameters, and noise 

following the Poisson statistics83 was added to the images to account for the finite electron dose. For 

all image calculations a stoichiometry of MnS0.95P0.05 was assumed. 

All FFT-mask filtered images were generated following the numerical filtering protocol used for 

identifying grains in MoSe2
84

. 

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

using spin-polarized density functional theory (DFT) as implemented in VASP code85,86. All the 

calculations were carried out using PBE exchange-correlation functional87. For electronic structure 

calculations, the DFT + U method with an effective Hubbard value (U) of 5.5 eV for Mn atoms was 

employed. HSE06 calculations were carried out using the Heyd-Scuseria-Ernzerhof (HSE) hybrid 

functional88,89. 

The stability analysis for MnSxP1-x has been carried out by starting from fully relaxed MnS phase 4x4x2 

supercell with plane wave cut-off 400 eV and 2x2x1 k-points according to Monkhorst-Pack scheme. 

The force convergence is set to 0.01 eV/ Å. Then S atoms are subsequently randomly substituted by P 

atoms until MnP structure is formed. The formation enthalpy has been evaluated with isolated atoms 

as the reference configuration. Additionally, the configurational entropy is considered, where Sconf = 

kB ln(W) and W is the number of different configurations for a given compound, evaluated using the 

binomial coefficient n over k, with n being the total number of available sites and k the number of 

impurities (for Mn32P7S25, n=32, k=7). 
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