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Abstract

Two-dimensional (2D) sheets of transition
metal phosphorus trichalcogenides (TMPTs)
offer unique magnetic and optical properties
that can complement those found in other 2D
materials. Insights into the structure and prop-
erties of these materials can be obtained by a
juxtaposition of the experimental and calcu-
lated Raman spectra, but there is very little
theoretical knowledge of the vibrational prop-
erties of TMPTs. Using first-principles calcu-
lations, we study mechanical and vibrational
properties of a large set of monolayer TMPTs.
From the phonon dispersion curves, we assess
the dynamical stabilities and general trends on
the atomic character of the vibrational modes.
We determine Raman active modes from group
theory, calculate Raman intensities, and ana-
lyze them with the help of the corresponding
atomic displacements. We evaluate how the
mode frequencies shift in response to a biaxial
strain. We also determine elastic properties,
which show that these systems are softer than
many other layered materials. In addition to
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shedding light on the general features of vibra-
tional properties of these materials, our results
should also prove useful for interpreting exper-
imental Raman spectra.

1 Introduction

In quest of expanding the atlas of attainable
physical properties of two-dimensional (2D)
materials, the research community has started
to revisit “old” van der Waals (vdW) layered
structures, from which “new” 2D systems can
be exfoliated. In this context, the family of
transition metal phosphorus trichalcogenides
(TMPTs) with a structural formula of MPX3,
where M = V, Mn, Fe, Co, Ni, Cd, Mg, Zn; X =
S or Se, has recently started to attract interest,
since the bulk TMPTs possess band gaps in a
range of 1.3−3.5 eV, wider than those in transi-
tion metal dichalcogenides (TMDs), where the
gaps does not exceed 2 eV. Besides, TMPTs
exhibit magnetic ordering and can be exfoli-
ated into single sheets.1–6 Contrary to many
metal chalcogenides, the constituent chemical
elements are largely earth abundant and non-
toxic. Moreover, as in the case of many layered
materials, electronic and optical properties are
sensitive to the number of layers, which opens
additional degrees of freedom for engineering
the electronic properties of these materials. For
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example, the observed band gap of bulk NiPS3

is equal to 1.6 eV, while the exfoliation into the
bilayer results in an indirect-to-direct band gap
transition7 with a value of the gap being 2.6 eV.

The atomic structure of TMPTs is similar
to that of TMDs in the octahedral phase (T-
phase) for the position of the metal and chalco-
gen atoms.8,9 A difference is that one third of
the metal atoms is replaced by P2 dimers ori-
ented normal to the layer, as shown in Figure
1. Each [P2X6]−4 unit occupies the centre of
the six closest divalent metal ions M+2 form-
ing a hexagonal lattice. In addition to their
role in defining the electronic structure, some
of the metal elements in this family of com-
pounds are magnetic (Fe, Ni, Mn, and Co). As
the metal atoms form a hexagonal lattice, each
with three neighbors, these structures can ex-
hibit stable magnetic phases. Experimentally
Néel and zigzag antiferromagnetic phases have
been observed with strong intraplanar and weak
interplanar coupling. In fact, these materials
were investigated in the past as an attractive
platform to study 2D magnetism.10,11 The com-
bination of a large band gap and magnetism are
expected to find applications in optoelectron-
ics, magneto-optics, and magnetic storage,12–14

in addition to the applications often envisioned
for layered materials e.g. in electrochemistry.15

Although magnetic and electronic properties
of the TMPT materials have been extensively
studied, the vibrational properties of monolayer
MPX3 have been scarcely investigated up to
now. At the same time, the transition into mag-
netic state as a function of temperature can be
observed in Raman spectra.16 In addition, Ra-
man spectra can be used to assess, e.g., mechan-
ical strain, doping, the number of layers or con-
centration of defects in 2D materials.17–21 Thus
the precise microscopic knowledge of the vibra-
tional properties is important for analyzing the
Raman spectra and the phonon properties af-
fecting thermal transport.

To fill the gaps in the existing knowledge, in
this work we perform first-principles calcula-
tions for the phonon spectra, and Raman in-
tensities of MgPS3, MgPSe3, MnPS3, MnPSe3,
FePS3, FePSe3, NiPS3, NiPSe3, ZnPS3, ZnPSe3,
CdPS3, and CdPSe3 compounds. To analyze

the vibrational modes, we examine the ionic dis-
placements and the contributions from different
elements. We further calculate Raman inten-
sities and frequency shifts upon application of
biaxial strain. We also assess the mechanical
properties of these systems by evaluating elastic
constants. With the data obtained for a large
set of TMPTs, we can extract the trends com-
mon for the whole family of these materials and
compare our results to other 2D systems.

2 Computational Details

Density functional theory (DFT) calculations
were performed in the framework of the pro-
jector augmented wave method using VASP25

code. The plane wave basis set with a kinetic
energy cutoff of 500 eV was used for all materi-
als. Very tight convergence criteria are required
in the calculation of phonon dispersion curves.
To this end, the total energies in both geometry
relaxation and in phonon calculations were con-
verged within 10−7 eV and the forces to within
0.1 meV/Å.

The different materials considered in this
work have different magnetic orders, which can
require the use of unit cells of different sizes.
Specifically, Mg, Cd, and Zn compounds are
nonmagnetic (NM) due to the filling of the d-
shell of metal atoms. For the magnetic struc-
tures, the experimental results reveal the exis-
tence of two different models of magnetic mo-
ments ordering.6,10,26 MnPX3 shows a Néel anti-
ferromagnetic (AFM) phase. Fe and Ni materi-
als display zigzag AFM below the Néel temper-
atures. The determination of magnetic mod-
els is simplified by the fact that the magnetic
moments originate almost entirely from the d
electrons of the metals in the honeycomb lat-
tice. Both the NM and the Néel AFM phases
can be described using the hexagonal primitive
cell containing 10 atoms. In the case of zigzag
AFM phase, a larger tetragonal unit cell with
20 atoms needs to be adopted. These are both
displayed in Figure 1. The 6 × 6 × 1 k-mesh
was found to be sufficient for the Mg, Mn, Zn,
and Cd compounds. FePX3 and NiPX3 require
a larger 16× 9× 1 k-mesh.
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Table 1: Calculated monolayer and experimental bulk lattice constants a, layer thick-
nesses d, and band gaps Eg, and ground-state magnetic orders. D/I after band gap
value denotes direct/indirect gap. The experimental data is taken from Refs.6,11,22–24

a (Å) d (Å) Eg (eV) Magnetic GS
PBE Expt. PBE Expt. PBE Expt. PBE

MgPS3 6.10 6.09 3.28 3.26 2.84(D) NM
MgPSe3 6.45 6.40 3.47 3.43 2.03(D) NM
MnPS3 6.05 6.08 3.23 3.21 1.33(I) 3.0 Néel AFM
MnPSe3 6.39 6.38 3.34 3.28 0.99(I) 2.5 Néel AFM
FePS3 5.86 5.95 3.12 3.19 0.12(I) 1.5 zigzag AFM
FePSe3 6.22 6.27 3.29 3.17 0.11(I) 1.3 zigzag AFM
NiPS3 5.82 5.81 3.03 3.21 0.70(I) 1.6 zigzag AFM
NiPSe3 6.17 6.14 3.13 3.30 0.47(I) zigzag AFM
ZnPS3 6.01 5.97 3.23 3.20 2.14(I) 3.4 NM
ZnPSe3 6.36 6.29 3.39 3.28 1.32(I) NM
CdPS3 6.30 6.21 3.41 3.38 1.93(I) 3.5 NM
CdPSe3 6.62 6.51 3.58 3.25 1.29(I) NM

For describing the exchange and correlation
effects, we have chosen to adopt the func-
tional proposed by Perdew, Burke, and Ernz-
erhof (PBE).27 Calculated lattice parameters
and layer thicknesses are compared with the
experimental ones in Table 1. The experi-
mental values correspond to the bulk systems.
Table 1 also shows the calculated magnetic
ground states, which were determined by com-
paring the total energies for four common mag-
netic moment orderings28 and moreover found
to agree with the experimental bulk magnetic
orderings for all materials. The PBE results
are in overall good agreement with the previ-
ous theoretical data4,28 and the experimental
values, although there appears to be an overes-
timation of the lattice constant in the case of
CdPX3 and an underestimation in the case for
FePX3, as well as underestimation of the layer
thickness of NiPX3. In addition, the lowest
energy configuration of the FePX3 compounds
was accompanied by a strong structural dis-
tortion. The two Fe-Fe bond lengths along
the zigzag chain became very different, 2.78 Å
and 3.74 Å, for FePS3 and 3.31 Å and 3.82
Å for FePSe3, while they should be equal ac-
cording to the experimentally determined crys-
tal structures.11,16 The problem may be related
to the poor description of strong correlation ef-

fects among d-orbital electrons in some metals.
This could be remedied, e.g., by the +U cor-
rection, but for the sake of consistency and also
uncertainties in the choice of U , we generally
refrain from adding +U corrections, and the
results reported for FePX3 correspond to the
(metastable) symmetric structure. This yields
Fe-Fe bond lengths of 3.32 Å and 3.52 Å for
FePS3 and FePSe3, respectively. A compari-
son of the vibrational properties between the
symmetric and distorted structures are given
in the Appendix and discussed in more detail
later on. The available experimental data on
the band gaps of monolayer TMPTs is very lim-
ited. Comparison to bulk band gaps are shown
in Table 1 and shows that the calculated values
are consistently 1–1.5 eV lower. Quantitative
comparison to calculations is hindered by the
different number of layers as well as underesti-
mation of band gaps calculated by PBE func-
tional. Nevertheless, we can conclude that all
these materials should be semiconductors.

The polarizability tensors for Raman calcula-
tions and the elastic constants were determined
with the same parameters as above within the
framework of the density functional perturba-
tion theory (DFPT).29 The lattice vibrations
and dynamical stabilities were assessed using
the PHONOPY code30 within the supercell ap-
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R(A1g) =





a · ·
· a ·
· · b



 (2)

R(Eg) =





· c ·
c · d
· e ·



 ,





c · −d
· −c ·
−e · ·



 (3)

where a–e are the major terms. The other terms
denoted by "·" are expected to be zero on the
basis of symmetry, while a minor contribution
may be obtained in calculations due to numer-
ical inaccuracies.

As commonly adopted in Raman spec-
troscopy of 2D materials,17,34 we consider the
back-scattering configuration, in which the in-
cident light moves along the z-axis and the
polarization vectors within the xy plane are
e
T
i = (cosθ, sinθ, 0) and e

T
s = (cosφ, sinφ, 0),

where θ and φ, respectively, are the angles of
the incident and scattered electric polarization
vectors with x-axis in detectors. Thus,

I(A1g) = a2cos2(φ− θ) (4)
I(Eg) = c2[sin2(θ + φ) + cos2(θ + φ)] = c2.

Based on the above relations, A1g modes de-
pend on the polarization change between the in-
cident and scattered light, but for Eg modes the
angle dependence vanishes. In order to have the
maximum possible amount of intensity for each
mode, we fix the polarization vectors to the par-
allel configuration θ = φ, whereby I(A1g) = a2

and I(Eg) = c2.
For the C2h point group, the tensors are:

R(Ag) =





a · d
· b ·
d · c



 (5)

R(Bg) =





· e ·
e · f
· f ·



 (6)

and the intensitites

I(Ag) = |a cos θ cosφ+ b sin θ sinφ|2

I(Bg) = |e sin θ cosφ+ f cos θ sinφ|2. (7)

We note that even when we assume the paral-

lel configuration θ = φ, the dependence on the
polarization angle is retained when a 6= b.

The calculated Raman spectra are shown in
Fig. 5 (with the artificial broadening of 4 cm−1

to mimic the experimental spectra), and the ab-
solute values of I are listed in Table 3. Overall,
a drastic sensitivity to the chalcogen anion is
evident, whereas the spectra appear fairly in-
sensitive to the metal cation, except for the two
lowest Eg modes, which have the strongest con-
tributions from the metal atoms.

The spectra of the D3d systems are discussed
next with the help of the schematic representa-
tions of the displacements shown in Fig. 6 in the
case of ZnPS3. We start from the two low fre-
quency Eg Raman modes, E1

g corresponds to ro-
tation of the P2X6 cluster and E2

g to an in-plane
optical mode involving metal atoms. They are
sensitive to the metal atom, but the Raman ac-
tivities are small. Next, there is a group of two
Eg modes and one A1g mode, with medium Ra-
man activities depending on the material. E3

g

and E4
g modes correspond to the stretching of

the P2X6 cluster and the A1
1g mode to a breath-

ing mode involving chalcogen atoms displaced
out-of-plane. The most intense Raman peak
is A2

1g, which can be considered as a breathing
mode of the P2X6 cluster. Finally, there are
high-frequency modes including the P2 stretch-
ing mode A3

1g with a medium activity and a low
activity E5

g mode corresponding to the rotation
of the P2 dimer.

Experimental data on monolayer TMPTs is
still very scarce, but a comparison of our results
with bulk spectra reveals an overall agreement.
First of all, due to the underbinding by the PBE
functional, as also seen in the overestimation
of the lattice constants, the calculated frequen-
cies are generally lower than the experimental
values. In an early study,35 Bernasconi et al.
presented room temperature Raman spectra for
MnPS3, NiPS3, ZnPS3, FePS3, and FePSe3. All
the sulfides showed strong peaks at around 280
and 390 cm−1, with the former accompanied by
one or two weaker peaks at some tens of cm−1

lower wavenumbers. Based on our calculations,
the pronounced peaks are assigned to E4

g and
A2

1g modes, respectively, and the weaker fea-
tures to E3

g and A1
1g modes. Peaks with smaller

8

Page 8 of 17

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 9 of 17

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 10 of 17

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 11 of 17

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Table 3: Frequencies ω, Raman intensities I, and the frequency gradients dω/dǫ for the
Raman-active modes. The frequency shifts are in the units of cm−1/%.

MgPS3 MgPSe3 MnPS3 MnPSe3 ZnPS3 ZnPSe3 CdPS3 CdPSe3
A1

1g ω 230.9 137.9 218.7 127.4 234.9 141.1 222.7 135.6
I 0.53 0.007 0.61 0.6 0.036 0.002 0.39 0.069

dω/dǫ -11.77 -0.62 -2.61 -4.22 -3.25 -1.52 -2.55 -1.86
A2

1g ω 368 209 360 202.3 365.7 208.6 354.3 205.8
I 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

dω/dǫ -2.08 -1.55 -1.66 -1.33 -2.54 -1.72 -1.15 -1.18
A3

1g ω 557.9 474.6 545.8 462.9 543.1 459.4 532.1 442.1
I 0.104 0.39 0.15 0.26 0.41 0.39 0.55 0.5

dω/dǫ -1.12 0.53 -0.49 1.66 -1.82 -0.02 -1.47 1.2
E1
g ω 118.8 74.9 93.9 65.8 65.1 45.4 64.7 47.9

I 0.029 0.056 0.033 0.045 0.077 0.0003 0.16 0.034
dω/dǫ -5.21 -2.89 -2.75 -1.63 -7.52 -2.18 -4.39 -2.94

E2
g ω 192.9 117.8 128.7 92.07 115.3 93.8 108.6 83.1

I 0.88 0.13 0.15 0.71 0.041 0.015 0.16 0.071
dω/dǫ -3.59 -0.05 -4.40 -0.11 -7.52 -4.03 -5.48 -2.86

E3
g ω 239.9 155 204.8 139.2 209.5 131.2 204.6 130.5

I 0.15 0.15 0.016 0.14 0.1 0.17 0.055 0.1
dω/dǫ -5.31 -0.9 -1.86 -3.26 -1.04 -1.93 -1.24 -1.68

E4
g ω 273.5 214.9 254.8 151.8 260.9 153.4 257.1 151.9

I 0.42 0.18 0.48 0.37 0.54 0.41 0.61 0.48
dω/dǫ -3.84 -9.02 -1.62 -1.29 -2.2 -1.09 -1.86 -1.06

E5
g ω 549.5 433.7 536.5 420.9 538.2 423.5 534.6 426.1

I 0.114 0.013 0.022 0.076 0.01 0.03 0.036 0.048
dω/dǫ -6.27 -4.57 -6.69 -4.99 -8.12 -5.68 -6.71 -4.92

elastic tensor with three non-trivial indepen-
dent coefficients C11, C12, and C44. In addi-
tion, we determined Cshear = (C11 − C12)/2,
Ys = (C2

11+C2
12)/C11, ν = C12/C11. The results

are listed in Table 4. The selenides show con-
sistently slightly smaller elastic constants than
the respective sulfides, but overall all TMPTs
exhibit roughly similar values. More interest-
ingly, a comparison with other 2D materials re-
veals that these materials are soft exhibiting,
e.g., Young’s modulus of roughly half of that
for MoS2 and one fourth of that for graphene.
Only MgPX3 shows a ν value comparable to
MoS2, whereas all the other TMPTs show high
Poisson ratios of 0.3–0.4.

4 Conclusions

We have carried out extensive first-principles
calculations of the mechanical and vibrational
properties of monolayer TMPTs MPX3 (M =
Mg, Mn, Fe, Ni, Zn, or Cd; X = S or Se). We
analyzed their dynamical stabilities and atomic
characters of the vibrational modes. The Ra-
man spectra of the unstrained and strained lay-
ers were calculated, and the nature of the Ra-
man active modes was discussed in detail. The
softening rate of the modes upon strain can be
used to identify the degree of strain in the sam-
ples measured experimentally. Finally, we as-
sessed the elastic properties, showing that these
materials are softer than many other layered
materials, which should be taken into account
to optimize the exfoliation process.
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Table 4: Calculated elastic constants and
comparison to few other common 2D ma-
terials. Elastic constant C11, C12, and
Young’s modulus Ys are in the units of
N/m. The Poisson ratio ν is unitless.

C11 C12 Cshear Ys ν
MgPS3 65.4 17.4 24.0 70.0 0.266
MgPSe3 55.7 15.4 20.1 59.9 0.277
MnPS3 61.7 20.2 20.8 68.3 0.327
MnPSe3 53.2 18.6 17.3 59.7 0.350
FePS3 72.7 22.1 25.0 79.4 0.304
FePSe3 61.9 19.4 22.0 67.9 0.312
NiPS3 87.0 23.1 31.9 93.1 0.265
NiPSe3 73.3 20.1 26.7 78.8 0.275
ZnPS3 67.5 27.1 20.2 78.4 0.401
ZnPSe3 58.3 22.9 17.7 67.4 0.393
CdPS3 53.6 20.6 16.5 61.6 0.385
CdPSe3 47.0 17.9 14.5 53.8 0.381
MoS2 137.9 36.0 50.9 147.3 0.262
graphene 352.6 59.6 146.5 362.67 0.17
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A Appendix: Comparison

between the symmetric

and distorted structures

of FePX3

The phonon dispersions from the symmetric
and distorted structures are shown in Fig. 8
for FePS3 and FePSe3. The symmetric struc-
ture shows few imaginary modes, which cor-
respond to breaking of the symmetry in the
Fe-Fe bonds along the zigzag chain of paral-
lel magnetic moments (cf. the rectangular unit
cell in Fig. 1). The distorted structures, ob-
tained by displacing the atoms according to
these imaginary modes and relaxing the struc-
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Figure 8: Comparison of the phonon dispersion
curves for FePS3 (top) and FePSe3 (bottom).
in the symmetric and distorted structures. The
symmetric ones are the same as shown in Fig.
4(a,b) and colored by yellow. The distorted
structure is colored according to the projection
to the atoms as previously.

ture again, are free of imaginary modes. The
high-frequency modes, originating either from
the P2 or P2X6 displacements, are only weakly
affected by the distortion involving the Fe-Fe
bonds.

Comparison of the calculated (PBE) Raman
spectra of the symmetric and distorted struc-
tures for the FePS3 monolayer to the experi-
mental ones6 is presented in Fig. 9. The highest
peak is not recorded in the experimental spec-
trum. In addition, the results from PBE+U
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