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Abstract 

Using first-principles calculations, we have investigated the electronic structures, 

mechanical properties and carriers mobilities of -conjugated X(X=Ni,Pd,Pt) 

bis(dithiolene) nanosheets (XDts). Firstly, Gaussian-Perdue–Burke–Ernzerhof 

(Gau-PBE) functional band structures of XDts have been calculated. XDts are narrow 

band gap semiconductors, and the band gaps are 0.392eV (NiDt), 0.082eV (PdDt), 

0.336eV (PtDt), respectively. Secondly, we present a method to calculate the elastic 

modulus of 2D material in arbitrary direction. Using this method, we predict that the 



elastic moduli of XDts are isotropic, and the Young’s moduli of those nanosheets are 

87GPa (NiDt), 78.2GPa (PdDt), and 86.5GPa (PtDt), respectively, which are much 

softer than graphene due to their large porosity. Thirdly, we have calculated the 

mobilities of XDts by deformation potential method. The electron mobilities of XDts 

are higher than 2.0103 cm2V-1s-1. In particular, the electron mobility of PdDt reaches 

14.86103 cm2V-1s-1. Our results show that XDts have a wide range of potential 

applications in nano devices.  

Introduction 

Graphene 1  has been successfully exfoliated from graphite, which sparked 

enthusiasm for the study of two-dimensional (2D) materials. Other 2D layered 

materials, such as silicene, h-BN, MoS2, phosphorene, have been prepared by 

exfoliation and chemical vapor deposition. Those 2D materials have a lot of novel 

physical properties, such as 2D gas of massless Dirac fermions, high electric and 

thermal conductivity, room-temperature quantum Hall effect, quantum capacitance, 

ambipolar electric field effect.  

As the new members of two-dimensional (2D) materials family, -conjugated 

X(X=Ni,Pd,Pt) bis(dithiolene) nanosheets (XDts) have also attracted a lot of attention. 

NiDt2 and PdDt3 have been synthesized by a bottom-up method. Wang et. al. have 

predicted that NiDt has the behaviors of the topological insulator (TI), which is the 

first reported organic TI.4 The oxidation of NiDt can be controlled by chemical 

oxidation and reduction. And the refined electrical measurement reveals the 

conductivity of microflake sample is 1.6102 Scm-1, which is remarkably high for a 



coordination polymeric material. 5  This makes it has a potential application in 

electrode materials. In order to tune the properties of NiDt, Zhou has studied a new 

2D heterobilayered material consisting of a NiDt and graphene or h-BN. It turns out 

that h-BN is a good substrate for the NiDt, an organic TI with its original properties; 

meanwhile, NiDt behaves like a metal when forming a new 2D heterobilayered 

material with graphene.6 The band gap of bilayer NiDt will decrease from 0.15eV to 

0eV, when one of the layers is slid relative to the other in the direction diagonal to two 

primitive vectors by applying a shear stress of ∼135 pN between the two layers.7 

NiDt can also be as an electrocatalyst in olefin separation and purification8, and as 

chemical sensors for detecting poisonous CO and NO gases. 9  The electronic 

properties of NiDt and PdDt can be tuned by strain.10 

The potential application of XDts in the future nanodevices is of great interest. It 

is necessary to understand the physical properties of XDts, such as mechanical, 

electrical, and optical properties. For example, the exact band gaps of those 

nanosheets are not reported. Some works have reported LDA and GGA band gaps of 

XDts.10 But LDA and GGA results always underestimate the band gaps of 

semiconductors. Meanwhile, there are not available carrier mobilities of those 

nanosheets. In this work, we have calculated the electronic structures by Gau-PBE 

functional to correct the band gaps. And the deformation potential (DP) method is 

employed to predict the mobilities. We also provide a method to calculate the elastic 

moduli in arbitrary direction for 2D materials. Using this approach, we have 

investigated the elastic moduli of XDts in different directions. 



Computational Detail 

The plane-wave method in the framework of DFT as implemented in 

QUANTUM ESPRESSO code11 is employed. Pseudopotentials are generated using 

the scheme proposed by Troullier and Martins (TM) 12 . GGA with the 

Perdew-Burke-Ernzerhof (PBE) 13  and Gaussian-Perdue–Burke–Ernzerhof 

(Gau-PBE)14 are used for the exchange-correlation effect. The energy cutoff of 70 

Hartree is chosen for plane-wave function’s expansion. A vacuum layer thicker than 

15Å is added to avoid the mirror interaction. The k-point sampling is 661 for unit 

cell. The cell parameters and atomic positions are optimized simultaneously. For 

self-consistent field iterations, the convergence tolerance for geometry optimization is 

defined when the differences in total energy, the maximum ionic Hellmann-Feynman 

force, the stress tensor, and maximum displacement reduce to 1.010-6 eV/atom, 

0.01eV/Å, 0.01 GPa, and 5.010-4 Å, respectively. When we calculate the DP constant, 

the vacuum level is used as the reference energy level.  

In DFT calculations of 2D systems, it always includes a thick vacuum space to 

avoid the interaction between layers, which leads to an error between the calculated 

stress and the experimental value. In order to compare directly with experimental and 

other theoretical results, we rescaled the stress by Z/d0 to obtain the modified stress, 

where Z is the lattice parameter in the Z direction and d0 is the effective thickness of 

the 2D material. The effective thickness is usually set to a half of the lattice constant 

of bulk system in Z direction. In this work, we have optimized the -conjugated 

X(X=Ni,Pd,Pt) bis(dithiolene) in hexagonal closed packed structure. Then effective 



thicknesses are set to be 3.53Å (NiDt), 3.62Å (PdDt) and 3.72Å (PtDt), respectively. 

Results and Discussion 

Electronic Structures 

The crystal structure of XDts2 is displayed in Fig.1. The lattice constants of these 

nanosheets are 14.592Å (NiDt), 15.065Å (PdDt) and 15.045Å (PtDt). The atomic 

number of Pd is smaller than that of Pt, but the lattice constant of PdDt is larger than 

the one of PtDt, which is unusual. The bond length of X-S (X=Pd or Pt) is closely 

related to ionic radii of X. According to Shannon (see, Table 1 in Ref [15]), the crystal 

radius and effective ionic radius of Pd in four-fold coordination (i.e., coordination 

number (CN) = 4) are 0.78 angstrom, and 0.64 angstrom, respectively. While for Pt, 

with CN=4, its crystal radius is 0.74 angstrom and its effective ionic radius is 0.60 

angstrom. For Ni, the crystal radius and effective ionic radius are 0.63 angstrom and 

0.49 angstrom with CN=4, respectively. The effective ionic radius of Pd is slightly 

larger than that of Pt with the same coordination number, while that of Ni is the 

smallest one. The lattice constant of XDt and bond length of X-S are following the 

same trend of crystal radius or effective ionic radius of X in the same CN. 

The electronic band structures (Fig.2) show that all of these nanosheets’ valence 

band maximum (VBM) is located at K point and conduction band minimum (CBM) is 

at Γ point. PBE results predict that NiDt and PtDt are narrow band gap 

semiconductors and PdDt is semimetal. PBE band gaps of these nanosheets are 

0.162eV (NiDt), 0.0eV (PdDt) and 0.099eV (PtDt), respectively. Our results are in 

good agreement with previous works.4,10 The lattice constants and band gaps are listed 



in Table I. It’s well known that PBE functional underestimates the band gaps of 

semiconductors. Gau-PBE functional14, whose accuracy of band gap calculation is 

comparable to the Heyd–Scuseria–Ernzerhof (HSE) functional, is employed to correct 

the band gaps of XDts. It predicts that those nanosheets are all narrow band gap 

semiconductors. Specially, using Gau-PBE functional, PdDt’s band gap is opened to 

be 0.081eV. Gau-PBE band gaps of other two nanosheets are 0.391eV (NiDt) and 

0.336eV (PtDt), respectively. 

In order to investigate the bond length of Pd-S in PdDt influences on band 

structure, we calculate the band structures of PdDt with different Pd-S bond lengths, 

2.134Å (which is equal to Ni-S bond length in NiDt), 2.279Å (which is equal to Pt-S 

bond length in PtDt). It shows that the shapes of the band structures are similar with 

that of PdDt in equilibrium state, which VBM is at K point and CBM is at Γ point. 

However, the band gap is regulated by the bond length of Pd-S. The PBE band gaps 

are 0.253eV (setting Pd-S bond length = 2.134Å) and 0.017eV (setting Pd-S bond 

length = 2.279Å), respectively. Using Gau-PBE functional, the band gaps increase to 

0.421eV and 0.114eV. The results indicate that the band gaps of XDts decrease with 

increasing the bond length of X-S. Thus, the band gap of PdDt is smaller than these of 

NiDt and PtDt.  

Mechanical Properties 

Now, we focus on the mechanical properties of XDts (X=Ni,Pd,Pt), such as 

elastic constants, Young’s and shear moduli, and Poisson’s ratios. For 2D system, 

Hooke’s law, referred to a Cartesian coordinate system Oxy, may be written:16,17 



 

                               (1) 

where xX , yY , yX  are stress components, xx , yy , xy  are strain components, and 

the ijC  are elastic stiffness constants. According to the symmetry, there are 

2112 CC  ; 6116 CC  ; 6226 CC  . The components of strain may similarly be written in 

terms of the components of stress: 

                                    (2)                  

where ijS are the elastic compliance constants. According to Eq.(2) and Eq.(3), we can 

obtain: 

                              (3) 

It is always possible to obtain one set of quantities from Ref.[16]. 

(a) 11S and 22S  relate extensional stress to collinear extensional strain, 

xE/S 111                                                        (4)
 

yE/S 122                                                        (5)
 

where xE  and yE  are the Young’s moduli in the x and y directions, respectively. 

(b) 66S  relates a shear strain to shear stress in the same plane, 

G/S 166                                                      (6)
 

whereG  is a shear modulus. 

(c) 12S  relates an extensional strain to a perpendicular compressional stress, 
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where xy  is the Poisson’s ratio for compressive stress in x direction. 

To further explore the mechanical properties along an arbitrary direction, we 

suppose the axes x , y  are rotated to x , y , where the rotation is governed by the 

following relationship: 

                                        (8) 

where   is the rotation angle.  

We have listed the elastic stiffness constants, Young’s moduli, shear moduli and 

Poisson’s ratio in Table I. The Young’s moduli and shear moduli of NiDt and PdDt of 

our results agree well with the results in Ref.[10]. The elastic constants and moduli of 

NiDt are slightly larger than one’s of the PtDt. But the elastic constants of PdDt are 

obvious smaller than ones of other two nanosheets. It is very interesting that the bond 

length of Pd-S (2.279Å) is the longest in X-S bonds (X=Ni, Pd, Pt), though the atomic 

number of Pd is smaller than that of Pt. This trend of mechanical properties is similar 

with the trend of band gaps of these 2D materials. This may contribute to the trend of 

strength of X-S bonds (X=Ni, Pd, Pt). There is similar behavior in bulk 

semiconductors. For example, diamond, silicon and germanium have same crystal 

structure (diamond structure). Due to decrease the bond strength from C-C to Ge-Ge, 

the trend of the elastic constants and band gap is decreased from diamond to 

germanium.  

According to Eq.(4), Eq.(6). and Eq.(8), we get the Young’s moluli and shear 
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moduli in arbitrary direction of two dimensional materials. Fig. 3 displays the Young’s 

moduli and shear moduli of NiDt. It shows that mechanical properties of NiDt are 

isotropic. Pd and Pt cousins have isotropic mechanical properties too.  

Compared to other 2D materials, such as graphene, monolayer MoS2, and h-BN, 

XDts (X=Ni, Pd, Pt) demonstrate super flexibility with smaller Young’s modulus. For 

example, the reported Young’s moduli of graphene, monolayer MoS2, and monolayer 

BN are 1.05TPa,18 0.33TPa,19 0.25TPa,20 respectively, compared to 87.0GPa (NiDt), 

78.2GPa (PdDt) and 86.5GPa (PtDt). The large porosity in the nanosheets degrades 

the Young’s moduli, which is similar to graphyne (carbon allotropes related to 

graphene). Graphyne has porosity, and is much smaller Young’s modulus than one of 

graphene.21 On the other hand, the strength of C-S and S-X (X=Ni, Pd, Pt) is much 

smaller than the strength of C-C bond, which is another important reason of the 

smaller Young’s moduli of XDt (X=Ni, Pd, Pt). But the smaller moduli mean better 

flexibility for the materials, which makes XDts (X=Ni, Pd, Pt) in great choice for 

practical large-magnitude-strain engineering.  

Mobilities 

In present work, the mobilities of XDts (X=Ni,Pd,Pt) have been predicted by DP 

method, which was proposed by Bardeen and Shockley.22 Shuai and co-authors have 

developed this method.23 This method has been successfully applied to predict the 

mobility of 2D materials, such as graphene,23 graphyne,24 2D-BN,25  monolayer 

MoS2,
26  and phosphorene. 27  For 2D semiconductors, the relaxation time and 

mobility can be calculated by following equations: 
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where 122* ]/)([  kkm   is the effective mass of the charge, C is stretching 

modulus, which is defined as 

22

000 /)l/l(CS/)EE(                                       (11) 

where E is total energy, S0 and E0 are area and total energy. E1 is DP constant, 

which is defined as: 

0

1
/ ll

E
E

BE




                                                     (12) 

where BEE is the shift of the energetic position of the band edge position with 

respect to the lattice dilation 
0/ ll along the direction of the external field.  

According to Eq.(10), the direction dependence of mobility is determined by the 

parameters Cβ, E1 and m*. Cβ is the Young’s modulus in essence. The Young’s moduli 

of XDts (X=Ni,Pd,Pt) are isotropic, as shown in Fig.3. Thus, the stretching moduli 

(Cβ) of these nanosheets are isotropic. The surfaces of the conduction band edge near 

CBM and the valence band edge near VBM of NiDt are shown in Fig.4. It shows that 

the electronic states near CBM and VBM are isotropic. So, we can speculate that DP 

constant (E1) and effective mass (m*) are isotropic, too. There are similar behaviors in 

PdDt and PtDt. Consequently, the mobilities of those nanosheets are isotropic.  

Table II shows all the calculated effective masses, the DP constants, the 

stretching moduli, the carrier mobilities, and the relaxation times for both electron 

(conduction band) and hole (valence band) at 300K. The relaxation time and mobility 



are calculated according to Eq.(9) and Eq.(10). It is found that the intrinsic hole 

mobilities of these nanosheets are in the same order of magnitude, 3.9102 cm2V-1s-1 

(NiDt), 1.9102 cm2V-1s-1 (PdDt), and 4.2102 cm2V-1s-1 (PtDt), respectively. 

However, the electron mobility of PdDt can reach 1.4104 cm2V-1s-1, while the 

electron mobilities are 2.97103 cm2V-1s-1 (NiDt) and 2.28103 cm2V-1s-1 (PtDt), 

which are an order of magnitude lower than the electron mobility of PdDt. The higher 

electron mobility of PdDt is mainly attributed to the smaller electron effective mass of 

PdDt (0.09me). The average relaxation times are calculated to be 0.18~0.73 ps for the 

carriers of these nanosheets, which are two orders lower than the value for graphene. 

Compared with graphene’s mobility (3105 cm2V-1s-1), the mobilities of these 

nanosheets are low, which are attributed to the larger effective masses and the smaller 

stretching moduli. But, compared with other organic semiconductors, those 

nanosheets have very high mobilities, which is in the same order of magnitude as that 

of silicon.28 Therefore, XDts have potential applications in electronic devices. 

Summary 

In this work, we have investigated the electronic structures, mechanical properties and 

mobilities of XDt (X=Ni, Pd, Pt) by DFT calculations. Using Gau-PBE functional, we 

have calculated the electronic structures of those nanosheets, which show all the three 

2D materials are narrow band gap semiconductors with 0.392eV (NiDt), 0.082eV 

(PdDt), 0.336eV (PtDt), respectively. Our results illustrate that the elastic moduli of 

XDt (X=Ni, Pd, Pt) are isotropic. The Young moduli of those nanosheets are much 

smaller than other 2D materials, such as graphene, h-BN, MoS2. This maybe attribute 



to the porosity and the weak C-S and S-X (X=Ni, Pd, Pt) bonding. The flexibility 

suggests great applications of large-magnitude-strain engineering. The electron 

mobilities of XDt are more than 2.0103 cm2V-1s-1. In particular, the electron mobility 

of PdDt is more than 1.0104 cm2V-1s-1, which implies the nanosheet has the potential 

applications in electronic devices. Our research and theoretical results here pave the 

way for future applications in nano-devices with XDt (X=Ni, Pd, Pt). 
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Table I. The lattice constants, PBE band gaps, Gau-PBE band gaps, elastic stiffness 

constants, Young’s moduli, shear moduli of XDts (X=Ni,Pd,Pt) 

 Ni Pd Pt 

Lattice constant (Å) 14.592 15.065 15.045 

PBE band gap (eV) 0.162 0.0 0.099 

Gau-PBE band gap (eV) 0.392 0.082 0.336 

C11 (GPa) 99.8 86.7 97.2 

C12 (GPa) 35.7 27.1 32.2 

C16 (GPa) 0.0 0.0 0.0 



C66 (GPa) 32.0 30.1 32.5 

Young’ moduli (GPa) 87.0 78.2 86.5 

Shear moduli (GPa) 32.0 30.1 32.5 

Poisson’s ratio 0.37 0.31 0.33 

 

Table II. The effective mass m*, DP constant E1, stretching modulus Cβ, mobility μ, 

and the average scattering relaxation time τ at 300K for electron and hole in XDts 

(X=Ni,Pd,Pt) 

  

m* 

(me) 

E1 

(eV) 

Cβ 

(1016 eV/cm2) 

μ 

(103 cm2V-1s-1) 

τ 

(ps) 

Ni 

electron 0.21 1.80 

1.92 

2.97 0.36 

hole 1.17 0.90 0.39 0.26 

Pd 

electron 0.09 1.90 

1.77 

14.86 0.73 

hole 1.21 1.21 0.19 0.13 

Pt 

electron 0.20 2.29 

2.01 

2.28 0.25 

hole 0.76 1.37 0.42 0.18 

 



 

Fig.1. Crystal structure of XDts (X=Ni, Pd, Pt). The solid lines show the unit cell.  

 



 

 

Fig.2 The band structures of -Conjugated XDts (X=Ni,Pd,Pt) with Gau-PBE 

functional: (a) NiDt, (b) PdDt, (c) PtDt 



 

Fig.3. The direction dependence of Young’s modulus and shear modulus of NiDt  

 

(a) (b) 

(d) (c) 

Fig.4. The conduction band surface near CBM (a), and valence band surface near 



VBM (c) of NiDt; the contour plot of electron (b), and hole (d) surfaces in the 2D k 

space, which reveals isotropic behavior for electrons and holes.   
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