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Abstract 

We systematically studied the electronic structures of two-dimensional (2D) multilayered nickel-

bis(dithiolene) sheets using first-principles calculations. The monolayer is semiconducting, while 

the bilayer, trilayer, and bulk all become good metals.  We reveal that the metallicity mainly arises 

from covalent-like interlayer interaction between the 3pz orbitals of S atoms in adjacent layers.  

We show that such interlayer orbital hybridization widely exists in many 2D layered materials 

involving extensively out-of-plane orbitals. This interlayer orbital hybridization greatly enriches 

the physical properties of this class of 2D layered materials compared to pure van der Waals 2D 

layered materials. More importantly, we demonstrate these properties are easily tunable by 

controlling the interlayer distance or stacking, making them very promising in meeting the desired 

requirements in practical applications.   
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Introduction  

Two-dimensional (2D) materials exhibit many unusual characteristics arising from the 2D 

nature, hence finding promising applications in many fields such as spintronics, thermoelectrics, 

photovoltaics, energy storage, sensors, filtration, biological engineering, medicine, etc. [1-3]. In 

addition, 2D materials can stack up to form layered structures, hence allowing the easy design and 

fabrication of numerous novel materials [4]. In many cases, different layers are hold together via 

van der Waals (vdW) interactions [5]. In some cases, the interlayer interactions could go beyond 

vdW, and the physical properties of the stacked structures could be very different from their single 

layer components.  For example, covalent interlayer interaction in few-layer black phosphorus 

makes their electronic and vibrational properties strongly layer-dependent [6-8]; covalent-bond-

like interlayer interaction in PtS2 can drastically tune the band gap from 1.6 eV (monolayer) to 

0.25 eV (bulk counterpart) [9, 10]; the interlayer interaction in PtSe2 is even stronger, which tunes 

PtSe2 from a semiconductor with 1.17 eV bandgap (monolayer) to a metal (bulk counterpart) [11].    

Recently, an emerging class of 2D materials called coordination nanosheets (CONASHs)  

constructed with metal complex frameworks, are gaining increasing interest as the 2D nature and 

the conjugated characteristics are combined into a single material [12-14]. Sometimes, they are 

also considered as 2D metal-organic-frameworks (MOF) [15, 16].  Many CONASHs have been 

successfully synthesized so far, such as X (X=Ni, Pd, Pt) bis(dithiolene) (XC4S4)n [17-19], nickel 

2,3,6,7,10,11-hexaiminotriphenylene [Ni3(HITP)2]n [20], Cu3(hexaiminotriphenylene)2 [21, 22], 

copper bis(dithiolene) [23], Cobalt Dithiolene [22], etc.  In particular, (NiC4S4)n exhibits 

electrical conductivity up to 1.6 × 104
 Sm-1 measured on its bulk surface at room temperature [24], 

the highest record among 2D coordination polymers.  Such high electrical conductivity arises from 

the metallic nature of bulk (NiC4S4)n, as revealed from the experimental photoelectron emission 

spectroscopy and the calculated band structure [24].  Although multilayer (NiC4S4)n is highly 

conducting, its monolayer was theoretically predicted to be a semiconductor[25][25][25][26-29].  

However, it remains unclear how the metallicity emerges when semiconducting (NiC4S4)n 

monolayers stack into multilayer structures. 

In the current work, we explore the origin of metallicity in multilayer (NiC4S4)n by 

systematically studying the electronic structures of (NiC4S4)n sheets, ranging from monolayer, 

bilayer, trilayer, and up to bulk configurations, as shown in Figure 1. The density functional theory 

https://en.wikipedia.org/wiki/Photovoltaic
https://en.wikipedia.org/wiki/Energy_storage
https://en.wikipedia.org/wiki/Filtration
https://en.wikipedia.org/wiki/Biological_engineering
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(DFT) calculations at the Perdew-Burke-Ernzerhof (PBE) level show that monolayer (NiC4S4)n 

exhibits an indirect band gap of 0.133 eV, while all multilayers (bilayer, trilayer, and bulk) become 

metallic, consistent with previous reports [24, 26-29]. We reveal that the metallicity in the 

multilayers originates from covalent-like interlayer interaction, which are mainly contributed by 

hybridization of the 3pz orbitals of the head-to-head facing S atoms in adjacent layers.  The 3pz 

orbitals could effectively hybridize across adjacent layers because these orbitals extend very 

extensively into the interlayer space, with the orbital radius competing the vdW interlayer distance 

of around 3~4 Å [30]. This strong S-S interlayer interaction was also noted by Fazel et al. when 

in their study on bilayer (NiC4S4)n [31].  In fact, such interlayer hybridization interaction is not 

unique to (NiC4S4)n; they widely exist in many 2D layered materials, especially those containing 

extensively out-of-plane orbitals, such as  few-layer black phosphorus [6-8] and transition metal 

dichalcogenides (TMDs) like MoS2 [32], PtS2 [9, 10], PtSe2 [10, 11], etc; our work extends the 

study of interlayer hybridization interaction from inorganic materials to MOF.   

The interlayer orbital hybridization significantly enriches the physical properties of this type 

of 2D layered materials, compared to pure vdW 2D layered materials.  For example, we are 

showing that the interlayer orbital hybridization in multilayer (NiC4S4)n induces band splitting and 

makes these multilayer structures metallic.  In addition, the interlayer hybridization interaction 

provides an easy tunable parameter as these interaction is much weaker than typical chemical 

bonding in 3D materials. For example, Fazel et al. proposed to continuous tune the band gap of 

bilayer (NiC4S4)n by tuning the interlayer orbital hybridization strength with shear sliding [31]. 

We further show the band gap and electrical conductivity of 2D layered (NiC4S4)n could be easily 

tuned by the number of layers or by interlayer distance. The rich properties and easy tenability 

makes these class of 2D layered materials very promising in meeting specific requirements in 

practical applications.  

 

Results 

Optimized monolayer, few-layer, and bulk (NiC4S4)n structures are shown in Figure 1.  Each 

(NiC4S4)n single layer possesses the same symmetry group as graphene [33]. We can view it as 

C6S6 units (dash circle in Figure 1) replacing carbon atoms in graphene, with a Ni atom bridging 
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two C6S6 units.  The lattice constant a in (NiC4S4)n is reaches around 15 Å, resulting in large 

hexagonal pores with diameter of around 12 Å.  These nanometer size pores provide special 

advantages in many applications, such as molecular adsorption, storage, and filtering. In addition, 

these nano-pores can significantly suppress thermal conductivity to around 2.05 W/m/K (based on 

non-equilibrium molecular dynamics simulations and will be published elsewhere). 

 

Figure 1. Relaxed atomic structures of monolayer, bilayer, trilayer, and bulk (NiC4S4)n in top view 

and side view. Gray, yellow, and blue balls denote C, S, and Ni atoms respectively. For multilayer 

structures, the second layer is colored in green and the third layer in orange for guiding the view. 

Here, we show 2×2 supercells for easier interpreting of the structures, but we used unit cells in our 

calculations. 
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As the hexagonal lattice involves two sublattices A and B, each unit cell of a monolayer contains 

two C6S6 components with one centered at the A site and the other centered at the B site. By 

forming AA stacking multilayer structures, every S/C/Ni atom is vertically aligned to another 

S/C/Ni atom in the neighboring layer(s).  In AB stacking bilayer structure, only half of the C6S6 

units are vertically aligned with another C6S6 unit in the neighboring layer, while the other half of 

the C6S6 units are aligned to the nano-pores of the adjacent layer.  For clearer description, we refer 

to the C/S atoms that is vertically aligned to another C/S atom in its neighboring layer as C1/S1, 

and refer to the C/S atoms that are aligned to nano-pores in their neighboring layer as C2/S2, as 

illustrated in Figure 2 left panel.  

 

   

Figure 2.  Left: illustration of the vertically aligned C1/S1 atoms (brighter gray/yellow atoms) and 

the C2/S2 atoms that are exposed to nano-pores in their neighboring layer (darker gray/yellow 

atoms). Right: interlayer distance between the vertically aligned C1-C1 atoms and S1-S1 atoms in 

few-layer and bulk (NiC4S4)n. 

 

After relaxation, the monolayer, the middle layer in ABA trilayer structure and both layers in 

the bulk remain flat due to mirror symmetric interactions from top and bottom neighboring layers, 

while all other layers in all our samples become slightly curved [34].  Obviously, most of the 

curved layers are surface layers that are facing a neighboring layer on only one side and its 

interaction with this neighboring layer is non-uniform over different regions.  In addition to the 

surface layers, the middle layer of ABC trilayer structure is also curved because it is facing 

structurally asymmetric neighboring layers, thus nonzero and non-uniform net vertical forces 

push/pull atoms away from their planar positions. The appearance of these curvatures indicate 

3
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strong interlayer interactions in (NiC4S4)n. The relaxed interlayer distances between vertically 

aligned C1-C1 atoms and S1-S1 atoms are given in Figure 2.  In all few-layer structures, interlayer 

S1-S1 atoms are closer than C1-C1 atoms2[35][35], although S atom has much longer vdW radius 

(3.6 Å) than C atom (3.4 Å) [30].  The extremely short S1-S1 interlayer distance indicates strong 

interlayer interactions between S1-S1 atoms. As we will show later, the interlayer interaction is 

mainly contributed by the hybridization of pz orbitals of S1-S1 and C1–C1 atoms, and the coupling 

strength between S1-S1 atoms are much stronger due to the larger radius of S 3pz orbitals compared 

to that of C 2pz orbitals.  Therefore, we refer to the interlayer S1-S1 distance as the interlayer 

distance d. 

 

To examine the relative stability of monolayer, bilayer, trilayer, and bulk (NiC4S4)n, we 

calculated the total energy per layer for these structures, as presented in Figure 3. It is seen that 

bulk is the most stable form, and reducing number of layers leads to increasing total energy per 

layer, indicating that interlayer interaction play important roles in holding the multilayer structures 

stable.  The variation of energy per layer among different structures (Figure 3) follows a similar 

trend as the interlayer S1-S1 distances (Figure 2 yellow columns), indicating a close relationship 

between interlayer interaction energy and interlayer S1-S1 distance. We also notice AB stacking 

bilayer is more stable than AA stacking bilayer, same as the situation of AA vs AB stacking in 

bilayer graphene  and a bilayer structure composed of graphene and periodic porous graphene [36].  

Thus, we will focus on the AB stacking structure in the following sections.  In addition, the ABC 

trilayer structure is more stable than the ABA trilayer. This is because in the ABA stacking a 

middle layer S1 atom hybridizes with two adjacent S1 atoms in both top and bottom layers. Whereas 

in the ABC stacking each S1 atom in the middle layer hybridizes with only one S1 atom in the top 

or bottom layer, which favors an enhanced interlayre S1-S1 bonding.  The stronger interlayer S1-

S1 bonding in ABC trilayer can also be seen from its shorter interlayer S1-S1 distance (Figure 2 

right panel), compared to the case in ABA trilayer. 

 
2 In bulk, the C1-C1 and S1-S1 distances are the same since each layer is forced to be perfectly flat 

by mirror symmetry. 
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 Figure 3. Total energy per layer for each system relative to the bulk (NiC4S4)n.  

 

In order to understand the electronic properties in each structure, their band structures are 

calculated. Band structure for monolayer (NiC4S4)n shows an indirect gap of 0.133 eV (Figure 4a) 

at the PBE level, with the conduction band minimum (CBM) at Γ point and the valence band 

maximum (VBM) at K point, in agreement with previous reports [26, 28, 29, 37].  On the other 

hand, the PBE band structures of all fully relaxed multilayers [Figure 4 (b3, c3, d, e)] show several 

metallic bands crossing the Fermi level EF. This is very likely due to interlayer interactions, since 

no crossing-EF bands are present in monolayer band structure. We thus gradually tuned the 

interlayer interaction by varying interlayer distance d and examined its effect on band structure, as 

shown in Figure 4 (a→b1→b2→b3) for the AA stacking bilayer, and Figure 4 (a→c1→c2→c3) 

for the AB stacking bilayer. Obviously, at the extreme case of d = ∞, or equivalently monolayer, 

a 0.133 eV gap exists. The band gap narrows down as d reduces, and closes completely when d 

goes below 4.5 Å, clearly proving that interlayer interactions is the reason causing the gap-closing 

in multilayer (NiC4S4)n.  
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Figure 4. (a) Band structure and PDOS of monolayer (NiC4S4)n. (b3), (c3) and (d-e) Band 

structures of bilayer, trilayer, and bulk (NiC4S4)n with fully relaxed interlayer distance d. (b1-b2) 

and (c1-c2) are band structure of bilayers with longer interlayer distances.   



 
 

10 

 

By carefully comparing the band structures in Figure 4, we can see each band in monolayer 

splits into two bands in bilayer. For example, the lowest unoccupied band (LUB) in monolayer 

splits into LUB and LUB+1 in bilayer.  This can be further verified in their charge densities (Figure 

5), where bilayer LUB/LUB+1 charge densities is a simple superposition of two monolayer LUB 

charge densities. The splitting is very small when d is large.  As the two layers approach each other, 

the splitting widens (Figure 4 (b1→b2→b3) and (c1→c2→c3)), and consequently the highest 

occupied band (HOB) of bilayer upshifts while the LUB downshifts. When d shortens to around 

4.5 Å, the band gap between the HOB and the LUB closes. As d further shortens to the equilibrium 

values (3.488 Å for AA stacking and 3.465 Å for AB stacking), the bilayer systems become good 

metals with many steep bands (large group velocities) crossing EF (Figure 4 b3 and c3).     

 

Figure 5. Charge density isosurfaces of the lowest unoccupied band (LUB) of the monolayer at Γ 

point and its splits in AB stacking bilayer with d = 4.738 Å and 3.707 Å respectively. All these 5 

LUB 
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interlayer  
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points are indicated by arrows in Figure 4 (a, c1, and c2). Note that the LUB of AB bilayer crosses 

EF when d decreases to 3.707 Å (i.e., becomes HOB), but we still use the same notation to keep 

consistency among different structures.All charge density isosurfaces are taken at the same 

isovalue of 0.00025 e/bohr3.  Charge density of the LUB of the bilayer with d = 3.707 Å shows an 

obvious interlayer charge overlapping between head-to-head facing S1-S1 atoms, and the 

corresponding energy splitting reaches as high as 0.238eV.  

 

Above analysis shows clearly that the metallic behavior in multilayer (NiC4S4)n is caused by 

band splitting. The underline reason of band splitting can be found from the band decomposed 

charge densities, as shown in Figure 5. In AB bilayer with a longer d = 4.738Å, these isosurfaces 

for the top layer and bottom layer have not touch each other yet (see side view), and consistently 

the corresponding band splitting is very small, only 0.061eV (Figure 4c1).  However, when d 

shortens to about 3.707 Å, the same isosurfaces for the top layer and bottom layer extensively 

overlapped for the LUB, which is a bonding state, and the corresponding band splitting increases 

to 0.238eV (Figure 4c2).  For the anti-bonding state LUB+1, a node between the two layers always 

exists. Obviously, such charge density overlapping is the main reason that induces band splitting 

and subsequently causes the metallic behavior in multilayer (NiC4S4)n. 

In general, the charge density overlapping is strong when the two layers are close, and weakens 

as the two layers separate further.  However, the interlayer interaction energy without vdW effect 

in AB bilayer is not monotonically decreasing with interlayer distance (Figure 6 blue curve).  

Instead, this part of energy shows a local minimum at d ~ 3.6 Å, as well as a small energy barrier 

of around 46 meV at 4.0 Å.  The local minimum implies that a meta-stable covalent-like quasi-

bond exists between the two layers.  In other words, a given AB bilayer with initial interlayer 

distance d < 4.0 Å would stabilize itself into the meta-stable structure with d = 3.6 Å. This ‘meta-

stable’ bilayer structure could be easily broken into two isolated monolayers by a small amount of 

energy (46 meV per unit cell). The meta-stable covalent-like interlayer-quasi-bond can be 

significantly stabilized by vdW effects (Figure 6 black curve), where the energy per unit cell is 1.4 

eV lower than that of two noninteracting monolayers. This indicates that vdW interaction plays an 

essential role in holding different layers of (NiC4S4)n together.  In addition, vdW effects shortens 

equilibrium d from ~3.6 Å (local minimum in Figure 6 blue curve) to 3.465 Å (minimum in Figure 

6 black curve) for AB bilayer.  
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Figure 6. The interlayer interaction energy of AB stacking bilayer per unit cell without and with 

vdW effects as a function of d, calculated as ∆E = Ebilayer – 2*Emonolayer.  Please note the two energy 

(without and with vdW) refer to the same structure that is fully relaxed with vdW effect. 

 

The projected density of states (Figure 4a) and charge densities (Figure 5) both indicate the 

LUB at Γ point is mainly composed of S 3pz, C 2pz, as well as Ni dxz+dyz orbitals, consistent with 

previous literature reports [26]. The side-view charge densities (Figure 5) clearly show that the 

overlapping charge density are mainly contributed from the S 3pz orbitals, while the C 2pz orbitals 

still show no interlayer overlap at the same isovalue. This is because the S 3pz orbital has a larger 

spatial extension than the C 2pz orbital. The strong S-S interlayer interactions in the bilayers have 

also been observed by Fazel et al., and they proposed to tune the interaction strength by shear 

sliding [31].  

Strong interlayer orbital hybridization has been widely observed in many 2D layered materials, 

especially those involving orbitals with large out-of-plane radius (e.g. 3pz and 4pz), such as few-

layer black phosphorus[6-8] and TMDs MoS2[32], PtS2[9, 10], PtSe2[10, 11], etc. In particular, 

the extremely short interlayer distance of ~2.5 Å3  in bilayer PtS2 and PtSe2 causes a strong 

 
3 The S-S or Se-Se distance is longer than 2.5 Å because interlayer interacting S-S or Se-Se atoms 

are not vertically aligned.  
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interlayer 3pz hybridization, which results in a large energy splitting of 1.77eV and 2.11eV 

respectively between the interlayer bonding and antibonding states at Γ point [10, 11]. The 

interlayer distance in bilayer (NiC4S4)n is longer (~ 3.5 Å, see Figure 2), hence the energy splitting 

between the bonding and antibonding states is relatively smaller: ~ 0.689 eV in AA stacking and 

~ 0.340 eV in AB stacking at Γ point (see Figure 4 b3 and c3). The splitting in AA stacking is 

larger than in AB stacking because the former contains two times of interlayer hybridizing S1–S1 

atoms within the same volume (see Figure 1 and Figure 2 left panel).   

Unlike 3pz orbitals, the 2pz orbitals can hardly hybridization across layers as they are more 

localized near the atoms, compared to typical interlayer distances in layered 2D materials, thus 

many 2D layered materials involving only 2pz orbitals show similar electronic band structures in 

monolayer and bulk forms, such as hexagonal boron nitride [38, 39] 4.  

Therefore, we see that 2D layered materials involving extensive interlayer orbital hybridization 

is a type of intermediate materials between 2D layered materials involving purely vdW interlayer 

interactions and 3D materials.  Their interlayer interaction is stronger than pure vdW interaction 

but much weaker than typical chemical bonds in 3D materials.  Therefore, this type of materials 

provides special properties not available in either pure vdW 2D layered materials or 3D materials.  

For example, tuning the interlayer interaction in this type of 2D layered materials is much easier 

than tuning the chemical bond interactions in 3D materials, yet we can achieve significant change 

on the physical properties (much more than in pure vdW 2D layered materials).  Here, we 

demonstrate two examples on how to easily tune the electrical conductance in (NiC4S4)n by either 

number of stacking layers (Figure 7a) or interlayer distance d (Figure 7b). 

 
4 If the interlayer distance in these materials could reach as short as the radius of 2pz orbitals, the 

2pz orbitals could also extensively hybridize across layers and induce similar band splitting effects.  

For example, bilayer AA graphene exhibits a metastable structure with interlayer distance of only 

1.56 Å, in which the C 2pz orbitals hybridize across adjacent layers and induce a large gap opening.  

However, it is very difficult to maintain this short interlayer distance d of 1.56 Å, as the Pauli 

repulsion between two layers would exponentially increase with decreasing d [40] J. Berashevich, 

T. Chakraborty, On the Nature of Interlayer Interactions in a System of Two Graphene Fragments, 

The Journal of Physical Chemistry C, 115 (2011) 24666-24673..  Even if this interlayer distance 

(1.56 Å) could be maintained, it is almost as short as the in-plane C-C bond length (1.54 Å), thus 

the structure essentially becomes a three-dimensional (3D) structure, and loses many key features 

of 2D layered structures. 
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infinity (i.e., monolayer) to 3.3 Å. 

 

First of all, our calculations show that monolayer (NiC4S4)n is a semiconductor with a 

conductance gap around EF, while few-layer and bulk are good metals with electrical conductivity 

reaching 106 S/m at EF (Figure 7a). These conductivity results are consistent with their band 

structures (Figure 4) and imply that we can open or close the conducting channel by controlling 

number of layers.  For example, we can make a seamless metal-semiconductor heterojunction out 

of the same piece of multilayer (NiC4S4)n by reducing one region to a monolayer (semiconducting). 

In addition, we can use the monolayer region as a device component and use multilayer (NiC4S4)n 

as a conducting electrode that naturally connects to the monolayer without minimum contact 

problems.  

We note that the calculated electrical conductivity of bulk is two orders of magnitude larger 

than the experimental value of 1.6 × 104
 Sm-1 [24].  This difference is reasonable as the 

experimental conductivity was measured on the bulk surface rather than inside the bulk and the 

calculations assumed perfect structure while conditions in the measurement are hardly ideal (e.g. 



 
 

15 

 

defects, contact resistances, temperature effects, etc.). Our results indicate there could still be room 

for the experimental record of electrical conductivity to further increase with improved 

experimental conditions. Even the current experimental record of (NiC4S4)n approaches to that of 

the best known thermoelectric material Bi2Te3 (recently measured to be 105 S/m at room 

temperature [41]). This implies multilayer (NiC4S4)n could be a promising thermoelectric material 

since they also exhibit low thermal conductivity due to intrinsic nano-pores (Figure 1).   

Secondly, since the gap-closing in multilayers originates from interlayer interaction, their 

conductance can be directly controlled by the interlayer distance d.  For example, Figure 7b 

demonstrates that we can gradually turn an AB stacking bilayer from an insulator to a good 

conductor with σxx reaching 107 S/m, by simply decreasing d. For another example, people also 

proposed to open and tune the bandgap of bilayer (NiC4S4)n by translationally sliding one layer 

with respect to another [31]. The shear sliding works also mainly by changing the effective distance 

between the interlayer S1-S1 atoms.  As the interlayer coupling strength here is much weaker than 

typical chemical bonds, controlling d is energetically much easier than compressing/stretching a 

3D material.  For instance, changing d from 3.3 Å to 5 Å in AB bilayer requires only around 1 eV 

of energy per unit cell (Figure 6 black curve).       

 

Conclusion 

Motivated by the interesting fact that (NiC4S4)n monolayer is semiconducting while its bulk 

form becomes a good metal, we systematically studied the electronic properties of its monolayer, 

bilayer, trilayer, and bulk structures using density functional theory.  It is found that all multilayer 

(NiC4S4)n are metallic and the metallicity arises from interlayer interactions that split the bands. 

We demonstrated that as adjacent layers getting closer, stronger interlayer interaction induces 

larger band splitting, hence the lowest unoccupied band and the highest occupied band approach 

EF from both sides and start to cross EF at some interlayer distance, making the system metallic.  

We further discovered that the interlayer interactions are mainly contributed from the interlayer 

hybridization of S 3pz orbitals.  We notice that similar interlayer interactions widely exist in many 

2D layered materials, such as few-layer black phosphorus[6-8] and TMDs (MoS2[32], PtS2[9, 10], 
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PtSe2[10, 11], etc.).  Based on our study, we can conclude three main requirements for the 

existence of interlayer covalent-like quasi-bonding in 2D layered materials: 

1) The materials have to involve orbitals extending extensively out-of-plane, such as the pz 

orbitals in P, S, Se, etc.  

2) The interlayer distance has to be sufficiently short. The interlayer distance of typical 2D 

layered materials is around 3~4 Å[30], resulted from a competing among many terms 

including Pauli repulsion, London dispersion, orbital hybridization, electrostatic 

interactions, etc. This distance is usually short enough for extensive overlap between pz 

orbitals of the 3rd shell and beyond the 3rd shell, while too long for 2pz orbitals to overlap.  

3) The interlayer interacting atoms also have to be laterally close.  For example, in TMD 

materials, the S/Se atoms in adjacent layers are not vertically aligned on top of each other.  

Instead, they are at staggered positions with some lateral distance 𝑑∥. Therefore, although 

the interlayer distance is as short as d⊥ ~ 2.5Å in PtS2 [9, 10], the effective distance 

√𝑑∥
2 + 𝑑⊥

2
  between the two interacting S atoms is much longer. 

We further demonstrated that the interlayer orbital hybridization greatly enriches the properties 

of these 2D layered materials. More importantly, these properties can be easily tunable by 

controlling e.g. interlayer distance or stacking, making them very useful in meeting specific 

requirements in practical applications, compared to pure vdW 2D layered materials and 3D 

materials. We showed examples that we can significantly tune the electrical conductivities of AB 

stacking bilayer (NiC4S4)n by simply controlling the interlayer S1–S1 distance with energy of only 

around 1 eV per unit cell.  We hope our work can draw more attention on interlayer orbital 

hybridizations and bring more interest into the rich properties and tunability in this type of 2D 

layered materials.  

 

 

Methodology 
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The electronic structures are calculated using density functional theory (DFT) implemented in 

VASP [42]. The exchange-correlation interaction is described by generalized gradient 

approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional [43].  The electron 

wave functions are expanded using plane waves with an energy cutoff of 400 eV.  Hexagonal unit 

cells are employed for all the structures including monolayer, bilayer, trilayer, and bulk, as shown 

in Figure 1.  For mono- and few-layer (NiC4S4)n, we use a slab model with a fixed cell thickness 

c = 20 Å to ensure sufficient vacuum space.  For bulk (NiC4S4)n, we perform a full relaxation for 

all three lattice vectors, and the out-of-plane lattice constant c is relaxed to 6.442 Å. Final residual 

forces on the atoms in all the optimized structures are smaller than 0.005 eV/Å.  As previous 

literature [26, 31] and our calculation both show (NiC4S4)n is nonmagnetic in ground state, we 

turned off spin-polarization in our calculations. The vdW interaction is considered in structure 

relaxations using Grimme’s DFT-D3 correction method [44].  Benchmarks show that vdW 

interaction has negligible effect on the static electronic properties of the relaxed structures, so it is 

ignored in the calculations of electronic structures.  A k-point mesh of 2×2×1 (for slabs) and 2×2×4 

(for bulk) are adopted for the relaxations; denser k-point meshes of 4×4×1 (for slabs) and 4×4×8 

(for bulk) are used for more accurate self-consistent calculations of the relaxed structures; and very 

dense 16×16×1 (for slabs) and 16×16×32 (for bulk) k-mesh is used to generate the dense Kohn-

Sham eigenvalues for further transport calculations.   

Starting from the Kohn-Sham eigenvalues, we calculate the in-plane electrical conductivity σxx 

using Boltzmann transport theory implemented in BoltzTraP [45].  In particular, BoltzTraP 

assumes the material to be in bulk form, so for slab structures, we correct the calculated σxx by 

multiplying a factor of  
𝑐

 ℎtot
, where the total thickness of the slab ℎtot is estimated as the thickness 

of each layer times the number of layers. The in-plane relaxation time τxx of monolayer at room 

temperature is calculated using deformation potential method [46] to be 0.26 ps for electrons and 

0.36 ps for holes. The same τxx values are adopted for all structures, as they are expected to be quite 

independent on number of layers. 
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