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Abstract Recently a surge of interest has been poured into research of two dimensional (2D) phosphides due 

to their unique physical properties and wide applications. Transition metal phosphides 2H-M2Ps (Mo2P, W2P, 

Nb2P and Ta2P) show considerable catalytic activity and energy storage potential. However, the electronic 

structure and mechanical properties of 2D 2H-M2Ps are still unrevealed. Here first-principles calculations are 

employed to investigated the lattice dynamics, elasticity and thermodynamics properties of 2H-M2Ps. Results 

show that M2Ps with lower stiffness exhibit remarkable lateral deformation under unidirectional loads. Due to 

the largest average Grüneisen parameter, single-layer Nb2P has the strongest anharmonic vibrations, resulting 

in the highest thermal expansion coefficient. The lattice thermal conductivity of Ta2P, W2P and Nb2P is 

contradictory to the classical theory which would expect a smaller thermal conductivity due to the much 

heavier atom mass. Moreover, the calculations also demonstrate that the thermal conductivity of Ta2P is the 

highest, as well as the lowest thermal expansion, owing to its weak anharmonic phonon scattering and the 

lowest average Grüneisen parameter. The insight provided by this study can be useful for future experimental 

and theoretical studies concerning 2D transition metal phosphides materials. 
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1. Introduction 

Since the discovery of graphene in 2004[1], its outstanding properties such as strong mechanical strength[2], 

excellent carrier mobility[3] and superior thermal conductivity[4] have been disclosed. However, some 

applications of graphene were restricted due to its intrinsic zero band-gap and relatively simple chemistry in 

energy storage devices and high-performance field-effect transistors (FET)[5, 6]. Nonetheless, the field of two 

dimensional (2D) materials has undergone rapid development. Exploration of new 2D materials including 

mono-elemental materials and abundant elemental composition are of great interest, such as 2D black 

phosphorus-like arsenic[7], tellurene[8], honeycombed silicon-carbon[9-11], layered chalcogenides[12] and 

transition metal dichalcogenides (TMDs)[13, 14]. Meanwhile, a collection of 2D transition metal carbides and 

nitrides, labeled as MXenes have been exploited[15-19]. Present research reveals that MXenes exhibit 

advantageous thermal conductivity and hydrophilic surfaces, high elastic moduli, carrier mobility and specific 

surface areas[20-23]. Particularly, low metal diffusion barriers on their surfaces recommend MXenes for 

application in energy storage and functional polymer composites[19, 24, 25]. Generally, MXenes can be 

fabricated by the selective chemical etching of MAX Phases. MAX phases are denoted by a general formula 

of Mn+1AXn (n=1~3), where ‘M’ represents early transition metals, ‘A’ is a main group element (mostly groups 

13 and 14), and ‘X’ represents carbon and/or nitrogen[15].  

The family of 2D MXenes has gone through bountiful expansion in recent years. One recent contender that 

has received significant attention is transition metal carbides (TMCs) with many intriguing properties and 

applications since their 2D crystals have been grown by chemical vapor deposition (CVD)[26, 27]. More 

recently, one-step direct synthesis of large-area 2D Mo2C-on-graphene film by molten copper-catalyzed 

chemical vapor deposition (CVD) was reported[28]. Ab initio results announce that Li-adsorbed Mo2C 
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monolayer possesses a high theoretical capacity of 526 mAh·g−1 and a low average electrode potential of 

0.14 eV[25], demonstrating the tempting application of Mo2C monolayer as an appealing anode material for 

Li-ion batteries. By using theoretical calculations, monolayer Mo2C presents a superconductor characteristic 

with tunable critical temperature (0~13 K) by the surface termination (-O, -H and -OH)[29]. 

 Recently, two dimensional (2D) transition metal phosphides (2H-Mo2P) have been reported as an anode 

material for Li- and Na-ions with superionic conductivity[30]. Based on the first-principles calculations, we 

propose three 2D transition metal phosphides, labeled as 2H-W2P, 2H-Nb2P and 2H-Ta2P, respectively. The 

calculated phonon dispersions spectra demonstrate their highly dynamical stability. To reveal the fundamental 

properties of the transition metal phosphides labeled as 2H-M2P (M= Mo, W, Nb, Ta), lattice dynamics and 

thermodynamic properties, electronic and elastic properties were characterized by using theoretical 

calculations, aiming to facilitate the synthesis and further applications of transition metal phosphides.  

2. Computational Details 

Based on the density functional theory (DFT), first-principles calculations are implemented in the Vienna 

ab initio simulation package (VASP)[31-33]. The projector augmented wave (PAW) pseudopotential is 

modeled to treat the interactions between electrons and irons[34]. General gradient approximation (GGA) is 

used with the Perdew–Burke–Ernzerhof (PBE) functional to describe the exchange and correlation 

interactions between electrons[35]. The energy cutoff is set to 500 eV for all calculations. The 

Monkhorst−Pack k-point sampling is used for the Brillouin zone integration: 19 × 19 × 1 for relaxation, and 

45 × 45 × 1 for self-consistent calculations[30, 36]. The cell parameters and ionic positions are fully optimized 

until the residual force on each atom is less than 0.01 eV/Å. A vacuum space of 20 Å is used to avoid the 

interaction between periodic images. The electronic properties are calculated by using GGA-PBE functional. 
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Moreover, the electronic band structures are further confirmed by calculations with hybrid functional method 

(HSE06)[37]. 

Phonon dispersions spectra and projected densities of states (PDOS) were obtained by combining 

density-functional perturbation theory (DFPT)[38] with the open source code Phonopy[39]. Thermal 

properties were calculated with harmonic approximation, then constant volume heat capacity CV, Helmholtz 

free energy F, and entropy S can be computed as functions of temperature. Heat capacity at constant pressure 

(CP) and temperature-dependent thermal properties can be obtained with quasi-harmonic approximation 

(QHA). Besides, lattice thermal conductivities were investigated by solving linearized Boltzmann transport 

equation within the single-mode relaxation time approximation (RTA), as implemented in the open code 

Phono3py[40]. The interatomic force constants (IFCs) were calculated by the finite displacement method. The 

second- and third-order harmonic IFCs were obtained by using finite displacement method with finite atomic 

displacements of 0.03 Å. To compute lattice thermal conductivities, the reciprocal spaces of the primitive cells 

were sampled using the 45×45×1 meshes. 

3. Results and discussions 

3.1 Lattice structures and dynamical stability 

As shown in Figure. 1a, all the 2D 2H-M2P structures have the hexagonal lattice symmetry of space group 

D1
3h (P6

一

m2), with two M and one P atom in a primitive unit cell. 2H-M2P is consisted of monolayers that are 

vertically stacked in M−P−M sequence as 2H-Mo2C[29], with two M atomic layers sandwiching a single P 

layer in a mirror-symmetric manner (Figure 1b and 1d). The fully relaxed structures have an equilibrium 

lattice constant of 3.065, 3.031, 3.153 and 3.116 Å for 2H-Mo2P, -W2P, -Nb2P and -Ta2P, respectively. The 

lattice parameters, bond length, and cohesive energies are listed in Table 1. The lattice parameter and bond 
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length of Mo2P well coincide with the reported (a=3.064 Å, bondMo-P= 2.347 Å)[30]. Structural stability can 

be inferred from the cohesive energy per atom which is defined as
2P P(2 ) / 3coh M ME E E E   , where EM, 

EP and EM2P denote the energy of isolated M atom, P atom and total energy of the primitive unit cell, 

respectively. The calculated cohesive energies per atom of 2H-Mo2P, -W2P, -Nb2P and -Ta2P are 6.995, 6.095, 

5.524 and 6.136 eV/atom. The equilibrium distances of M−P bonds are 3.347, 3.366, 3.456 and 3.453 Å, 

respectively. Here the 2D 2H-M2P structures are more stable than 2H-MoS2 (with a Ecoh=4.979 eV/atom), 

indicating monolayer Mo2P is most stable architecture among the four 2D crystals, corresponding to its 

shortest bond length of Mo-P. Like 2H-Mo2C[29], the 2H-M2P may also have 1T phase as illustrated in Table 

S1. The optimized total energy of 1T phases is little larger than that of 2H phases. Table S1 shows the 

optimized lattice parameters and cohesive energies of 1T-M2P. Compared to 2H-M2P, the cohesive energy of 

1T-M2P is smaller than that of 2H-M2P, indicating that 2H-M2P is more stable. 

              

              

Figure 1  (a) Top, (b) and (d) side views of the single-layer transition metal phosphides, labeled as 2H-M2P. 

In (a) the red region indicates the primitive unit cell, a=b are the lattice constants (a=b). (c) First Brillouin 
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zone with high-symmetry points labeled. 

Table 1  Lattice parameters a and b, the bond length of M-P bondM-P, the thickness of M-P-M dM-M and 

cohesive energies Ecoh of 2D monolayer 2H-M2P in unitcell (M= Mo, W, Nb, Ta). 

 a (Å) b (Å) bondM-P (Å) dM-M (Å) Ecoh (eV/atom) 

Mo2P 3.065 / 2.347 3.084 6.995 

W2P 3.031 / 2.366 3.186 6.095 

Nb2P 3.153 / 2.456 3.296 5.524 

Ta2P 3.116 / 2.453 3.336 6.136 

The electron localization function (ELF) of these four configurations is also characterized as depicted in 

Figure 2. The ELFs indicate the degree of electron localization which is helpful for the analysis of bonding 

characters[41]. It’s clear that a covalent bond M-P is formed. The ELF value is 0.79847, 0.80354, 0.83242 and 

0.83463 for Mo2P, W2P, Nb2P and Ta2P, respectively. The difference of ELF value between the up-down two M 

metal atoms is about 0.3~0.4, indicating the electron delocalization. One anticipated finding is that the 

electron localization around W atoms is higher than that around the other three atoms (Mo, Nb, and Ta). 

Dynamical stability of the M2P structures is investigated by calculating phonon dispersion spectra (along 

-M-K- path over Brillouin zone) and projected densities of states (PDOS) of every atomic donors in three 

directions. As illustrated in Figure 3, the absence of imaginary frequencies in the phonon spectra throughout 

the Brillouin zone demonstrates the highly dynamical stability of all M2P structures. From the calculated 

PDOS, apparently, high optical phonons vibrations should be mainly attributed to the donors of P atoms in y- 

and z-directions, while the low optical and acoustic phonons vibrations are governed by the larger atomic 
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mass M in y- and z-directions. As a result being known from phonon frequencies over the Brillouin zone, 

thermal properties are calculated as illustrated in Figure S2. The calculated results establish the notable 

energetic and dynamical stability of 2H-M2P, and will facilitate and motivate the further synthesis of transition 

metal phosphides. 

 

Figure 2  Electron localization function (ELF) of the single-layer M2P, diagrams in turn from left-to-right: 

Mo2P, W2P, Nb2P and Ta2P. 
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Figure 3  Phonon dispersion spectra (left) and projected density of state (right) of monolayer M2P 

implemented within a 331 super cell, by using GGA-PBE functional to describe the exchange-correlation 

potential. 

3.2  Elastic and electronic properties 

The elastic properties of monolayer M2P can be characterized according to the method mentioned by 

Andrew[42] without considering the film thickness. The 2D elastic constants of hexagonal lattices are defined 

as c11, c22, c12, and c66. Due to the symmetry, the hexagonal structures have the two relations that c11 = c22 and 

c66 = 1/2(c11 − c12). Before that, weak interactions (primarily van der Waals interactions) between two M2P 

surfaces are firstly confirmed by optimizing the configurations of a stacked assembly of two layer with using 

vdW correction methods (DFT-D3)[43], which determines the equilibrium interlayer distance dvdW. The 

effective single-layer thickness t is dvdW + dM-M. The elastic constant matrix of these single-layer M2P is 

calculated as shown in Table 2. The elastic properties of the hexagonal lattice of M2P can be obtained. The 

layer modulus and shear modulus are expressed as 

11 22 12

1
( 2 )

4
c c c     and 

2
66

DG c                            (1) 

2D in-plane stiffness (Young’s moduli) for strains and Poisson’s ratio in the Cartesian [10] and [01] directions 

can be expressed as: 

2
11 22 12

[10]
22

c c c
S

c


  and 

2
11 22 12

[01]
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c c c
S

c


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v
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

 and 
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D c
v
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
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 In-plane stiffness in the Cartesian [10] and [01] directions, respectively, are equal in value due to the 

hexagonal lattice, as well as Poisson’s ratio. As shown in Table 2, calculated stiffness of monolayer Mo2P is 

53.6 N/m (GPanm) which is well consistent with the reported (56 GPanm)[30]. Compared with the stiffness 

of MoS2 (~140 N/m), the investigated stiffness of M2Ps is smaller than half that of MoS2, indicating M2P 

architectures are softer materials which would facilitate the application of external strain. Magically, 

monolayer M2Ps exhibit an excellently lateral deformation capacity in consideration of themselves larger 

Poisson’s ratio (> 0.5) when applied unidirectional strain. Among the 2D M2Ps, single-layer Ta2P has the 

highest stiffness, 63 N/m (63 GPanm), corresponding to the Poisson’s ratio of 0.538. Most surprisingly, 

single-layer Nb2P has the lowest stiffness of 4.3 N/m (4.3GPanm) and best lateral deformation (Poisson’s 

ratio of 0.961), which demonstrate single-layer Nb2P can most easily produce deformation under extrinsic 

loads than other M2Ps. Electronic band structures were calculated with both using GGA-PBE and HSE06 

functional as illustrated in Figures S3 and S4. These four single-layer M2Ps exhibit intrinsic electronic 

conductivity. Such soft 2D materials with metallic conductivity could pave the way for flexible conducting 

material and electronic devices, such as the 2H-Mo2P as an anode material for Li- and Na-ion rechargeable 

batteries[30]. 

Table 2  Elastic properties of monolayer M2P structures calculated by using GGA-PBE functional (elastic 

constants cij, layer modulus γ, shear modulus G2D, in-plane stiffness S in N/m and dimensionless Poisson’s 

ratio) and the effective single-layer thickness t in nm. 

 t c11 c22 c12 G2D=c66  S [10] S [01] v2D
[10] v2D

[01] 

Mo2P 1.55 81.2 81.2 47.3 16.9 64.3 53.6 53.6 0.583 0.583 
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W2P 1.68 83.0 83.0 53.7 14.7 68.3 48.3 48.3 0.647 0.647 

Nb2P 1.60 56.0 56.0 53.8 1.1 54.9 4.3 4.3 0.961 0.961 

Ta2P 1.52 88.7 88.7 47.7 20.5 68.2 63.0 63.0 0.538 0.538 

3.3  Thermodynamic properties 

The lattice thermal conductivity of single-layer M2P was characterized by linearized Boltzmann transport 

equation within the single-mode RTA as following 

λ λ λ λ
λ0

1
C

NV
   v v                                (4) 

where N is the total number of q points sampling the Brillouin zone, V0 denotes the volume of a unit cell.  is 

phonon mode, and C, v, , is the specific heat, phonon velocity, phonon lifetime. However, single-layer M2P 

is 2D crystals in which vacuum thickness exists in the lattice. One thing must be considered that Eq. (4) is 

suitable for bulk structures. Hence, the thermal conductivity tensors need to be normalized by using V to 

substitute V0. According to the effective single-layer thickness in Table 2, V is derived from V0 subtracting 

vacuum volume. As shown in Figure 4, the lattice thermal conductivities (xx=yy) of single-layer M2P 

decrease with the increasing temperature. Among of these four M2P, the lattice thermal conductivity ranks as 

Mo2P < W2P < Nb2P < Ta2P throughout the temperature range (100–350 K). The calculated lattice thermal 

conductivities of monolayer Mo2P, W2P, Nb2P, Ta2P at room-temperature (300 K) are 3.54, 10.56, 12.81 and 

51.11 Wm-1K-1. Thermal conductivity of Ta2P is the highest among all M2Ps and about 1344% larger than that 

of Mo2P, as well as thermal conductivity of single-layer W2P and Nb2P are about 198% and 262% larger than 

that of Mo2P monolayer, respectively. The lattice thermal conductivities of Ta2P, W2P and Nb2P are 
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contradictory to the classical theory which suggests much heavier atom mass results in a smaller thermal 

conductivity[44]. 
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Figure 4  Lattice thermal conductivity xx=yy of 2H-M2P (M= Mo, W, Nb, Ta) at temperatures from 100 to 

350 K with 10 K step are depicted filled circles and the values are fit by the color solid curves. 

As depicted in Figure S5, most phonon lifetimes of acoustic branches of W2P, Nb2P and Ta2P are larger 

than that of acoustic branches of Mo2P, indicating strong phonon scattering in Mo2P. Besides that, most 

phonon lifetimes of acoustic phonon modes are larger than those of optical branches. These results reflect the 

dominant contribution changes from the acoustic phonon modes to the total lattice thermal conductivity[45]. 

Weaker phonon-phonon scattering rate is observed in W2P, Nb2P and Ta2P, which declares a much higher 

thermal conductivity. Moreover, the frequency dependent mode-Grüneisen parameters of M2P in the 

irreducible Brillouin zone are calculated as illustrated in Figure 5. Mode-Grüneisen parameters (0 K) can 

provide anharmonicity information of phonon modes, determining the intrinsic phonon-phonon scattering. As 

shown in Figure. 5(c), the Grüneisen parameters of acoustic phonon branches of single-layer Nb2P is smaller 

than that of others, indicating weak anharmonic phonon scattering.



 

 

 

Figure 5  Mode-Grüneisen parameters of (a) Mo2P, (b) W2P, (c) Nb2P and (d) Ta2P. In (a) TA1, TA2 and LA 

are acoustic phonon branches, the points in other colors represent six optical branches, respectively. 

Quasi-harmonic approximation (QHA) is performed to calculate thermal expansion and heat capacity at 

constant pressure (CP). Phonon properties vary since the crystal potential is an anharmonic function of volume, 

but the harmonic approximation is simply applied to each volume[39]. Here, different volumes are introduced 

for these calculations by scaling equilibrium lattice constants a (b) between the scaling factors of -1.7%~3.2%. 

As illustrated in Figure S6, the phonon spectra under minimum strain (-1.7%) and maximum strain (3.2%) 

demonstrate that the strained structures are dynamical stability. Bulk modulus B, thermal expansion 

coefficients, average Grüneisen parameter  and Helmholtz Free energy with respect to volume at different 
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temperature are calculated as illustrated in Figure 6. As the calculation of thermal conductivity, the vacuum 

thickness of M2P crystals among ten volume points chosen are eliminated. Calculated Helmholtz free energy 

F(T;V) is described by the solid circle symbols in Figure 6d. Here, the equation of states (EOS) was adopted 

to fit the points [46]. The minimum values at different temperatures are depicted by the cross symbols. The 

calculated B of single-layer Mo2P, W2P, Nb2P and Ta2P is 69.84, 78.33, 58.69 69.43 GPa at 300 K, respectively. 

Among these four 2D crystals, B of Nb2P decreases more rapidly with increasing temperature than other three 

structures. As shown in Figure 6a, however, monolayer Nb2P exhibits the highest thermal expansion, which 

increases more quickly with increasing temperature.  It can be attributed to its strongest anharmonic 

vibrations (Figure 6c)[47]. These results of Nb2P further confirm its malleability which has been proved by 

the calculated lowest in-plane stiffness. As shown in Figure 6b, the present lowest thermal expansion of 

single-layer Ta2P should be attributed to its weak anharmonicity (Figure 6c) which also results in a higher 

thermal conductivity. 
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Figure 6  Temperature-dependent (a) bulk modulus, (b) volumetric thermal expansion coefficient and (c) 

average Grüneisen parameter of single-layer M2P at finite temperature. (d) Helmholtz free energy of 

single-layer with respect to volume at temperatures from 0 to 900 K with 100 K steps is depicted by solid 

circles and the values are fit by the blue color solid curves. Cross symbols show the energy bottoms of the 

respective curves and simultaneously the equilibrium volumes. Lines connecting the cross symbols are guides 

to the view. 

4. Conclusions 

In summary, metallic 2D transition metal phosphides (Mo2P, W2P, Nb2P and Ta2P), confirmed by dynamical 

and thermal stabilities, are investigated by using first-principles calculations. Higher cohesive energy of M2P 

than that of Mo2S indicates the strong bonding structures in M2Ps. The calculated electronic properties 

demonstrate these 2D crystals are metallic which are further confirmed by more accurate HSE06 functional. 

Calculated elastic properties proved that single-layer M2P structures are softer materials due to their smaller 

stiffness than that of MoS2, associating with excellently lateral deformation. Nb2P is the softest material 

among M2Ps because of its lowest stiffness and bulk modulus. These results are confirmed by the calculations 

of the highest thermal expansion and lowest bulk modulus. The calculated phonon lifetimes at room 

temperature (300 K) of M2P demonstrate the dominant contribution changes from the acoustic phonon modes 
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to the total lattice thermal conductivity. Nb2P shows the lowest bulk modulus and the highest thermal 

expansion because of its larger average Grüneisen parameter at finite temperature. The calculations also prove 

that the thermal conductivity of Ta2P is the highest among the four materials, as well as the lowest thermal 

expansion, owing to its weak anharmonic phonon scattering. We believe that these four two dimensional 2H 

phase transition metal phosphides will be synthesized in the very near future. Our fundamental studies can 

guide the experimental and theoretical investigations in probing new 2D transition metal compounds. 
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