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A B S T R A C T   

In this work, the effects of compressive and tensile biaxial strain, applied to monolayered 1T Pd Janus PdSSe, 
PdSTe, and PdSeTe structures are investigated. For tensile strengths larger than 4%, the valence band maxima no 
longer occur at the high symmetry Γ point; this phenomenon is accompanied by the emergence of a quasi-direct 
bandgap, where Dirac-like cones develop for large enough strain. A semiconductor-semimetal phase transition 
takes place for compressive strain strengths of − 8%, − 4%, and − 2% in PdSSe, PdSTe, and PdSeTe respectively. 
Phonon dispersion calculations show that the Janus structures, subject to tensile strains, are dynamically stable; 
yet under compressive strains, they are only stable for values not exceeding − 6% in PdSSe, − 4% in PdSTe, and 
− 2% in PdSeTe. All structures are mechanically stable except for PdSTe under a 14% tensile strain, registering 
negative in-plane stiffness constants of − 9.36 and − 7.62 N/m along the x and y directions respectively. Optical 
absorption/emission within the infrared region is possible when the materials are exclusively subject to tensile 
strain. Once the Pd Janus structures are synthesized, the results presented here can serve as a guide for the 
fabrication of optoelectronic devices of optimal performance.   

1. Introduction 

Two Dimensional (2D) structures were considered thermodynami-
cally unstable [1] till 2004 when the first 2D material, graphene, was 
isolated from three dimensional (3D) graphite by Novoselov and Geim 
[2]. Since then, extensive theoretical and experimental studies have 
been conducted to study its properties that are different from those of 
graphite: It is a zero bandgap semiconductor, whose conduction and 
valence bands meet at the Dirac point [3]; it is the thinnest transparent 
material that absorbs about 2.3% of the incident light, is a hundred times 
stronger than steel [4], and possesses high electron mobility ( ~15,000 
cm2 V− 1 s− 1) at room temperature [3]. 

The absence of the finite bandgap has hindered the efficiency of 
graphene in electronic device applications. Although such a gap can be 
opened by subjecting a bilayer graphene sheet to an electric field [5], it 
was important to search for other materials that naturally have this 
feature. This opened the doors to a myriad of possibilities to extract 
single layered sheets (2D) from 3D material bulks, leading to interesting 
properties and applications. 

One of those intriguing cases is 2D Transition Metal Dichalcogenides 
(TMDs) described by a general formula MX2, M being a layer of a 

transition metal type sandwiched between the top and bottom layers of a 
chalcogen X = [S, Se, Te]. These structures have received a lot of 
attention due to their semiconductor nature and sizable bandgaps 
ranging between 1 and 2 eV, thus making them relevant in technological 
applications including field-effect transistors, energy storage devices, 
and catalysis [6]. 

The first structures to be studied were group VIB transition metals, 
namely M = Mo and W [7–9]. From a technological point of view, 
nanoscale transistors made from MoS2/MoSe2 monolayers have been 
already fabricated [10,11]. More applications of 2D MoX2 and WX2 
involve, but not restricted to, high-capacity information technologies, 
flexible micro-photonic devices, thermoelectric materials, and 
nano-electronic devices [12–15]. Also, monolayer TMDs with groups 
IVB and VB transition metals (such as Ti, Zr, Hf, V, Nb, Ta, and Cr) have 
been investigated [16–19,20]. 

Recently the study of 2D layered Janus structures, named after the 
two-faced God of choices in Roman mythology, have flared up. These 
have a chemical formula MXY and are constructed by replacing one of 
the layers of species X in MX2 with another species Y belonging to the 
same set, thus obtaining two different layers facing the middle M layer. 
Experimentally, single layer Janus MoSSe has been synthesized [21,22]. 
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On a theoretical level, a lot has been done regarding the electronic 
properties and stability of various Janus MXY TMD monolayers with M 
= Ti, Hf, Zr, V, Nb, Ta, Cr, Mo and W [23]. [24] have studied the phonon 
transport in MoSSe. Electronic, elastic and piezoelectric properties of 
Janus MoSTe were considered in [25]. More interestingly, researchers 
have even started looking at MoSTe nanotubes [26]. 

Researchers have equally concentrated on studying WXY mono-
layers: [27] have examined WSSe as a feasible photocatalyst for water 
splitting, and [28] have inspected its Raman spectra. The thermoelectric 
performance of WSTe and WSSe was studied in [29]. WSeTe Janus 
monolayers were also the focus of a recent research article [30]. On the 
contrary, only two or three research papers are dedicated to the study of 
the PdXY dichalcogenide monolayers, namely PdSSe, PdSTe and PdSeTe 
[31–33]. 

The modulation of a bandgap is a crucial property that allows the 
effective utilization of 2D TMDs in electronic and optoelectronic de-
vices. Throughout the years, many strategies such as doping [34], strain 
engineering, and piling up more layers (thus changing the thickness of 
the material) [35] have been employed to tune the bandgaps of mono-
layers of PdSe2, MoSe2 as well as monolayers of Pt dichalcogenides. In 
particular, the application of strain can, other than varying the bandgap, 
change the mobility and the effective mass of the electrons. Changes in 
the vibrational modes of 2D systems, due to the application of strain, 
have also been described in [36]. 

When 2D MoS2 is subjected to a 0.5% compressive strain [37,38], its 
direct bandgap changed into an indirect one. Furthermore, a 
semiconductor-metal transition, under a 15% compressive and 6% 
tensile strains, were noticed in MoS2 [39,40]. Strain has also been 
considered in monolayers of WS2, WSe2 and WTe2, with [41] and 
without [42] the inclusion of the spin-orbit coupling (SOC). Biaxial 
strain, in particular, was efficient in producing higher strain-induced 
band tunability than uniaxial strain; a biaxial strain gauge factor 2.3 
times the uniaxial strain one was reported in Mos2 monolayers [43]. 
Furthermore, it was realized that, in transition metal dichalcogenide 
monolayers, biaxial strain was useful in regulating the lattice thermal 
conductivities [44]. 

As far as the Janus structures are concerned, the effect of strain has 
been investigated for the more popular MoSSe [45,46] and WSSe 
structures [47,48]. Additionally, strained PtSSe [49] and ZrSSe [50] 
were also explored. However, since no work has addressed strain in 
PdSSe, PdSTe and PdSeTe monolayers, this manuscript will target the 
effect of both compressive and tensile strain in Janus Pd dichalcoge-
nides. More especifically, we will focus on biaxial strain since, as was 
mentioned above, it seems to have a more pronounced effect on the 
materials’ properties than uniaxial strain. 

The rest of the paper is structured as follows: In section 2, the 
computational details of the various calculations involved are presented. 
The electronic structure and partial density of states (PDOS) calculations 
for different tensile and compressive biaxial strain values are discussed 
in section 3. Section 4 further examines the phonon dispersion and the 
dynamical stabilities of the systems in question. Section 5 is reserved for 
the study of mechanical stability, involving the calculation of the elastic 
constants. The imaginary part of the dielectric function, needed to 
investigate the optical absorption and/or emission of the systems, is 
found in section 6. Conclusions and final considerations follow in section 
7. 

2. Computational details 

The electronic calculations were performed using the plane wave- 
based Quantum Espresso (QE) package [51]. To enable direct compar-
ison with the unstrained systems already published in [31], the inter-
action between the valence electrons and the ion cores are treated using 
the norm-conserving (NC) Troullier-Martins pseudopotential [52]. The 
exchange-correlation functional is expressed within the 
Perdew-Burke-Ernzerhof (PBE) parametrization [53] in the Generalized 

Gradient approximation (GGA). To model the weak Van der Waals 
(VdW) interactions present in the monolayers, long-range electron cor-
relations are considered within Grimme’s semi-empirical [54] method. 
Dense 24 × 24 × 1 k grids and a plane wave energy cutoff of 75 Ry are 
used to ensure the convergence of the electronic calculations. All 
structures, under different strain strengths, are allowed to relax until the 
force on each atom is less than 5 × 10− 4 Ry/au. Along the direction 
perpendicular to the plane of the structures, a vacuum distance of 18 Å is 
added to impede the interaction of the 2D materials with their periodic 
images. The spin-orbit coupling is not considered in this study. 

The phonon dispersion spectra are obtained via the frozen phonon 
approximation implemented in the PHONOPY code [55], where 
convergent 2nd order interatomic force constants are calculated using 5 
× 5 × 1 supercells and 80 × 80 × 1 q-point meshes. The linear optical 
properties within the random phase approximation (RPA) [56–58] of 
the strained systems are investigated through the epsilon.x toolset in QE, 
by considering the imaginary part of the diagonal components of the 
dielectric tensor as a function of the frequency ω. 

3. Results and discussion 

3.1. Electronic bands and partial density of states (PDOS) 

Monolayered 1T Janus PdXY structures are three atomic layer thick 
materials, whose Pd layers are sandwiched between X and Y (X ∕= Y) 
layers. In principle, they can be constructed from their pristine 1T PdX2 
analogs by replacing the top (or bottom) X atom with a Y atom (Fig. 1 
(a)). Usually X,Y = [S,Se,Te] giving rise to three possible combinations, 
namely PdSSe, PdSTe, and PdSeTe. All structures have a hexagonal 
symmetry of the space group P3m1 (Fig. 1(b)). Previous calculations 
[31] gave optimized lattice parameters of 3.59 Å, 3.73 Å, and 3.81 Å for 
PdSSe, PdSTe, and PdSeTe respectively. Without SOC, the structures are 
predicted to be semiconductors with indirect bandgaps of 0.94 eV for 
PdSSe, 0.34 eV for PdSTe, and 0.33 eV for PdSeTe; these values are in 
good agreement with other reported theoretical results such as Ref. [59]. 

The magnitude of biaxial strain (ε) is defined as (a-aeq) × 100/aeq, 
where aeq and a depict the unstrained and strained equilibrium lattice 
parameters respectively. The unstrained materials are stretched up to a 
maximum strength of 14% and compressed to − 8% with an incremental 
increase of 2%. The new lattice parameters a, corresponding to the 
different kinds of strain, are found in Table 1. Figs. 2, 3, and 4 display the 
electronic band structures of the strained Janus structures. For tensile 
strains, the bandgap increases reaching a maximum of around 2% in 
PdSSe, and then starts to decrease for higher values. For strains larger 
than or equal to 4%, the valence band maxima (VBM) (corresponding to 
the highest value of the valence band energies along the whole Γ-K-M-Γ 
path) shifts its position from the Γ point to another point along the Γ-K 
path. Also, another point along the M-Γ path erupts having energy close 
to, but accurately a bit larger than the first point, insinuating the birth of 
a quasi-direct bandgap. There is a clear decline in the values of the 
bandgaps that reach a minimum of 0.31 eV for a 14% strain. On the 
other hand, the conduction band minima (CBM) (corresponding to the 
minimum value of the conduction band energies along Γ-K-M-Γ), which 
was along the M-Γ for the unstrained system, now resides at a point 
along the Γ-K path. At a − 8% compressive strain, the structure has 
already turned into a semimetal. 

A similar pattern is observed for PdSTe. The indirect bandgaps in-
crease up to an applied strain of 4%, above which the VBM also switch to 
a point along the Γ-K direction. The difference in energy between the 
indirect and quasi-direct bandgaps is smallest ( ~ 20 meV) for ε = 14%. 
Likewise, the CBM whose position was around the K point moves to a 
point along the M-Γ path for 6%≤ ε ≤ 14%. The semi-conductor- 
semimetallic transition takes place for compressive strains larger than 
or equal to − 4%. 

At large strain values, it becomes clear that all the quasi-direct 
bandgaps are accompanied by shifted Dirac-like cones, that occur at 
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nonsymmetrical points in the BZ. As is well known, Dirac cones (gapless) 
were first identified in graphene [60]. In strained graphene, these fea-
tures remain but move to different positions [61]. Unlike this material, 
the Dirac cones in the 1T Pd Janus materials are not gapless; they also do 
not show up for the unstrained cases. 

In PdSeTe, the semiconductor-semimetallic transition outbreaks at 
compressive strains as small as − 2%. For tensile strengths, the difference 
in energy between the indirect and quasi-direct bandgaps is largest ( ~ 
70 meV) when ε = 14%. As was observed in both 1 T PdSSe and PdSTe 
materials, the drop in the indirect bandgap value is faster for compres-
sive strains. Note that applying a compressive strain does not favor the 
formation of quasi-direct band gaps; its net effect is a rapid reduction of 
the indirect bandgap. Detailed values of the indirect (EI

g) and quasi- 
direct (ED

g ) bandgaps for the three Janus systems can be found in Table 1. 
The variation of EI

g with respect to ε is displayed in Fig. 5. 
The quasi-direct bandgap phenomenon has been recently observed in 

2D hexagonal unstrained SnTe structures [62], and in some silicon al-
lotropes [63]. It is also quite similar to what characterizes 2D mono-
layers of WS2 [41,64], WSe2, and WTe2 [41]. Furthermore, the 
increase-decrease pattern of the bandgap is not new, and has previously 
appeared in NiS2 and PdS2 under tensile strain [65]. A comparable 
comportment also occurs for 2D ZrS2 monolayers; the bandgap increases 
for a tensile strain, reaching a maximum value for ε = 6% and decreases 
in the case of compressive strains, until the material becomes metallic 
for compressive strains larger than − 8% (Fig. 6). 

Fig. 7. 

Fig. 8. 
In regard to Janus materials reported in the literature, the indirect 

bandgap in 1 T SnSSe monolayers increases for a tensile strain, attaining 
a value of ~1.12 eV for ε = 6% and decreases to ~0.37 eV for a 
compressive strain of ε = − 6% [66]. Compared to the 1 T PdSSe, the 
bandgaps in SnSSe are larger with no signs of a bursting quasi-direct 
bandgap. In Janus Mo and W TMD monolayers, the bandgap decreases 
for tensile strain; it then increases and decreases again for a compressive 
strain and changes from being direct (tensile cases) to indirect 
(compressive cases) [67]. Figs. 6, 7, and 8 illustrate the electronic partial 
density of states (PDOS) in PdSSe, PdSTe, and PdSeTe for ε = − 2% and 
8%. As expected, the results conform with the electronic bands: 
compared to the unstrained cases, the bandgaps for all systems are 
reduced. The semimetallic nature of PdSeTe is also apparent under a 
− 2% strain, giving a non-zero density of states in the vicinity of EF. For 
− 1.6 eV ≤ E-EF≤ 0 eV, the contributions of the S and Se to the valence 
bands, close to EF, are higher than those of the Pd atoms, which 
contribute more to the conduction bands; still, such contribution is 
smaller than that of the chalcogenides. Before delving into the optical 
properties of the strained materials at hand, a discussion of their 
dynamical and mechanical stabilities is firstly in order (Fig. 9). 

4. Phonon dispersion and dynamical stability 

Since the Janus PdXY structures have three atoms per unit cell, this 
results in a total of nine dispersion curves, the first three of which 
correspond to acoustic (A) modes, and the rest refers to optical (O) 

Fig. 1. (Color Online) (a) Top and side views of a (4 × 4) supercell of the unstrained 2D 1T PdXY structures, showing the biaxial strain’s directions (along a and b). 
Blue spheres are Pd atoms, whereas red and yellow spheres refer to the X and Y elements respectively. (b) The Brillouin zone (BZ) of the unstrained PdXY structures 
showing the Γ-K-M-Γ path. 

Table 1 
The lattice parameters (a), the indirect (EI

g) and quasi-direct (ED
g )) bandgap values for the unstrained and biaxially strained (both tensile and compressive) cases. For EI

g , 
the “—" symbol means that the structure is gapless, while for ED

g it means that the structure does not possess a quasi-direct bandgap.  

System  Compressive Unstrained Tensile   

-8% -6% -4% -2% 0% 2% 4% 6% 8% 10% 12% 14% 

PdSSe a (Å) 3.30 3.37 3.44 3.51 3.59 3.67  3.73  3.80  3.87  3.95  4.02  4.09  
EI

g (eV)  0.00 0.19 0.48 0.74 0.94 1.02  0.98  0.84  0.69  0.55  0.44  0.31  

ED
g (eV)  — — — — — —  1.01  0.87  0.72  0.70  0.47  0.33 

PdSTe a (Å) 3.43 3.51 3.58 3.66 3.73 3.80  3.88  3.96  4.03  4.10  4.17  4.25  
EI

g (eV)  — — — 0.11 0.33 0.54  0.60  0.52  0.39  0.27  0.17  0.16  

ED
g (eV)  — — — — — —  0.64  0.55  0.42  0.29  0.19  0.18 

PdSeTe a (Å) 3.50 3.58 3.65 3.73 3.81 3.88  3.96  4.03  4.11  4.19  4.26  4.34  
EI

g (eV)  — — — 0.06 0.34 0.52  0.59  0.44  0.31  0.18  0.08  0.02  

ED
g (eV)  — — — — — —  0.59  0.46  0.34  0.20  0.11  0.09  
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modes. All modes can be further classified as either longitudinal (L), 
transverse (T), or flexural (Z). Both longitudinal and transverse modes 
are in-plane modes, while the flexural mode represents an out-of-plane 
vibration of the atoms. All nine modes are both Infrared (IR) and 

Raman (R) active [51,55] (Fig. 10). 
Fig. 11. 
Figs. 9, 10, and 11 display the phonon dispersion spectra of 1T 

PdSSe, PdSTe, and PdSeTe for various tensile and compressive strain 

Fig. 2. (Color Online) Electronic band structures of 1T PdSSe for strains between − 8% and 14% where for the semiconductors, EF is placed at the middle of the gaps. 
For ε ≥ 4%, the VBM shifts from the Γ point to another point along the Γ-K path (indirect bandgap shown in blue). The quasi-direct bandgap, only illustrated for 
ε = 8%, is represented by the double headed violet arrow. 

Fig. 3. (Color Online) Electronic band structures of 1T PdSTe for the same strain strengths applied to PdSSe. The VBM moves to a point along the Γ-K path for 
ε ≥ 4%. A quasi-direct bandgap, shown in violet for the 8% strain case, erupts along the M-Γ path. The indirect bandgap is represented by the tilted double-headed 
blue arrow. 
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strengths. For comparison purposes, the dispersions of the unstrained 
materials are also shown. All structures under tensile strain are 
dynamically stable. However, very small negative (imaginary) fre-
quencies, for points near Γ, are observed possibly due to numerical 
inaccuracies in diagonalizing the dynamical matrix. Under compressive 
strain, PdSSe, PdSTe, and PdSeTe are stable up to values of − 6%, − 4%, 
and − 2% respectively. For larger strains, the phonon spectra exhibit 
large spaghetti-like negative frequencies throughout the whole BZ, 
indicating dynamical instability. 

To understand the asymmetry between tensile and compressive 
strains, Fig. 12 shows how the z-component of the Pd atom changes as 
the tensile/compressive strain is increased. Compared to the unstrained 
case, the variation in the perpendicular positions of the Pd atoms in 
PdSSe reaches 23.18% for a − 8% strain whereas it only reaches 14.86% 
for a +8% compressive strain. The changes are more pronounced in 
PdSTe, where a − 8% compressive strain causes a change of 38.17%, 

compared to a 22.68% change for a +8% tensile strain. In PdSeTe, a 
strain of just − 2% is capable of a 64% change in Pd’s atomic position; 
strikingly for a +2% strain, the change does not exceed 21.38%. 

To further monitor what is actually happening to the 1 T structures 
upon the application of strain, Fig. 13 portrays the side view of PdSSe, 
PdSTe and PdSeTe under several compressive and tensile strain 
strengths. At some point, and as the compressive strain increases, the Pd- 
S, Pd-Se, and Pd-Te bonds seem to increase in length with no drastic 
changes (no bond breaking) to the trigonal 1 T environment. Although 
The PdSSe, PdSTe and PdSeTe structures are not dynamically stable for 
ε ≥ − 8%, − 6% and − 4% respectively, they can still be mechanically 
stable (as can be confirmed from Table 2 for ε = − 4 and − 8%). Thus 
these cases, in particular, can represent metastable states that cannot be 
experimentally realized. 

Under tensile strain, the structures preserve their 1 T trigonal envi-
ronment up to ε = 12%. For larger values of strain, it is evident that the 
bonds start to loosen up and the trigonal 1 T feature is completely lost 
when ε ≥ 20%. This is in agreement with the phonon dispersions and 
elastic constant results (refer to Table 2), which show that up to 
ε = 12%, the structures are both mechanically and dynamically stable. 

As one scans the systems over the various tensile strain strengths, it is 
noticed that the three lowest and three highest optical modes become 
closer to each other, reducing the optical-optical bandgap throughout 
the whole BZ path. These modes get mixed for ε = 12% in PdSSe and for 
ε = 10% in PdSTe. Per contra, it is the acoustical-optical bandgap that 
suffers a reduction along the K-M path in PdSeTe; for ε ≥ 10%, both the 
acoustical and low-lying optical modes get intermingled, an aspect not 
observed when compressive strain is applied. This implies that a large 
tensile strain in PdSeTe could increase the rate of the phonon scattering 
processes, leading to a decrease in the phonon lifetime and consequently 
a decline in the lattice thermal conductivity. Such a system could thus be 
a crucial element in the production of potent thermoelectric devices. 

5. Mechanical stability of the strained structures 

Strain changes the lattice vectors of the unit cell and is expected to 

Fig. 4. (Color Online) Same as Figs. 2 and 3 but for 1T PdSeTe. For ε = 8%, the energy difference between the indirect and the quasi-direct bandgaps is 
around 30 meV. 

Fig. 5. (Color Online) The change of the indirect bandgap energy as a function 
of compressive and tensile strain strengths. 
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Fig. 6. (Color Online) The total and Partial density of states (PDOS) of the PdSSe structure subject to compressive and tensile strengths ε = − 2% and 8%. The 
unstrained case has been included to facilitate comparison. 

Fig. 7. (Color Online) Same as Fig. 6 but for the PdSTe system.  
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have an impact on the elasticity of the material. The in-plane elastic 
constants C2D for the 1 T PdSSe, PdSTe, and PdSeTe materials have been 
evaluated for each strain value. Generally, for a 2D material of 

hexagonal symmetry, the number of independent in-plane elastic con-
stants is reduced to two, namely C11 = C22, along the x and y directions, 
and the so-called shear modulus (C66), from which one defines C12 

Fig. 8. (Color Online) Same as Figs. 6 and 7 but for the PdSeTe system.  

Fig. 9. (Color Online) Dispersion spectra for 1T PdSSe under tensile and compressive strain. Large spaghetti-like negative modes, signaling instability, are evident for 
compressive strains larger than or equal to − 8%. 
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= C11-2C66. Upon the application of a tiny distortion in the neighbor-
hood of each of the relaxed strained structures, the new planar lattice 

vectors ( a→
′

and b
→′

) that incorporate the C11, C22 and C66 calculations 
become: 

a→
′

= (1 + δ1)a x̂ + aδ6∕ 2 ŷ b
→′

= (−
1
4
(2 + 2δ1 −

̅̅̅
3

√
δ6∕2))a x̂

+ (
1
4
(2

̅̅̅
3

√
+ 2δ2

̅̅̅
3

√
− δ6))a ŷ,

where δ1, δ2, and δ6 are the infinitesimal distortions taken between 
− 0.015 and 0.015, a is the lattice parameter for the strained material, 

Fig. 10. (Color Online) Same as Fig. 9 but for 1T PdSTe. Structures, under compressive strains larger than or equal to − 6%, are dynamically unstable.  

Fig. 11. (Color Online) Same as Figs. 9 and 10 but for 1T PdSeTe structures. Dynamical instability is observed for compressive strains larger than or equal to − 4%.  
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and ̂x and ̂y are unit vectors along the x and y directions respectively. C11 
is evaluated by setting δ2 = δ6 = 0, and C66 corresponds to the solution 
where both δ1 and δ2 are zeros. The energy E versus strain is then fit to 
quadratic equations of the form: 

Eδ = a1 + a2δ + a3δ2,

a1, a2, and a3 being fitting parameters and δ = {δ1, δ2, δ6}. By defining 

Cαα = 1
A0

dE2

dδ2 ∣
δ=0

, one gets that Cαα = 2a3/A0 for α = 1,2,6; A0 is the area 

of the corresponding hexagonal unit cell given by 
̅̅̅
3

√
a2/2. The 2D 

Young’s modulus, along the a ≡ x and y directions, can be determined 

via the expressions [68]: 

Ca
2D =

C11C22 − C2
12

C22  

Cy
2D =

C11C22 − C2
12

C11
.

The elastic constants, found in Table 2, show that C11 ≃ C22 with de-
viations not exceeding 3.7%, mainly due to numerical noise in the cal-
culations of Eδ. According to the Born criteria [68], all elastic constants 
are positive indicating that the Janus structures are mechanically stable. 
The only exception is PdSTe under ε = 14%, where both C66 and C2D are 
negative signifying instability. Furthermore, structures under compres-
sive strains of − 4% and − 8% are mechanically stable, despite their 
dynamical instability. As one moves from compressive towards tensile 
strains, C2D decreases. This is not surprising since, as strain grows, it 
tends to weaken the interatomic forces. 

6. Optical properties 

Within the rigid phase approximation, the tensor components of the 
complex dielectric function ε2(ω), as a function of the frequency ω, can 
be defined as [69]: 

Fig. 12. (Color Online) The change of the positions of the Pd atoms along the 
direction perpendicular to the structures (z), relative to the their positions for 
the unstrained case (z0). Starting from PdSSe, and moving towards PdSeTe, it 
can be seen that such a change is more noticeable for the compressive strain. 

Fig. 13. (Color Online) Side view of 1 T PdSSe, PdSTe and PdSeTe structures under various compressive and tensile strains. Blue spheres represent Pd atoms; red, 
yellow and green balls correspond to S, Se and Te atoms respectively. For tensile strains as large as 20%, the structures have already lost their 1 T trigonal feature. 
PdSSe and PdSTe Structures with ε = − 8%, and PdSeTe under a − 4% strain are mechanically stable but dynamically unstable, indicating that they cannot be 
experimentally synthesized. 
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εα,β(ω) = 1 −
4πq2

VNkm2

∑

n,k

df (Ek,n)

dEk,n

×
M̂α,β

ω2 + iηω
+ ...+

8πq2

VNkm2

×
∑

n∕=n′

∑

k

M̂α,β

Ek,n′ − Ek,n
...

...
f (Ek,n)

(ωk,n′ − ωk,n)
2
+ ω2 + iΓω

,

where V is the volume of the unit cell, and Nk is the number of points 
sampling the reciprocal BZ. q is the electron’s charge and m is its mass. 
En,k and En′ ,k are the energies of the kth point in the valence band n and 
conduction band n′ respectively. The matrix elements M̂α,β are the result 
of the evaluation of momentum operators between Bloch states, directly 
obtained from a plane waves’ DFT calculation in QE. Finally, Γ and η are 
intersmear and intrasmear Gaussian broadening parameters respec-
tively. Up to an energy of 3.3 eV, the isotropic in-plane components of 
the imaginary part of ε2 (ε′′2,xx ≡ ε′′2,yy) for some stable strained structures 
are displayed in Fig. 14. When tensile strains are applied, all major 
maxima in the absorption spectra move towards the IR region. In PdSSe, 
the peaks appear at 1.56, 1.14, 0.81, and 0.54 eV for ε = 0%, 4%, 8%, 
and 12% respectively. In PdSTe, they occur at 1.26, 0.81, 0.51, and 
0.24 eV and are observed at 1.26, 0.75, 0.41, and 0.14 eV in PdSeTe. 
These redshifts are only noticed for strains larger than or equal to 4%, 
cases that correspond to the movement of the VBM from the Γ point to 
points where Dirac-like cones start to form. Furthermore, the shifting of 
the peaks is not detected under compressive strains, suggesting that the 
absorption spectra are unaffected. For a PdSeTe structure under 
ε = − 2%, ε′′2(0) is non zero, conceivably due to the semimetallic nature 
of this material. 

Table 2 
Elastic constants and the 2D Young’s modulus along the x and y directions, in 
units of N/m, for the Janus 1Tstrained PdSSe, PdSTe and PdSeTe systems.   

Strain (%) C11 C22 C12 C66 Cx
2D  Cy

2D  

PdSSe -8% 72.65 72.71 21.42 25.63 66.34 66.39  
-4% 78.66 78.74 24.75 26.97 70.88 70.95  
-2% 75.61 75.61 23.67 25.97 68.21 68.21  
0% 68.03 70.59 20.06 24.62 62.33 64.68  
2% 64.80 64.85 18.63 23.09 59.45 59.49  
4% 57.89 57.88 15.40 21.24 53.79 53.78  
6% 50.88 50.86 11.76 19.56 48.16 48.14  
8% 44.00 43.99 8.57 17.71 42.33 43.32  
10% 36.87 36.76 5.33 15.74 36.10 35.98  
12% 29.58 29.32 2.23 13.61 29.41 29.16  
14% 21.55 21.42 -0.89 11.19 21.52 21.38 

PdSTe -8% 35.65 37.06 11.88 11.88 31.84 33.10  
-4% 56.98 56.55 16.81 20.09 51.98 51.60  
-2% 54.70 54.64 16.57 19.07 49.67 49.62  
0 53.27 53.15 16.45 18.41 48.17 48.07  
2% 50.84 50.67 15.87 17.48 45.86 45.72  
4% 47.28 47.26 14.68 16.29 42.72 42.70  
6% 41.54 41.81 12.88 14.33 37.57 37.82  
8% 34.64 35.06 10.85 11.90 31.29 31.67  
10% 25.99 26.50 8.37 8.81 23.35 23.80  
12% 15.37 15.44 7.33 4.02 11.88 11.94  
14% 3.01 2.98 5.51 -1.25 -9.36 -7.62 

PdSeTe -8% 50.45 52.18 13.93 18.26 46.73 48.33  
-4% 58.29 58.03 18.30 19.99 52,52 52.28  
-2% 57.73 57.52 18.42 19.66 51.83 51.64  
0 56.00 55.72 17.79 19.11 50.32 50.07  
2% 47.44 47.27 16.59 18.04 47.44 47.27  
4% 47.78 47.55 14.62 16.58 43.28 43.07  
6% 41.72 41.10 11.99 14.86 38.22 37.62  
8% 34.67 34.86 8.99 12.84 32.35 32.53  
10% 26.55 26.91 6.07 10.24 25.18 25.55  
12% 16.95 16.78 3.44 6.75 16.25 16.09  
14% 5.39 5.36 0.68 2.35 5.30 5.27  

Fig. 14. (Color Online) The in-plane components of the imaginary part of the dielectric function (ε′′2(ω)) within the IR-visible electromagnetic spectrum for Janus 
PdSSe, PdSTe, and PdSeTe subject to various tensile and compressive strains. As the tensile strain increases, the absorption/emission maxima approach the IR region. 
The locations of the maxima are not altered by the application of compressive strains. 
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Fig. 15 displays the variation of the energies at which the absorp-
tion/emission maxima occur, as a function of the indirect band gaps for 
ε ≥ 4%. In PdSSe, the points could be fitted to a straight line, whereas for 
the data related to strained PdSTe and PdSeTe, the best fit is a parabola. 
The calculations demonstrate that, under a tensile strain of 14%, the 
maximum absorption in PdSeTe takes place around 0.09 eV, which is 
close to the “zero” energy; this proposes that, at larger strain values, the 
system is tending to a semimetallic phase. By extrapolating the values, 
making use of the parabolic fitting curve, the PdSTe structure is ex-
pected to convert into a semimetal when ε ~ 15.5%; however, at this 
strain value, the structure has already mechanically destabilized, as can 
be inferred from the values of the elastic constants in Table 2. 

7. Conclusion 

In this work, the effect of biaxial tensile and compressive strains on 
1 T monolayers of Janus PdSSe, PdSTe, and PdSeTe is probed. 
Compressive strains tend to reduce the bandgaps in the structures faster 
than tensile strains of the same strength do. The indirect bandgap rea-
ches a maximum for ε = 2% in PdSSe and ε = 4% in PdSTe and PdSeTe, 
decreasing to 0.02 eV for ε = 14% in PdSeTe. For ε ≥ 4%, the valence 
band maxima shift from the Γ point to a point along the Γ-K directions, 
with the emergence of a quasi-direct bandgap accompanied by Dirac- 
like cones. This phenomenon is restricted to tensile strain cases and is 
not seen when compressive strains are applied. Under compressive 
strains, a semiconductor-semimetal transition takes place for strains 
larger than − 8% in PdSSe, − 4% in PdSTe, and − 2% in PdSeTe. 

Phonon dispersion calculations show that all systems subject to 
tensile strains are dynamically stable whereas, under compressive 
strains, 1 T PdSSe, PdSTe, and PdSeTe monolayers are stable up to 
ε = − 6%, − 4% and − 2% respectively. Additionally, as the tensile strain 
increases, the mixing of the three lowest and three highest optical modes 
occurs for ε ≥ 12% in PdSSe and ≥10% in PdSTe. In PdSeTe, it is the 
acoustical and optical modes that get mixed instead. Such reductions in 
the phonon bandgaps could decrease the phonon lifetime and 

consequently reduce the lattice thermal conductivity; this, in turn, 
would lead to higher figures of merit, making the systems perfect can-
didates for powerful thermoelectric devices. 

In an attempt to determine the 2D in-plane Young’s modulus, the 
elastic constants were calculated; as tensile strain increases, the mate-
rials become less stiff due to the weakening of the interatomic forces. All 
strained systems are mechanically stable, except the 1 T PdSTe material 
under ε ≥ 14%, which possesses negative in-plane elastic constants of 
− 9.36 and − 7.62 N/m along the x and y directions respectively. 

An investigation of the optical properties have revealed that, as the 
tensile strain becomes larger than 4%, the absorption/emission peaks 
occur at smaller frequencies within the IR region, suggesting that the 
tensile-strained Pd Janus TMDs could be used in optoelectronic devices 
that function at various IR wavelengths. This phenomenon is not 
perceived when compressive strains are applied, where the absorption/ 
emission maxima remain at the same positions as those of the unstrained 
systems. 

The results presented in this article are extremely beneficial in tuning 
the optical properties in Janus Pd dichalcogenides, and pave the way to 
explore the thermoelectric features of such systems. Furthermore, they 
can be experimentally verified, once the Pd Janus structure are 
synthesized. 
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Fig. 15. (Color Online) The evolution of the energies at the absorption maxima in PdSSe, PdSTe, and PdSeTe as a function of the indirect bandgap, for different strain 
systems corresponding to ε ≥ 4%. In PdSSe, the points could be fitted to a straight line; in PdSTe and PdSeTe, the best fit is a parabola. 
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