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Abstract 

PdSe2, an emerging two-dimensional (2D) material with a novel anisotropic puckered 

pentagonal structure, has attracted growing interest due to its layer-dependent electronic 

bandgap, high carrier mobility, and good air stability. Herein, a detailed Raman spectroscopic 

study of few-layer PdSe2 (two to five layers) under the in-plane uniaxial tensile strain up to 

3.33% is performed. Two of the prominent PdSe2 Raman peaks are influenced differently 

depending on the direction of strain application. The Ag
1  mode redshifts more than the Ag

3  mode 

when the strain is applied along the a-axis of the crystal, while the Ag
3  mode redshifts more than 

the Ag
1  mode when the strain is applied along the b-axis. Such an anisotropic phonon response 

to strain indicates directionally-dependent mechanical and thermal properties of PdSe2, and also 

allows the identification of the crystal axes. The results are further supported by first-principles 

density functional theory (DFT). Interestingly, the near-zero Poisson’s ratios for few-layer 

PdSe2 are found, suggesting that the uniaxial tensile strain can be easily applied to few-layer 

PdSe2 without significantly altering their dimensions at the perpendicular directions, which is 

a major contributing factor to the observed distinct phonon behavior. The findings pave the way 

for further development of 2D PdSe2-based flexible electronics.    
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Introduction 

Anisotropic two-dimensional (2D) layered materials such as black phosphorus,[1,2] ReS2 [3,4], 

and many other candidates [5–11] show directionally-dependent physical properties such as 

mechanical flexibility,[13] thermal conductivity [14–17] and optical responsivity.[18–20] Pentagonal 

PdSe2, a transition metal dichalcogenide (TMDC), has recently joined this 2D family.[21,22] 

Compared to black phosphorus, PdSe2 shows a similar layer-dependent electronic bandgap, 

with enhanced stability in air, which is advantageous for future device fabrication.  Compared 

to many other members in this family, PdSe2 features higher carrier mobilities and current 

on/off ratios.[21,22] In addition, by introducing defects into PdSe2 under plasma irradiation, a 

structural phase transformation occurs from semiconducting PdSe2 to metallic Pd17Se15 that 

could increase the carrier mobility in PdSe2 transistors by nearly 20 times compared to the 

transistors using Ti/Au electrodes.[23] Growing research interests have been focused on its broad 

potentials for application in electronics,[21] photovoltaics,[24,25], and thermoelectrics.[26] 

However, the effect of strain in PdSe2 has been relatively underexplored. Understanding the 

anisotropic physical properties of PdSe2 can provide the key foundation for the future design of 

flexible PdSe2-based devices.   

Raman spectroscopy is a powerful characterization tool for studying the physical properties 

of anisotropic 2D materials. It has been widely used to determine the crystallographic 

orientations,[2,5,27–29] layer numbers,[30–39], and strains of various 2D materials.[40–48] In particular, 

the phonon response under strain was found to be anisotropic in several anisotropic 2D 

materials such as black phosphorus and ReSe2.[45,49,50] Recently, Akinola et al. reported the 

Raman spectra of layered PdSe2 
[21], and the observed phonon modes were used to identify the 

numbers of layers.[51] Nevertheless, the experimental investigations on the phonon response of 

strained PdSe2 are still lacking, which, however, is crucial for the integration of few-layer PdSe2 

into flexible electronic devices.  
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In this work, we experimentally studied the phonon response of 2 – 5 layers (L) PdSe2 under 

uniaxial tensile strain loading up to 3.33% by using the angle-resolved polarized Raman 

spectroscopy. Focusing on the two characteristic Raman modes Ag
1  and Ag

3 , the phonon 

frequency of Ag
1  mode decreases more than that of the Ag

3  mode under strain applied along the 

a-axis of PdSe2, while the Ag
3  mode redshifts more than the Ag

1  mode under strain applied along 

the b-axis of PdSe2. Our results show that PdSe2 exhibits an anisotropic phonon response to 

strain, like other anisotropic 2D materials (such as black phosphorus and ReSe2). The 

anisotropic phonon-strain relation helps to understand the directionally-dependent mechanical 

and thermal properties. It also allows the determination of the crystal axes, a necessary step for 

many practical applications of anisotropic 2D materials. We further performed first-principles 

density functional theory (DFT) simulations of strained 1 – 3L PdSe2 to understand the 

microscopic origin of this distinct phonon behavior. We found near-zero Poisson’s ratios under 

the uniaxial tensile strain, suggesting that the tensile strain applied in PdSe2 is effectively 

uniaxial. In contrast, for many other anisotropic 2D materials such as black phosphorus, the 

Poisson’s ratios are notably larger,[45] and hence a compressive strain is automatically induced 

perpendicular to the applied tensile strain direction, leading to an effective biaxial strain in the 

system. The near-zero Poisson’s ratio in few-layer PdSe2 is a major factor contributing to the 

observed anisotropic phonon response. The advantage of a near-zero Poisson’s ratio is that the 

strain in PdSe2 can be easily controlled to focus on a particular direction, which would allow 

the strain application for PdSe2 flexible electronics to be more controllable compared to 2D 

materials with large Poisson’s ratios. Our experimental and theoretical findings are expected to 

facilitate further understanding of the mechanical, thermal, optical and electronic properties of 

PdSe2 for future flexible electronics.  
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Results and Discussions 

Figure 1 (A) shows the crystal structure of PdSe2, where the unique pentagonal structure is 

clearly seen. A single layer of PdSe2 has a periodic corrugated structure where each Pd 

atom is connected with four Se atoms, and each Se atom is bonded with two Pd atoms 

and another Se atom. The two major crystal axes ([100] and [010]) of PdSe2 are along the 

a and b directions in the 2D plane, respectively. The bulk PdSe2 crystals exhibit Pbca 

(#61) space group symmetry and D2h point group symmetry. Due to the symmetry 

reduction from bulk to few-layer PdSe2, the odd nL PdSe2 belongs to space group P21/c 

(#14) and point group C2h (2/m); the even nL PdSe2 belongs to space group Pca21 ( #29) 

and point group C2v (mm2), where n is the number of layers.[51]  

PdSe2 flakes were prepared using mechanical exfoliation from single-crystalline bulk PdSe2. 

Figure 1 (B) shows the transmission electron microscopy (TEM) image of a relatively thick (> 

20 L) PdSe2 flake where the long and short edges of the near rectangular shape flake were 

clearly seen. From the HRTEM (high-resolution TEM) images in Figure 1 (C), we determined 

the crystallographic orientations of the PdSe2 flake, where the long and short edges of the PdSe2 

flake pointed to the a ([100] direction) and b axes ([010] direction), respectively. The lattice 

plane spacing of 0.286 nm corresponds to the PdSe2 (200) lattice planes.[52] The inset fast 

Fourier transformation (FFT) pattern shows the (200) and (020) lattice planes.  

The angle-dependent Raman responses of this flake were investigated under a parallel 

configuration (Pi//Ps, Pi, and Ps are the polarization of the incident and scattered light), where 

the sample was rotated to change the angle () between the crystallographic orientation and the 

polarization of the incident light. As shown in Figure 1 (D), under 532 nm laser excitation, the 

typical Raman spectra collected at  = 0° (incident polarization parallel to the a-axis) and  = 

90° (incident polarization parallel to the b-axis) showed the Ag
1 , Ag

2  and Ag
3  modes at 143, 205, 

and 256 cm-1, respectively, where the mode assignments were given in the literature.[21,51] 
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Figure 1 (E) shows the contour color map of the Raman intensity changes with respect to , 

where we found the maximum (minimum) Ag
1  intensity appeared when the incident polarization 

was parallel to the a-axis (b-axis). The polar plots of the Raman intensity as a function of  and 

detailed Raman tensor analysis were shown in Section S1. Moreover, the TEM and angle-

resolved Raman spectra of five more thick PdSe2 flakes with different thicknesses were shown 

in Figure S3 – S7 in the SI, whose Ag
1  modes showed the same behavior that the maximum 

(minimum) intensity appeared when the incident polarization was parallel to the a-axis (b-axis) 

axis. In other words, under 532 nm excitation, the direction of the maximum Ag
1  Raman 

intensity is thickness-independent. Thus, we can use the anisotropic Raman scattering of the Ag
1  

mode to identify the crystallographic orientation for the strain study in this work.  

Figure 2 (A) shows an exfoliated PdSe2 sample on a 300 nm SiO2/Si substrate. Note that 

different numbers of layers of PdSe2 exist in one flake, indicating that their crystallographic 

orientations are the same. Their thicknesses were determined using the low frequency (LF) 

Raman spectra of interlayer vibration modes (Figure S8 (C) and S8 (D) in the SI), which has 

been proved to be an accurate and effective method for fast and unambiguous identification of 

the number of layers of PdSe2 and many other 2D materials.[39,51] The angle-resolved Raman 

spectra under 532 nm laser excitation further confirmed the crystallographic orientation of the 

thick region of flake (Figure S8 (A)): the Ag
1  mode maximum intensities all appeared at 0°, 

corresponding to the a-axis of the PdSe2 crystal, and the b-axis was identified to be along 90°. 

The PdSe2 flake was then transferred from the SiO2/Si substrate to a cross–shape flexible 

polyimide substrate for strain-related studies. Figure 2 (B) illustrates the alignment of the PdSe2 

sample and the straining process. The a and b axes of the PdSe2 flake were aligned with the two 

intersecting directions of the flexible substrate, allowing the uniaxial tensile strain to be loaded. 

The strain was applied to the a and b axes by stretching the two intersecting directions of the 

polyimide substrate. The efficiency of the strain applied to the sample was tested and estimated 
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to be ~ 90 % (See more details in Section S10 of SI). Due to the atomically thin nature of the 

few-layer crystal, the out-of-plane deformation (shear strain) could be regarded as negligible.[45] 

We measured the Raman spectra of few-layer (2 – 5 L) PdSe2 with the uniaxial tensile strain 

loading up to 3.33% with an increment of 0.83% along both the a and b axes of PdSe2. The 

incident polarization was kept parallel to the strain direction, and the analyzer was taken out 

to observe the frequency changes of Raman modes with both Ag and Bg symmetries. Note that 

the Raman signals of the few-layer PdSe2 on the flexible substrate were generally weaker than 

those on the SiO2/Si substrate due to the weaker reflection of the Polyimide substrate. For 

instance, the Raman signals vanished for monolayer PdSe2; for 2L PdSe2, the Ag
1  mode 

vanished when the incident polarization was parallel to the PdSe2 b-axis. In Figure 2 (D), the 

Raman spectra of a 3L PdSe2 under the uniaxial tensile strain along a-axis shows the low 

frequency “B1” mode, two 𝐴𝑔, Ag
1-B1g

1 , and Ag
3-B1g

3  modes at 29, 121, 130, 148 and 262 cm−1, 

respectively, which matched with the previous reports.[21,51]. The Ag
1  mode is very close to B1g

1  

mode (a frequency difference of less than 2 cm−1), and they often appear as a single 

asymmatric peak, denoted as Ag
1-B1g

1 .[21] Similarly, B1g
3  mode also shows as a right shoulder 

peak next to Ag
3   mode.[21] Voigt fitting was thus carried out to differentiate Ag

1  and B1g
1  modes, 

as well as Ag
3  and B1g

3  modes (see more details in Figure S9).  In the main text, the frequency 

shifts were observed for the two most prominent Raman peaks, Ag
1  and Ag

3  modes, which 

originate from the out-of-plane vibrations of the Se atoms (Figure 2 (C)). With respect to the 

uniaxial tensile strain along a-axis, the frequencies of both Ag
1  and Ag

3  modes of 3L PdSe2 

decreased with the change rates (
∂ω

∂ε
) of -0.97 cm−1/% and -0.38 cm−1/%, respectively (see 

Table 1). However, when the uniaxial tensile strain was applied along the b-axis (Figure 2 

(E)), the Ag
3  mode red-shifted with an increased  

∂ω

∂ε
 of -0.74 cm−1/%, while that of the Ag

1  

mode was reduced to -0.25 cm−1/%. Similar directionally-dependent trends of frequency 
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change were observed for all the other thicknesses studied. Figure 3 (A) and 3 (B) plot the 

frequencies of Ag
1  and Ag

3  modes of the 2 – 5 L PdSe2 under the uniaxial strain applied along 

the PdSe2 a-axis. Both modes red-shifted and the Ag
1  mode has relatively larger change rates 

|
∂ω

∂ε
|. However, as shown in Figure 3 (C) and 3 (D), when the uniaxial strain was applied 

along the b-axis of PdSe2, the Ag
3  mode red-shifted with much larger change rates |

∂ω

∂ε
| than 

those of the Ag
1  mode. The frequency change rates (

∂ω

∂ε
) of Ag

1  and Ag
3  modes of 2 – 5 L PdSe2 

were also summarized in Table 1, where we observed thickness-dependent frequency change 

rates for both phonon modes. This will be further discussed in the DFT calculations below. 

The experimental results clearly suggest anisotropic phonon behaviors under the uniaxial 

tensile strain along different directions, which can also be used to identify the crystalline 

orientations of PdSe2, complementary to the angle-dependent Raman intensities of the Ag
1  

mode discussed above.   

It is interesting to note that with increasing uniaxial tensile strain, the Ag
1  and Ag

3  peaks 

become broader, as shown in Figure 2 (D) and (E). We also recorded that the intensities of both 

 Ag
1  and Ag

3  peaks generally decrease with respect to increasing strain (see Figure S12 in the SI). 

The broadening of linewidth and decreasing of the intensity of PdSe2 Ag
1  and Ag

3  peaks under 

uniaxial tensile strain were similar to those of the WSe2 𝐴′ and 2LA modes,[48] which could be 

explained by the change of the polarizability as well as the details of the electronic structure 

and electron-phonon coupling under strain. We also discussed the influence of the layer number 

and strain on the electronic band structure (See more details in Section S4 in the SI). Note that 

the excitation wavelength of 532 nm (2.33 eV) is above the bandgap values of all PdSe2 layers 

and probably satisfies the condition of resonant Raman scattering in this work. Moreover, it 

was found that Ag
1  (see Table 1) and B1g

1  modes (summarized in Table S4 in the SI) exhibit 

different frequency change rates with strain, which contributes to the linewidth change of the 
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Ag
1-B1g

1  mixed peak with strain. Similar results were found for Ag
3  and B1g

3  modes (more details 

in Table 1 and Table S4). Moreover, the different frequency change rates with strain were 

caused by the different anharmonicity of the two vibrational modes, where their phonon 

Grüneisen parameters were analyzed and summarized in Table S7 of SI.   

To understand the different trends of the 
∂ω

∂ε
 along the two axes, DFT calculations were 

carried out to simulate the 
∂ω

∂ε
 of strained 1 – 3L PdSe2. We first calculated the Poisson’s ratio 

as a function of the uniaxial tensile strain for 1 - 3 L PdSe2 (Figure S15 in the SI), where 

Poisson’s ratio is defined as ν = - 
ε2

ε1
, where ε1 is the tensile strain applied along one direction 

and ε2 is the compressive strain induced in the perpendicular direction. Poisson’s ratio governs 

the structural change during the strain and then contributes to the complex frequency changes 

in anisotropic 2D materials.[45,53] The calculated Poisson’s ratios of 1 – 3 L PdSe2 were generally 

less than 0.08 regardless of the applied strain direction, where the data for 1L PdSe2 was in 

agreement with recent theoretical work.[54] Note that the Poisson’s ratios of black phosphorus 

are significantly larger (0.85 and 0.19 for 𝜀 ∥ zigzag and 𝜀 ∥ armchair, respectively[45]), and thus 

the compressive strain is often automatically induced in the perpendicular direction to the 

applied tensile strain, leading to a biaxial strain in the system, which complicates the phonon 

response of black phosphorus to the external uniaxial tensile strain due to the involvement of 

the unintended compressive strain.[45] However, the near-zero Poisson’s ratios in PdSe2 suggest 

that the unintended compressive strain is negligible, and it ensures that the uniaxial tensile strain 

is applied to the system. Therefore, PdSe2 offers a great platform for the study of the uniaxial 

strain effect on the Raman scattering.  

We then calculated the phonon frequencies of 1 – 3 L PdSe2 under strain. As shown in 

Figure 4 (A), 4 (B) and Table 2, when the uniaxial tensile strain was applied along the PdSe2 

a-axis, the Ag
1  and Ag

3  modes both shifted to the lower frequency, where the Ag
1  mode has a 
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larger |
∂ω

∂ε
| than the Ag

3  mode. Figure 4 (C) and 4 (D) show when the uniaxial tensile strain was 

applied along the PdSe2 b-axis, though the Ag
1  and Ag

3  modes still both shifted to the lower 

frequency, the Ag
3  mode has a larger |

∂ω

∂ε
|than the Ag

1  mode. Moreover, as shown in Table 2, 

under the presence of strain, the |
∂ω

∂ε
| for both Ag

1  and Ag
3  modes increase with the layer number, 

suggesting the thickness-dependent strain response, which is in agreement with the 

experimental results in Table 1. The relationship between the |
∂ω

∂ε
| for the Ag

1  and Ag
3  modes 

along the two axes obtained from our simulations are in qualitative agreement with that 

observed experimentally (see Figure 3 and Table 1). Nonetheless, the calculated values of  

|
∂ω

∂ε
| were generally larger than those obtained from experiments. Especially when under the 

uniaxial tensile strain along the PdSe2 b-axis, the experimental 
∂ω

∂ε
 of the Ag

1  and Ag
3  modes were 

about -0.25 cm−1/% and -0.74 cm−1/%, respectively for 3L PdSe2, where the |
∂ω

∂ε
| were much 

smaller than the calculated values. Note that the calculated values of |
∂ω

∂ε
|in black phosphorus 

are also generally larger than the experimental values.[45] Such numerical mismatch is partially 

contributed to certain approximations embedded in the DFT methodology. Additionally, the 

experimental conditions (e.g., the effective local temperature discussed in Section 10 of SI, 

substrate effect[55] and loading efficiencies [56,57]) are not considered in DFT calculations. 

However, DFT does provide the correct physical trends for both black phosphorus and 

PdSe2.[21,45,51]  

To further reveal the origin of the 
∂ω

∂ε
 with the uniaxial tensile strain, we examined the 

atomic structures of 1 - 3L PdSe2 under the uniaxial tensile strain along different directions. 

The atomic displacements of the Ag
1  and Ag

3  modes of 1L PdSe2 were illustrated in Supporting 

movie S1: both Ag
1  and Ag

3   are out-of-plane vibrational modes, and the phonon frequency of 

the Ag
1  mode is affected by the Se-Se bond and the two Pd-Se bonds (one Pd-Se bond roughly 
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along the a-axis and the other Pd-Se bond roughly along the b-axis, see Figure 5 (A)), while 

the frequency of the Ag
3  mode is affected primarily by the Se-Se bond. Therefore, we calculated 

the changes of the three bond lengths with respect to the uniaxial tensile strain, as summarized 

in Figure 5 (B-C)and Table 3. In general, with the uniaxial tensile strain applied to either axis, 

the Se-Se bond and the Pd-Se bond roughly along the strain direction are stretched; however, 

the Pd-Se bond approximately perpendicular to the strain direction is contracted. Recalling the 

near-zero Poisson’s ratio of PdSe2, the bond contraction perpendicular to the strain direction is 

significantly weaker than the bond stretching along the tensile strain (see Table 3), and hence 

the overall bond strengths are softened, leading to the general redshifts of corresponding Raman 

modes, as observed in both calculated and experimental data discussed above. More specifically, 

according to the calculations, for the Ag
3  mode that is mostly affected by the Se-Se bond, when 

the strain was applied along the b-axis, the change rate of the Se-Se bond length was about 3 

folds of that under strain applied to the a-axis, causing a larger restoring force in the Se-Se bond 

and resulting in the larger |
∂ω

∂ε
| (about three folds) of the Ag

3  mode for ε ∥ b-axis. On the other 

hand, the 
∂ω

∂ε
 of the Ag

1  mode is affected by the changes of three bonds mentioned above. For 

the two Pd-Se bonds, one is approximately along the uniaxial tensile strain and stretched with 

the tensile strain (the bond length change rate is denoted as L(Pd−Se) ∥ ε in Table 3), while the 

other is roughly perpendicular to the tensile strain and contracted with the tensile strain (the 

bond length change rate is denoted as L(Pd−Se) ⊥ ε). Due to the near-zero Poisson’s ratio, the 

absolute value of L(Pd−Se) ∥ ε is significantly larger than that of L(Pd−Se) ⊥ ε as reflected by the 

ratio η = |
L(Pd−Se) ∥ ε

L(Pd−Se) ⊥ ε
| shown in Table 3. When the uniaxial tensile strain was applied along the 

a-axis, η was ~18.18, which was much larger than that when the strain was applied along the 

b-axis (η ≈7.90). Namely, compared to the case of ε ∥ b-axis, the Pd-Se bond stretching is 

much more significant than the Pd-Se bond contraction in the case of ε ∥ a-axis, resulting in the 
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relatively larger softening of the Pd-Se bond strengths and thus larger redshifts of the Ag
1  mode 

for ε ∥ a-axis.  

 

Conclusion 

In summary, we performed a comprehensive investigation of the anisotropic phonon responses 

of 2 – 5 L PdSe2 under the uniaxial tensile strain. When the uniaxial tensile strain was along the 

a-axis of PdSe2, the frequency change rate |
∂ω

∂ε
| of the Ag

1  mode was larger than that of the Ag
3  

mode; however, when the uniaxial tensile strain was along the b-axis of PdSe2,  |
∂ω

∂ε
| of the Ag

3  

mode was larger than that of the Ag
1  mode. Such an opposite trend was corroborated by first-

principles DFT simulations, which reveal the microscopic origin of this unique phonon 

behavior under strain, i.e., the anisotropic length changes of the Pd-Se and Se-Se bonds. Under 

the uniaxial tensile strain along the a-axis, the larger |
∂ω

∂ε
| of the Ag

1  mode can be explained by 

the larger ratio η of the Pd-Se bond length change rate compared to when the uniaxial tensile 

strain was applied along the b-axis. However, under the uniaxial tensile strain along the b-axis, 

the larger |
∂ω

∂ε
| of the Ag

3  mode was attributed to the larger change rate of the Se-Se bond length. 

This anisotropic phonon response can be used for the determination of the crystal axes, 

complementary to the angle-dependent Raman intensities. Moreover, we found that few-layer 

PdSe2 exhibits near-zero Poisson’s ratios, leading to the effectively uniaxial tensile strain in the 

material. This is different from the biaxial strain induced in many other 2D materials when the 

external uniaxial tensile strain is applied. Thus, PdSe2 offers a natural platform for the study of 

the uniaxial strain effect on physical properties. This work provided both experimental and 

theoretical insight in the Raman scattering of strained few-layer PdSe2, unveiling it to be the 

first anisotropic 2D material with near-zero Poisson’s ratio, and enabling diverse possibilities 

for the strain engineering of electrical, optical and thermal properties in PdSe2.  
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Experimental Section 

Sample preparation: PdSe2 thin flakes were first mechanically exfoliated onto a 300 nm SiO2/Si 

wafer using Nitto SPV 224R blue tape from bulk PdSe2 single crystal that was synthesized 

using a self-flux method.[21] The angle-resolved Raman measurements were performed to find 

and distinguish the two main axes (i.e., a and b axes) of the few-layer PdSe2 flake. The few-

layer PdSe2 flakes were picked up using the method similar to previous work.[58] Briefly, 

polystyrene (PS) solution (1:9 dissolved in Toluene) was spin-coated uniformly onto a SiO2/Si 

substrate and cured at 70 ℃ for 20 minutes. Then the PS thin film carrying the few-layer PdSe2 

flakes was delaminated from the substrate in the deionized (DI) water by poking the edge of 

the film. After that, a clean fresh-made PDMS film was used to pick up the PS thin film that 

was floating on the water. The PDMS-PS stamp was transferred onto the center of a cross-

shaped Kapton polyimide film, with the two main crystal axes of the few-layer PdSe2 pointing 

to the two directions of the cross, respectively. This process was performed under a microscope, 

similar to that of stacking 2D Van der Waals heterostructures.[59] Lastly, the few-layer PdSe2 

fully conformed on the polyimide film via hydrogen bonding and the interface interaction was 

further enhanced through a two-step annealing process (first at 70 °C for 20 min, and then, after 

removal of the polystyrene stamp in toluene, at 80 °C for two hours).[60] The overall procedure 

is also shown in Figure S14 in the SI (Section S5).  The tensile strain was loaded using a 

homemade stretching fixture (see the inset optical image in Figure S14) similar to Zhu et al.’s 

work,[45] in which two ends of the long cross-shaped Polyimide substrate (Dupont Kapton HN, 

50-μm-thick) were mounted across the two clamps of the stretcher. The measurements of the 

initial distance and elongation of the Kapton film were performed by a caliper, and the results 

were used for the strain calculation. 

Raman spectra measurements: Raman spectroscopy measurements were performed on a Horiba 

T64000 micro-Raman system with a back-scattering configuration using a 532 nm wavelength 
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excitation. To avoid the laser damage, the laser power density was minimized to be < 0.2 

mW/μm2. The samples were rotated with respect to the incident polarization via a motorized 

continuous rotation stage (SIGMAKOKI SGSP-120YAW) with a positioning accuracy of 0.1°. 

All spectra were collected under a 100× magnification objective with an NA = 0.85, resulting 

in a beam spot ∼0.8 μm in diameter. A spectrum resolution of ∼ 0.6 cm−1 was achieved using 

a 1800 lines/mm grating. 

DFT calculation: Plane-wave DFT calculations were carried out using the Vienna Ab initio 

Simulation Package (55,56) (VASP) with projector augmented wave (PAW) pseudopotentials 

[61,63,64] for electron-ion interactions and the optPBE-vdW [65] (optPBE) functional for exchange-

correlation interactions. Prior works [21,51] demonstrated that the optPBE functional offers 

reasonable results of the electronic and structural properties of few-layer PdSe2. Based on the 

bulk PdSe2 structure (Materials-project database [52]), the original strain-free 1 - 3L PdSe2 was 

modeled by creating a periodic slab with a vacuum separation of more than 22 Å to avoid the 

interactions with periodic images in the out-of-plane direction (Z direction). A cutoff energy of 

350 eV and 12×12×1 k-point samplings were used for the optimization of the unit cell (both 

atomic positions and in-plane lattice constants) until the maximum force allowed on each atom 

was less than 0.001eV / Å. The total volume of the structures was fixed during geometry 

optimization to avoid the structural collapse of the 2D slabs with vacuum separations. For 1 – 

3L PdSe2, different uniaxial tensile strains (0.83% increment, and up to 5.00%) were introduced 

along the PdSe2 a and b axes, respectively. Note that when the tensile strain was applied to one 

in-plane direction, the lattice constant along the other in-plane direction generally tends to 

contract slightly. Therefore, the stable strained structures were obtained by adding different 

compressions to the direction that was perpendicular to the strain and searching for the 

geometry with the lowest total energy. The Poisson’s ratios of 1 – 3L PdSe2 can also be obtained 

via this approach. 
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Based on the fully relaxed geometries, the phonon frequencies were then calculated using 

the finite difference scheme implemented in the Phonopy software.[66] The visualization of the 

mode displacement was realized by ascii-phonon package.[67] In addition, the Raman spectra of 

2L and 3L PdSe2 were calculated via the following approach: after the strained structures were 

fully relaxed, the Hellmann−Feynman forces (the second-order force constants) of a 2×2×1 

supercell were computed by VASP for both positive and negative atomic displacements (δ = 

0.03 Å), and then used in Phonopy code to construct the dynamic matrices. Then the phonon 

frequencies and eigenvectors could be obtained after the diagonalization of the dynamic 

matrices. The phonon spectral linewidth at room temperature (T = 300 K) for the j-th Raman 

mode was generated from the third-order force calculations by Phono3py code.[68] In addition, 

the Born effective-charge tensors and dielectric constant tensors were also calculated using the 

density-functional perturbation theory [66] (DFPT) routines in VASP. Later, the intensities of 

Raman modes can be calculated from the derivatives of the polarizability tensor (macroscopic 

dielectric tensor) along the normal mode coordinate, which can be interpreted as:[69] 

IRaman,αβ(s) = 
Ω

4π
[−

1

2

εαβ
∞ (−s)

ΔQ(s)
 + 

1

2

εαβ
∞ (s)

ΔQ(s)
],   (1) 

At last, the simulated Raman spectra were generated by the Phonopy-spectroscopy code.[67] 
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Figure 1. (A) The crystallographic structure of a 1L 2D pentagonal PdSe2. (B) Low-

magnification TEM image of a typical exfoliated PdSe2 flake (> 20 L). (C) An atomic resolution 

TEM image of the exfoliated PdSe2 flake and the inset shows the FFT of the image with (200) 

and (020) planes labeled, indicating the a and b axes, respectively. (D) Raman spectra collected 

with the incident light polarization parallel to the a- and b-axis, respectively (note that the 

scattered light polarization is the same as the incident light polarization). (E) Contour color map 

of the angle-resolved Raman spectra of the PdSe2 flake. 
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Figure 2. (A) The optical image of a PdSe2 sample on a 300 nm SiO2/Si substrate. (B) 

Illustration of uniaxial strain applied to the different directions of the PdSe2 sample shown in 

(A) after transfer onto a cross–shape flexible polyimide substrate. (C) Illustration of atomic 

displacements of Ag
1  and Ag

3  modes. (D) and (E) Raman spectra of the 3L PdSe2 flake collected 

under the uniaxial tensile strain along the a-axis (denoted as ε||a) and b-axis (denoted as ε||b), 

respectively. 
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Table 1. Summary of the experimental frequency change rates of Ag
1  and Ag

3  modes of 2 – 5 L 

PdSe2 with strain. 

  

 ε ∥ 0° (a-axis) ε ∥ 90° (b-axis) 

Layer number ∂ω

∂ε
 (cm

-1

/%) 

 Ag
1  Ag

3  Ag
1  Ag

3  

2 L -0.71 -0.40 / -0.60 

3 L -0.97 -0.38 -0.25 -0.74 

4 L -1.47 -0.67 -0.22 -0.69 

5 L -1.46 -0.81 -0.10 -0.66 
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Figure 3. The experimental Raman shifts as a function of the uniaxial tensile strain applied to 

few-layer PdSe2. (A) and (B) Raman shifts of the Ag
1  and Ag

3  modes when the uniaxial tensile 

strain was applied to the PdSe2 a-axis, respectively. (C) and (D) Raman shifts of the Ag
1  and Ag

3  

modes when the uniaxial tensile strain was applied to the PdSe2 b-axis, respectively. The error 

bars indicate a fitting uncertainty of 0.2 cm−1. 
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Figure 4. The simulated Raman shifts of 1 – 3 L PdSe2 as a function of strain. (A) and (B) the 

frequency changes of Ag
1  and Ag

3  modes under the uniaxial tensile strain along the PdSe2 a-axis, 

respectively; (C) and (D) the frequency changes of Ag
1  and Ag

3  modes under the uniaxial tensile 

strain along the PdSe2 b-axis, respectively. 
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Table 2. Summary of the simulated frequency change rates of Ag
1  and Ag

3  modes of 1 – 3 L 

PdSe2 with strain. 

 

 ε ∥ 0° (a-axis) ε ∥ 90° (b-axis) 

Layer number 
∂ω

∂ε
 (cm

-1

/%) 

 Ag
1  Ag

3  Ag
1  Ag

3  

1 L -1.77 -0.71 -1.19 -2.65 

2 L -1.92 -0.98 -1.33 -2.71 

3 L -2.12 -1.16 -1.52 -2.80 
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Figure 5. The analysis of bond length changes under strain. (A) Side and top views of the 

crystallographic structure of monolayer PdSe2: the red and blue ellipses indicate the atomic 

displacement of Ag
1  and Ag

3  modes, respectively. More details of the mode displacements can be 

seen in the Supporting Movie 1. (B) Calculated bond length change under strain applied to a-

axis. (C) Calculated bond length change under strain applied to the b-axis. 
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Table 3. Calculated change rates of the bond lengths (
∂L

∂ε
) of 1L PdSe2 with respect to the 

uniaxial tensile strain. We have considered two Pd-Se bonds and one Se-Se bond (Figure 5 

(A)). For the two Pd-Se bonds, one is approximately along the uniaxial tensile strain and 

elongated with the tensile strain (the bond length change rate is denoted as L(Pd−Se)∥ ε), while 

the other is roughly perpendicular to the tensile strain and contracted with the tensile strain (the 

bond length change rate is denoted as L(Pd−Se)⊥ ε). Recalling the near-zero Poisson’s ratio of 

PdSe2, the absolute value of L(Pd−Se)∥ ε  is significantly larger than that of L(Pd−Se)⊥ ε , as 

reflected by the ratio η = |
L(Pd−Se) ∥ ε

L(Pd−Se) ⊥ ε
|. Note that there are also two kinds of Se-Se bonds shown 

in Figure 5 (A): one (the other) is aligned roughly 45° (135°) with respect to the uniaxial tensile 

strain. Therefore, the two Se-Se bonds exhibit the same response to the strain, and hence only 

the data of one bond is shown. 

 

Strain 

Direction 

∂L(Pd−Se) 

∂ε
( Å/% )  ∂L(Se−Se)

∂ε
( Å/% ) 

L(Pd−Se) ∥ ε L(Pd−Se) ⊥ ε 
η = |

L(Pd−Se) ∥ ε

L(Pd−Se) ⊥ ε
| 

ε ∥ a-axis 0.00618 -0.00034 ~ 18.18 0.00133 

ε ∥ b-axis 0.01098 -0.00139 ~ 7.90 0.00462 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


