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Abstract— We investigate optical and piezoelectric properties of 

the orthorhombic PdS2 under symmetrical biaxial tensile strains 

with various magnitudes. The ab initio simulation results found 

that the peaks of the refractive index, extinction coefficient, 

absorption coefficient and reflectivity of the orthorhombic PdS2 

red-shift with the tensile strains. Specifically, we discover that the 

absorption coefficient of the strained orthorhombic PdS2 

(4.01×105 /cm - 5.52×105 /cm) is much higher than traditional 

optoelectronics, piezoelectric and piezophototronic materials such 

as Si, Ge, GaInAs, ZnO and monolayer MoS2 demonstrating much 

wider absorption spectrum (670 nm - 1033 nm). Moreover, the 

piezoelectric constant of the orthorhombic PdS2 is calculated from 

0 to 8% tensile strains. Simulation results show the orthorhombic 

PdS2 with 4% tensile strain has a strong piezoelectric effect (1.33 

C/m2), which is 100-5000 times higher than other deformation 

magnitudes. The results indicate that the orthorhombic PdS2 will 

have potential application in piezophotonic and piezoelectric 

devices.   

 
Index Terms— Optical property, piezoelectric property, PdS2, 

mechanical strain. 

 

 

I. INTRODUCTION 

HE transition-metal dichalcogenides (TMDs) 

semiconductors have attracted considerable attention 

because their superior properties, such as an excellent electronic 

and optical tunability [1] [2], strong piezophotonic [3, 4]  and 

piezoelectric effects [4, 5]. These excellent properties have 

resulted in many applications, such as phototransistor [6, 7], 

flexible optoelectronics [8], self-powered nanosystems [9, 10] 

and smart MEMS/NEMS [8, 11, 12]. During the last decade, 

several TMDs have been extensively investigated, both in 

theory and experiment [2, 13-17].  

     Previously, it was theoretically and experimentally 

demonstrated that some noble metals can form layered 

structures with four S atoms, like PdS2 [18, 19]. Furthermore, 

some important properties distinguished from the traditional 

two-dimensional (2D) TMDs have been reported , such as 

excellent linear electronic and optical tunability [2]. Many 
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previous studies have shown that one can tune the electronic 

and optical properties of the TMDs by applying mechanical 

strains [2, 16, 17, 20-22]. Although the optical properties of the 

monolayer PdS2, electron transport properties and stability of 

the bilayer and bulk PdS2 have been studied in references[2, 23, 

24], there are very few studies on the first principles analysis of 

the orthorhombic PdS2. It is a need of analysis for the optical 

and piezoelectric properties of the orthorhombic PdS2 under 

strains with different magnitudes. 

 In this work, we analysis the optical and piezoelectric 

properties of the orthorhombic PdS2 under symmetrical biaxial 

tensile deformation ranging between 0 and 8% using the ab 

initio simulation and modern theory of polarization. These 

methods has been used in many previous studies on the TMDs 

and piezotronics [2, 16, 17, 22, 25-27]. Our aim is to 

theoretically explore the development of optical and 

piezoelectric properties for the orthorhombic PdS2 under 

different tensile strains. Particularly, we focus on unveiling the 

possibility and prospects of deploying the orthorhombic PdS2 in 

future tunable nano-electromechanical devices and smart 

sensors. 

II. COMPUTATIONAL METHOD 

 

In this work, we investigate strain-dependent optical and 
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Fig. 1.  Schematic graph for strain modulation of the orthorhombic PdS2 
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piezoelectric properties of the orthorhombic PdS2 by using the 

density functional theory (DFT) based on the Atomistix 

ToolKit (ATK)[28]. As seen in Fig. 1, the orthorhombic 

structure is composed of 2D S-Pd-S layers stacking along the c 

axis which are well separated from each other with apparently 

van der Waals gaps. We started from the key lattice constants 

of the orthorhombic structure with a=5.502 Å, b=5.594 Å and 

c=8.607 Å[29]. The Hermann-Mauguin, hall, point group and 

crystal system of the optimized structure are Pbca, -P 2ac 2ab, 

mmm and orthorhombic, respectively. In the practical 

simulation, the exchange correlation potentials use the 

generalized gradient approximation (GGA) with the 

parametrization of Perdew-Burke–Ernzerhof (PBE)[30] and the 

mesh cut-off energy of 75 Hartree with 10×10×10 k-points. The 

Limited-memory Broyden Fletcher Goldfarb Shanno (LBFGS) 

algorithm with the maximum stress tolerance value of 0.01 

eV/Å3 is used. The band gap of the orthorhombic PdS2 is 

calculated using the Meta-GGA (MGGA.TB09LDA), which 

not only include the local density and the gradient of the density 

approximation, but also the kinetic energy density 

approximation[31, 32]. Note that the symmetrical biaxial 

tensile strains along the A (𝜀𝑎) and B (𝜀𝑏) direction within the 

plane are shown in Fig. l. The deformation is simulated by 

setting the lattice parameter to a fixed larger value and relaxing 

the atomic positions. The magnitude of strain is defined as ∆𝜀 =
(𝑎 − 𝑎0)/𝑎0, where a0 and a are the equilibrium and strained 

lattice values, respectively. The crystal structure of the PdS2 is 

similar to that of graphite, which consists of multiple 2D layers 

bonded by van der Waals (vdW) forces. In our model, we set 

the x/y plane as the 2D layer plane, therefore the vdW 

interactions only exist in z- direction. In our original model, we 

considered the interlayer vdW interactions in the geometry 

optimization of bulk PdS2, we used the semi-empirical 

corrections by Grimme DFT-D2 model, which takes account 

the long-range vdW interaction [33]. When we apply 

symmetrical biaxial tensile strains along the A (εa) and B (εb) 

direction within the x/y plane, the strain effect of bulk PdS2 only 

appears in the x/y plane, and there is no strain in z- direction. 

 

III. OPTICAL PROPERTY  

      We calculated the optical property of the orthorhombic 

PdS2 under the tensile strains. By the Kubo-Greenwood 

formula, the susceptibility tensor at a frequency ω has the form 

as[34]. 

𝜒𝑖𝑗(𝜔) = −
𝑒2ℏ4

𝑚2𝜖0𝑉𝜔2
∑

𝑓(𝐸𝑚)−𝑓(𝐸𝑛)

𝐸𝑛𝑚−ℏ𝜔−𝑖Γ
𝜋𝑛𝑚

𝑖 𝜋𝑚𝑛
𝑗

𝑛𝑚                            (1) 

where e, ℏ and 𝜖0 are the elementary charge, reduced Planck 

constant and vacuum dielectric constant respectively. 𝜋𝑛𝑚
𝑖  is 

the i-th component of the dipole matrix element between state 

n and m. Em, En and Enm are the energy level at m, n and energy 

difference between the state n and m. V, Γ and f are the volume, 

broadening and Fermi function, respectively. The relative 

dielectric constant (𝜖𝑟) are related to the susceptibility as: 

 𝜖𝑟(𝜔) = (1 + 𝜒(𝜔))                                                                  (2) 

    The complex dielectric constant can be expressed as: 

𝜖(𝜔) = 𝜖0𝜖𝑟(𝜔) = 𝜖1(𝜔) + 𝜖2(𝜔)                                       (3) 

where, 𝜖0, 𝜖1 and 𝜖2 are the vacuum dielectric constant, real and 

imaginary parts of the complex dielectric constant, respectively.  

    The real and imaginary parts of the complex dielectric 

constant can be calculated from the Kramers-Kronig relations: 

𝜖1(𝜔) = 1 +
2

𝜋
𝐴 ∫

𝜔′𝜖2(𝜔′)

𝜔2′
−𝜔2

𝑑𝜔′∞

0
                                         (4) 

𝜖2(𝜔) = −
2𝜔

𝜋
𝐴 ∫

𝜖1(𝜔′)

𝜔2′
−𝜔2

𝑑𝜔′∞

0
+

𝜎0

𝜖0𝜔
                                  (5) 

where, A and 𝜎0 are the principal part of the integral and DC 

conductivity. The refractive index (n) and extinction coefficient 

(𝜅) are related to the complex dielectric constant through 𝑛 +

𝑖𝜅 = √𝜖(𝜔). In terms of the real and imaginary parts of the 

complex dielectric constant, the refractive index and extinction 

coefficient are given by:  

𝑛 = √√𝜖1
2+𝜖2

2+𝜖1

2
                                                                       (6) 

𝜅 = √√𝜖1
2+𝜖2

2−𝜖1

2
                                                                        (7) 

    The optical absorption coefficient (𝛼𝑎) is related to the 

extinction coefficient through: 

𝛼𝑎 = 2
𝜔

𝑐
𝜅                                                                               (8) 

where, 𝜔 and c are the angular frequency and the speed of light. 

The reflectivity (r) is given by: 

 𝑟 =
(1−𝑛)2+𝜅2

(1+𝑛)2+𝜅2                                                                (9) 

The real and imaginary parts of the complex dielectric 

constant for biaxial tensile strains on the orthorhombic PdS2 are 

calculated, and results are shown in Fig. 2. Here, we only 

calculated the deformation with strains at a and b ranging from 

0 to 8%, since larger deformation values can potentially induce 

instability and are very difficult to achieve in experiment. We 

calculated the stress-strain relation of the bulk PdS2 in the 

tensile strain range of 0 - 14% in Fig. 3. As the applied tensile 

strain increases (|∆𝜀| > 8%), the calculated stress-strain 

behaviours become nonlinear. Under large deformations, 

mechanical nonlinearity causes significant change of geometry 

structure [35]. Based on the calculated stress-strain curve, it 

appears that the bulk PdS2 is relatively stable from 0 to 8% 

tensile strains. The peak wavelength of the real part (𝜖1) shifts 

from around 750 nm to 1550 nm, while the peak wavelength of 

the imaginary part (𝜖2) shifts from around 690 nm to 1080 nm 

under the tensile deformation varying from 0 to 8%.  For the 
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largest strain, the amplitudes of both the real and imaginary 

parts are much higher, which demonstrates that a large number 

of inter-band transitions occur at this energy, corresponding to 

the concentrated band near the Fermi level. Moreover, it is clear 

from Fig. 2 that the peak wavelengths of the real and imaginary 

dielectric constant can be red-shifted when the strain varies 

from 0 to 8%. 

 

Fig. 4 shows the simulated refractive index, extinction 

coefficient, reflectivity and absorption coefficient spectrums 

relating to the wavelength for biaxial tensile strains on the 

orthorhombic PdS2. The bold black lines in Fig. 4 are the 

spectrums without strain. The first observation reveals that the 

peak wavelengths of the refractive index, extinction coefficient, 

reflectivity and absorption coefficient shift toward longer 

wavelengths. This red-shift is almost uniform with the 

increasing strain value. Second, the peak amplitudes of the 

refractive index, extinction coefficient and reflectivity increase 

with the increase of the tensile deformation. However, the 

change of the absorption coefficient is the opposite to the 

refractive index, extinction coefficient and reflectivity. Third, it 

is clear from Fig. 4(a) that the refractive index has two different 

peaks under the same tensile deformation and the gap of the two 

peaks increases with the tensile strains. 

Fig. 5 shows the refractive index, reflectivity and absorption 

coefficient of the orthorhombic PdS2 compared with the 

theoretical prediction values of traditional optoelectronic, 

piezoelectric and piezophototronic materials (Si, Ge, GaInAs, 

ZnO and monolayer MoS2) at various wavelengths. The 

electrical conductivity of Si, Ge, GaInAs, ZnO and 

orthorhombic PdS2 are 10 S/cm[36], 20 S/cm[36], 12.8 

S/cm[37], 0.61 S/cm[38] and 0.01 S/cm[39], respectively. The 

refractive index of the orthorhombic PdS2 is slightly different 

from other three optoelectronic materials at the same 

wavelength. In Fig. 5, the reflectivity of the orthorhombic PdS2 

is 1.5-10 times higher than other optoelectronic materials. 

Results on the absorption coefficient shows that the 

orthorhombic PdS2 demonstrates much higher values, 

especially in the strained states (shown in Fig. 3(d)). Compared 

with the Si, Ge, GaInAs, ZnO and monolayer MoS2, the 

absorption coefficient of the orthorhombic PdS2 is much higher, 

i.e. more than 2-3 orders of magnitude than the ZnO and 1-2 

orders of magnitude than the monolayer MoS2. Detailed 

comparison is made in Fig. 5. It indicates that the orthorhombic 

PdS2 could potentially be used for enhancing the efficiency in 

piezophototronic devices and improving the sensitivity of the 

optical sensors. 

To understand the origin of the strain induced red-shift for 

the above optical characteristics, we take a closer look at the 

strain-dependent band structures and partial density of states 

(PDOS) for various strain values. We calculated band structures 

of the Brillouin zone of high symmetry points for biaxial tensile 

strains on the orthorhombic PdS2 under the strain varying from 

0 to 8%, as shown in Fig. 6(a). The bands when zero strain is 

applied are marked by the bold black lines and the bands with 

different colors denote the bands under different deformations. 

Under the zero strain, the orthorhombic PdS2 is an indirect band 

gap semiconductor with the conduction band minimum (CBM) 

and valence band maximum (VBM) at the Y-S and G point, 

respectively. Upon increasing the tensile strain, the CBM 

decreases and VBM increases.  Both the CBM and VBM are 

maintained at the Y-S and G point. Fig. 4(b) shows the evolution 

of the CBM, VBM and band gap with the biaxial tensile strains. 

The common feature in Fig. 6(b) is that all curves are linear. 

The CBM and band gap linearly decrease, while the VBM 

linearly increases. CBM and band gap have the maximum 

values at the strain-free state, and minimum values at the 

maximum strain applied, while VBM has the reverse trend. This 

is similar with previous reported results about the monolayer 

 

 
Fig. 2.  The real (a) and imaginary (b) parts of the complex dielectric constant 

spectrums of the orthorhombic PdS2 along biaxial tensile strains.  

 
Fig. 3.  Stress-strain relation of the bulk PdS2 from 0 to 14% tensile strains 

under the a and b direction.  
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PdS2 [2, 40, 41]. With the decrease of the band gap of the 

orthorhombic PdS2, the peak wavelengths of the real and 

imaginary parts of the complex dielectric constants increase 

(red-shifted). This result is matching with the spectrums 

variation in Fig. 2.  

Tensile strains on the orthorhombic PdS2 alter bond lengths. 

Together with the confinement effects, optical properties are 

modified. To gain more physical insights on the change of 

optical properties of the orthorhombic PdS2, Fig. 7 shows the 

partial density of states (PDOS) between -2 eV and 2 eV in the 

orthorhombic PdS2 resolved into S-s, S-p and Pd-d orbital. In 

Fig. 7, the VBM and CBM are composed primarily of the S-p 

orbital and Pd-d orbital. The band gap and its size are 

determined by the manifold splitting due to the crystal field of 

the trigonal prismatic structure. As shown in Fig. 7, application 

of tensile strains decreases the coupling of the S-p orbital and 

Pd-d orbital, especially near the CBM, which is likely induced 

by the decrease of the bond length between the two S atoms and 

increase the bond length between the Pd and S atoms. 

Moreover, the VBM crosses the 0 eV under the 8% tensile 

deformation, which shows a strong capability of electrical 

transmission. Thus, we also calculated the transmission 

 
Fig. 4.  The refractive index (a), extinction coefficient (b), reflectivity (c) and absorption coefficient (d) spectrums of the orthorhombic PdS2 along the biaxial 

tensile strains.  

 
Fig. 5.  Refractive index, reflectivity and absorption coefficient of Si, Ge, GaInAs, ZnO, monolayer MoS2 and orthorhombic PdS2. 
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spectrum and average transmission coefficient at the 0 eV under 

the 8% tensile deformation in Fig. 8. it is clear that the main 

contributions to electrical transmission at the 0 eV come from 

the center of the Brillouin zone, which is the k-points around 

the G point (VBM), where kA=kB=0. Hence, the red-shift of the 

spectrums in the orthorhombic PdS2 can be explained by the 

strain modulation of orbitals coupling and electrical 

transmission. 

IV. PIEZOELECTRIC PROPERTY 

In this section, we study the piezoelectric constant of the 

orthorhombic PdS2. In the ATK software, the total macroscopic 

polarization Ptm of a solid is the sum of the spontaneous 

polarization Peq and piezoelectric polarization Pp, which are the 

strain independent and strain dependent, respectively [42]:   

𝑃𝑡𝑚 = 𝑃𝑒𝑞 + 𝑃𝑝                                                                             (10) 

The piezoelectric tensor (𝛾) can be expressed as: 

 𝛾 =
Δ𝑃𝑡𝑚

Δ𝜀
                                                                              (11) 

    In our calculation,  Ptm is calculated using the Berry-phase 

approach, which is evaluated using modern theory of 

polarization[42]. It is common to divide the polarization of the 

materials into electronic and ionic parts. The total polarization 

(Pt) is the sum of the electronic (Pi) and ionic (Pe) contributions: 

Pt = Pi + Pe                                                                           (12) 

 
Fig. 6.  The band structures of the orthorhombic PdS2 with biaxial tensile 

strains (a) and the development of the CBM, VBM and band gap (b). 

 
Fig. 7.  The PDOS of the orthorhombic PdS2 under the 0 (a), 4% (b) and 8% (c) biaxial tensile strain. 

 

 
Fig. 8.  The transmission spectrum (a) and average transmission coefficient at the 0 eV (b) under the 8% tensile deformation. 
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As discussed in modern theory of polarization, all fractional 

polarizations are wrapped to the interval [-0.5, 0.5]. 

    The electronic and ionic polarization parts can be calculated 

from: 

𝐏𝑖 =
|𝑒|

Ω
∑ 𝑍𝑖𝑜𝑛

𝑣 𝑟𝑣
𝑣                                                                  (13) 

𝐏𝑒 = −
2|𝑒|𝑖

(2𝜋)3 ∫ 𝑑𝐤⊥ ∑ ∫ 〈𝑢𝐤,𝑛|
𝜕

𝜕𝑘∥
|𝑢𝐤,𝑛〉 𝑑𝑘∥

𝐺∥

0
𝑀
𝑛=1                     (14) 

where 𝑍𝑖𝑜𝑛
𝑣  and  𝑟𝑣  are the valence charge and position vector 

of atom, Ω is the unit cell volume, 𝑘∥ is parallel to the direction 

of polarization and 𝐺∥ is a reciprocal lattice vector in the same 

direction. The states |𝑢𝐤,𝑛 > are the cell-periodic parts of the 

Bloch functions. This method computed the piezoelectric tensor 

of AlN bulk about 1.48 C/m2, this value is in good agreement 

with the value found in the literature (1.46 C/m2) [43], which 

verify the reliability of ATK software. 

    Table I summarizes the calculated piezoelectric constant 

(e33), clamped-ion term of piezoelectric constant (e33(0)), 

electronic polarization, ionic polarization and total polarization 

in Cartesian coordinates (𝐏𝑡
′) of the orthorhombic PdS2 under 

the tensile deformation varying from 0 to 8%. The calculation 

has confirmed that the orthorhombic PdS2 with 4% tensile strain 

has a strong piezoelectric effect (1.33 C/m2), which is higher 

than 2-3 orders of magnitude for other deformation values. 

Because of the sensitive dependence of the piezoelectric effects 

on the polarization, the total polarization under 4% tensile strain 

is -1.40×10-2 C/m2 which is higher than other strain values. 

Moreover, the ionic polarization contributed primarily to the 

piezoelectric effect of the orthorhombic PdS2 at 4% tensile 

strain. The ionic polarization occurs due to relative 

displacements between positive and negative ions in crystal. 

The 4% tensile strain induce relative displacements of the Pd 

and S atoms, the centers of positive and negative charges are 

also displaced. The locations of these centers are affected by the 

symmetry of the displacements, when the center doesn’t 

correspond, polarizations arise in crystal. To facilitate further 

comparisons with other piezoelectric materials, in Table II we 

collect the experimentally measured values of piezoelectric 

constants for some traditional piezoelectric materials, such as 

ZnO, GaN and AlN [43]. The piezoelectric constant of the 

orthorhombic PdS2 at 4% tensile strain is slightly less than AlN, 

while higher than ZnO and GaN. This result indicates that the 

orthorhombic PdS2 could potentially be used for enhancing the 

efficiency in piezoelectric devices and increasing the sensitivity 

in strain sensors. 

V. CONCLUSION 

To summarize, ab initio simulation has been used to 

investigate the optical and piezoelectric properties of the 

orthorhombic PdS2 under mechanical tensile strains. The 

orthorhombic PdS2 has been modelled and subsequently 

simulated when subjecting to tensile strains. Main conclusions 

are drawn that the tensile strains introduce red-shift of the 

refractive index, extinction coefficient, absorption index and 

reflectivity. In addition, we found that the absorption 

coefficient of the strained orthorhombic PdS2 (4.01×105 /cm - 

5.52×105 /cm) is much higher than traditional optoelectronics, 

piezoelectric and piezophototronic materials (Si, Ge, GaInAs, 

ZnO and monolayer MoS2), demonstrating much wider 

absorption spectrum (670 nm - 1033 nm). Among various strain 

value, the orthorhombic PdS2 exhibits excellent piezoelectric 

effect (1.33 C/m2) at 4% tensile deformation, which is 2-3 

orders of magnitude higher than other deformation values. 

These excellent absorption and piezoelectric characteristics of 

the orthorhombic PdS2 make it a compelling candidate for 

piezophototronic/piezoelectric devices and high sensitivity 

optical/strain sensors. 
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