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Abstract  

By means of density functional theory (DFT) computations, we theoretically 

investigated a novel two-dimensional (2D) transition metal disulfide (TMD), namely 

PdS2 monolayer. Distinguished from other 2D TMDs which adopt the ordinary 2H or 

1T configuration, PdS2 monolayer presents rather unique structural properties: each 

Pd atom binds to four S atoms in the same plane, and two neighboring S atoms can 

form a covalent S−S bond. The hybrid HSE06 DFT computations demonstrated that 

PdS2 monolayer is semiconducting with an indirect band gap of 1.60 eV, which can be 

effectively reduced by employing a uniaxial or biaxial tensile strain. Especially, PdS2 

has a rather large hole and electron mobilities. Our results suggest that PdS2 

monolayer is rather promising for future electronics and optoelectronics.  
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Introduction 

    Graphene, which consists of a single layer of sp
2-hybridized carbon atoms 

arranged in a two-dimensional (2D) honeycomb lattice, was indentified 

experimentally by Geim and Novoselov in 2004.1,2 Graphene has fantastic electronic 

properties, such as mass-less Dirac fermions,3  room temperature quantum Hall 

effect,4 ultrahigh carrier mobility (106 cm2/Vs).5 Remarkably, graphene also has 

superb mechanical6 and thermal7 properties. These remarkable properties endow 

graphene many exciting applications in a wide range of fields.8,9 

   The experimental realization of graphene also greatly stimulated the synthesis of 

2D structures of inorganic layered materials, such as h-BN, 10 − 12  black 

phosphorus,13−15 and MAX phases.16,17 In recent years, 2D transition metal disulfides 

(TMDs), which consist of one layer of transition metal atoms (TM, typically Mo, W, 

V, or Ti) sandwiched between two layers of sulfur (S) atoms, have been a subject of 

extensive studies due to their fantastic properties complementary or even surpassing 

those of graphene.18−24 For example, MoS2 monolayer has a moderate direct band gap 

(∼1.80 eV)25 as well as a considerable carrier mobility of ∼200 cm2/Vs,26 rendering it 

a more suitable candidate for optoelectronics devices and transistors than zero-gap 

graphene. Depending on the different arrangement of S atoms, 2D TMDs can be 

roughly divided into two polytypes, one is 2H which consists of trigonal prismatic 

D3h-TMS6 units, the other is 1T which consists of octahedral Oh-TMS6 units. For 

example, MoS2 and WS2 monolayers prefer to adopt the 2H configuration, while the 

most stable configuration of TiS2 and SnS2 monolayers is 1T. Interestingly, the 
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meta-stable 1T polytype of MoS2
27,28 and WS2

29,30 monolayers have also been 

synthesized recently, which are metallic and show dramatic catalytic performance 

toward hydrogen evolution.  

The pioneering works by Grønvold et al.31−34 demonstrated that some noble 

metals, such as Pt, and Pd can also form layered structures with S atoms (e. g. PtS2, 

PdS2). Especially, in PdS2 each Pd atom can only bind to four rather than six S atoms, 

leading to the formation of rather a novel structure distinguished from other layered 

TMDs.35 Inspired by the extensive studies of 2D TMDs, it is expected that PdS2 can 

also be exfoliated into monolayer and find some important applications in electronics. 

Recently, Miró et al. 36  theoretically studied the electronic properties of PdS2 

monolayer and found that PdS2 monolayer is semiconducting. However, they reported 

that the most stable configuration of PdS2 monolayer is 1T, which is different from 

that of the layers in PdS2 bulk. Considering that the layers in PdS2 bulk are hold 

together by weak van der Waals (vdW) interactions, when a PdS2 monolayer is 

exfoliated from PdS2 bulk, it is unlikely that a phase transition occurs, thus we can 

expect that the exfoliated PdS2 monolayer should adopt the same configuration as 

bulk. In this case, a comparison of stability between these possible configurations of 

PdS2 monolayer is rather necessary in order to determine the thermodynamically most 

favorable structure.  

    In this work, by means of comprehensive density functional theory (DFT) 

computations, we systematically studied the structural and electronic properties of 

PdS2 monolayer. Our results revealed that the most stable configuration of PdS2 
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monolayer is neither 1T or 2H, but is featured with planar tetra-coordinate Pd atoms 

and covalent S−S bonds. PdS2 monolayer is semiconducting with a moderate indirect 

band gap and has rather large carrier mobilities, which would endow it many 

important applications in electronics.   

Computational Methods 

    Our DFT computations were performed using the plane-wave technique 

implemented in Vienna ab initio simulation package (VASP).37 The ion-electron 

interaction was described using the projector-augmented plane wave (PAW) 

approach.38,39 The generalized gradient approximation (GGA) expressed by PBE 

functional40 and a 500 eV cutoff for the plane-wave basis set were adopted in all 

computations. Especially, for those weak interaction involved computations, the 

PBE+D2 method with Grimme vdW corrections was adopted.41 We set the x and y 

directions parallel and the z direction perpendicular to the basal plane of PdS2 

monolayer, and adopted a supercell length of 25 Å in the z direction. The geometry 

optimizations were performed using the conjugated gradient method, and the 

convergence threshold was set to be 10-5 eV in energy and 10-4 eV/Å in force. The 

Brillouin zone was represented by Monkhorst-Pack special k-point mesh of 6×6×1 for 

geometry optimizations, while larger grid (14×14×1) was used for band structure 

computations. Since the PBE functional usually underestimates band gaps of 

semiconductors, in this work all the band structures were computed using the hybrid 

HSE06 functional42−44 on the basis of PBE optimized geometric structures. Especially, 

considering that Pd is a rather heavy element, the spin-orbital coupling (SOC) effect 
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was also taken into account in band structure computations.  

The particle-swarm optimization (PSO) method within the evolutionary scheme 

as implemented in the CALYPSO code45 was employed to search the low-energy 

structures of 2D PdS2 monolayer. As an unbiased global optimization method, the 

PSO algorithm was inspired by the choreography of a bird flock and can be viewed as 

a distributed-behavior algorithm that performs multidimensional search. This method 

has successfully predicted the low-energy structures of many planar 2D materials.46−50 

A straightforward extension of this method can also be applied to 2D systems with 

finite thickness. Unit cells of PdS2 monolayer containing total atoms of 6 and 12 

atoms were considered. The structure relaxations during the PSO simulation were 

performed using the PBE functional, as implemented in VASP.  

Results and Discussion  

To ascertain the most stable configuration for PdS2 monolayer, we firstly 

considered two possible structures, which are displayed in Fig. 1 and named with 

PdS2-I and PdS2-II in the order of increasing total energy. The optimized lattice 

parameters, bond lengths and relative total energies of two structures are given in 

Table 1. Both PdS2-I and PdS2-II are true local minima as indicated by their all 

positive phonon modes (Fig. S1, S2). These two structures are also the only stable 

structures by PSO global search (after 30 generations). We also constructed two other 

possible configurations, namely 2H and Haeckelite configuration. Following the 

previous convention of MoS2, the Haeckelite configuration of PdS2 monolayer 

consists of 4-8 defects.51 However, the 2H configuration is not a local minimum as it 
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has considerable imaginary phonon modes (Fig. S1), and the Haeckelite configuration 

of PdS2 monolayer transforms to PdS2-I after full geometry optimization. Therefore, 

only PdS2-I and PdS2-II are considered in the following sections.   

     As shown in Fig. 1, PdS2-II takes the ordinary 1T configuration, while PdS2-I 

can be seen as the monolayer form of PdS2 bulk and has a rectangular unit cell. 

Similar to PdS2-II and other TMD monolayers, PdS2-I also consists of one Pd atomic 

layer sandwiched between two S atomic layers. However, different from PdS2-II in 

which each Pd atom binds to six S atoms to form an octahedral prismatic, in PdS2-I 

each Pd atom is coordinated with four S atoms, and the four Pd−S bonds are in the 

same plane. Note that the square planar coordination of Pd is also adopted by many 

common Pd-containing compounds, such as PdO, PdCl2. Especially, in PdS2-I each S 

atom can form two Pd−S bonds and one S−S bond with neighboring atoms, whereas 

in PdS2-II S atoms can only form Pd−S bonds. More interestingly, in PdS2-I every two 

Pd atoms and three S atoms can form a wrinkled pentagon, which is rather rare in 

known materials. According to our computations, PdS2-I is 111 meV/atom lower in 

energy than PdS2-II, which indicates that PdS2-I is more stable than PdS2-II, and thus 

excludes 1T polytype (PdS2-II) as the most stable configuration for PdS2 monolayer. 

The enhanced stability of PdS2-I may be due to the presence of covalent S-S bonds.  
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Fig. 1 Top (upper) and side (bottom) views of two structures of PdS2 monolayer. 

Black green and yellow balls represent Pd and S atoms, respectively. Both monolayers 

are extended periodically along the x and y directions. 

  Although PdS2-I is more stable than PdS2-II, we are still uncertain whether it 

is the lowest-energy structure for PdS2 monolayer. To this end, we performed a global 

search for the lowest-energy structure of PdS2 monolayer in the whole 2D space using 

first-principles based particle-swarm optimization (PSO) method as implemented in 

CALYPSO code. As a benchmark, the PSO method correctly predicted the 2H and 1T 

configuration as the global minimum structure for MoS2 and TiS2 monolayer, 

respectively, by only one generation search. For PdS2 monolayer, no structures with 

lower energy than that of PdS2-I were found after 30 generations. On the basis of 

above results, we can safely conclude that PdS2-I is the most stable configuration for 

PdS2 monolayer, and the experimentally realized PdS2 monolayer would adopt the 

configuration as that of PdS2-I. However, the above results don’t exclude the 

possibility of forming 1T-PdS2. As above mentioned, the meta-stable 1T polytype of 
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MoS2 and WS2 have been realized experimentally,27-30 thus we can expect that the 

metal-stable 1T-PdS2 can also be realized under specific conditions.  

Tab. 1 The optimized lattice parameters (LP), length of Pd−S (dPd−S) and S−S (dS−S) 

bonds, and relative energy (Er) of two configurations for PdS2 monolayer.  

Polytype LP (Å) dPd−S (Å) dS−S (Å) Er (meV/atom) 

PdS2-I a = 5.49, b = 5.59 2.34, 2.35 2.10 0 

PdS2-II a = b = 3.53 2.40 / 110 

 With so intriguing geometrics, what novel electronic properties can PdS2 

monolayer present? To address this issue, we computed the band structure and density 

of states (DOS) of the energetically preferred PdS2 monolayer (PdS2-I) on the basis of 

above determined configuration. As shown in Fig. 2, computed at HSE06 theoretical 

level, PdS2 monolayer is semiconducting with an indirect band gap of 1.60 eV. The 

conduction band minimum (CBM) locates at the S (0.5, 0.5, 0) point, while the 

valence band maximum (VBM) locates in the interval between Γ and X (0.5, 0, 0) 

points. Remarkably, the direct band gap (1.95 eV) of PdS2 monolayer is quite close to 

the indirect band gap, indicating that PdS2 monolayer would have promising 

applications in optoelectronics. The partial DOS analysis reveals that the VBM of 

PdS2 monolayer is mainly contributed by the S-3p states and partially by Pd-4d states, 

while the CBM is contributed by both Pd-4d and S-3p states with nearly equal weight.   
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Fig. 2 Band structure (left) and density of states (right) of PdS2 monolayer. The red 

dashed line denotes the position of Fermi level while the blue double arrow denotes 

the direct band gap.  

    Experimentally, the controllable band gap engineering of nanomaterials is always 

desirable for wider applications. Applying external elastic strain has proven an 

efficient method toward tuning the electronic properties of many 2D structures.52-56 

Therefore, we also studied the effect of external strain on the electronic properties of 

PdS2 monolayer. We employed both uniaixal and biaxial strains, but only considered 

the tensile strain as it is more feasible to realize experimentally. Here the strain (ε) is 

defined as ε = (l − l0) / l0, where l and l0 are the strained and the equilibrium lattice 

parameters of PdS2 monolayer, respectively.  
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Fig. 3 (a) Plots of band gap versus applied tensile strain for PdS2 monolayer. (b) and 

(c) are band structures of PdS2 monolayer with a uniaxial strain of 10% along the x 

and y direction, respectively, whereas (d) is band structure of PdS2 monolayer with a 

biaxial strain of 10%.  

     Our computations demonstrated that the effect of tensile strain on the electronic 

properties of PdS2 monolayer is rather pronounced. When subjected to a uniaxial 

strain, the band gap of PdS2 decreases monotonically with increasing strain, 

regardless of the strain direction (Fig. 3a). For example, when the uniaxial strains 

along the x and y directions are increased to 10%, the band gaps of PdS2 monolayer 

can be reduced to 0.79 and 0.72 eV, respectively. Remarkably, the electronic 

properties of PdS2 monolayer are more sensitive to the biaxial strain than the uniaxial 

strain. With a biaxial tensile strain of 10%, the band gap of PdS2 monolayer is 
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significantly reduced to 0.05 eV. It is expected that a semiconducting-metallic 

transition would be observed with the further increase of tensile strain. The above 

results indicate that the electronic properties of PdS2 monolayer can be flexibly 

modulated by applying an axial tensile strain, which would lead to a wider range of 

applications.  

    Besides the band gap, carrier mobility is another important factor for 

semiconducting materials in devices applications. Recently, it has been shown both 

experimentally and theoretically that some 2D structures, such MoS2,
26 and 

phospheneError! Bookmark not defined.,14 have a considerable carrier mobility (> 200 

cm2 V−1s−1), which makes these materials quite promising candidates for field effect 

transistors (FET). To obtain more information on the electronic properties of PdS2 

monolayer for future utilization, we investigated its carrier (including electron and 

hole) mobilities on the basis of deformation potential (DP) theory, which was initially 

proposed by Bardeen and Shockley.57 Note that the DP theory has been successfully 

employed to predict the carrier mobility of many 2D structures.58−61 According to the 

DP theory, the carrier mobility (µ) of a 2D structure can be expressed as: 

2

1

3

EmTmk

Ce

dB

∗
=

h
µ  

where ћ is the reduced Planck constant, kB is Boltzmann constant, T is the temperature 

(300 K). C is the in-plane stiffness, which is defined as C= [∂2E/∂ε
2]/l0, where E is the 

total energy of the PdS2 supercell. m
* is the carrier effective mass along the transport 

direction (both x and y) and ∗∗= yxd mmm  is the average carrier effective mass. E1 is 

the deformation potential (DP) constant determine by E1 = ∂Eedge/∂ε, where Eedge is 
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the value of CBM (for electron) and VBM (for hole). All of these quantities were 

computed by the HSE06 functional, and the corresponding values are summarized in 

Table 2. 

Tab. 2 The computed effective mass (m*), in-plane stiffness, deformation potential 

(E1), and mobility (µ) of electron and hole along x and y directions for PdS2 

monolayer at 300K.  

Carrier type m
*/m0 C (N/m) E1 (eV) µ (cm2v−1s−1) 

electron (x) 0.87 58 8.59 40.97 
electron (y) 0.25 82 9.40 169.11 
hole (x) 0.72 58 2.12 339.25 
hole (y) 1.75 82 3.11 91.73 

According to our computations, the m* of electron and hole for PdS2 monolayer 

along the x direction are 0.87 m0 and 0.72 m0 (m0 is the free electron mass), 

respectively, whereas those along the y direction are 0.25 m0 and 1.75 m0, respectively. 

Our computations also revealed that PdS2 monolayer has anisotropic mechanical 

properties: the in-plane stiffness are 58 N/m and 82 N/m along the x and y directions, 

respectively. As a comparison, the in-plane stiffness of MoS2 monolayer is ∼128 

N/m,60 indicating that PdS2 is much softer than MoS2 monolayer. By fitting the band 

edge-strain curves (Fig. 4), we found that the deformation potential (E1) of hole are 

rather small, namely 2.12 (x direction) and 3.11 (y direction), respectively, whereas E1 

of electron are rather large, taking the respective values of 8.59 (x direction) and 9.40 

(y direction). On the basis of the obtained m*, C, and E1, the acoustic phonon-limited 

carrier mobilities were then computed. The mobilities of electron are 40.97 (x 
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direction) and 149.11 cm2/Vs (y direction), respectively. Remarkably, due to the 

rather small deformation potential (E1), the mobilities of hole are much larger than 

those of electron, with a value of 339.25 (x direction) and 91.73 (y direction) cm2/Vs, 

respectively. Especially, the mobilities of both hole and electron for PdS2 monolayer 

are larger than those of MoS2 monolayer.60 Therefore, PdS2 monolayer would be a 

quite promising material for future applications in electronic and optoelectronic 

devices. 

  

Fig. 4 Shifts of CBM and VBM under uniaxial strain along x and y directions for 

PdS2 monolayer. ∆l refers to the dilation along x or y, while l0 refers to the lattice 

constant of a or b at equilibrium geometry.  

 

    After revealing the structural and electronic properties of PdS2 monolayer, we 

quite wonder whether this novel 2D structure can be realized experimentally. To 
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address this question, we computed the interlayer binding energy (Eb) of PdS2 bulk 

and compared to some known layered materials to evaluate the feasibility of 

exfoliating one PdS2 monolayer from PdS2 bulk. According to our results, the Eb per 

unit cell of PdS2 is 855 meV, which is much higher than those of graphite (209 meV), 

h-BN (280 meV), and black phosphorus (607 meV). However, we should note that the 

unit cell area of PdS2 is much larger than those of graphite, h-BN, and black 

phosphorus, and the strength of vdW interaction has a close relationship with the 

interface area. In this case, the average binding energy of PdS2 (27.88 meV/Å2) is 

actually much lower than those of graphite (39.89 meV/Å2), h-BN (52.14 meV/Å2), 

and black phosphorus (39.93 meV/Å2). As graphene, h-BN monolayer, and phosphene 

have been realized experimentally by exfoliation or epitaxial growth, it is expected 

that PdS2 monolayer can be realized via similar methods.  

Conclusion 

In this work, we theoretically investigated the structural and electronic properties 

of a novel 2D material, namely PdS2 monolayer by means of DFT computations. 

Distinguished from common 2D TMDs, PdS2 monolayer has the rather unique 

structural properties featured with planar tetracoordinate Pd atoms and S-S bonds. 

PdS2 monolayer is semiconducting with an indirect band gap of 1.60 eV and a quite 

close direct band gap of 1.95 eV. The electronic properties of PdS2 monolayer can be 

effectively modulated by applying the tensile strain. Especially, PdS2 monolayer has 

rather high carrier mobilities. The above properties render PdS2 monolayer a 

promising candidate for future electronics. Considering the rapid development of 
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experimental techniques for fabricating 2D materials, e. g. PtSe2 monolayer,62 PdS2 

monolayer would be realized experimentally soon.  

Moreover, other noble-transition-metal dichalcogenides may also not take the 

ordinary 1T and 2H configurations, our test computations showed that PdSe2 

monolayer can take the same configuration as that of PdS2 monolayer, while the 1T 

configurations is favored by PdTe2 monolayer and Pt dichalcogenides (PtS2, PtSe2, 

PtTe2) monolayers (Table 3). The different structural properties of Pd dichalcogenides 

from those of Pt dichalcogenides may be due to the differences in electronegativity 

and atomic radius between Pd and Pt. We hope that our studies can stimulate more 

efforts on exploring the structural and electronic properties of novel 2D materials.  

Tab. 3 Optimized lattice parameters and relative energies for PdS2-type and 1T 

configurations of PdSe2, PdTe2, PtS2, PtSe2, and PtTe2 monolayers. For each 

monolayer, the enengy of 1T configuration was set as zero. 

Monolayer Configuration LP (Å) Er (meV/atom) 

PdSe2 
PtS2-type a = 5.74, b = 5.92 −25 

1T a = b = 3.74 0 

PdTe2 
PtS2-type a = 5.99, b = 6.37 15 

1T a = b = 4.03 0 

PtS2 
PtS2-type a = 5.47, b = 5.56 45 

1T a = b = 3.58 0 

PtSe2 
PtS2-type a = 5.73, b = 5.91 102 

1T a = b = 3.75 0 

PtTe2 
PtS2-type a = 5.97, b = 6.35 113 

1T a = b = 4.02 0 
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Supporting Information. Phonon spectrum of PdS2 monolayer in the most stable 

configuration, 1T configuration, and 2H configuration. This material is available free 

of charge via the Internet at http://pubs.rsc.org. 
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PdS2 monolayer has distinguished strucutral properties from other transistion metal 

disulfides, and has also ranther high carrier mobilities. It is semiconducting with a 

moderate indirect band gap, which could be effectively tuned by applying a tensile 

strain.  
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