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Abstract 

Van der Waals (vdW) force, weakly holding the layers together in two-dimensional (2D) materials, 

plays a key role in various physical properties, such as superconductivity, ferromagnetism, and 

quantum Hall effect. Quantifying the vdW interactions, therefore, is essential for understanding 

the fundamental mechanisms of these novel properties. However, due to the difficulty of probing 

the interlayer forces directly, it is still challenging to quantify the vdW interactions. In this work, 

we quantified the vdW interactions by investigating the pressure-dependence of the acoustic 

phonons in layered palladium diselenide (PdSe2). To our acknowledge, the evolution of the 

classical out-of-plane bending vibration mode (ZA) with pressure was characterized for the first 

time. Inelastic X-ray scattering technique with diamond anvil cell was used to acquire the pressure 

dependence of the ZA mode. The interlayer binding changes from the weak vdW force to the 
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covalent bond, while the orthorhombic structure of PdSe2 evolves into a cubic one. The interlayer-

related elastic constants (C33 and C44) increase by 6 and 8 times from ambient pressure to 6 GPa, 

respectively. The interlayer shear force constant fshear and the compression force constant fdirect 

increase by 6 and 3.5 times through phase transition, respectively. These results indicate that the 

interlayer vdW interactions increased dramatically with increasing pressure and the covalent bond 

takes over after phase transition. Our work not only quantifies the pressure-dependent ZA mode 

in 2D-materials, but also, more significantly, paves a new path to measure the vdW interactions in 

2D-materials system.   

 

I. INTRODUCTION 

In two-dimensional (2D) layered materials, weak van der Waals (vdW) force holds together the 

neighboring atomic layers, while stronger covalent or ionic bond holds the atoms together in the 

layers, leading to the anisotropy of crystal structures. Many unique physical properties and 

applications, such as  high temperature superconductivity [1], ferromagnetism [2], and anomalous 

lattice vibrations [3,4], have been reported to relate closely to the interlayer vdW interactions of 

2D-layered materials [5,6,7,8]. Therefore, measuring and tuning the vdW interactions are essential 

in exploring the extraordinary properties in 2D-layered materials. To date, various methods have 

been attempted to quantify the vdW interactions: atomic force microscopy (AFM) measurement 

[9,10] Raman [11,12], and pressure enhanced band splitting [13]. However, due to the limited 

capability in measuring the force and potential between the neighboring atomic layers, more 

efficient and accurate quantification of vdW interactions is still in urgent need .  
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Due to the weak interlayer vdW interactions, the phonon dispersions of layered materials are 

extremely sensitive to pressure. The pressure-dependent elastic constants, which describe 

relationship between stress and strain in solids, can be extracted from the acoustic phonons by 

using the semi-continuum model [14,15]. As is known, out-of-plane atomic vibrations contribute 

to two out-of-plane phonon modes (one acoustic and one optical), called flexural modes. In the 

phonon dispersion spectrum of 2D-layered materials, the acoustic flexural mode, named ZA mode 

[16], is tightly related to the interlayer weak vdW interactions. Thus, probing the pressure-

dependence of ZA phonon frequency could be used to obtain the pressure-dependence of elastic 

constants related to vdW forces. Accordingly, high-pressure inelastic X-ray scattering (IXS) 

experiment is much appropriate and expected to measure the pressure dependence of phonon 

modes on layered materials, especially of ZA mode. 

 

 

Palladium diselenide (PdSe2), one of the 2D-layered transition metal dichalcogenides family, has 

attracted ever-increasing interests recently. It shows promising applications due to its 

superconductivity [ 17 ], multiple phase transition [ 18 ], negative Poisson’s ratio [ 19 ], 

photovoltaicity [ 20 ], and ferroelasticity [ 21 ]. PdSe2 undergoes a phase transition from an 

orthorhombic structure (Pbca) with a square-planar of Pd atoms to a cubic structure (Pa3
—

) with an 

octahedral of Pd atoms when hydrostatic pressure (HP) reaching 6 GPa (Figure 1) [22,23]. The 

vdW force between layers increases and the layer spacing decreases gradually when increasing 

pressure before phase transition; the vdW force disappears and the neighboring layers are 

connected by the covalent bond after phase transition. Thus, such structural evolution of PdSe2 

provides a natural advantage to probe the evolution of vdW interactions.   
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Here, we report a new method to study the vdW interactions through the acoustic phonons 

measured by pressure-dependent IXS in layered PbSe2. The pressure-dependent dispersions of ZA 

mode are measured at 0.36, 1.85, 3.7, and 6 GPa. Phase transition is observed when the hydrostatic 

pressure is increased to 6 GPa. The interlayer-related elastic constants (C33 and C44) and force 

constants (fdirect and fshear) all show linear relations with pressure up to 6 GPa. With increasing 

pressure, the interlayer interactions become stronger and are taken over by the covalent bond after 

phase transition.  

 
Figure 1. Crystal structures of layered PdSe2. (a) Orthorhombic structure and (b) the side view. (c) 
Cubic structure and (d) the side view.   

 
EXPERIMENT AND CALCULATION 
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High-pressure inelastic X-ray experiment 

High quality 2D-layered PdSe2 crystals in this work were grown by the chemical vapor transport 

method. The quality of crystals was checked by X-ray diffraction shown in Figure 2a. The full 

width at half maximum (FWHM) of X-ray diffraction peak at (002) plane is about 0.24 ± 0.01°, 

showing high crystalline quality of the sample. 

 

 
Figure 2. Sample preparation for pressure-dependent IXS measurement of layered PdSe2 single 
crystal. (a) Rocking curve for (002) Bragg peak of PdSe2 crystal. The narrow peak width (FWHM) 
shows high crystalline quality of the sample. Inset is the sample attached on a copper post for the 
ambient pressure measurement. (b) A small single crystal loaded in a panoramic DAC for high-
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pressure measurement. (c) Schematic diagram of the beam scattering geometry for the high-
pressure experiment. Red frame in the right panel shows the DAC mounted on HERIX. Middle 
panel shows the sample and beam scattering geometries for the high-pressure experiment. Left 
panel shows the scattering vectors in zone (211). (d) Sample geometry for ZA mode measurement 
under high pressure. 1 and 2 are commonly used for high-pressure IXS measurement, while 3 is 
the method used in this work.  

 

High energy resolution inelastic X-ray scattering experiment was performed to measure the 

phonon dispersions of PdSe2 layered crystal under ambient pressure, 0.36, 1.85, 3.7, and 6 GPa. 

The measurements were conducted at 30-ID-C (the High-resolution Inelastic X-ray Scattering 

beamline, HERIX) at Advanced Photon Source, Argonne National Laboratory [24,25]. Photon 

energy is 23.7 keV (wavelength at 0.5226 Å) and the beam is focused on a spot of 35 × 5 µm2. 

The measurements were conducted at room temperature. For measurements under ambient 

pressure, the single crystal sample (2 mm × 1 mm × 60 μm) was attached to a copper post by epoxy 

(inset in Figure 2a) and the post was mounted in the Huber 4-circle stage. Transmission scattering 

geometry was used to minimize the variation in scattering intensity due to the change of surface 

orientation between different Q points. The orientation matrix was defined by using Bragg peaks 

at (2 0 0), (0 2 0), and (0 0 2). Measured high symmetry directions in reciprocal space are along 

Γ–X, Γ –Y, and Γ	–Z, respectively. At specific wave vector transfer (Q point), counting time at 

each energy step is 30 ~ 90 s, which is adjusted by the phonon peak statistic.  

 

For high pressure measurements, a small crystal (80 μm × 50 μm × 40 μm) was loaded in a 

panoramic diamond anvil cell (DAC), and the DAC was aligned parallel to the electric field vectors 

of incident X-ray (Figure 2b). Culet size of DAC was 800 µm, rhenium with thickness at 250 µm 

was used as the gasket. The gasket was pre-indented to 120 µm and a 400 µm hole was drilled. 

Helium was used as the pressure medium to minimize the background and ensure the hydrostatic 
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pressure inside the chamber. Ruby fluorescence excited by 532 nm laser was used to measure the 

hydrostatic pressure. After gas loading, the initial pressure was 0.36 GPa, which was increased to 

1.85, 3.7, and 6 GPa by step. Sample quality and the orientation matrix were checked before the 

measurements at each pressure. Figure 2(c) (right panel) shows the beam scattering geometry in 

HERIX for the high-pressure experiment. It can be seen that when the DAC was mounted on the 

roational stage, the incident beam angle is limited by the opening angle of DAC, the Φ angle of 

the roational stage is fixed, the Ψ angle has a certain degree of rotational freedom, and thus the 

scattering geometry is extremely limited. In order to measure the ZA mode, a Brillouin zone (BZ) 

with out-of-plane value and the q points along in-plane direction should be reached. Thus, if the 

single crystal sample is cut regularly as the first and second methods shown in Figure 2d and 

loaded lying on the diamond, there are two problems should be concerned: a) the obtained BZ only 

along one of the high-symmetry directions, which limits the rotation along the other direction; b) 

although the crystal is loaded along the right direction, it is difficult to keep the direction after He 

gas loading. In these cases, the scattering geometry and the rotation matrix can’t satisfy the 

requirement for ZA measurement. Here, we use the third method in Figure 2d, where the sample 

is cut with a certain angle along an arbitrary direction between the c-axis. In this case, a cross-

plane BZ can be easier obtained, and the sample is more stable during gas loading, maintaining 

the scattering geometry the experiment. The (2 1+ q 1) zone was obtained for ZA mode 

measurement after He gas loading, and other phonons were also measured except for ZA according 

to dynamic structure factor S(Q, ω) simulation and IXS spectra. At specific wave vector transfer 

(Q point), counting time at each energy step is 60 ~ 120 s. Due to the relative low statistics under 

high pressure, 3 or 5 scans were perfored at each Q points and the data are combined for analysis. 
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Phonon calculation 

First-principles calculations were performed based on the density functional theory (DFT) as 

implemented in the Vienna Ab Initio Simulation Package (VASP) [26]. The generalized gradient 

approximation (GGA) Perdew-Burke-Ernzerhof (PBE) functional was used for structural 

relaxations with plane-wave cut-off energy of 600 eV. The optPBE functional [27] was used to 

estimate the vdW force due to layered structure PdSe2 [28]. The BZ of the reciprocal space was 

sampled by a Γ-centered grid of 5 ×5 × 4. The force components of each atom were smaller than 

0.001 eV/Å and the difference of total energy was less than 10-6 eV during the structure relaxation. 

The Phonopy code [29] was used to calculate the phonon dispersion of layered PdSe2. In this 

approach, the second-order interatomic force constants (IFCs) were computed by the finite 

difference method in a 2 × 2 × 2 supercell. The lattice constants at each hydrostatic pressure were 

used from the measurements by HERIX.  

 

III. RESULTS AND DISCUSSION 

Phase transition under high pressure 

Phase transition under high pressure is determined by tracking the variance of lattice constants. 

Due to the weak interlayer vdW force, the crystal structure is sensitive to pressure. Thus, before 

measuring the phonon dispersions, it is necessary to check the quality and confirm that the sample 

is intact under high pressure and after the phase transition. Due to the limited 2-theta angle by the 

opening angle of DAC, only several crystal planes on lower-order BZ can be observed (Figure S2). 

Figure 3a shows the X-ray Bragg diffraction (211) plane of PdSe2 under each pressure, which is 

also presented from the diffraction patterns at 0.36 and 6 GPa It is found that each crystalline plane 

has a relatively sharp peak (Figure S2), indicating high quality of the sample and good agreement 
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with the predictions. The 2-theta shows an increase with increasing pressure before phase 

transition due to the reduced lattice constants. It drops to the minimum value under 6 GPa, 

indicating the phase transition from orthorhombic to cubic structure. Figure 3b shows that the in-

plane lattice constants a and b and unit cell volume V declines moderately with increasing pressure 

in orthorhombic phase, while the drop of out-of-plane lattice constant c is more significant due to 

the increasing of  vdW interactions with pressure. The sharp drop of c and V indicates the structure 

transition from 3.7 (orthorhombic) to 6 GPa (cubic), also revealed by the increasing of the 

systematic free energy (Figure S1). The detailed diffraction and lattice information versus pressure 

can be found in Table SI. The ratios of a/c and b/c increase with the increasing pressure, indicating 

the compression along c and the structure evolution of PdSe2. By fitting the trends of the lattice 

constants versus pressure from equation y=A+Bx+Cx2, it is found that the decline rate of c 

(B=0.041, C=0.005) is larger than those of a (B=0.023, C=0.003) and b (B=0.026, C=0.003). This 

behavior reveals the negative Poisson's ratio in the orthorhombic structure of layered PdSe2, which 

confirms the prediction in monolayer PdSe2 [19] to some extent.  

In addition, the energy integrated crystal orbital Hamiltonian population (ICOHP) was calculated 

corresponding to the Pd-Se bond lengths to evaluate the evolution of the bonding versus pressure, 

shown in Figure S3a and S3b. For Pd-Se1 and Pd-Se2, the bond lengths increase, and the bond 

strengths decrease gradually with the increasing pressure. While for Pd-Se3, the bond length 

decreases, and the bond strength increase significantly with the increasing pressure. As reported, 

in orthorhombic structure, the low spin configuration (z2)2(x2-y2)0 induces the square-planar 

[PdSe4] (composed by Pd-Se1 and Pd-Se2), while in cubic structure, the high spin configuration 

(z2)1(x2-y2)1 induces the octahedral [PdSe6] (composed by Pd-Se1, Pd-Se2, and Pd-Se3 in 

orthorhombic structure) [17,22]. This Jahn-Teller distortion of the octahedral [PdSe6], illustrated 
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in Figure S3d, will lead to weaker in-plane and stronger out-of-plane Pd-Se bonding at 6 GPa than 

below 6 GPa [30,31].  

 

  

 

 
Figure 3. Pressure-dependent crystal change of PdSe2. (a) Bragg peak of (211) plane by HERIX. 
The vertical solid lines are the predictions from DFT calculations. (b) Pressure-dependent lattice 
constants and the volume. Dot lines are the fitting curves from y=A+Bx+Cx2. Green curve is guide 
for eyes. Vertical grey line represents the pressure of phase transition. 
 

 

Pressure dependence of ZA mode 

The lattice constants of PdSe2 are sensitive to the pressure, so phonon dispersions will change with 

pressure as well ().As shown in Figures 4a-4c, the pressure-dependent acoustic phonon dispersions 

along Γ‒Y direction, especially the ZA mode, were obtained by IXS (see the calculated phonon 

dispersions of PdSe2 under each pressure in Figure S4). It can be found that our first-principles 

calculations show excellent agreement with the measurements for the longitudinal acoustic (LA) 

and transverse acoustic (TA) phonons, while it is unable to predict the pressure dependence of ZA 

phonons. This discrepancy may results from the pressure dependent vdW interactions which may 

not be accurately described by the optPBE functional, though it shows good accuracy to estimate 
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the lattice constant at ambient condition [28]. For LA and TA modes, it is found that the phonon 

branches stiffen with the increasing pressure below 6 GPa and drop down at 6 GPa. For the ZA 

mode, the branch keeps stiffening as the pressure increases. Such difference results from the 

evolution of the lattice constants with pressure. In-plane lattice constants a and b decrease 

continuously before phase transition and increase significantly after that, while c keeps decreasing 

with the increasing pressure. Thus, the force constants between the heavier atoms Pd (Pd: 106.4 > 

Se: 78.97), which dominated the phonon energy around BZ center [33], increase gradually along 

a- and b-axis below 6 GPa and drop down at 6 GPa, while they keep increasing along c-axis with 

the increasing pressure (Figure S3c).   

To our knowledge, it is the first experiment to measure the ZA dispersion curves with pressure 

dependence in 2D-layered materials. Due to the failure of first-principles calculations in estimating 

the pressure-dependent phonon energy in ZA mode, the exponential function, ω=αqβ, is applied to 

fit the measured phonon energy of ZA [34], showing the excellent agreement. As shown in Figures 

4d and 4e, with increasing pressure, the ZA dispersion curve evolves toward linear gradually and 

the exponential coefficient decreases from 1.35 to 1. As is known, the dispersion curve exhibits a 

parabolic behavior in pure 2D materials, and β is smaller than 2 in the bulk layered single crystal. 

After phase transition, the dispersion curve is linear (β = 1). The change of β indicates that the 

interlayer vdW force increases gradually with the increasing pressure and is taken over by the 

covalent bond after phase transition.     
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Figure 4. Pressure-dependent acoustic phonon dispersions along Γ‒Y of PdSe2. (a)-(c) Measured 
phonon modes of LA, TA, and ZA branches (symbols), overlaid with the corresponding first-
principles calculations (Lines). (d) Exponential fittings of the ZA branches with ω=αqβ function 
(arrow). (e) Pressure-dependent fitting parameters α and β. Error bars are the fitting uncertainty. 
  

Quantifying the vdW interactions 

The elastic constant, representing the stress-strain relationship in materials, is highly sensitive to 

the pressure. The vdW interactions can be quantified through their corresponding elastic constants. 

The pressure-dependent elastic constants can be extracted from the acoustic phonons by using the 

semi-continuum model [35,]: 

                            (1) 

where v is the phonon group velocity near BZ center, ω the phonon energy, ρ the mass density and 

q the wavevector. For the ZA mode, we can obtain both C44 and the bending elastic parameter by 

by fitting the ZA dispersion from the following equation [37] (Figure S5):  

                                                          (2) 

33 6622
LA( Y) LA( Z) TA( Y)= =  , = =  , = =   C CCω ω ωv v v

q ρ q ρ q ρG- G- G-

2 2 2 444=  y
C q b qw
r

+
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by represents the resistance of a layer to bend. The detailed fitted group velocities from the IXS 

data and the elastic constants are shown in Table SII-SIV and plotted in Fig. 5. C22 is associated 

with the compression vibration along b-axis, corresponding to LA mode along Γ‒Y and the change 

of the lattice parameter b, while C66 is associated with the shear vibration along the in-plane 

direction, corresponding to the change of in-plane lattice parameters a and b. Below 6 GPa, C22 

and C66 both show linear relation with pressure and increase by 50% near the phase transition; at 

6 GPa, C22 and C66 both drop down to a lower value than that at ambient pressure. Such behavior 

is mainly attributed to the much larger in-plane lattice parameters in cubic structure.  
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Figure 5. Pressure-dependent elastic constants of PdSe2. (a) C22, (b) C66, (c) C33, (d) C44 and by. 
Interlayer compression and shear force constants are respectively shown in (e) and (f). Error bars 
are the fitting uncertainty. The grey lines indicate the phase transition pressure. 

 

C33 is associated with the compression vibration along c-axis, corresponding to the LA mode along 

Γ‒Z and the change of the lattice parameter c. It is a direct evaluation of the change of vdW 
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interactions between layers. Due to the beam scattering limitation and the ambiguous resolution to 

distinguish the extremely low energy of the LA mode along Γ‒Z, we only obtain C33 under the 

ambient pressure and 6 GPa. As shown in Figure 5c, C33 is much smaller than C22 under ambient 

pressure due to the weak vdW force between layers. With increasing pressure, C33 increases 

dramatically and the value in cubic structure (equivalent to C22) is 6 times higher than that in 

orthorhombic structure, indicating the continuous increase of the interlayer force. C44 represents 

the shear vibration where the atoms vibrate along c direction and vibrational wave propagates 

along Γ‒Y, corresponding to the ZA mode along Γ‒Y and the change of the lattice parameters b 

and c. C44 shows the lowest value among the elastic constants because of the interlayer shear 

vibration affected by the weak vdW force, as shown in Figure 5. With the decreasing layer distance 

and the increasing ratio of b/c, the shear stress will increase significantly and lead to a linear 

relationship with pressure (Figure 5d). Under 6 GPa, C44 (equivalent to C66) shows seven times 

higher than that at ambient pressure. Due to the bulk single crystal of PdSe2 used in this work 

where the vdW force is stronger than that in monolayer materials, by is 1.43´10-6 m2/s at ambient 

pressure and is five times higher than that of single layer graphene (0.313 ´10-6 m2/s) [40]. With 

the pressure increased, during the bending on PdSe2, the intralayer tension or compression and 

interlayer shear behaviors will both emerge and compete with each other. by decreases slightly 

with increasing pressure, resulting from the increasing shear effect between layers.  [ 41 ]. 

Compared with C22 and C66, the interlayer related C33 and C44 increases faster with pressure (C22 

and C66 increase by about 50% near the phase transition, while C33 and C44 increase by 6 and 7 

times, respectively). 

The interlayer compression (fdirect) and shear (fshear) force constants can be used to evaluate the 

interlayer interactions with the layer spacing (c), expressed as: fdirect = c·C33 and fshear = c·C44 [42]. 
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In Figs. 5(e) and 5(f), our first-principles calculations show good agreement with the experiments. 

The layer spacing decreases gradually with increasing pressure, shown in Table SV. fdirect changes 

from about 10 N/m to about 35 N/m before and after phase transition, increased by 2.5 times, while 

fshear shows a linear relation with pressure, which changes from 1 N/m to 6 N/m, increased by 5 

times. These behaviors are mainly due to the enhancement of vdW force between layers, which 

provide an effective reflection on the evolution of vdW interactions with the layer distance.  

CONCLUSION  

In this work, the vdW interactions of layered PdSe2 were studied by the combination of high-

pressure inelastic X-ray scattering and first-principles calculations. The pressure-induced phase 

transition was confirmed and the pressure-dependent acoustic phonon dispersions along Γ‒Y 

direction were measured. The lattice structure of PdSe2 transfers from the orthorhombic phase to 

cubic phase and the interlayer vdW force disappears from 3.37 GPa to 6 GPa. Below 6 GPa, C22, 

C33, C44 and C66 increase linearly with increasing pressure. by decreases with increasing pressure 

due to the enhancement of the interlayer shear effect when the competition between the intralayer 

tension or compression with the interlayer shear effect. The interlayer shear force constant fshear 

and the compression force constant fdirect increase with increasing pressure, indicating the 

enhancement of the interlayer vdW interactions.  

Our experimental results show that with the change of pressure, the interlayer compression (fdirect) 

and shear (fshear) force constants reflect the evolution of interlayer vdW interactions with pressure. 

Our work confirmed that the high-pressure IXS measurement is effective to characterize the 

interlayer vdW interaction. It should be noted that the sample need to be loaded in a special 

orientation to satisfy the required scattering geometry of high-pressure IXS measurement to 
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directly measure the interlayer vdW interactions. In addition, due to the weak interaction between 

layers, the acoustic phonons along Γ‒Z localize in the low energy region, a spectrometer with 

higher resolution is thus needed to distinguish these phonon modes. However, although the sample 

loading and the instrument setup are still challenging, with the development of experimental 

technology, high-pressure IXS will be more effective to characterize the vdW interaction. Our 

work is not only expected to measure other 2D-materials, but also paves a new path to characterize 

the vdW interactions. 
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