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ABSTRACT 11 

In vacuum, thermal energy is transported by photons (thermal radiation) but not phonons. 12 

Recent studies, however, indicated that phonon heat transfer across a vacuum gap is mediated by 13 

the quantum fluctuation of electromagnetic fields. Specifically, in the heat exchange between two 14 

objects separated by a nanoscale vacuum gap, phonons carry thermal energy more efficiently than 15 

photons. However, it remains unclear if phonons can propagate without electromagnetic fields. 16 

Here, we demonstrate that phonon transmission across a sub-nanometer vacuum gap can be 17 

induced by quasi-Casimir force subjected to the Lennard–Jones atoms using classical molecular 18 

dynamics simulation. The net heat flux across the vacuum gap increases exponentially as the gap 19 

distance decreases, owing to acoustic phonon transmission. The local heat flux, evaluated using 20 

the Irving–Kirkwood method, increases singularly at the interfacial layers, while that at the inner 21 

layers agrees well with the net heat flux. These findings provide evidence of the strong thermal 22 

resonance induced by quasi-Casimir coupling between the interfacial layers. Thus, we conclude 23 

that the quasi-Casimir coupling induced by intermolecular interaction is a heat transfer mode for 24 

phonon heat transfer across a vacuum gap in nanoscale. 25 
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Nomenclature 1 

a lattice constant of platinum, m 2 

A cross-sectional area of the xy-plane, m2 3 

D vacuum gap distance, m 4 

EC cumulative output energy, J 5 

EH cumulative input energy, J 6 

Ei
k kinetic energy of molecule i, J 7 

Fij intermolecular force between pair molecules i and j, N 8 

G thermal conductance, W m-2 K-1 9 

Jis local heat flux corresponding to self-wall molecular interaction, W m-2 10 

Jio local heat flux corresponding to other wall molecular interaction, W m-2 11 

Jk local heat flux corresponding to molecular kinetic energy, W m-2 12 

Jp local heat flux corresponding to molecular potential energy, W m-2 13 

Jq local heat flux, W m-2 14 

kB Boltzmann constant, m2 kg s-2 K-1 15 

Lx length of simulation cell in x-direction, m 16 

Ly length of simulation cell in y-direction, m 17 

Lz length of simulation cell in z-direction, m 18 

m mass of an atom, kg 19 

N number of atoms 20 

q heat flux, W m-2 21 

rij distance between pair molecules i and j, m 22 

tf long finite time, s 23 

t0 initial time, s 24 

T temperature difference between two thermostats, K 25 

T local temperature of each bin, K 26 

TCi temperature of interfacial layer at cooling wall, K 27 

THi temperature of interfacial layer at heating wall, K 28 

iv  mean velocity component i (=x, y, z), m s-1 29 

vj velocity of molecule j, m s-1 30 

vn,i velocity component i (=x, y, z) of atom n, m s-1 31 
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vz,i velocity component of molecule i in z-direction, m s-1 1 

zi,t vibrational displacement of atom i at time t, m 2 

z  equilibrium position of an atom in z-direction, m 3 

zi,t z position of atom i at time t, m 4 

 5 

Greek symbols 6 

 energy parameter of potential function, J 7 

 pair potential, J 8 

 length parameter of potential function, m 9 

 angular frequency, rad/s 10 

 11 

Subscripts 12 

C cooling wall 13 

H heating wall 14 

i interface 15 

x x-direction 16 

y y-direction 17 

z z-direction 18 

 19 

1. Introduction 20 

Nanoscale heat transfer has been a challenging research topic since last decade [1–36]. The scale 21 

of the gap distance D dominates the heat transfer between two objects at different temperatures in 22 

vacuum, from the conventional heat conduction (D = 0) to thermal radiation (D > T, Wien’s 23 

wavelengthT   10m at room temperature) [1]. As shown in Fig. 1, when the objects are 24 

separated by a gap of D < T, known as the regime of the near-field radiative heat transfer (NFRHT), 25 

the amount of heat transfer can be several orders of magnitude greater than Planck’s blackbody 26 

limit [2–7]. Therefore, the NFRHT has attracted considerable interest in advanced applications of 27 

thermal management [8,9], radiative cooling [10,11], nanogap near-field thermophotovoltaics [12], 28 

and heat-assisted magnetic recording [13,14]. 29 
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 1 

The thermal energy transported by the coupling between the electromagnetic waves of the 2 

heating object and the phonons or plasmons of the cooling object in the regime of NFRHT, has 3 

been explored using the fluctuating electrodynamics theory [15] and experiments [16–18]. In the 4 

regime of D < 10-7 m, the atomic Coulomb interaction between two polar nanoparticles dominates 5 

the NFRHT in the gap distance of 8–100 nm [19], while the phonons serve as effective thermal 6 

carriers between two objects separated by a nanometer vacuum gap [20–28]. In particular, phonon 7 

coupling in electric fields becomes significant in the transition regime from NFRHT to heat 8 

conduction. The existence of an extra tunnel for thermal energy transfer across a gap of 0–2.8 nm 9 

between two NaCl slabs was proposed due to phonon coupling induced by long-range Coulomb 10 

forces in the electric fields [29]. The acoustic phonons theoretically dominate the heat transfer 11 

across a gap of 1–5 nm between two Au surfaces applied a bias voltage of 0.6 V [30]. Furthermore, 12 

acoustic phonon transport has been experimentally observed in gaps ranging from 0–10 nm 13 

between a silicon tip and a platinum nano-heater under a bias voltage of 0.8 V [31]. However, 14 

clarifying the mechanism of the electric field assisted phonon transmission across a vacumm gap 15 

in this transition regime is still a challenging work. 16 

On the other hand, Casimir heat transfer induced by resonance in electromagnetic fields was 17 

proposed in the transition regime from NFRHT to heat conduction. The Casimir force was first 18 

introduced in 1948 as a force acting between neutral objects based on quantum fluctuations of 19 

electromagnetic fields [32]. A local model of the dielectric function was applied to explain the 20 

phonon coupling mechanism induced by the Casimir force across a vacuum gap of D < 10 nm 21 

Fig. 1. Scale of a vacuum gap dominates the heat transfer mechanism between two objects. 
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between two dielectric solids [33]. The quantum fluctuation has been found to resonantly enhance 1 

the heat exchange between two Si3N4 membranes at D < 400 nm in an electromagnetic field [34]. 2 

However, the phonon heat transfer due to the thermal resonance induced by quasi-Casimir 3 

coupling has never been verified without an electromagnetic field. To this end, in this study, a 4 

quasi-Casimir coupling model is proposed for phonon heat transfer between two parallel solid 5 

walls separated by a sub-nanometer vacuum gap in the absence of an electromagnetic field. The 6 

phonon heat transfer is investigated in systems by performing a classical molecular dynamics 7 

(MD) simulation to verify the quasi-Casimir coupling model. Consequently, we evidence the 8 

phonon heat transfer induced by the intermolecular interactive force across the vacuum gap with 9 

significant interfacial resonance. 10 

 11 

2. Models and simulation method 12 

2.1. Physical model 13 

Consider two solid walls that consist of monoatomic molecules connected by springs, which 14 

correspond to the harmonic potential at heating and cooling walls, as illustrated in Fig. 2(a). The 15 

two solid walls are bonded with a quasi-Casimir coupling characterized by the spring coupling in 16 

a vacuum gap. This quasi-Casimir coupling acts as the channel for phonon transmission in the 17 

vacuum gap, which is similar to acoustic phonon tunneling in an evanescent electric field, thus 18 

providing an additional channel to enhance thermal energy transfer across the vacuum gap [29]. A 19 

constant heat flux q passes through the vacuum gap with thermal conductance G from the 20 

interfacial layer of the heating wall at a high temperature THi to that of the cooling wall at a low 21 

temperature TCi. 22 

2.2. MD simulation method 23 

The MD technique [37–40] was applied to simulate thermal energy transport across the sub-24 

nanometer vacuum gap between the heating wall (red wall heated by a thermostat layer of 120–25 

300 K) and the cooling wall (blue wall cooled by a thermostat layer of 100 K). The velocity scaling 26 

method was used to maintain the temperatures of the heating and cooling thermostats [41]. The 27 

two parallel solid walls were separated by a gap distance D of 0–0.784 nm (0–2a), where a denotes 28 

the lattice constant of platinum and is equivalent to 0.392 nm [42], as shown in Fig. 2(b). As D 29 

decreases, the strength of the intermolecular interactions between two solid walls in vacuum 30 
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increases, which induces the quasi-Casimir coupling with high thermal energy transport, as will 1 

be described in Section 3. 2 

 3 

The dimensions of the simulation cell are Lx = 5.552 nm, Ly = 3.847 nm, and Lz = 1.813–2.597 4 

nm. Each solid wall consists of four layers of atoms that are settled as <111>-oriented face-5 

centered cubic lattices. The solid walls are presumed to be composed of 2,560 platinum atoms. 6 

Periodic boundary conditions are employed along the x- and y-directions. The solid–solid 7 

interaction is expressed by the Lennard–Jones potential as follows: 8 
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, (1) 9 

where the length parameter = 2.475 Å and the energy parameter 
208.35 10   J for the 10 

potential well depth of Pt–Pt to model the atomic vibration at the lattice. All of the simulations are 11 

implemented with a time step of 5 fs and a cut-off radius of 5 selected for the spherically truncated 12 

and shifted potential. The equations of motion are integrated using the velocity Verlet algorithm. 13 

The equilibrium system at 100 K is simulated after achieving a steady state from the initial state 14 

for 5 ns. Subsequently, the non-equilibrium molecular dynamics (NEMD) simulation is performed 15 

from the equilibrium state to the steady state for 50 ns. In all of the NEMD simulations, the 16 

Fig. 2. (a) Schematic of acoustic phonon transmission across a vacuum gap by quasi-Casimir 

coupling. (b) MD simulation system: heat exchange between two parallel solid walls separated 

by a gap distance D. 



 7 

cumulative input and output energies EH and EC in the heating (120–300 K) and cooling (100 K) 1 

thermostats, respectively, are monitored. After the system achieves a steady state with constant 2 

heat flow ( 0E  ), an extra un-steady NEMD simulation is conducted by switching off the 3 

cooling thermostat but operating the heating thermostat for 5 ns. The transient thermal behaviors 4 

are discussed in Section 3.1. Further data analyses for the steady NEMD simulations are described 5 

in the next section. 6 

2.3. Computational details 7 

The simulation system is divided into eight bins along both the x- and z-directions to obtain the 8 

temperature profile in the steady state for 5 ns. The local temperature T of each bin can be 9 

calculated as follows: 10 
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   , (2) 11 

where N is the particle number in the bin, kB is the Boltzmann constant, m is the mass of the solid 12 

atom, vn,i is the velocity of atom n in the i (=x, y, z) direction, and iv  is the mean velocity of the 13 

solid atoms in the bin. 14 

The heat flux passing through the system is acquired from the mean value over the last 15 ns 15 

within a 50 ns time window. The heat flux is  16 
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, (3) 17 

where A is the cross-sectional area of the xy-plane, /E t   is the rate of heat transfer in the heating 18 

or cooling thermostat, and E is the cumulative energy of the heating (EH) or cooling (EC) thermostat. 19 

The thermal conductance between the two solid walls is calculated as 20 
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. (4) 21 

The atomic vibrational displacements and frequencies are measured using a wave graph to 22 

observe the vibrational properties of the atoms at the positions (A2, A3, A4 and B2, B3, B4) shown 23 

in Fig. 3. The wave graphs are obtained by outputting the positions of the atoms from the MD 24 

simulation data of 10,000 time steps and conducting signal processing [43]. The equilibrium 25 

position of the atoms in the z-direction is calculated by: 26 

 
0

,

0

1 ft

i t

tf

z z
t t



 , (5) 27 



 8 

where zi,t is the position of atom i at time t, and atom i is located at the center of each solid layer; 1 

t0 is the initial time at which the data output begins, and tf is the long finite time for 10,000 time 2 

steps. The original vibrational displacements of atom i are calculated as 
, ,i t i tz z z   . Then, we 3 

calculate the Fourier transform of the original vibrational displacements to obtain the distribution 4 

of signal power in the frequency domain (power spectrum). The dominant frequency band is 5 

selected to perform signal filtering on the original vibrational displacements and obtain the regular 6 

wave graphs. The peak amplitude and frequency are determined from the wave graphs. 7 

 8 

The velocities of all the atoms in the interfacial layers obtained from the MD simulation data of 9 

10,000 time steps, are used to calculate the vibrational density of states (VDOS) [44,45] of the 10 

interfacial layers by the Fourier transform of the velocity autocorrelation function 11 

      
0

0 i tVDOS v t v e dt


  . (6) 12 

Here,  is the angular frequencyand v(t) is the atomic velocity at time t. 13 

The simulation system is divided into eight bins along both the x- and z-directions to calculate 14 

the average local heat flux of each layer. The components of thermal energy are calculated to 15 

Fig. 3. Positions of atoms selected to analyze the atomic vibrational characteristics from 

different views of the simulation model: (a) front view of the simulation model in the xz-

direction; (b) atom A4 at interfacial layer 4 in the A–A directional view of the simulation 

model; (c) atoms A2, A3, A4 and B2, B3, B4 of the solid layers in the B–B directional enlarged 

view of the simulation model. 
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estimate the effective energy of heat transfer across a vacuum gap along the z-direction by using 1 

the Irving–Kirkwood (I–K) equation [46, 47], 2 

  , , ,

1 1 1

2

k
q k p i i z i i z i ij j z ij

i i i j

J J J J E v v F v r
V V V

        , (7) 3 

where Jk and Jp represent the energies transported by the molecules with kinetic and potential 4 

energy, respectively, and Ji represents the intermolecular energy transfer. V is the volume of the 5 

solid layer, Ei
k is the kinetic energy of molecule i, i is the potential energy of molecule i, vz,i is the 6 

velocity component of molecule i along the z-direction, Fij is the intermolecular force between 7 

molecules i and j, vj is the velocity of molecule j, and rz,ij is the distance between molecules i and 8 

j along the z-direction. 9 

 10 

3. Results and discussion 11 

3.1. Transient thermal behavior in non-steady state 12 

Since the temperature differences between the heating and cooling walls in the steady NEMD 13 

simulations can be maintained if the vacuum gap acts as the thermal insulation, we conducted the 14 

non-steady NEMD simulations to confirm if thermal energy can be transported from the heating 15 

wall to the cooling wall across the vacuum gap. The transient thermal behavior of the system is 16 

investigated based on the time history of the temperatures at the interfacial layers. The 17 

temperatures shown in Fig. 4 are obtained in the non-steady NEMD simulations by operating the 18 

heating thermostat but switching off the cooling thermostat. The temperature difference between 19 

the interfacial layers of the heating and cooling walls separated by D = 0.5a is eliminated after a 20 

certain period of time within 5 ns, thus demonstrating the occurrence of thermalization between 21 

the two solid walls. This phenomenon indicates that energy must be transferred from the heating 22 

wall to the cooling wall across a vacuum gap, even for the Lennard–Jones atoms, in the absence 23 

of an electromagnetic field. The heat transfer between the two walls is enhanced with an increment 24 

in the temperature difference between thermostats T at D = 0.5a, as shown in Figs. 4(a)–(c); while 25 

diminishes with an increase in D at T = 100 K as shown in Figs. 4(c)–(e), owing to the weakened 26 

interaction between the two interfacial layers. 27 



 10 

 1 

3.2. Temperature profiles in steady state 2 

The temperature profiles shown in Fig. 5 are obtained under the operation of the simultaneous 3 

heating and cooling thermostats after the NEMD system achieves a steady state, where the solid 4 

lines are guide for the eye. Figs. 5(a)–(e) are results under the constant temperature difference 5 

between the two thermostats (T = 20 K). In the case of D = 0, as shown in Fig. 5(a), a continuum 6 

temperature distribution is obtained from the cooling thermostat to the thermostat free layers, while 7 

Fig. 4. Thermal energy transport across a vacuum gap in non-steady NEMD simulations: (a–

c) effects of T on the transient temperature of the interfacial layers at constant D = 0.5a; (c–

e) effects of D on the transient temperature of the interfacial layers at constant T = 100 K. 
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a temperature jump is found between the heating thermostat and the neighboring thermostat free 1 

layer. This temperature jump is caused by the phonon mismatch between the thermostat and 2 

thermostat free layer owing to the dynamic rescaling of the thermostat [48,49]. Increasing D from 3 

0.5a to 2a (T = 20 K), as shown in Figs. 5(b)–(e), the temperature distributes continuously in the 4 

inner layers, while discontinuously at the interfacial layers. The temperature jump at the interfacial 5 

layers (THi - TCi) is nearly identical to T and independent of the gap distance D. In the case of D 6 

= 0.5a, as shown in Fig. 5(f), the temperature gradient of heating wall is nearly same as that of 7 

cooling wall, and THi - TCi gets larger with an increment in T, showing the enhanced thermal 8 

energy exchange between the two solid walls. 9 

 10 

3.3. Net heat flux and thermal conductance 11 

In the steady state of the NEMD simulation, the net heat flux and thermal conductance are 12 

obtained by conducting data sampling over a period of 15 ns. The net heat flux and thermal 13 

Fig. 5. Temperature profiles of the solid walls in steady NEMD simulations: (a–e) varying D 

at constant T = 20 K; (f) varying T at constant D = 0.196 nm (0.5a). 
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conductance in the sub-nanometer gap are approximately three to six orders of magnitude larger 1 

than that of blackbody radiation as a function of D, as shown in Figs. 6(a) and (b). These results 2 

give evidence of the existence of another heat transfer mode between the regimes of thermal 3 

radiation and heat conduction. This exponential heat transfer enhancement occurs owing to the 4 

strengthened intermolecular interaction between the two solid walls as D decreases. The heat flux 5 

and thermal conductance in the case of D = 0 are larger than those for other cases of D due to the 6 

heat conduction in solid objects. Furthermore, the heat flux enhances with an increment in T, 7 

while T does not notably influence the thermal conductance, as shown in Figs. 6(c) and (d). 8 

 9 

3.4. Thermal resonance induced by quasi-Casimir coupling 10 

To understand the mechanism of heat transfer enhancement with decreasing D, as shown in Fig. 11 

6, we analyzed the atomic vibrational characteristics in a steady NEMD state under a constant T 12 

of 20 K. For D = 0.5a, the peak amplitudes of the interfacial atoms (A4 at the heating wall, B4 at 13 

the cooling wall) are significantly larger than those of the atoms (A2, A3, B2, B3) in the inner 14 

layers, as shown in Figs. 7 (b) and (e) and summarized in Table 1. Meanwhile, the vibrational 15 

frequencies of the interfacial atoms (A4, B4) are smaller than those of the inner layer atoms, as 16 

listed in Table 1. These deviations are unremarkable when D = 2a, as shown in Figs. 7(c) and (f), 17 

Fig. 6. Effects of D on (a) net heat flux and (b) thermal conductance. Effects of T on (c) net 

heat flux and (d) thermal conductance. 
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while the peak amplitudes and frequencies of the inner layer atoms at D = 0 are similar, as shown 1 

in Figs. 7(a) and (d). That is, when D is sufficiently small (several atomic diameters), the interfacial 2 

atoms are subjected to strong molecular interactions across the vacuum gap, which results in the 3 

thermal resonance induced by quasi-Casimir coupling. This aspect can be proved by the perfectly 4 

overlapped vibrational displacements of the interfacial atoms A4 and B4 separated by the vacuum 5 

gap in Figs. 8(b) and (c), which show vibration behaviors similar to those of the inner layer atoms 6 

in the solid wall shown in Fig. 8(a). Therefore, the VDOSs based on the Fourier transform of the 7 

atomic velocity autocorrelation function [44,45] of solid layer 4 are consistent with those of layer 8 

5, as shown in Figs. 8(d)–(f). Compared to the peaks of the VDOSs of the inner layers in the solid 9 

(D = 0), those of the interfacial layers (D = 0.5a or 2a) are shifted toward the left of the low-10 

frequency band. That is, the heat transfer across the sub-nanometer vacuum gap between the solid 11 

walls exhibits a trend similar to that of the solid walls without a gap, conducted through the 12 

acoustic phonons in the low-frequency band of 3–4 THz. The strong phonon coupling at the 13 

interfacial layers leads to the resonant excitation peaks of the VDOSs in the frequency band 14 

coinciding with the vibrational frequencies of the interfacial atoms A4 and B4, as summarized in 15 

Table 1. These results indicate that the gap distance D is the dominant factor governing the near-16 

field heat transfer induced by the quasi-Casimir coupling. 17 
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 1 

Table 1 2 

Effects of D on the peak amplitudes and frequencies of atoms in the interfacial and inner layers at 3 

constant T = 20 K. 4 

Cases 

D (nm) 
A2 B2 A3 B3 A4 B4 

Peak amplitude (pm) 

0 1.909 1.244 1.722 1.246 1.471 1.468 

0.196 1.646 1.583 1.570 1.559 2.775 2.526 

0.784 1.733 1.302 1.335 1.235 1.734 1.693 

Frequency f (THz) 

0 4.041 3.699 3.790 3.701 3.736 3.727 

0.196 4.578 4.452 4.207 4.207 3.277 3.257 

0.784 4.483 4.359 4.017 3.949 3.180 3.149 

Fig. 7. Effects of D on atomic vibrational displacements of layers in the heating and cooling 

walls at constant T = 20 K: (a–c) vibrational displacements of atoms A2, A3, and A4 in the 

heating wall; (d–f) vibrational displacements of atoms B2, B3, and B4 in the cooling wall. 
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 1 

3.5. Local heat flux 2 

For the estimation of the local thermal properties in the heat exchange between two solid walls 3 

from an atomic perspective, a stable local heat flux distribution is established through data 4 

sampling for more than 50 ns by using the I-K method [46,47], as shown in Fig. 9. The blue dashed 5 

lines represent the net heat flux of the system obtained from the energy balance of the two 6 

thermostats, the open circles are the local heat flux of each layer, and the black solid lines are guide 7 

for the eye. The component contributions of the heat transfer enhancement induced by the quasi-8 

Casimir coupling are analyzed, as shown in Fig. 10. The local heat flux Jq of each solid layer is 9 

composed of four components, namely Jk, Jp, Jis, and Jio corresponding to the kinetic energy, 10 

potential energy, self-wall molecular interaction, and other wall molecular interaction, respectively. 11 

Fig. 8. Effects of D on (a–c) the vibrational displacements of atoms A4 and B4 in the interfacial 

layers as well as (d–f) the VDOSs of layers 4 and 5. 
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 1 

When D = 0, Jq is distributed uniformly and gets larger as T increases, as shown in Figs. 9(a)–2 

(e). Jq satisfies the energy conservation law, which is equivalent to the net heat flux q obtained 3 

from the energy balance of the two thermostats. Clearly, the local heat flux components Jis and Jio 4 

dominate the thermal energy transport in the solid, and Jk and Jp are negligible, as shown in Figs. 5 

10(a)–(c). Here, Jis and Jio contribute equally at inner layers 4 and 5. When D = 0.5a (i.e., interfacial 6 

quasi-Casimir coupling), the local heat flux increases singularly at the interfacial layers, whereas 7 

it is distributed uniformly at the inner layers, corresponding to q, as shown in Figs. 9(f)–(j). The 8 

local heat flux at the interfacial layers enhances singularly, accompanied by considerable thermal 9 

resonance induced by quasi-Casimir coupling (see Figs. 7(b) and (e)). In Fig. 10(d)–(f), the 10 

singular increments of the local heat flux at the interfacial layers are contributed to the increments 11 

of Jio (orange) and Jp (blue). Although Jis (green) is almost same to the half of q, Jio exceeds the 12 

Fig. 9. Effects of T on the local heat flux of the interfacial and inner layers along the z-

direction at (a–e) D = 0 and (f–j) D = 0.5a. 
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half of q, owing to the thermal resonance induced by the quasi-Casimir coupling. Additionally, the 1 

interfacial vibration energy increases under the thermal resonance, resulting in the increment of Jp 2 

at the interface. In other words, the singular increments of the local heat flux at the interfacial 3 

layers can be regarded as the evidence of the quasi-Casimir coupling. 4 

 5 

4. Conclusion 6 

MD simulations were performed to investigate the phonon heat transfer across a vacuum gap 7 

induced by the quasi-Casimir force subjected to the Lennard–Jones atoms. We demonstrated that 8 

the heat exchange between two solid walls separated by a sub-nanometer vacuum gap increases 9 

exponentially as the gap distance decreases, following the law of energy conservation. The heat 10 

transfer enhancement is caused by the acoustic phonon transport across a vacuum gap, as a result 11 

of the strong thermal resonance induced by the quasi-Casimir coupling. This aspect is explained 12 

by the perfect overlap of the atomic vibrational displacements and VDOSs of the interfacial layers. 13 

Moreover, the local heat flux, evaluated using the I–K method, increases singularly at the 14 

interfacial layers, while that at the inner layers is consistent with the net heat flux. This finding 15 

provides evidence of the strong thermal resonance at the two interfacial layers, induced by quasi-16 

Casimir coupling. 17 

Fig. 10. Effects of T on the contributions of the thermal energy components to the local heat 

flux at the interfacial and inner layers at (a–c) D = 0 and (d–f) D = 0.5a. 
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The phonon transport across a vacuum gap induced by quasi-Casimir coupling, is a phenomenon 1 

independent of electrostatic interaction, electron cloud overlap, surface phonon polaritons and 2 

surface plasmon polaritons. This phenomenon is noticeably distinct from conventional heat 3 

conduction and thermal radiation, or the known NFRHT and Casimir heat transfer. The proposed 4 

quasi-Casimir coupling model of heat transfer provides fundamental insights into nanoscale energy 5 

transport between the regimes of NFRHT and heat conduction. 6 
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