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Abbreviations and Symbols 

a lattice constant of platinum, m 

A cross-sectional area of the x-y plane, m2 

d gap distance between interfacial solid–liquid or liquid–liquid layers, m 

D vacuum gap distance, m 

E difference between cumulative input and output energy, J 

EC cumulative output energy, J 

EH cumulative input energy, J 

Ei
k kinetic energy of molecule i, J 

f frequency, Hz 

Fij intermolecular force between pair molecules i and j, N 

G thermal conductance, W m-2 K-1 

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

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

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

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

Jq local heat flux by Irving–Kirkwood method, W m-2 

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

Lx length of simulation cell in x-direction, m 

Ly length of simulation cell in y-direction, m 

Lz length of simulation cell in z-direction, m 

m mass of an atom, kg 



Abbreviations and Symbols 
 

 
II 

 

N number of atoms 

q heat flux, W m-2 

rij distance between pair molecules i and j, m 

tf long finite time, s 

t0 initial time, s 

T temperature difference between two thermostats, K 

T local temperature of each bin, K 

TCi temperature of interfacial layer at cooling wall, K 

TCil temperature of cooling interfacial liquid layer, K 

TCis temperature of cooling interfacial solid layer, K 

THi temperature of interfacial layer at heating wall, K 

THil temperature of heating interfacial liquid layer, K 

THis temperature of heating interfacial solid layer, K 

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

vj velocity of molecule j, m s-1 

vn,i velocity component i (=x, y, z) of atom n, m s-1 

vz,i velocity component of molecule i in z-direction, m s-1 

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

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

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

Greek symbols 

 energy parameter of potential function, J 
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 pair potential, J 

 length parameter of potential function, m 

 angular frequency, rad/s 

Subscripts 

C cooling wall 

H heating wall 

i interface 

l liquid 

s solid 

x x-direction 

y y-direction 

z z-direction 
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Chapter 1 

1 Introduction 

1.1 Current research in nanoscale heat transfer 

Nanoscale heat transfer has been a challenging research topic for the last decade. 

Phonon transmission dominates the heat transfer mechanism between two objects in the 

transition from heat conduction to near-field heat transfer (NFHT). Therefore, the scale 

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

temperatures in a vacuum, from the conventional heat conduction (D = 0) to thermal 

radiation (D > T, Wien’s wavelength 510T − m at room temperature) [1,2]. As shown 

in Fig. 1.1, when the two objects are separated by a gap of D < T, known as the regime 

of the near-field radiative heat transfer (NFRHT), the amount of heat transfer can be 

several orders of magnitude greater than Planck’s blackbody limit [3–8]. Therefore, the 

 

Fig. 1.1 Scale of a vacuum gap dominates the heat transfer mechanism between two 

objects. 
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NFRHT has attracted considerable interest in advanced applications of thermal 

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

[13], and heat-assisted magnetic recording [14,15]. Meanwhile, the presence of liquid in 

the nanogap is significant to understand better the nanoscale heat transfer at the solid–

liquid interface. 

1.1.1 Near-field heat transfer 

The thermal energy transported by the coupling between the electromagnetic waves 

of the heating object and the phonons or plasmons of the cooling object in the regime of 

NFRHT, has been explored using the fluctuating electrodynamics theory [16] and 

experiments [17–19]. Shen et al. have found that the surface phonon polaritons can exist 

near the solid interface and improve the heat exchange between two closed solid 

surfaces [18]. Surface phonon polaritons are electromagnetic waves that propagate 

along with the interfaces of polar dielectrics, which can be generated by resonant 

coupling between the electromagnetic field and optical phonons in polar dielectrics. A 

glass (silica) microsphere 50 or 100 m in diameter is attached to the tip of a 

biomaterial (Si3N4/Au) AFM cantilever with UV adhesive. Solid substrates are made by 

SiO2, Si, or Au. The radiative heat transfer can be enhanced significantly compared to 

blackbody radiation at extremely small gaps, while the heat transfer coefficient becomes 

smaller in the case of SiO2–Si and SiO2–Au due to the weaker resonance effects. 

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

nanoparticles dominates the NFRHT in the gap distance of 8–100 nm [20], while the 

phonons serve as effective thermal carriers between two objects separated by nanometer 
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vacuum gap [21–29]. In particular, phonon coupling in electric fields becomes 

significant in the transition regime from NFRHT to heat conduction. However, the 

boundary between heat conduction and thermal radiation is still unclear when the gap 

distance between two objects is at the nanoscale. 

The transition regime from near-field thermal radiation to phonon heat conduction 

has been investigated based on lattice dynamics simulation [30]. Two kinds of forces 

exerted on the solid surfaces in the simulation model, the short-range repulsive forces 

due to atomic bonding force and the long-range Coulomb forces, are computed using 

the electric fields generated by oscillating ions. To investigate the heat exchange 

between two solid surfaces, the thermal conductance at a few nanometer gaps was 

calculated by Green’s function and Rytov’s formulation. As gaps are larger than 1 nm, 

the thermal conductance computed using the atomistic approach agrees well with 

Rytov’s formulation. When the gap distance is smaller than 1 nm, the atomistic 

approach predicts conductance significantly higher than the continuum approach due to 

the atomic bonding force between interfacial layers. This bonding forces can provide 

another channel for improving thermal energy transportation. 

Furthermore, the acoustic phonons theoretically dominate the heat transfer across a 

gap of 1–5 nm between two Au surfaces applied to a bias voltage of 0.6 V [31]. 

Jarzembski et al. have investigated force-induced acoustic phonon transport across 

vacuum gaps between silicon and platinum surfaces under a bias voltage of 0.8 V [32]. 

They utilized a custom-built high-vacuum shear force microscope (HV-SFM) to 

measure heat transfer between a silicon tip and a feedback-controlled platinum 

nanoheater. The silicon tip temperature is 295 K, and the initial temperature of the 

platinum nanoheater is 467.13 K. When the silicon tip is approached the platinum 
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nanoheater, the temperature of platinum nanoheater will decrease and drop sharply in 

the bulk-contact regime. To confirm the accuracy of the experimental data, a one-

dimensional atomic chain system separated by a vacuum gap was established. In this 

system, short-range van der Waals force is modeled by Lennard–Jones potential, long-

range electrostatic surface charge interaction is modeled by Coulomb force. Lennard–

Jones force just can drive heat transfer for δ < 1.1 nm, and Coulomb force becomes 

dominant in heat transfer for 1.1 nm < δ < 10 nm. The experimental results agree well 

with theoretical results and the thermal conductance is enhanced rapidly when the gap is 

close to the bulk contact regime. However, clarifying the mechanism of the electric 

field-assisted phonon transmission across a vacuum gap in this transition regime is still 

challenging work. 

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

fields was proposed in the transition regime from NFRHT to heat conduction [33]. 

Consider an object at a high-temperature T1, the thermal agitation of the object’s atoms 

gives rise to phonons that propagate as acoustic waves and cause the surface to exhibit 

time-varying undulations. A second object, at a low-temperature T2 < T1, is close to the 

first object, with a vacuum gap between the objects. The undulations of the first object’s 

surface exert a time-varying Casimir force on the second object’s surface, producing 

phonons in the second object. Since the phonons are heat carriers, thermal energy can be 

transferred from the first object to the second object. 

The Casimir force was first introduced in 1948 as an attractive force acting between 

neutral objects based on quantum fluctuations of electromagnetic fields [34]. A local 

model of the dielectric function was applied to explain the phonon coupling mechanism 

induced by the Casimir force across a vacuum gap of D < 10 nm between two dielectric 
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solids [35]. Fong et al. reported experiment evidence that phonons can travel across a 

vacuum gap due to quantum fluctuations [36]. They considered the interaction between 

two phonon modes based on a spring-mass model. Two objects attached to springs are 

linked to thermal baths at different temperatures. The vibration of two objects disturbs 

the zero-point energy of the electromagnetic vacuum and generates the Casimir force. 

Therefore, the Casimir interaction acts as a coupling spring to contact two objects. In 

their experiment, two Si3N4 membranes were aligned in parallel and connected to heat 

baths. By adjusting the sample temperature to tune the film stress, the frequencies of the 

two membranes are matched at 191.6 kHz when mode temperature T1 = 287 K and T2 = 

312.5 K. The Casimir heat transfer between the membranes strongly depends on the gap 

distance. The mode temperature is the same as the heat bath temperature in the far-field 

region. When two membranes move close, the temperature changes and becomes 

identical as the gap distance is less than 350 nm. The temperature difference between 

the heat bath and membrane can induce a net heat flux across this system. However, the 

phonon heat transfer across a nanogap caused by the intermolecular interaction between 

two solid interfacial layers has never been verified without an electromagnetic field. To 

this end, in the present study, a quasi-Casimir coupling model is proposed for phonon 

heat transfer between two parallel solid walls separated by a sub-nanometer vacuum gap 

in the absence of an electromagnetic field. 

1.1.2 Thermal transport at solid–liquid interface 

NFHT across a vacuum nanogap between two objects has already attracted 

considerable interest in the field of nanoscale heat transfer. Meanwhile, the presence of 

liquid in the nanogap is also essential to better understand the nanoscale heat transfer at 
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the solid–liquid interface. Thermal transport at the solid–liquid interface is becoming 

ever more critical with the development of next-generation high-efficiency 

thermoelectric devices. It is well known that the temperature changes abruptly at the 

interface due to the significantly different thermal properties between solid and liquid 

when thermal energy is transported across the solid–liquid interface. Thus, the 

interfacial thermal resistance characterized by Kapitza length Lk is an obstacle to 

thermal transport at the solid–liquid interface. 

Kapitza length has considerable effects on interfacial thermal energy transportation in 

micro/nanochannel. In recent years, the chemical and physical properties of the 

interface have been modified to control the interfacial thermal resistance based on 

experiments [37,38] and simulations [39–46]. However, the direct experimental 

measurements of thermal transport in nanoscale systems are still challenging. Molecular 

dynamics (MD) simulation is a powerful tool for investigating solid–liquid interfacial 

characteristics. It is well known that interfacial thermal resistance is impacted by the 

surface wettability [47–50], nanostructure [51–54], surfactant adsorption [55–57], self-

assembled monolayer [58–60], temperature [61–63], and liquid pressure [64,65] and so 

on. The solid surface can be improved to regulate the solid–liquid interfacial thermal 

resistance. 

With the rapid development of fabricating and manufacturing micro/nanoscale 

devices, heat transfer characteristics are significantly different in varying scale systems. 

In our previous experimental research, the scale effect of the boundary condition was 

studied at the solid–liquid interface on the single-phase convective heat transfer 

characteristics in a microchannel flow [66]. It has been observed that the solid–liquid 

interfacial resistance cannot be disregarded when the slip length and the thermal slip 
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length are comparable with the hydraulic diameter, as shown in Fig. 1.2. Rabani et al. 

[67] have investigated the effect of the wall force field on the thermal transport 

properties in a nanochannel with the different channel height and the gas density in 

various Knudsen numbers. The local thermal conductivity in the wall force field region 

keeps approximately constant if the Knudsen number is regulated by varying the 

channel height. Taking a different approach, Yenigun and Barisik [68] revealed that the 

solid thermal conductivity decreases with reducing the solid nano-film thickness. The 

enhanced ballistic phonon transport suppresses the interfacial thermal energy transport 

since the phonon passage is changed through the interface. 

 

Fig. 1.2 Slip boundary condition at the solid–liquid interface: slip length and thermal 

slip length [66]. 

 

Additionally, early research has already investigated the effects of surface wettability 

on interfacial heat transfer using MD simulations; Lk sharply decreases as the solid–

liquid interaction increases. Barisik and Beskok [61] clarified that interfacial thermal 

resistance strongly depends on the near surface water density structure, which is a 
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function of the molecular interaction parameter  value. To identify the proper 

parameter for water–silicon interactions, they have simulated a nano water droplet on 

the silicon surface with different wetting behavior. Results show that the interfacial 

thermal resistance between a liquid and solid is dominated by the liquid structure 

formed on the solid surface under high wetting conditions. Nagayama et al. [51] have 

made the surface nanostructures in the interfacial region to calibrate the solid–liquid 

interaction potentials using MD simulation, as shown in Fig. 1.3. They found that the 

thermal resistance at the solid–liquid interface can be reduced by the nanostructures and 

the interfacial heat flux increases almost linearly proportional to the surface area. The 

effect of surface nanostructures is significant in determining the evaporation rate of the 

ultra-thin liquid film. The evaporation rate at the hydrophilic nanostructured surface has 

a more significant value than that of the flat surface when the film thickness is larger 

than that of the adsorbed layer. In addition, Chen and Zhang [69] demonstrated that 

surface roughness weakens the mobility of liquid atoms close to the solid surface, 

resulting in liquid atoms in contact with the solid surface for a longer time. Shibahara et 

al. [70] found that the gap between fins can reduce the thermal resistance of solid–liquid 

interface, which was attributed to the longer residence time of liquid molecules at the 

interfacial zone. 

As a result, studies over the past decade have provided important information on the 

solid-like liquid layers above the solid surface in nanoscale systems. Xue et al. [71] 

found that the liquid layers at the solid–liquid interface have no effects on thermal 

transport properties. However, Frank and Drikakis [72] pointed out that the thermal 

conductivity in the direction parallel to the solid surfaces is enhanced three times in a 

nanochannel compared to the unrestricted liquid and the long-range phonons exist in the 
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nanochannel due to the structural order of liquid. Moreover, Liang and Tsai [73] also 

have discovered that the effective thermal conductivity of nanofluids enhances with 

increasing the interaction between solid and liquid molecules. It is widely understood 

that the thermal conductivity of ordered crystalline materials is much larger than that of 

disordered amorphous materials on account of the efficient thermal transport in solids 

by virtue of the lattice vibration (phonons). 

 

Fig. 1.3 Molecular dynamics simulation systems: (a) simulation cell for liquid film; (b) 

simulation cell for evaporating and condensing liquid film [51]. 

 

Nevertheless, the amorphous liquid cannot produce this powerful thermal transport 

mechanism owing to the lack of ordered structures. The thermal energy will be 

transported passing through the ordered liquid layer via the phonon ballistic mechanism 

if multiple ordered liquid layers formed in the solid–liquid interfacial region. It is also 

found that the thickness of the interfacial liquid layer is equal approximately to the 

distance of 2-fold of liquid argon atoms, which is barely influenced by the interaction 



Chapter 1. Introduction  

Kyushu Institute of Technology, Graduate School of Mechanical and Control Engineering 
   10 

between solid and liquid atoms [74]. The heat transfer in the base liquids is the diffusive 

mechanism and the thermal transport at the interfacial layer should be regarded as the 

ballistic mechanism. 

As discussed above, the ordered liquid layer adjacent to the solid surface can increase 

the thermal conductivity of interfacial liquid layers. In the case of a liquid monolayer 

firmly sandwiched by two solid walls, the thermal resistance becomes extremely low at 

the solid–liquid interface compared with the cases of multiple layers [42,46,75]. Liu et 

al. [42] have utilized the non-equilibrium molecular dynamics (NEMD) simulations to 

investigate the thermal resistance between the two solid surfaces for varying thickness 

of liquid film and alignment of the two solid surfaces. When the liquid film thickness is 

equal to, or less than four molecular dimensions, the film thickness and the surface 

alignment significantly influence the thermal resistance. Furthermore, the thermal 

resistance of liquid confined in parallel-aligned walls is lower than that in the cross-

aligned wall. 

Similarly, Liang and Tsai [75] have studied thermal conduction across the Ag 

particle-Ar thin film interface. It was found that the solid–liquid film interfacial thermal 

resistance is around one order of magnitude smaller than the solid-bulk liquid interfacial 

thermal resistance when the liquid film contains one molecule layer. By analyzing the 

vibrational density of states of Ag atoms and Ar atoms, they demonstrated that the low 

thermal resistance in the monolayer film case is caused by the resonant thermal 

transport between Ag atoms and Ar atoms. Consequently, the interfacial liquid layers are 

dominant in controlling the thermal transport at the solid–liquid interface. The gap 

distance can be the critical factor in determining the heat transfer across a nanogap 

between two objects in contact with liquid. 



Chapter 1. Introduction  

Kyushu Institute of Technology, Graduate School of Mechanical and Control Engineering 
   11 

1.2 Objectives 

In this thesis, MD simulations were carried out to provide fundamental insights into 

nanoscale heat transfer between the regimes of NFRHT and heat conduction. A new 

heat transfer mode, named quasi-Casimir heat transfer will be investigated in the 

following chapters. The differences between Casimir heat transfer and quasi-Casimir 

heat transfer are shown in Table 1-1. The main objectives of this thesis are described as 

follows. 

 

Table 1-1 Casimir heat transfer and quasi-Casimir heat transfer in a nanogap between 

two objects. 

 Casimir heat transfer Quasi-Casimir heat transfer 

Gap distance 10-9 ~ 10-6 m 0 ~ 10-9 m 

Heat transfer 
mechanism 

Quantum fluctuations of 
electromagnetic field 

Quantum fluctuations of electron 
density 

Interactive force 
Casimir force [34] 

2

4

π c
240

F
D

= − a 

Intermolecular force 
9 3

2 3 1 14
45 6

F n
D D
 

 
    

= −    
     

b 

a For two metals. b Surface–surface interactions based on LJ potential. 

 

(1) To verify phonon heat transfer due to the thermal resonance induced by quasi-

Casimir coupling across a vacuum nanogap without electromagnetic fields. 

(2) To clarify the phonon transmission across a nanogap via liquid layers induced by 

quasi-Casimir coupling. 

(3) To investigate the effects of weak molecular interaction on the quasi-Casimir 
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phonon heat transfer across a nanogap. 

Upon completing these objectives, we look forward to understanding the physical 

mechanism of quasi-Casimir heat transfer across a nanogap. These findings can pave 

the way for the exploitation of near-field heat transfer. 

1.3 Outline 

In vacuum, the scale of the gap distance dominates the heat transfer between two 

objects separated at different temperatures. When the two objects are separated by a 

nanogap, the near-field radiative heat transfer can be several orders of magnitude 

greater than the Planck’s blackbody limit. Experiments have demonstrated that the 

Casimir coupling due to quantum fluctuation can resonantly enhance the phonon heat 

transfer across a nanogap in the electromagnetic field. However, it is unknown if the 

phonon heat transfer can be enhanced without the electromagnetic field. 

In this thesis, we proposed a new heat transfer mode to describe phonon heat transfer 

induced by quasi-Casimir coupling across a sub-nanometer gap without the 

electromagnetic field. This mode differs from conventional heat conduction, convection, 

and radiation and is independent of electrostatic interaction, electron cloud overlap, 

surface phonon polaritons, and surface plasmon polaritons. This thesis consists of 6 

Chapters. 

Chapter 1 provides the literature review, problem description and purpose of this 

study. The current research progress and applications about near-field heat transfer and 

thermal transport at solid–liquid interface were introduced and the unsolved problems 

were described. Subsequently, the concept of a new heat transfer mode named quasi-
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Casimir coupling was proposed. This study aims to verify this mode and its contribution 

to heat transfer. 

Chapter 2 introduces the methodology, technique, and implementation of molecular 

dynamics (MD) simulation applied in this study. The simulation system consists of two 

solid walls separated by a nanogap in vacuum, with and without liquid atoms. Lennard–

Jones (LJ) potential was applied to the molecular interaction between solid–solid atoms 

and liquid–liquid atoms, and the modified LJ potential was applied to solid–liquid 

interactions as a function of surface wettability. The analysis methods of the density, 

temperature profiles, atomic vibrational characteristics, and local heat flux by Irving–

Kirkwood (I–K) method etc. were described. 

Chapter 3 demonstrates the MD simulation results for two planar solid walls 

separated by a vacuum gap under equilibrium and non-equilibrium states. The heat 

exchange between two solid walls exists even in vacuum and enhances exponentially by 

narrowing the gap distance. This is owing to the thermal resonance induced by the 

quasi-Casimir coupling at the interfacial layers of solid walls, which is confirmed by the 

wave analysis. Moreover, the apparent local heat flux by I–K method at the interfacial 

layers is larger than that at the inner layers singularly, showing the dependence of the 

strong thermal resonance at the two interfacial layers induced by quasi-Casimir 

coupling. The quasi-Casimir heat transfer achieves high heat flux up to a magnitude of 

10 GW/m2 level, attracting considerable interest in promising advanced applications. 

Chapter 4 demonstrates the quasi–Casimir coupling at the solid–liquid interface 

between interfacial solid–liquid and liquid–liquid layers for simulation systems with 

adsorbed solid-like liquid layers in the nanogap. The thermal resonance between the two 

liquid layers exists due to the quasi-Casimir coupling, which agitates the co-occurrence 



Chapter 1. Introduction  

Kyushu Institute of Technology, Graduate School of Mechanical and Control Engineering 
   14 

of the thermal resonance between the interfacial solid layers. As a result, the heat flux 

and thermal conductance exponentially increase with narrowing the gap distance D 

between two interfacial solid layers, one to three orders of magnitude greater than those 

in the vacuum nanogap. 

Chapter 5 demonstrates the evidence of quasi-Casimir coupling between the 

interfacial solid layers for simulation systems with non-adsorbed liquid atoms in the 

nanogap under weak solid–liquid interaction. Unlike the adsorbed solid-like liquid 

layers in Chapter 4, the liquid atoms move randomly and frequently collide with other 

liquid and interfacial solid atoms. Therefore, the mechanism of thermal energy transport 

includes both the contribution of solid atomic vibrations and liquid atomic collisions. 

With the aid of liquid atomic collisions, the phonon mismatch between the interfacial 

solid layers decreases, thus resulting in the maximum heat flux and thermal conductance 

in spite of the gap distance. 

Chapter 6 summarizes the above results and discusses future works. Our findings in 

this thesis provided evidence of the new heat transfer mode of quasi-Casimir coupling, 

which can bring fundamental scientific insights into nanoscale heat transfer. The 

investigation of this new heat transfer mode will promote the development of heat 

transfer technologies at the nanoscale to achieve extremely high thermal energy 

transportation, attracting considerable interest in advanced applications. 
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Chapter 2 

2 Molecular dynamics simulation 

2.1 Introduction 

Molecular dynamics simulation is a computer simulation method of the physical 

movements of molecules. It is also a classical and deterministic process of simulation 

that uses potential energy functions to model the essential interaction of molecules. Due 

to the small time scale, the experiments are challenging and complex to achieve in 

micro and nanoscale systems. In this case, molecular dynamics simulation becomes a 

powerful and potential tool to study and provide solutions to phenomena and challenges 

at the nanoscale. MD is an experimental, numerical method with the atomic time scale 

of femtoseconds; this time region covers dynamics in the nano-region and makes the 

time to process the dynamics extremely small. Because of the increasing computational 

resources for modern computing, simulation time is still insufficient to observe 

molecules' dynamics in a suitable and desired time frame. The trajectories of molecules 

are determined by numerically solving Newton’s equation of motion for a system of 

interacting particles, where forces between the particles and their potential energies are 

calculated using interatomic potentials or molecular mechanics force fields. A flow chart 

of the main steps of MD simulations is shown in Fig. 2.1. These steps will be explicitly 

explained in the following sections. 

The origins of molecular dynamics are rooted in the atomism of antiquity. The 

significance of the solution to the many-body problem was noticed by Laplace [76]. 
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MD simulation is a technique whose emergence was a predictable eventuality. Only a 

few years after the first digital computers emerged, the first MD steps were taken [77–

79]. The N-body problem originated in the dynamics of the solar system, and the 

general problem turns out to be insoluble for three or more bodies. Quantum mechanics 

took over the microscopic world after the atomic nature of matter was confirmed. The 

situation got much more confusing because even the constituent particles seemed to 

have an undefined existence. However, a great deal of the behavior of matter in its 

many states can still be explained in classical terms, and the classical N-body problem is 

vital for understanding matter at the microscopic level. MD takes up the responsibility 

of numerically solving this problem. A considerable measure of success was achieved 

from statistical mechanics for systems in thermal equilibrium, especially from a 

conceptual standpoint. Statistical mechanics provides a theoretical description based on 

the partition function of a system in equilibrium. There are no quantitative solutions 

unless severe approximations are introduced, and even then, it is necessary to assume an 

extensive system. In many kinds of simulations, MD aid in filling in the gaps on the 

equilibrium side. 

The topic of how simulation relates to physical theory emerges. The theoretical 

manipulation pervades throughout university education, which serves as a repository for 

highly idealized issues suitable to a closed-form solution. As we know, the theory relies 

extensively on analytical and numerical approximation, but this is often unregulated, 

making it challenging to prove trustworthiness. Therefore, simulation is based on 

fundamental theoretical foundations, but it seeks to eliminate much of the 

approximation generally associated with theory instead of relying on a more complex 

calculational effort. 
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Fig. 2.1 Flow chart for MD simulation algorithm. 

 

In addition to MD, classical Monte Carlo [80,81], quantum-based techniques 

involving path-integral [82,83], MD combined with electron density-function theory 

[84,85], and discrete approaches such as cellular automata and the lattice-Boltzmann 

method [86] have all been developed over the years and are relevant for work at the 

molecular level. When a plausible model can recreate and anticipate experimental 

observation, understanding is accomplished in the simulation context. In order to 
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explain experiments, further research may lead to improvements in the model or its 

replacement, but this is not different from how science is practiced in the broader 

context. Simulation is very significant in education, and it is easy to understand how 

interactive computer simulations of the natural phenomenon may enhance any scientific 

presentation. Simulation is unrivaled as a complement to experimentation, a technique 

of strengthening theoretical discussion, or a tool for establishing hypothetical worlds. 

Simulation can be used to help overcome some of the more paradoxical concepts 

encountered even at a relatively fundamental level, especially in a conceptually difficult 

discipline like physics. MD has the ability to bring the entire invisible universe of the 

molecule to life, an experience that is equally rewarding for the expert scientist as it is 

for the complete tyro. However, simulation must be kept honest because seeing is 

believing, and animated displays, regardless of their veracity, can be quite convincing. 

2.2 Overview of molecular dynamics simulation system 

The MD simulation method was applied to simulate thermal energy transport across 

the nanogap between the two planar solid walls and verify the existence of quasi-

Casimir phonon heat transfer. The three kinds of MD simulation systems were adopted 

in this thesis. In all simulation cases, the dimensions of the simulation cell are Lx = 

5.552 nm, Ly = 3.847 nm, and Lz = 1.813–4.165 nm. Each solid wall consists of four 

layers of atoms settled as <111>-oriented face-centered cubic lattices. The solid walls 

are composed of platinum atoms, and the liquid or vapor confined between two solid 

walls is made of argon atoms. The outermost layers of the heating and cooling walls 

were maintained at the temperature of 120–300 K and 100 K, respectively. 
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In chapter 3, the heating and cooling solid walls were separated by a vacuum nanogap 

D of 0–0.784 nm. The gap distance was modulated to confirm the existence of quasi-

Casimir coupling between two interfacial solid layers. In chapter 4, the two parallel 

solid walls were separated by a distance D of 0.392–2.352 nm. Comparing the 

simulation systems with the vacuum gap, the liquid layers were adsorbed on the solid 

surfaces, resulting in a minor distance d of 0–2.057 nm. In chapter 5, the gap distance D 

between two solid walls ranges from 0.392–1.176 nm. The non-adsorbed liquid atoms 

were confined in nanogap between two solid walls under the weak solid–liquid 

interaction. The liquid atoms move randomly and collide with other liquid and 

interfacial solid atoms. Accordingly, the new heat transfer mode was investigated by 

modeling the above three kinds of MD simulation systems. 

2.3 Molecular dynamics simulation method 

2.3.1 Intermolecular potentials 

The interatomic potential defines how the atoms and molecules interact in the system. 

In this study, we have utilized non-bonded Lennard–Jones potential. The solid–solid and 

liquid–liquid interactions are expressed by the Lennard–Jones potential as follows: 

 ( )
12 6

4ij
ij ij

r
r r
 

 
    
 = −           

 (2-1) 

where rij is the distance between two atoms i and j,  is the length parameter, and  is 

the energy parameter. The parameters are 3.405l = =  Å, 211.67 10l  −= =   
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J for the liquid–liquid interaction of argon, and 2.475s = =  Å, 

208.35 10s  −= =   J ( 50 l ) for solid–solid interaction of platinum. 

For the solid–liquid interaction, the following modified LJ potential is utilized: 

 ( )
12 6 12 6

4 4sl sl sl sl
sl ij sl l s

ij ij ij ij

r
r r r r

   
      

          
   = − = −                           

 (2-2) 

where ( ) / 2sl l s  = + , and the energy parameter sl is given by sl l s   =  based 

on the Lorentz-Berthelot combining rule [87,88]. Here,  is the potential energy factor 

indicating the strength of hydrophilic interaction and  is the potential energy factor 

indicating the attraction for hydrophobic interaction. Eq.(2-2) is a modified form of the 

LJ potential, which is a combination of the potential models used by Din and 

Michaelides [89] as well as by Barrat and Bocquet [90]. The potential distribution of a 

classic LJ model as a function of intermolecular distance is shown in Fig. 2.2. In this 

work, the values of both  and  with responding values of the contact angle are taken 

from Nagayama’s study for the droplet formation on the substrate [91]. 

2.3.2 Intermolecular force 

The coordinate components of the position vector ri for the atom i are xi, yi, zi. The 

force exerted by atom i on atom j is denoted by Fij and its components in x, y, z 

directions are Fx,ij, Fy,ij, Fz,ij. The unit vectors in the x, y, z directions of this Cartesian 

coordinate system are ex, ey, ez. Then, the position vector ri of the atom i can be 

expressed as 
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 i i x i y i zr x e y e z e= + + . (2-3) 

The force obtained from the potential is given as 

 ij i ijF = − , (2-4) 

 i x y z
i i i

e e e
x y z
  

 = + +
  

. (2-5) 

The distance between atoms i and j is 

 ( ) ( ) ( )
2 2 2

ij i j i j i j i jr r r x x y y z z= − = − + − + − . (2-6) 

Finally, the components of Fij in x, y, z directions can be derived by 

( )ij i i j ijdr dx x x r= − as follows: 

 
( )

,
ij i j

x ij
ij ij

d r x x
F

dr r
 −

= − , (2-7) 

 
( )
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ij i j

y ij
ij ij

d r y y
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dr r
 −

= − , (2-8) 

 
( )

,
ij i j

z ij
ij ij

d r z z
F

dr r
 −

= − . (2-9) 

Molecular dynamics simulation applies Newton’s equation of motion to determine 

the velocity, position, and trajectories of atoms or molecules in an ensemble. Newton’s 

second law is given by 

 
2

2
i id r F

dt m
= , (2-10) 
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where ri is the position of atom i, t is the time, m is the mass of atom i, and Fi is the total 

force acting on atom i. 

 

 

Fig. 2.2 LJ potential as a function of intermolecular distance. 

2.3.3 Integration methods 

Molecular dynamics simulation is a time integration method where positions and 

velocity are determined with the trajectory of the molecules and atoms obtained with 

time. In this work, the velocity Verlet algorithm was utilized in each molecular 

dynamics simulation [92], which is based on r(t), v(t), and a(t) to obtain the next 

position and velocities. In this algorithm, the position and velocities are derived from 

the Taylor series of expansion as follows: 

 ( ) ( ) ( )
( )

( ) ( )( )2 31
2

i
i i i

F t
r t t r t v t t t O t

m
+  = +  +  +  , (2-11) 
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 ( ) ( ) ( )
( )

( ) ( )( )2 31
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i
i i i

F t
r t t r t v t t t O t

m
−  = −  +  +  . (2-12) 

where O(t4) is the higher-order term. The sum and difference of the above two 

equations are 

 ( ) ( ) ( )
( )

( ) ( )( )2 42 i
i i i

F t
r t t r t t r t t O t

m
+  + −  = +  +  , (2-13) 

 ( ) ( ) ( ) ( )( )32i i ir t t r t t v t t O t+  − −  =  +  . (2-14) 

Then, we can obtain the coordinates at t + t and velocities at t as follows: 

 ( ) ( ) ( )
( )

( ) ( )( )2 42 i
i i i

F t
r t t r t r t t t O t

m
+  = − −  +  +  . (2-15) 

The Verlet algorithm does not use velocity to determine a solution to the atomic position 

for the next time step. The velocity is approximated using the forward and backward 

positions as 

 ( ) ( ) ( )  ( )( )2
2
1 tOttrttr

t
tv iii +−−+


= . (2-16) 

One disadvantage of the Verlet algorithm is that it requires storing in memory two sets 

of positions at t and t + t. Therefore, the velocity Verlet algorithm is utilized to 

reformulate the expansions. This algorithm initially uses the positions, velocities and 

acceleration at the current time to calculate the new positions at t + t. Based on the 

new positions, the accelerations at t + t are calculated. Then, new velocities are found 

from current velocity and acceleration and forward acceleration as follows: 
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i i
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+  = +  . (2-18) 

2.3.4 Thermodynamic ensembles 

Molecular dynamics simulations are based on the frameworks of statistical mechanics 

and thermodynamics. MD corresponds to the ensemble average of the microscopic 

properties of a large number of particles in a molecular system obtained by integrating 

the equation of motion at a particular thermodynamics state. In statistical mechanics, an 

ensemble is described as the collection of possible microscopic states of a molecular 

system satisfying the requirements of a particular thermodynamic state. Usually, the 

thermodynamic state of the system is characterized by several parameters, such as 

particle number (N), volume (V), temperature (T), energy (E), and pressure (P). In this 

work, the two ensembles used in statistical mechanics include canonical ensemble 

(NVT) and microcanonical ensemble (NVE). 

The NVT ensemble represents the combination of possible thermodynamic states of 

an atomic system in thermal equilibrium using a heat bath at a constant temperature. 

The system can exchange energy with its environment so that the total energy is a 

function of time. In this ensemble, the temperature is controlled by the temperature 

scaling in initialization and thermostats during the data storage stage. The canonical 

ensemble is named NVT because the particle number, volume, and temperature are 

constant. NVT does not control the pressure of the system. 
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The NVE ensemble describes the combination of possible thermodynamic states of an 

atomic system at specified total energy, which is called NVE because the particle 

number, volume, and energy keep constant. The equation of motion is solved without 

any control of temperature and pressure, so the system is isolated from its environment, 

preventing energy exchange. NVE ensemble represents an ideal thermodynamic 

situation. It is difficult to fix the energy in practice due to ambiguities in temperature, 

pressure, entropy, etc. For equilibrium simulation, the NVE ensemble is not 

recommended because the desired temperature might not be achieved without any 

control of temperature using a heat bath. Moreover, the NVE ensemble is very useful for 

a system at constant energy, consisting of N particles in an insulated box where heat 

flows do not come in or get out. 

2.3.5 Periodic boundary condition 

Due to the finite and infinite systems being entirely dissimilar, there is no unique 

answer to the question of how large a relatively tiny system must be to produce 

outcomes that closely match the behavior of an infinite system. The simulation is 

carried out in a specific type of container, and it is tempting to regard the container 

walls as strict boundaries that atoms collide with as they try to escape the simulation 

region. Periodic boundary conditions can be used to create a system that is bounded but 

free of physical walls, shown in Fig 2.3. The introduction of periodic boundaries is 

functionally equivalent to considering an infinite, space-filling array of identical copies 

of the simulation region. An atom that exits the simulation region through a specific 

bounding face immediately rejoins the region through the opposite face. Atoms located 
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within the distance rc of the boundary interact with other atoms in an adjacent copy of 

the system or with other atoms near the opposite boundary. Another approach to 

thinking about periodic boundaries is to imagine the region being mapped onto a four-

dimensional torus. There are no physical boundaries, as is evident. It is feasible to 

model systems that are effectively bounded but spatially homogeneous in terms of 

boundaries in this way. Both the integration of the equations of motion and the 

interaction computations must account for the wraparound impact of the periodic 

boundaries. The coordinates must be inspected after each integration step, and if an 

atom is discovered to move outside the region, its coordinates must be modified to bring 

it back inside. 

 

 

Fig. 2.3 Periodic boundary conditions (the two-dimensional case is shown). 

 

Periodic boundaries are easiest to manage when the region is rectangular in two 

dimensions or a rectangular prism in three dimensions. The goal of adopting alternative 
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region shapes is to maximize the volume to surface ratio and increase the maximum 

distance between atoms before periodic ambiguity occurs, with the sphere being the 

most desirable three-dimensional shape but not space-filling. Another motivation for 

using more complicated region shapes is to model crystalline structures with non-

orthogonal axes. If there are strong connections between atoms separated by distances 

approaching the region size, problems will occur since periodic wraparound can 

generate spurious effects. For example, the vibration of an atom produces sound waves, 

if the disturbance is not properly dampened, it can propagate throughout the system and 

finally impact the atom. Even with periodic boundaries, finite-size effects are still 

present and depend on the kind of system and the properties of interest. At a minimum, 

the size should be greater than the range of any significant correlations, but even in 

larger systems, there maybe more subtle effects. 

2.3.6 Thermostating 

Molecular dynamics simulation is performed in the microcanonical ensemble (NVE), 

including the constant number of atoms (N), the volume of the system (V), and the total 

number of energy (E). The control of the system temperature, also known as the 

canonical ensemble, is an alternative to the microcanonical ensemble. Temperature 

control in the NVE ensemble can also be accomplished by controlling the kinetic energy 

of the system, a process known as velocity rescaling. A thermostat is used to keep the 

temperature at a constant value; all fluids or groups in a system can be controlled by a 

thermostat. Taken the instant temperature (which is not the ensemble average 

temperature) for system T1 and the adjusted temperature of the ensemble T2. Then, the 
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temperature of the ensemble can be controlled by the velocity rescaling method as 

follows: 

 2 1i iv v T T =  (2-19) 

where vi is the instant velocity of atom i and iv   is the new velocity of atom i after 

performing the velocity rescaling method. 

2.4 Computational details 

2.4.1 Density profiles 

The density profiles are obtained by simply allocating the mass of the atoms into 

respective bins and averaging with the bin volume as follows: 

 
N m

V



= , (2-20) 

where N is the molecular number in the bin, m is the mass of molecular, and V is the 

volume of the bin. 

2.4.2 Temperature profiles 

The temperature of each bin in the steady state is calculated based on the 

Equipartition theorem as: 

 ( )
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,
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n i i
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= −  , (2-21) 
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where N is the particle number in the bin, kB is the Boltzmann constant, m is the mass of 

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

mean velocity of the solid atoms in the bin. 

2.4.3 Atomic vibrational characteristics 

The atomic vibrational displacements and frequencies are measured using a wave 

graph to observe the vibrational properties of the atoms. The wave graphs are obtained 

by outputting the positions of the atoms from the MD simulation data and conducting 

signal processing [93]. The equilibrium position of the atoms in the z-direction is 

calculated by: 

 
f

0

,
f 0

1 t

i t
t

z z
t t

=
−

 , (2-22) 

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

solid layer; t0 is the initial time at which the data output begins, and tf is the long finite 

time for 10,000 time steps. The original vibrational displacements of atom i are 

calculated as , ,i t i tz z z = − , which is a function of time. Then, we calculate the Fourier 

transform of the original vibrational displacements to obtain the distribution of signal 

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

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

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

wave graphs. 
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2.4.4 Vibrational density of states 

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

simulation data, are used to calculate the vibrational density of states (VDOS) [42,94] of 

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

 ( ) ( ) ( )
0

0 i tVDOS v t v e dt


−=  . (2-23) 

Here,  is the angular frequency, and v(t) is the atomic velocity at time t. 

2.4.5 Net heat flux 

The heat flux passing through the system is acquired as follows: 

 
1 Eq
A t


= 


, (2-24) 

where A is the cross-sectional area of the x-y plane, /E t   is the rate of heat transfer in 

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

cooling (EC) thermostat. 

2.4.6 Local heat flux 

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

calculate the average local heat flux by Irving–Kirkwood (I–K) method of each layer, as 

shown in Fig. 2.4(a). The components of thermal energy are calculated to estimate the 
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effective energy of heat transfer across a vacuum gap along the z-direction by using the 

I–K equation [95,96], 

 ( ), , ,
1 1 1

2q 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

= + + = + +  k
k p i , (2-25) 

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

potential energy, respectively, and Ji represents the intermolecular energy transfer. V is 

the volume of the solid layer, Ei
k is the kinetic energy of molecule i, i is the potential 

energy of molecule i, vz,i is the velocity component of molecule i along the z-direction, 

Fij is the intermolecular force between molecules i and j, vj is the velocity of molecule j, 

and rz,ij is the distance between molecules i and j along the z-direction. Eq. (2-25) gives 

the heat flux averaged over a control volume V of each solid layer (see Fig. 2.4(b)). 

 

Fig. 2.4 (a) Computational domain is divided into eight bins along both the x- and z-

directions. (b) Mechanism of energy transport in a control volume. 
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Chapter 3 

3 Quasi-Casimir heat transfer across a vacuum 

gap 

3.1 Introduction 

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

phonons. Recent studies, however, indicated that phonon heat transfer across a vacuum 

gap is mediated by the quantum fluctuation of electromagnetic fields. Specifically, in 

the heat exchange between two objects separated by a nanoscale vacuum gap, phonons 

carry thermal energy more efficiently than photons. However, it remains unclear if 

phonons can propagate without electromagnetic fields. Here, we demonstrate that 

phonon transmission across a sub-nanometer vacuum gap can be induced by quasi-

Casimir force subjected to the Lennard–Jones atoms using classical molecular dynamics 

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

distance decreases, owing to acoustic phonon transmission. The apparent local heat flux 

by I–K method, increases singularly at the interfacial layers, while that at the inner 

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

thermal resonance induced by quasi-Casimir coupling between the interfacial layers. 

Thus, we conclude that the quasi-Casimir coupling induced by intermolecular 

interaction is a heat transfer mode for phonon heat transfer across a vacuum gap in 

nanoscale. 
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3.2 Simulation method 

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

which correspond to the harmonic potential at heating and cooling walls, as illustrated 

in Fig. 3.1(a). The two solid walls are bonded with a quasi-Casimir coupling 

characterized by the spring coupling in a vacuum gap. This quasi-Casimir coupling acts 

as the channel for phonon transmission in the vacuum gap, which is similar to acoustic 

phonon tunneling in an evanescent electric field, thus providing an additional channel to 

enhance thermal energy transfer across the vacuum gap [30]. A constant heat flux q 

passes through the vacuum gap with thermal conductance G from the interfacial layer of 

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

temperature TCi. 

The MD technique [58,95,97–104] was applied to simulate thermal energy transport 

across the sub-nanometer vacuum gap between the heating wall (red wall heated by a 

thermostat layer of 120–300 K) and the cooling wall (blue wall cooled by a thermostat 

layer of 100 K). The velocity scaling method was used to maintain the temperatures of 

the heating and cooling thermostats [105]. The two parallel solid walls were separated 

by a gap distance D of 0–0.784 nm (0–2a), where a denotes the lattice constant of 

platinum and is equivalent to 0.392 nm [106], as shown in Fig. 3.1(b). As D decreases, 

the strength of the intermolecular interactions between two solid walls in vacuum 

increases, which induces the quasi-Casimir coupling with high thermal energy transport, 

as will be described in Section 3.3. 

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

1.813–2.597 nm. Each solid wall consists of four layers of atoms that are settled as 
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<111>-oriented face-centered cubic lattices. The solid walls are presumed to be 

composed of 2560 platinum atoms. Periodic boundary conditions are employed along 

the x- and y-directions. The solid–solid interaction is expressed by the Lennard–Jones 

potential using Eq. (2-1). 

 

 

Fig. 3.1 (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. 

 

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

initial state for five ns. Subsequently, the NEMD simulation is performed from the 

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

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

(100 K) thermostats, respectively, are monitored. After the system achieves a steady 

state with constant heat flow ( H C 0E E E = −  ) shown in Fig. 3.2, an extra un-steady 

NEMD simulation is conducted by switching off the cooling thermostat but operating 

the heating thermostat for five ns. The transient thermal behaviors are discussed in 
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Section 3.3.1. Further data analyses for the steady NEMD simulations are described in 

the next section. 

 

Fig. 3.2 Cumulative input and output energy Ecum as a function of time t in the heating 

and cooling thermostats at different temperature difference T: (a–c) Constant gap 

distance D = 0 nm; (d–f) constant D = 0.196 nm (0.5a). 

 

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

obtain the temperature profile in the steady state for five ns. The local temperature T of 

each bin can be calculated by Eq. (2-21). The heat flux passing through the system is 

acquired by Eq. (2-24) from the mean value over the last 15 ns within a 50 ns time 
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window. The thermal conductance between the two solid walls is calculated by 

( )Hi CiG q T T= − , where THi is the temperature of the heating interfacial solid layer, and 

TCi is the temperature of the cooling interfacial solid layer. 

The atomic vibrational displacements and frequencies are measured using a wave 

graph to observe the vibrational properties of the atoms at the positions (A2, A3, A4, 

and B2, B3, B4) shown in Fig. 3.3. The wave graphs are obtained by outputting the 

positions of the atoms from the MD simulation data of 10,000 time steps and 

conducting signal processing [93]. The equilibrium position of the atoms in the z-

direction is calculated by Eq. (2-22). The original vibrational displacements of atom i 

are calculated as , ,i t i tz z z = − , which is a function of time. Then, we calculate the 

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

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

is selected to perform signal filtering on the original vibrational displacements and 

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

the wave graphs. 

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

simulation data of 10,000 time steps, are used to calculate the VDOS [42,94] of the 

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

by Eq. (2-23). 

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

calculate the average local heat flux by I–K method of each layer. The components of 

thermal energy are calculated to estimate the effective energy of heat transfer across a 

vacuum gap along the z-direction by using the I–K equation in Eq. (2-25) [95,96]. 
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Fig. 3.3 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. 

3.3 Results and discussion 

3.3.1 Transient thermal behavior in non-steady state 

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

NEMD simulations can be maintained if the vacuum gap acts as the thermal insulation, 

we conducted the non-steady NEMD simulations to confirm if thermal energy can be 

transported from the heating wall to the cooling wall across the vacuum gap. The 

transient thermal behavior of the system is investigated based on the time history of the 

temperatures at the interfacial layers. The temperatures shown in Fig. 3.4 are obtained in 

the non-steady NEMD simulations by operating the heating thermostat but switching off 
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the cooling thermostat. The temperature difference between the interfacial layers of the  

 

Fig. 3.4 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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heating and cooling walls separated by D = 0.5a is eliminated after a certain period of 

time within five ns, thus demonstrating the occurrence of thermalization between the 

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

heating wall to the cooling wall across a vacuum gap, even for the Lennard–Jones atoms, 

in the absence of an electromagnetic field. The heat transfer between the two walls is 

enhanced with an increment in the temperature difference between thermostats T at D 

= 0.5a, as shown in Fig. 3.4(a)–(c), while diminishes with an increase in D at T = 100 

K as shown in Fig. 3.4(c)–(e), owing to the weakened interaction between the two 

interfacial layers. 

3.3.2 Temperature profiles in steady state 

The temperature profiles shown in Fig. 3.5 are obtained under the operation of the 

simultaneous heating and cooling thermostats after the NEMD system achieves a steady 

state, where the solid lines are a guide for the eye. Fig. 3.5(a)–(e) are results under the 

constant temperature difference between the two thermostats (T = 20 K). In the case of 

D = 0, as shown in Fig. 3.5(a), a continuum temperature distribution is obtained from 

the cooling thermostat to the thermostat free layers, while a temperature jump is found 

between the heating thermostat and the neighboring thermostat free layer. This 

temperature jump is caused by the phonon mismatch between the thermostat and 

thermostat free layer owing to the dynamic rescaling of the thermostat [68,107], as 

shown in Fig. 3.6. 

Increasing D from 0.5a to 2a (T = 20 K), as shown in Fig. 3.5(b)–(e), the 

temperature distributes continuously in the inner layers, while discontinuously at the  
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interfacial layers. The linear temperature distribution is obtained by the interactions of 

platinum atoms producing the natural phonon characteristics at the thermostat free 

layers. The temperature jump at the interfacial layers (THi - TCi) is nearly identical to T 

and independent of the gap distance D. In the case of D = 0.5a, as shown in Fig. 3.5(f), 

the temperature gradient of the heating wall is nearly same as that of the cooling wall, 

and THi - TCi gets larger with an increment in T, showing the enhanced thermal energy 

exchange between the two solid walls. 

 

Fig. 3.5 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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Fig. 3.6 VDOSs of each layer at heating (left) and cooling (right) walls under T = 20 

K in the case of (a–b) D = 0, (c–d) D = 0.5a and (e–f) D = 2a. 

3.3.3 Net heat flux and thermal conductance 

In the steady state of the NEMD simulation, the net heat flux and thermal 
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conductance are obtained by conducting data sampling over a period of 15 ns. The net 

heat flux and thermal conductance in the sub-nanometer gap are approximately three to 

six orders of magnitude larger than that of blackbody radiation as a function of D, as 

shown in Fig. 3.7(a) and (b). These results give evidence of the existence of another 

heat transfer mode between the regimes of thermal radiation and heat conduction. This 

exponential heat transfer enhancement occurs owing to the strengthened intermolecular 

interaction between the two solid walls as D decreases. The heat flux and thermal 

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

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

in T, while T does not notably influence the thermal conductance, as shown in Fig. 

3.7(c) and (d). 

 

Fig. 3.7 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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3.3.4 Thermal resonance induced by quasi-Casimir coupling 

To understand the mechanism of heat transfer enhancement with decreasing D, as 

shown in Fig. 3.7, we analyzed the atomic vibrational characteristics in a steady NEMD 

state under a constant T of 20 K. For D = 0.5a, the peak amplitudes of the interfacial 

atoms (A4 at the heating wall, B4 at the cooling wall) are significantly larger than those 

of the atoms (A2, A3, B2, B3) in the inner layers, as shown in Fig. 3.8 (b) and (f) and 

summarized in Table 3-1. Meanwhile, the vibrational frequencies of the interfacial 

atoms (A4, B4) are smaller than those of the inner layer atoms, as listed in Table 3-1. 

These deviations are unremarkable when D = 2a and 5a, as shown in Fig. 3.8(c), (d), (g) 

and (h), while the peak amplitudes and frequencies of the inner layer atoms at D = 0 are 

similar, as shown in Fig. 3.8(a) and (e). That is, when D is sufficiently small (several 

atomic diameters), the interfacial atoms are subjected to strong molecular interactions 

across the vacuum gap, which results in the thermal resonance induced by quasi-

Casimir coupling. 

This aspect can be proved by the perfectly overlapped vibrational displacements of 

the interfacial atoms A4 and B4 separated by the vacuum gap in Fig. 3.9(b) and (c), 

which show vibration behaviors similar to those of the inner layer atoms in the solid 

wall shown in Fig. 3.9(a). Therefore, the VDOSs based on the Fourier transform of the 

atomic velocity autocorrelation function [42,94] of solid layer 4 are consistent with 

those of layer 5, as shown in Fig. 3.9(e)–(h). Compared to the peaks of the VDOSs of 

the inner layers in the solid (D = 0), those of the interfacial layers (D = 0.5a or 2a) are 

shifted toward the left of the low-frequency band. That is, the heat transfer across the 

sub-nanometer vacuum gap between the solid walls exhibits a trend similar to that of  
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the solid walls without a gap, conducted through the acoustic phonons in the low-

frequency band of 3–4 THz. The strong phonon coupling at the interfacial layers leads 

to the resonant excitation peaks of the VDOSs in the frequency band coinciding with the 

vibrational frequencies of the interfacial atoms A4 and B4, as summarized in Table 3-1. 

Moreover, the temperature difference T has slight effects on the vibrational 

 

Fig. 3.8 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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displacements of atoms A4, B4, and the VDOSs of the interfacial layers at the constant 

D = 0.5a (see Fig. 3.10). These results indicate that the gap distance D is the dominant 

factor governing the near-field heat transfer induced by the quasi-Casimir coupling. 

3.3.5 Local heat flux by Irving–Kirkwood method 

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

solid walls from an atomic perspective, a stable local heat flux distribution is 

established through data sampling for more than 50 ns by using the I–K method [95,96], 

 

Fig. 3.9 Effects of D on (a–d) the vibrational displacements of atoms A4 and B4 in 

the interfacial layers as well as (e–h) the VDOSs of layers 4 and 5. 
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as shown in Fig. 3.11. The blue dashed lines represent the net heat flux of the system 

obtained from the energy balance of the two thermostats, the open circles are the local 

heat flux of each layer, and the black solid lines are guide for the eye. The component 

contributions of the heat transfer enhancement induced by the quasi-Casimir coupling 

are analyzed, as shown in Fig. 3.12. The local heat flux Jq of each solid layer is 

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

energy, potential energy, self-wall molecular interaction, and other wall molecular 

interaction, respectively. 

 

Table 3-1 Effects of D on the peak amplitudes and frequencies of atoms in the 

interfacial and inner layers at constant T = 20 K. 

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 

When D = 0, Jq is distributed uniformly and gets larger as T increases, as shown in 

Fig. 3.12(a)–(e). Jq satisfies the energy conservation law, which is equivalent to the net 

heat flux q obtained from the energy balance of the two thermostats. Clearly, the local 

heat flux components by I–K method Jis and Jio dominate the thermal energy transport  
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in the solid, and Jk and Jp are negligible, as shown in Fig. 3.12(a)–(c). Here, Jis and Jio 

contribute equally at inner layers 4 and 5. When D = 0.5a (i.e., interfacial quasi-Casimir 

coupling), the apparent local heat flux increases singularly at the interfacial layers, 

whereas it is distributed uniformly at the inner layers, corresponding to q, as shown in 

Fig. 3.11(f)–(j). The apparent local heat flux at the interfacial layers enhances singularly, 

accompanied by considerable thermal resonance induced by quasi-Casimir coupling 

(see Fig. 3.9(b) and (f)). In Fig. 3.12(d)–(f), the singular increments of the apparent 

local heat flux at the interfacial layers are contributed to the increments of Jio (orange) 

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

q, owing to the thermal resonance induced by the quasi-Casimir coupling. Additionally, 

 

Fig. 3.10 Effects of T 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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the interfacial vibration energy increases under the thermal resonance, resulting in the 

increment of Jp at the interface. In other words, the singular increments of the apparent 

local heat flux at the interfacial layers can be regarded as evidence of the quasi-Casimir 

coupling. 

 

Fig. 3.11 Effects of T on the local heat flux by I–K method 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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Fig. 3.12 Effects of T on the contributions of the thermal energy components to the 

local heat flux by I–K method at the interfacial and inner layers at (a–c) D = 0 and 

(d–f) D = 0.5a. 

3.4 Summary 

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

vacuum gap induced by the quasi-Casimir force subjected to the Lennard–Jones atoms. 

We demonstrated that the heat exchange between two solid walls separated by a sub-

nanometer vacuum gap increases exponentially as the gap distance decreases, following 

the energy conservation law. The heat transfer enhancement is caused by the acoustic 

phonon transport across a vacuum gap due to the strong thermal resonance induced by 

the quasi-Casimir coupling. This aspect is explained by the perfect overlap of the atomic 

vibrational displacements and VDOSs of the interfacial layers. Moreover, the apparent 

local heat flux, evaluated using the I–K method, increases singularly at the interfacial 
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layers, while that at the inner layers is consistent with the net heat flux. This finding 

provides evidence of the strong thermal resonance at the two interfacial layers, induced 

by quasi-Casimir coupling. 

The phonon transport across a vacuum gap induced by quasi-Casimir coupling, is a 

phenomenon independent of electrostatic interaction, electron cloud overlap, surface 

phonon polaritons, and surface plasmon polaritons. This phenomenon is noticeably 

distinct from conventional heat conduction and thermal radiation, or the known NFRHT 

and Casimir heat transfer. The proposed quasi-Casimir coupling model of heat transfer 

provides fundamental insights into nanoscale energy transport between the regimes of 

NFRHT and heat conduction. 
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Chapter 4 

4 Quasi-Casimir coupling at the solid–liquid 

interface 

4.1 Introduction 

Phonon heat transfer through the thermal resonance induced by quasi-Casimir 

coupling has recently been verified in a vacuum nanogap without electromagnetic fields. 

However, whether phonons can be transmitted across a nanogap via liquid layers 

adsorbed on the superhydrophilic solid surfaces is still unknown. Here, we elucidate 

that the phonon transmission across a nanogap can be induced by quasi-Casimir 

coupling via liquid layers using classical non-equilibrium molecular dynamics 

simulation shown in Fig. 4.1. We show that the quasi-Casimir coupling exists between 

 

Fig. 4.1 A schematic of quasi-Casimir heat transfer in a nanogap between two objects 

with the liquid layers in the transition regime from heat conduction to NFHT. 
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interfacial solid–liquid or liquid–liquid layers. The thermal resonance between two 

liquid layers can be induced by the quasi-Casimir coupling, agitating the co-occurrence 

of the thermal resonance between interfacial solid layers, while the liquid monolayer 

disturbs the resonance. On the occurrence of thermal resonance between liquid layers, 

more significant heat flux and thermal gap conductance can be obtained. Meanwhile, 

the interfacial liquid layer limits the acoustic phonon transmission in the interfacial 

solid layers. Consequently, our findings provide a fundamental understanding of quasi-

Casimir heat transfer at the solid–liquid interface in a nanogap. 

 

Fig. 4.2 NEMD simulation system for thermal energy transport between two parallel 

solid walls separated by a nanogap including liquid layers. 

4.2 Simulation method 

The NEMD method [108,109] was utilized to simulate the phonon heat transfer 

across a nanogap, including the liquid layers between the heating wall (red) and the 

cooling wall (blue), as shown in Fig. 4.2. The dimensions of the computational domain 

were Lx = 5.552 nm, Ly = 3.847 nm, and Lz = 2.206–4.165 nm. The two parallel solid 
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walls were separated by a distance D of 0.392–2.352 nm (1a–6a, where a is the lattice 

constant of platinum 0.392 nm [106]). Each solid wall was composed of four layers of 

1280 platinum atoms in face-centered cubic lattices, and its <111> crystal plane faced 

the nanogap. The LJ liquid of 190–380 argon atoms was confined in the nanogap 

between the two solid walls, resulting in a smaller distance d of 0–2.057 nm than D. The 

maximum atom number for the liquid monolayer adsorbed on the solid surface was 

approximately 190, as shown in Fig. 4.3(a) and (c). The outermost layers of the heating 

and cooling walls were maintained at the constant temperature of 120 K and 100 K, 

respectively, using the velocity scaling method [105]. Periodic boundary conditions 

were utilized along the x- and y-directions. 

The molecular interactions were modeled by the LJ potential using Eq. (2-1), where 

rij is the distance between two atoms i and j,  is the length parameter, and  is the 

energy parameter. The parameters are l 3.405 Å = = , 21
l 1.67 10  J  −= =   for 

the liquid–liquid interaction of argon, and s 2.475 Å = = , 20
s 8.35 10  J  −= =   

( )l50  for the solid–solid interaction of platinum. For the solid–liquid interaction 

between argon and platinum, ( )sl l s / 2   = = + , and sl l s   = =  were utilized 

based on the Lorentz-Berthelot combining rule [87,88]. The contact angle of an argon 

droplet on a platinum surface has been found to be zero, representing a superhydrophilic 

solid surface [50,108]. 

All the simulations were carried out with a cut-off radius of 1.703 nm ( l5 ) chosen 

for the spherically truncated and shifted potential. The velocity Verlet algorithm was 

utilized to integrate the equations of motion with a time step of 5 fs. The systems were 

initially equilibrated at 100 K after achieving a steady state for five ns. Subsequently, all 
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NEMD simulations were conducted to reach the steady state for 50 ns with constant 

heat flow ( H C 0E E E = −  ) by monitoring the cumulative input and output energies 

EH and EC in the heating (120 K) and cooling (100 K) thermostats. 

 

Fig. 4.3 Atomic positions located at the center of interfacial and inner layers for 

analyzing the atomic vibrational characteristics: (a) atom LC at interfacial liquid layer 

C in the A–A directional view; (b) front view (x-z plane); (c) atom LH at liquid layer 

H in the B–B directional view; (d) atoms A2, A3, A4 and B2, B3, B4 at the solid 

layers as well as atoms LH and LC at the liquid layers in the C–C directional enlarged 

view. 

 

The data sampling was carried out for five ns to calculate the temperature of each 

solid and liquid layer in the steady state. The heat flux passing through the system was 

acquired using the mean value for the last 15 ns within a 50 ns time window. The heat 
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flux is calculated by Eq. (2-24). The thermal gap conductance between the interfacial 

layers can be calculated as ( )Hi CiG q T T= − , where THi is the temperature of the 

heating interfacial solid layer (THis) or liquid layer (THil), and TCi is the temperature of 

the cooling interfacial solid layer (TCis) or liquid layer (TCil), as shown in Fig. 4.3(d). 

To evaluate the atomic vibrational characteristics, the atomic vibrational 

displacements and frequencies were analyzed using the wave graph. The signal analysis 

of the atomic positions from the NEMD simulation data for 20,000 time steps was 

conducted to obtain the wave graphs [93]. The equilibrium position of the atoms in the 

z-direction is given by Eq. (2-22). The original vibrational displacements of atom i can 

be obtained from , ,i t i tz z z = − . Then, the Fourier transform of the original vibrational 

displacements was used to analyze the distribution of signal power in the frequency 

domain (power spectrum). To reduce the noise from the original vibrational 

displacements, the dominant frequency band was selected to conduct signal filtering. 

Therefore, the regular wave graphs can be plotted as the time history of the 

displacement for the specific atoms. The peak amplitude and frequency were 

determined from the wave graphs. The locations of the specific atoms for signal 

analysis are illustrated in Fig. 4.3, where A2, A3, and A4 are the center atoms in the 

solid layers of the heating wall, B2, B3, and B4 are the center atoms in the solid layers 

of the cooling wall, LH and LC are the center atoms in the interfacial liquid layers 

neighboring to A4 and B4, respectively. 

The VDOS [110–112] of the interfacial layer was calculated by Eq. (2-23) using the 

velocities of all the atoms at the interfacial solid and liquid layers by the Fourier 

transform of the velocity autocorrelation function during a period of 20,000 time steps. 
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4.3 Results and discussion 

4.3.1 Quasi-Casimir coupling via a liquid monolayer 

We have demonstrated that the thermal resonance was induced by the quasi-Casimir 

coupling across a vacuum gap between the two interfacial solid layers [113]. In this 

section, we discuss the atomic vibrational characteristics when two solid walls are 

separated by a nanogap with a liquid monolayer. 

To begin with, a firmly connected solid–liquid–solid system is compared with a 

system of a vacuum gap between two solids at D = 1a. The left side of Fig. 4.4 shows 

the snapshots of the simulated systems. For the solid–liquid–solid system, as shown in 

Fig. 4.4(a) and (b), the peak amplitudes of the atom LC/LH in the liquid monolayer 

(green) are larger than those of the solid atoms, while the interfacial solid atoms A4 

(red) and B4 (blue) are in harmony with the liquid atom LC/LH. Compared with the 

inner solid atoms (A2, A3, B2, B3), the interfacial solid atom vibrates with a larger 

amplitude but a lower frequency. This phenomenon is more significant in the case of the 

liquid monolayer than that of a vacuum gap (without liquid monolayer), as shown in Fig. 

4.4(c) and (d). 

As demonstrated in our previous study [113], owing to the presence of two interfaces 

separated by a vacuum gap, the quasi-Casimir coupling stimulated the interfacial 

undulations and thus induced the thermal resonance through molecular interaction (see 

Fig. 4.5(c)). Similarly, in Fig. 4.5(a), the thermal resonance can be confirmed by the 

perfect overlapped vibrational displacements of the atoms A4 and B4. However, this 

thermal resonance is induced by quasi-Casimir coupling between two interfacial solid  
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layers across a liquid monolayer instead of the vacuum gap. Accordingly, the VDOSs of 

solid layer 4 match entirely those of layer 5 in Fig. 4.5(b) and (d), where the peaks 

correspond to the vibrational frequencies of A4, B4 (see Table 4-1). Nevertheless, the 

VDOSs of the liquid monolayer (layer C/H) mismatch with those of the solid layers, 

and the vibrational frequency of LC/LH is much more minor than that of the solid atoms. 

Although the thermal resonance occurs in the simulation systems with liquid monolayer,  

 

Fig. 4.4 Atomic vibrational displacements of specific atoms: (a) at solid layers in 

cooling wall and liquid monolayer, (b) at solid layers in the heating wall and liquid 

monolayer, for a firmly connected solid–liquid–solid system; (c) at solid layers in 

cooling wall, (d) at solid layers in heating wall, for a solid–vacuum–solid system. 
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the interfacial solid layers with the liquid monolayer are subjected to a stronger surface 

undulation. That is, the liquid monolayer enhances the thermal resonance between the 

interfacial solid layers. 

 

To verify the quasi-Casimir coupling between the interfacial solid and liquid layers 

separated by a nanogap, we analyzed the atomic vibrational characteristics when the 

liquid monolayer was adsorbed on the cooling solid surface. The snapshots of the 

simulated systems with different gap distance D are shown on the left side of Fig. 4.6. 

In the case of D = 1.5a, the interfacial liquid atom LC vibrates with a higher peak 

amplitude than the solid atoms, as shown in Fig. 4.6(a) and (b). This difference 

diminishes at D = 2a and almost disappears at D = 6a, owing to the weaker molecular 

interactions between the interfacial solid and liquid atoms (see Fig. 4.6(c)–(f)). 

Meanwhile, the peak amplitudes of the interfacial solid atoms A4 and B4 are larger than 

those of the inner solid atoms at D = 1.5a and 2a, but nearly identical at D = 6a. 

 

Fig. 4.5 Atomic vibrational displacement of specific atoms and VDOSs at interfacial 

solid layers and liquid monolayer for (a–b) a firmly connected solid–liquid–solid 

system, (c–d) a solid–vacuum–solid system. 
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Table 4-1 The peak amplitudes and frequencies of atoms in the inner solid layers as 

well as interfacial solid and liquid layers. 

 

D / d (nm) Ar atoms A2 A3  B2 B3 B4 LH LC 

Peak amplitude (pm) 

0.392 / 0.392 0 1.006 1.077 1.380 0.844 0.812 1.363 – – 

0.392 / 0.000 190 1.100 0.955 2.031 0.944 0.890 1.930 2.474 – 

0.588 / 0.293 190 (C) 0.925 0.992 1.562 0.932 1.064 1.267 – 3.152 

0.588 / 0.293 190 (H) 1.093 0.924 1.756 1.093 0.956 1.738 3.802 – 

0.588 / 0.000 380 1.012 0.909 1.818 0.996 0.975 1.806 3.122 3.033 

0.784 / 0.489 190 (C) 1.071 0.921 1.328 1.006 0.969 1.015 – 2.032 

0.784 / 0.489 190 (H) 1.065 0.943 1.555 1.058 1.031 1.356 2.050 – 

0.784 / 0.193 380 0.985 0.959 1.576 0.938 0.986 1.595 4.249 4.077 

2.352 / 2.057 190 (C) 0.977 1.015 1.061 0.961 0.970 1.085 – 1.185 

2.352 / 2.057 190 (H) 0.983 1.067 1.070 0.955 0.963 1.032 1.250 – 

2.352 / 1.761 380 0.971 0.923 1.070 1.066 1.029 0.932 1.285 1.131 

Frequency f (THz) 

0.392 / 0.392 0 4.673 4.157 3.242 3.982 4.159 3.236 – – 

0.392 / 0.000 190 4.607 4.247 3.325 3.976 4.236 3.322 1.345 – 

0.588 / 0.293 190 (C) 4.547 4.171 3.310 4.061 3.832 3.474 – 2.358 

0.588 / 0.293 190 (H) 4.597 4.236 3.525 4.375 4.160 3.394 2.424 – 

0.588 / 0.000 380 4.618 4.304 3.261 4.270 4.136 3.250 2.768 2.769 

0.784 / 0.489 190 (C) 4.376 4.246 3.302 4.077 4.281 3.462 – 2.313 

0.784 / 0.489 190 (H) 4.388 4.284 3.539 4.248 4.154 3.348 2.384 – 

0.784 / 0.193 380 4.587 4.254 3.515 4.037 4.221 3.510 2.668 2.668 

2.352 / 2.057 190 (C) 4.379 4.173 3.178 4.002 4.280 3.442 – 2.163 

2.352 / 2.057 190 (H) 4.323 4.058 3.215 4.233 4.149 3.149 2.168 – 

2.352 / 1.761 380 4.134 4.220 3.165 4.079 4.181 2.765 2.374 2.125 
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Fig. 4.6 Atomic vibrational displacements of specific atoms in the heating and cooling 

walls as well as the liquid monolayer adsorbed on the cooling solid surface at varying 

gap distance: (a–b) D = 1.5a; (c–d) D = 2a; (e–f) D = 6a. 
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From Fig. 4.7(a), (c), and (e), the liquid monolayer disturbs the thermal resonance on 

account of the completely different atomic vibrational displacements. The vibrational 

frequency of the atom LC is lower than that of the solid atoms as listed in Table 1. 

Therefore, the apparent phonon mismatches were observed in the VDOSs of solid layers 

4, 5, and liquid layer C, as depicted in Fig. 4.7(b), (d), and (f). Although the peaks of the 

VDOSs for the interfacial solid layers separated by the vacuum gap overlap well (see in 

Fig. 4.5(d)), those for the cooling interfacial solid layer 5 decreased significantly due to 

the presence of the adsorbed liquid layer. That is, the liquid layer limits the peak of the 

VDOS at the cooling interfacial solid layer and thus suppresses the acoustic phonon 

transmission. Nevertheless, these results verify the existence of the quasi-Casimir 

coupling between the liquid monolayer adsorbed on the cooling surface and the 

interfacial solid layer. 

The snapshots of the simulated systems for the liquid monolayer adsorbed on the 

heating solid surface are shown on the left side of Fig. 4.8. The vibrational 

displacements of the interfacial solid and liquid atoms increase with a decrease of the 

gap distance, owing to the enhanced quasi-Casimir coupling. Interestingly, the peak 

amplitudes and vibrational frequencies of the interfacial solid and liquid atoms in the 

cases of D = 1.5a are larger than those shown in Fig. 4.6. Several liquid atoms are 

excluded from the adsorbed liquid layer on the heating solid surface in the case of D = 

1.5a. Unlike the interfacial solid layers 4 and 5 separated by the vacuum gap (see Fig. 

4.5(d)), the peaks of the VDOSs for the heating interfacial solid layer 4 decreased 

significantly due to the presence of the adsorbed liquid layer, as shown in Fig. 4.9. The 

liquid layer limits the peak of the VDOS at the adjacent interfacial solid layer and thus 

reduces the acoustic phonon transmission through the adjacent solid layer. 
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Fig. 4.7 Atomic vibrational displacement of specific atoms and VDOSs at interfacial 

solid layers and liquid monolayer adsorbed on the cooling solid surface at (a–b) D = 

1.5a, (c–d) D = 2a and (e–f) D = 6a. 

4.3.2 Thermal resonance between two liquid layers 

The effect of the liquid monolayer on the phonon transmission has been clarified in 

Section 4.3.1, subsequently, those of two liquid layers adsorbed on both the heating and 

cooling solid surfaces are discussed hereafter. The snapshots of the simulated systems 

including two liquid layers are shown on the left side of Fig. 4.10. In the case of D = 2a, 

the peak amplitudes of interfacial liquid atoms LH (yellow) and LC (green) are 

significantly larger than those of the solid atoms, while this difference decreases at D =  

1.5a and becomes insignificant at D = 6a, as shown in Fig. 4.10(a)–(f). In accordance 

with Section 4.3.1, the undulations of the interfacial liquid layers are strengthened as a 

result of the increased molecular interactions with decreasing D. Thus, the quasi- 
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Fig. 4.8 Atomic vibrational displacements of specific atoms in the heating and cooling 

walls as well as the liquid monolayer adsorbed on the heating solid surface at varying 

gap distance: (a–b) D = 1.5a; (c–d) D = 2a; (e–f) D = 6a. 
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Casimir coupling can exist between two interfacial liquid layers H and C. Meanwhile, 

the interfacial solid atoms A4 (red) and B4 (blue) vibrate with a larger peak amplitude 

at D = 1.5a and 2a than D = 6a. Additionally, in the cases of D = 1.5a and 2a, the 

thermal resonance occurs between the interfacial solid layers 4 and 5 as well as liquid 

layers H and C, respectively, which is evidenced by the perfect overlapped vibrational 

displacements of the atoms A4–B4 and LH–LC (see Fig. 4.11(a) and (c)). Similar to the 

interfacial solid layers, the VDOSs of liquid layers completely match each other, even 

though the adsorbed liquid layers limit the peaks of the VDOSs in the interfacial solid 

layers and suppress the acoustic phonon transmission (see Fig. 4.11(b) and (d)). 

However, the thermal resonance disappears in the case of D = 6a shown in Fig. 4.11(e) 

and (f). It is worth noting that the thermal resonance between two liquid layers agitates 

the co-occurrence of the thermal resonance between interfacial solid layers. These 

results demonstrate that the quasi-Casimir coupling at the solid–liquid interface can 

induce the thermal resonance between liquid layers in a nanogap. 

Similar results can be found in Fig. 4.10 and 4.11, where sl l/    5.6 and 3.5 at D = 

2a. Coinciding with the case of sl l/    7, the quasi-Casimir coupling is verified 

between two interfacial liquid layers H and C (Fig. 4.12(a)–(f)). In Fig. 4.13(a)–(f), the 

thermal resonance between the interfacial solid layers 4 and 5 occurs as well as that 

between liquid layers H and C, while decreasing sl  results in an increase in the atomic 

vibrational displacements. That is, when the stable liquid layers are adsorbed on the 

solid surfaces, sl  is not the key factor for the quasi-Casimir heat transfer and thermal 

resonance via adsorbed liquid layers. 
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4.3.3 Thermal energy transport across a nanogap 

In Section 3.3.3, it is found that the net heat flux and thermal gap conductance are 

dominated by the gap distance between two solid walls. Here, the thermal energy 

transport across a nanogap via liquid layers is discussed. For the reason that both 

heating and cooling surfaces are subjected to the quasi-Casimir coupling induced by 

molecular interactions, the thermal energy transports from the heating object to the 

cooling one with the surface undulations. Accordingly, the net heat flux q of the system 

and thermal gap conductance G between the interfacial layers (see Fig. 4.3(d)) were 

obtained by performing the data sampling over 15 ns to investigate the gap-dependent 

thermal energy transport. 

 

Fig. 4.9 Atomic vibrational displacement of specific atoms and VDOSs at interfacial 

solid layers and liquid monolayer adsorbed on the heating solid surface at (a–b) D = 

1.5a, (c–d) D = 2a and (e–f) D = 6a. 
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Fig. 4.10 Atomic vibrational displacements of specific atoms in the heating and cooling 

walls as well as the liquid layers adsorbed on the cooling and heating solid surfaces at 

varying gap distance: (a–b) D = 1.5a; (c–d) D = 2a; (e–f) D = 6a. 
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Fig. 4.11 Atomic vibrational displacements of specific atoms and VDOSs at interfacial 

solid layers and liquid monolayer adsorbed on the cooling and heating solid surfaces: 

(a–b) D = 1.5a, (c–d) D = 2a and (e–f) D = 6a. 

 

Due to the strengthened molecular interactions between the interfacial solid and 

liquid atoms, q and G exponentially increase with decreasing D (see Fig. 4.14(a), (b), 

and Table 2). Larger q and G are acquired in the cases of the liquid layers adsorbed onto 

the solid surfaces, compared with the cases of the vacuum gap (circle dots). Surprisingly, 

one to three orders of magnitude enhancement in q and G (red dots) is achieved under 

the thermal resonance between the two liquid layers. Additionally, q and G for the 

liquid monolayer adsorbed on the heating solid surface (blue dots) are larger than those 

on the cooling solid surface (green dots) at D = 0.588 nm. The root reason for this 

deviation attributes to the stronger vibration of the interfacial atoms at the heating 

surface than that at the cooling surface. 
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Fig. 4.12. Atomic vibrational displacements of specific atoms in the heating and cooling 

walls as well as the liquid layers adsorbed on the cooling and heating solid surfaces at 

varying energy parameters sl: (a–b) sl ll7  ; (c–d) sl ll5.6  ; (e–f) sl ll3.5  . 
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Fig. 4.13. Atomic vibrational displacements of specific atoms and VDOSs at interfacial 

solid layers and liquid monolayers adsorbed on the cooling and heating solid surfaces at 

varying energy parameters sl: (a–b) sl ll7  ; (c–d) sl ll5.6  ; (e–f) sl ll3.5  . 

 

For reference, on the basis of an alternative gap distance d between the interfacial 

solid–liquid or liquid–liquid layers for the x-axis, q and G are lower than those in the 

cases of the vacuum gap shown in Fig. 4.14(c) and (d). This is because that the quasi-

Casimir coupling between the interfacial liquid–liquid or solid–liquid layers is weaker 

than that between the interfacial solid–solid layers at the same d. It is notable that q and 

G with two liquid layers (red dots at D = 0.588 nm, d = 0) are greater than those with 

liquid monolayer (green/blue dots at D = 0.392 nm, d = 0). Due to the simultaneous 

existence of quasi-Casimir coupling and thermal resonance in nanoscale heat 

conduction, q and G at d = 0 raise considerably compared with those at d > 0. 

Nevertheless, for a given D in molecular scale, the liquid layer still can contribute to the  
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Table 4-2 Simulation results obtained at different gap distances in the steady non-

equilibrium systems. 

D / d (nm) Ar atoms THis (K) TCis (K) THil (K) TCil (K) T (K) q ( 610 Wm-2) G ( 310 Wm-2K-1) 

0.392 / 0.000 190  118.73 101.36 108.74 108.74 8.69 295.66 34042.55 

0.588 / 0.293 190 (C) 119.85 100.24 – 100.88 18.97 7.69 405.31 

0.588 / 0.293 190 (H) 119.86 100.72 117.86 – 17.14 18.64 1087.76 

0.588 / 0.000 380  117.97 102.27 111.62 106.39 5.23 655.48 125331.51 

0.784 / 0.489 190 (C) 120.10 100.14 – 99.13 20.97 0.11 5.36 

0.784 / 0.489 190 (H) 120.21 100.25 118.90 – 18.65 0.15 8.16 

0.784 / 0.193 380  120.20 100.03 120.75 100.36 20.39 2.73 133.85 

 

 

Fig. 4.14 Heat flux and thermal gap conductance versus gap distance (a–b) D between 

the interfacial solid layers, (c–d) d between the interfacial solid–liquid or liquid–liquid 

layers. The dashed line is a guide for the eyes. 
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thermal energy transport in the absence of thermal resonance and thus enhances NFHT. 

Consequently, the quasi-Casimir coupling at the solid–liquid interface is verified as an 

additional channel for phonon heat transfer across a nanogap. 

4.4 Summary 

NEMD simulations were carried out to study the phonon heat transfer across a 

nanogap induced by the quasi-Casimir coupling between interfacial layers of solid–

liquid or liquid–liquid. The liquid monolayer adsorbed over the cooling/heating surface, 

and two liquid layers adsorbed over both the cooling and heating surfaces were focused 

on to clarify the effect of the liquid layer on phonon transmission across a nanogap. The 

following conclusions have been drawn. 

(1) The quasi-Casimir coupling exists at the solid–liquid interface, not only between 

solid–liquid but also between liquid–liquid layers. 

(2) The thermal resonance between the two liquid layers can be induced by the quasi-

Casimir coupling, agitating the co-occurrence of the thermal resonance between the 

interfacial solid layers. In contrast, a liquid monolayer disturbs the thermal 

resonance between the interfacial solid layers. 

(3) Owing to the thermal resonance between two liquid layers, heat flux and thermal 

conductance across the nanogap increase one to three orders of magnitude compared 

with those across the vacuum gap. Meanwhile, the liquid layer limits the acoustic 

phonon transmission in the interfacial solid layers. 
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(4) The heat flux and thermal gap conductance exponentially increase with decreasing 

gap distance with the aid of liquid layer, evidencing the significance of quasi-

Casimir heat transfer in NFHT. 

In the present study, we verified that the acoustic phonons could be transmitted 

across a nanogap via liquid layer, attributing to the quasi-Casimir coupling and thermal 

resonance under strong molecular interaction between liquid and solid. However, there 

is no guarantee for the same phenomena under the weak molecular interaction between 

liquid and solid. Therefore, future work is expected to explore the effects of the weak 

molecular interaction (e.g., surface hydrophobicity) on the quasi-Casimir phonon heat 

transfer across a nanogap. In particular, understanding the quasi-Casimir heat transfer 

mechanism shall open a new window to optimize NFHT for nanoscale thermal 

management. 
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Chapter 5 

5 Weak solid–liquid interaction enhances 

phonon heat transfer 

5.1 Introduction 

Phonon heat transfer across a nanogap via the liquid layers adsorbed on the 

superhydrophilic surfaces has been verified, attributed to the quasi-Casimir coupling 

and thermal resonance under strong molecular interaction between liquid and solid. 

However, it is unclear whether phonons can transmit across a nanogap under weak 

solid–liquid molecular interactions. To address this issue, in this study, we varied the 

solid–liquid interaction by the potential energy factors to investigate quasi-Casimir 

coupling across a nanogap including the non-adsorbed liquid atoms using non-

equilibrium molecular dynamics simulations. Unlike the adsorbed solid-like liquid 

layers, the liquid atoms move randomly and frequently collide with other liquid and 

interfacial solid atoms. We demonstrate that the weak solid–liquid interaction can 

enhance thermal energy transportation across a nanogap between two planar solid walls. 

The mechanism of thermal energy transport across a nanogap with liquid includes both 

the contribution of solid atomic vibrations and liquid atomic collisions. Phonon 

mismatch between the interfacial solid layers decreases with the aid of liquid atomic 

collisions, resulting in the maximum heat flux and thermal conductance despite the gap 

distance between two solid walls. 
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5.2 Simulation method 

The NEMD simulations were conducted to study the thermal energy transportation 

across a nanogap, including the liquid between the heating wall (red) and the cooling 

wall (blue), as shown in Fig. 5.1. The dimensions of the computational domain were Lx 

= 5.552 nm, Ly = 3.847 nm, and Lz = 2.206–2.991 nm. The two parallel solid walls were 

separated by a distance D of 0.392–1.176 nm (1a–3a, where a is the lattice constant of 

platinum 0.392 nm [106]). Each solid wall was composed of four layers of 1280 

platinum atoms in face-centered cubic lattices, and its <111> crystal plane faced the 

nanogap. The LJ liquid of 190 argon atoms was confined in the nanogap between the 

two solid walls. Periodic boundary conditions were utilized along the x- and y-directions. 

 

Fig. 5.1. NEMD simulation system for thermal energy transport between two parallel 

solid walls separated by a nanogap including liquid. 

The solid–solid and liquid–liquid interactions are expressed by the LJ potential using 

Eq. (2-1), where rij is the distance between two atoms i and j,  is the length parameter, 
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and  is the energy parameter. The parameters are l 3.405 Å = = , 

21
l 1.67 10  J  −= =   for the liquid–liquid interaction of argon, and s 2.475 Å = = , 

20
s 8.35 10  J  −= =   ( )l50  for the solid–solid interaction of platinum. 

The solid–liquid interaction between argon and platinum is modeled by the modified 

LJ potential using Eq. (2-2), where ( )sl l s / 2   = = + , and sl l s    = =  were 

utilized based on the Lorentz-Berthelot combining rule [87,114]. Here,  is the potential 

energy factor indicating the strength of hydrophilic interaction and  is the potential 

energy factor indicating the attraction for hydrophobic interaction. The modified form 

of the LJ potential is a combination of the potential models used by Din and 

Michaelides [89] as well as by Barrat and Bocquet [90]. In this study, we set  = 1, 0.5, 

0.2, and 0.14 as well as  = 1.0, 0.5, and 0.1 to obtain the 5 cases with varying strength 

of solid–liquid molecular interaction, as shown in Fig. 5.2. 

All the simulations were carried out with a cut-off radius of 1.703 nm ( l5 ) chosen 

for the spherically truncated and shifted potential. The velocity Verlet algorithm was 

utilized to integrate the equations of motion with a time step of five fs. The systems 

were initially equilibrated at 100 K after achieving a steady state for five ns. 

Subsequently, the outermost layers (thermostats) of the heating and cooling walls were 

maintained at the constant temperature of 120 K and 100 K, respectively, using the 

velocity scaling method. Nevertheless, the other solid and liquid layers were free from 

thermostats in NEMD simulations. The temperature difference was imposed on the 

heating and cooling walls to induce a heat flow passing through the system. All NEMD 

simulations were conducted to reach the steady state for 50 ns with constant heat flow 
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( H C 0E E E = −  ) by monitoring the cumulative input and output energies EH and EC 

in the heating and cooling thermostats. 

 

 

Fig. 5.2. All simulation systems at D = 1–3a under varying solid–liquid interactions. 

 

The data sampling was carried out for five ns to calculate the temperature of each 

solid and liquid layer using Eq. (2-21) in the steady state. The heat flux passing through 

the system was acquired by Eq. (2-24) using the mean value for the last 15 ns within a 

50 ns time window. The thermal gap conductance between the interfacial layers can be 

calculated as ( )Hi CiG q T T= − , where THi is the temperature of the heating interfacial 

solid layer, and TCi is the temperature of the cooling interfacial solid layer (TCis), as 

shown in Fig. 5.3. 

The atomic vibrational displacements and frequencies were analyzed using the wave 

graph. The signal analysis of the atomic positions from the NEMD simulation data for 

20,000 time steps was conducted to obtain the wave graphs [46]. The equilibrium 

position of the atoms in the z-direction is given by (2-22). The original vibrational  
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displacements of atom i can be obtained from , ,i t i tz z z = − . Then, the Fourier transform 

of the original vibrational displacements was used to analyze the distribution of signal 

power in the frequency domain (power spectrum). To reduce the noise from the original 

vibrational displacements, the dominant frequency band was selected to conduct signal 

filtering. Therefore, the regular wave graphs can be plotted as the time history of the 

displacement for the specific atoms. The peak amplitude and frequency were 

determined from the wave graphs. The locations of the specific atoms for signal 

analysis are illustrated in Fig. 5.3, where A2, A3, and A4 are the center atoms in the 

 

Fig. 5.3 Atomic positions located at the center of interfacial and inner layers for 

analyzing the atomic vibrational characteristics: (a) atom LC at interfacial liquid layer C 

in the A–A directional view; (b) front view (x-z plane); (c) atom LH at liquid layer H in 

the B–B directional view; (d) atoms A2, A3, A4 and B2, B3, B4 at the solid layers as 

well as atoms LH and LC at the liquid layers in the C–C directional enlarged view. 
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solid layers of the heating wall, B2, B3, and B4 are the center atoms in the solid layers 

of the cooling wall, LH and LC are the center atoms in the interfacial liquid layers 

neighboring to A4 and B4, respectively. 

The VDOS of the interfacial layer was calculated by Eq. (2-23) using the velocities of 

all the atoms at the interfacial solid and liquid layers by the Fourier transform of the 

velocity autocorrelation function during a period of 20,000 time steps. 

5.3 Results and discussion 

5.3.1 Density profiles 

The density profile is an important parameter that can help evaluate the effect of 

different solid–liquid interactions on the liquid argon. Fig. 5.4 shows the density 

profiles of liquid argon in nanogap along z-direction for all simulation cases. When D = 

1a, only one peak value in the density of liquid atoms due to one liquid monolayer 

confined in nanogap is much higher than that of liquid density for D = 2a and 3a under 

the varying solid–liquid interaction. However, when D = 2a, there are two peaks in the 

density of liquid atoms near heating and cooling solid surfaces. The density of the liquid 

layer neighboring the cooling solid surface is larger than that of the heating solid surface 

owing to the stronger solid–liquid interaction in cases 1–3. This difference disappears in 

cases 4 and 5 with weak solid–liquid interaction. Similarly, for D = 3a, the density of 

the liquid layer adsorbed on the cooling solid surface is more significant than that on the 

heating solid surface in cases 1–3, while the density distribution becomes uniform in 

cases 4 and 5 due to the much weaker solid–liquid interaction. 
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Fig. 5.4 Density profiles of liquid confined between two solid walls in z-direction for all 

simulation cases. The solid line is a guide for the eye. 

5.3.2 Potential and kinetic energy 

To observe the effects of solid–liquid interaction on thermal energy transport across a 

nanogap, we calculated the potential and kinetic energy of liquid atoms as shown in Fig. 

5.5 and 5.6. The potential energy can reflect the interaction energy and degree of 

coupling between atoms at the nanoscale. Investigating the potential energy distribution 

can reveal the variation of the solid–liquid coupling strength. 

In the previous studies, the thermal energy transport will be enhanced by increasing 

the strength of solid–liquid coupling. Thus, we calculate the potential energy of liquid to 

observe the heat transfer across a nanogap, as shown in Fig. 5.5. The red and blue 

regions are the high and low potential energy regions, respectively. There is only one 

significantly high potential energy region in case 1 at D = 1a because the liquid layer is 

confined firmly with the strong solid–liquid molecular interaction in the nanogap 

between two solid walls. Nevertheless, the potential energy of the liquid layer decreases 

with the weakening of the solid–liquid molecular interaction from cases 1 to 5. In the 
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case of D = 2a, the potential energy of the liquid is concentrated on the two sides near 

solid surfaces when two liquid layers are adsorbed onto the solid surfaces in cases 1–3, 

while it is uniformly distributed in the nanogap in cases 4–5. The yellow points exist in 

the two layers of potential energy near solid surfaces owing to the more extended time 

residence of argon atoms. Additionally, we can observe similar potential energy results 

in the case of D = 3a. 

 

 

Fig. 5.5 Contours of potential energy under the varying solid–liquid interaction at D = 

1–3a. 

 

Coinciding with the potential energy results, in the case of D = 1a， the kinetic 

energy of the liquid is significantly higher than that at D = 2a and 3a, owing to the 

liquid monolayer confined firmly in the nanogap between two solid walls. The kinetic 

energy of the liquid layer keeps nearly constant even though the interaction energy is 

varied by energy parameter  and  from cases 1 to 5. However, in the case of D = 2a, 

the kinetic energy of the liquid is concentrated on the two sides near solid walls when 
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two liquid layers are adsorbed onto the solid surfaces in cases 1–3, while it is uniformly 

distributed in the nanogap in cases 4–5. In addition, we can observe similar results of 

kinetic energy when D = 3a under the different solid–liquid interactions. 

 

 

Fig. 5.6 Contours of kinetic energy under the varying solid–liquid interaction at D = 1–

3a. 

5.3.3 Net heat flux and thermal gap conductance 

The net heat flux q and thermal gap conductance G are obtained by conducting data 

sampling over a period of 15 ns after NEMD simulation systems achieve the steady 

state, as shown in Fig. 5.7. In the case of D = 1a, q and G increase with strengthening 

the solid–liquid interaction, which agrees well with the results in previous studies. 

Interestingly, q and G get up to maximum under weak solid–liquid interaction in case 3 

at D = 2a and in case 4 at D = 3a, respectively. As shown in Fig. 5.2, when liquid atoms 

diffuse in a nanogap, thermal energy transportation across a nanogap is improved 
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significantly. Thus, the mechanism of thermal energy transport across a nanogap with 

non-adsorbed liquid atoms includes both the contributions of solid atomic vibrations 

and liquid atomic collisions. 

 

 

Fig. 5.7 Heat flux and thermal gap conductance in all cases with varying solid–liquid 

interaction at D = 1–3a. 

5.3.4 Atomic vibrational displacement of liquid atoms 

To verify the heat transfer enhancement under weak solid–liquid interaction at D = 2a, 

the atomic vibrational displacements of liquid atoms neighboring the heating and 

cooling solid surfaces are analyzed, as shown in Fig. 5.8. The peak amplitudes of the 

liquid atoms increase with weakening the solid–liquid interactions from cases 1–5; 

meanwhile, the vibrational frequencies of the liquid atoms become smaller due to the 

weaker couple degree between solid and liquid atoms. Moreover, we observed that the 

wave packet is generated when the liquid atoms are adsorbed on the solid surfaces, 

while the mechanism of heat transfer enhancement with weak solid–liquid interaction is 

still unclear. 
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Fig. 5.8 Atomic vibrational displacements of specific liquid atoms near heating and 

cooling solid surfaces at varying potential energy factor: (a–b)  = 1.0 and  = 1.0; (c–

d)  = 0.5 and  = 1.0; (e–f)  = 0.2 and  = 1.0; (g–h)  = 0.14 and  = 0.5; (i–j)  = 

0.14 and  = 0.1. 

                
             

             

              

              

             
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5.3.5 VDOS of interfacial solid layers 

To understand the mechanism of heat transfer enhancement deeply with weak solid–

liquid interaction, we calculated the VDOS of interfacial solid layers 4 and 5, as shown 

in Fig. 5.9. In the case of D = 1a, the thermal resonance occurs between the interfacial 

solid layers 4 and 5, which is evidenced by the overlapped VDOS of layers 4 and 5 

shown in Fig. 5.9(a)–(e). Moreover, the peak of the VDOSs of the interfacial solid 

layers increases with the strengthening of the solid–liquid interaction, resulting in the 

improvement of thermal energy transportation. In the case of D = 2a, the thermal 

resonance only exists between interfacial solid layers when  = 0.2 and  = 1.0. 

Accordingly, the net heat flux q and thermal gap conductance G get maximum under the 

weak solid–liquid interaction in Fig. 5.9(f–j). Furthermore, in the case of D = 3a, the 

phonon mismatch between the interfacial solid layers is almost negligible when  = 

0.14 and  = 0.5, resulting in the highest net heat flux and thermal gap conductance. 

5.3.6 Knudsen number effects 

The effects of the solid–liquid interaction and the nanogap size between the two solid 

walls on phonon heat transfer across a nanogap were analyzed in the above sections. 

Subsequently, the number of argon atoms in the nanogap was varied to investigate the 

relationship between Knudsen number Kn and thermal energy transport across the 

nanogap. The snapshots of the simulated systems with different argon atoms are shown 

in Fig. 5.10. The Knudsen number is defined as the ratio of the mean free path  to the 

characteristic length of the domain L. 
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Fig. 5.9 VDOS of layers 4 and 5 under different solid–liquid interaction at varying gap 

distance: (a–e) D = 1a; (f–j) D = 2a; (k–o) D = 3a. 

 

 

Fig. 5.10 Snapshots of the simulated systems at varying Knudsen numbers. 
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In our particular cases, we calculated the values of Kn from 

2/ 1/ 2Kn L n L  = = , where n is the number density of argon atoms and  is 

the length parameter signifying the atom diameter. The values of parameters are shown 

in Table 5-1. 

Table 5-1 Simulation cases and the values of parameters. 

Cases Ar atoms n 2610 (1/m3)  1010− (m) Kn 

1 4 1.593 121.905 10.366 

2 40 15.925 12.190 1.037 

3 100 39.813 4.876 0.415 

4 190 75.644 2.566 0.218 

5 300 119.438 1.625 0.138 

6 470 187.119 1.037 0.088 
 

 

Fig. 5.11 Heat flux and thermal gap conductance versus Knudsen number. 
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The net heat flux q and thermal gap conductance G were obtained by performing the 

data sampling over 15 ns to investigate the Kn-dependent phonon heat transfer across a 

nanogap. As shown in Fig. 5.11, q and G decrease exponentially with increasing 

Knudsen number, which are most significant in the slip flow regime and most minor in 

the free molecular flow regime. Therefore, the liquid atomic number in a nanogap is a 

critical factor for quasi-Casimir phonon heat transfer across a nanogap. 

5.4 Summary 

NEMD simulations were performed to analyze the effects of solid–liquid interaction 

on phonon heat transfer across a nanogap. The solid–liquid interaction was changed by 

the potential energy factors to investigate quasi-Casimir coupling across a nanogap 

including the non-adsorbed liquid atoms. Our findings can be summarized as follows: 

(1) Quasi-Casimir coupling can exist between the interfacial solid layers in simulation 

systems with non-adsorbed liquid atoms in the nanogap under weak solid–liquid 

interaction.  

(2) Differing from the adsorbed solid-like liquid layers, the liquid atoms move 

randomly and frequently collide with other liquid and interfacial solid atoms. 

Therefore, the mechanism of thermal energy transport includes both the contribution 

of solid atomic vibrations and liquid atomic collisions.  

(3) Phonon mismatch between the interfacial solid layers decreases with liquid atomic 

collisions, resulting in the enhancement of phonon heat transfer across a nanogap.  

In this study, we verified that the weak solid–liquid interaction could enhance phonon 

heat transfer across a nanogap, including non-adsorbed liquid atoms. However, phonon 
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transmission across a nanogap, including water layers with and without an external 

electric field is still an open question. In future work, we expect to investigate the quasi-

Casimir phonon heat transfer across a nanogap via the water layers. The counterintuitive 

finding of the phonon heat transfer under weak solid–liquid interaction provides insight 

into the development of near-field heat transfer. 
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Chapter 6 

6 Conclusions and outlook 

6.1 Conclusions 

In this thesis, the molecular dynamics simulation method was utilized to explore a 

new heat transfer mode, named quasi-Casimir heat transfer across a nanogap. This mode 

is different from conventional heat conduction, convection, radiation and is independent 

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

surface plasmon polaritons. We verified that quasi-Casimir coupling could exist 

between solid–solid, solid–liquid, and liquid–liquid layers. The main findings of this 

study are summarized below. 

The first study presented a quasi-Casimir coupling model for phonon heat transfer 

between two parallel solid walls separated by a sub-nanometer vacuum gap in the 

absence of an electromagnetic field. The phonon heat transfer is investigated in systems 

by performing a classical molecular dynamics simulation to verify the quasi-Casimir 

coupling model. We evidenced the phonon heat transfer induced by the intermolecular 

interactive force across the vacuum gap with significant interfacial resonance. 

The second study examined the phonon heat transfer across a nanogap with liquid 

layers, with a focus on the quasi-Casimir coupling and thermal resonance, using the 

classical non-equilibrium molecular dynamics simulations. The liquid monolayer 

adsorbed on the cooling/heating surfaces and two liquid layers adsorbed on both the 

cooling and heating surfaces were simulated to verify the quasi-Casimir coupling and 
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thermal resonance. The thermal resonance between the two liquid layers induced by 

quasi-Casimir coupling can agitate the co-occurrence of the thermal resonance between 

the interfacial solid layers. 

The third study analyzed the mechanism of phonon heat transfer across a nanogap 

including liquid, under the varying strength of molecular interaction between solid and 

liquid. We have evidenced that weak solid–liquid interaction can enhance thermal 

energy transportation across a nanogap. The root reason for this heat transfer 

enhancement attributes to the decreased phonon mismatch between the interfacial solid 

layers. 

6.2 Outlook 

Near-field heat transfer has a promising future due to its relevance to nanoscale 

thermal management and potential industrial applications. Our current studies only 

provide the fundamental understanding of the quasi-Casimir heat transfer across a sub-

nanometer gap, which motivates us to develop it in nanoscale thermal devices. Thus, in 

the near future, we would like to perform more MD simulations to verify the existence 

of quasi-Casimir heat transfer in other systems, including the dielectric solid materials 

and water. Furthermore, the quasi-Casimir heat transfer across a nanogap with an 

electrical field will be compared with the present study using the MD simulation 

method by LAMMPS. We also would like to investigate the effects of surface 

orientation, solid thickness, and nanostructures on quasi-Casimir phonon heat transfer 

across a nanogap. Finally, we will perform experiments to confirm this new heat 

transfer mechanism of quasi-Casimir coupling. 
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Abstract 

In vacuum, thermal energy is transported by photons (thermal 
radiation) but not phonons. Recent studies, however, indicated that 
phonon heat transfer across a vacuum gap is mediated by the quantum 
fluctuation of electromagnetic fields. Specifically, in the heat 
exchange between two objects separated by a nanoscale vacuum gap, 
phonons carry thermal energy more efficiently than photons. However, 
it remains unclear if phonons can propagate without electromagnetic 
fields. Here, we demonstrate that phonon transmission across a sub-
nanometer vacuum gap can be induced by quasi-Casimir force 
subjected to the Lennard–Jones atoms using classical molecular 
dynamics simulation. The net heat flux across the vacuum gap 
increases exponentially as the gap distance decreases, owing to 
acoustic phonon transmission. The apparent local heat flux, evaluated 
using the Irving–Kirkwood method, increases singularly at the 
interfacial layers, while that at the inner layers agrees well with the 
net heat flux. These findings provide evidence of the strong thermal 
resonance induced by quasi-Casimir coupling between the interfacial 
layers. Thus, we conclude that the quasi-Casimir coupling induced by 
intermolecular interaction is a heat transfer mode for phonon heat 
transfer across a vacuum gap in nanoscale. 
 
1. Introduction 

Nanoscale heat transfer has been a challenging research topic since 

last decade [1–36]. The scale of the gap distance D dominates the heat 

transfer between two objects at different temperatures in vacuum, 

from the conventional heat conduction (D = 0) to thermal radiation (D 

> T, Wien’s wavelength T   10− m at room temperature) [1]. As 

shown in Fig. 1, when the objects are separated by a gap of D < T, 

known as the regime of the near-field radiative heat transfer (NFRHT), 

the amount of heat transfer can be several orders of magnitude greater 

than Planck’s blackbody limit [2–7]. Therefore, the NFRHT has 

attracted considerable interest in advanced applications of thermal 

management [8,9], radiative cooling [10,11], nanogap near-field 

thermophotovoltaics [12], and heat-assisted magnetic recording 

[13,14]. 

The thermal energy transported by the coupling between the 

electromagnetic waves of the heating object and the phonons or 

plasmons of the cooling object in the regime of NFRHT, has been 

explored using the fluctuating electrodynamics theory [15] and 

experiments [16–18]. In the regime of D < 10-7 m, the atomic 

Coulomb interaction between two polar nanoparticles dominates the 

NFRHT in the gap distance of 8–100 nm [19], while the phonons 

serve as effective thermal carriers between two objects separated by a 

nanometer vacuum gap [20–28]. In particular, phonon coupling in 

electric fields becomes significant in the transition regime from 

NFRHT to heat conduction. The existence of an extra tunnel for 

thermal energy transfer across a gap of 0–2.8 nm between two NaCl 

slabs was proposed due to phonon coupling induced by long-range 

Coulomb forces in the electric fields [29]. The acoustic phonons 

theoretically dominate the heat transfer across a gap of 1–5 nm 

between two Au surfaces applied a bias voltage of 0.6 V [30]. 

Furthermore, acoustic phonon transport has been experimentally 

observed in gaps ranging from 0–10 nm between a silicon tip and a 

platinum nano-heater under a bias voltage of 0.8 V [31]. However, 

clarifying the mechanism of the electric field assisted phonon 

transmission across a vacumm gap in this transition regime is still a 

challenging work. 

On the other hand, Casimir heat transfer induced by resonance in 

electromagnetic fields was proposed in the transition regime from 

NFRHT to heat conduction. The Casimir force was first introduced in 

1948 as a force acting between neutral objects based on quantum 

fluctuations of electromagnetic fields [32]. A local model of the 

dielectric function was applied to explain the phonon coupling 

mechanism induced by the Casimir force across a vacuum gap of D < 

10 nm between two dielectric solids [33]. The quantum fluctuation 

has been found to resonantly enhance the heat exchange between two 

Si3N4 membranes at D < 400 nm in an electromagnetic field [34]. 

However, the phonon heat transfer due to the thermal resonance 

induced by quasi-Casimir coupling has never been verified without an 

electromagnetic field. To this end, in this study, a quasi-Casimir 

coupling model is proposed for phonon heat transfer between two 

parallel solid walls separated by a sub-nanometer vacuum gap in the 

absence of an electromagnetic field. The phonon heat transfer is 

investigated in systems by performing a classical molecular dynamics 

(MD) simulation to verify the quasi-Casimir coupling model. 

Consequently, we evidence the phonon heat transfer induced by the 

intermolecular interactive force across the vacuum gap with 

significant interfacial resonance. 

 
2. Models and simulation method 

2.1. Physical model 

Consider two solid walls that consist of monoatomic molecules 

connected by springs, which correspond to the harmonic potential at 

heating and cooling walls, as illustrated in Fig. 2(a). The two solid 

walls are bonded with a quasi-Casimir coupling characterized by the 

spring coupling in a vacuum gap. This quasi-Casimir coupling acts as 

the channel for phonon transmission in the vacuum gap, which is 
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similar to acoustic phonon tunneling in an evanescent electric field, 

thus providing an additional channel to enhance thermal energy 

transfer across the vacuum gap [29]. A constant heat flux q passes 

through the vacuum gap with thermal conductance G from the 

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

the cooling wall at a low temperature TCi. 

2.2. MD simulation method 

The MD technique [37–40] was applied to simulate thermal energy 

transport across the sub-nanometer vacuum gap between the heating 

wall (red wall heated by a thermostat layer of 120–300 K) and the 

cooling wall (blue wall cooled by a thermostat layer of 100 K). The 

velocity scaling method was used to maintain the temperatures of the 

heating and cooling thermostats [41]. The two parallel solid walls 

were separated by a gap distance D of 0–0.784 nm (0–2a), where a 

denotes the lattice constant of platinum and is equivalent to 0.392 nm 

[42], as shown in Fig. 2(b). As D decreases, the strength of the 

intermolecular interactions between two solid walls in vacuum 

increases, which induces the quasi-Casimir coupling with high 

thermal energy transport, as will be described in Section 3. 

The dimensions of the simulation cell are Lx = 5.552 nm, Ly = 
3.847 nm, and Lz = 1.813–2.597 nm. Each solid wall consists of four 

layers of atoms that are settled as <111>-oriented face-centered cubic 
lattices. The solid walls are presumed to be composed of 2,560 
platinum atoms. Periodic boundary conditions are employed along the 
x- and y-directions. The solid–solid interaction is expressed by the 
Lennard–Jones potential as follows: 

 
( )
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ij ij

r
r r
 

 
    
 = −           

, (1) 

where the length parameter  = 2.475 Å and the energy parameter 
208.35 10 −=  J for the potential well depth of Pt–Pt to model the 

atomic vibration at the lattice. All of the simulations are implemented 
with a time step of 5 fs and a cut-off radius of 5 selected for the 
spherically truncated and shifted potential. The equations of motion 
are integrated using the velocity Verlet algorithm. 

The equilibrium system at 100 K is simulated after achieving a 
steady state from the initial state for 5 ns. Subsequently, the non-
equilibrium molecular dynamics (NEMD) simulation is performed 
from the equilibrium state to the steady state for 50 ns. In all of the 
NEMD simulations, the cumulative input and output energies EH and 

EC in the heating (120–300 K) and cooling (100 K) thermostats, 
respectively, are monitored. After the system achieves a steady state 
with constant heat flow ( 0E  ), an extra un-steady NEMD 
simulation is conducted by switching off the cooling thermostat but 

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. 

 

Fig. 1. Scale of a vacuum gap dominates the heat transfer mechanism between two objects. 



  

 

operating the heating thermostat for 5 ns. The transient thermal 
behaviors are discussed in Section 3.1. Further data analyses for the 
steady NEMD simulations are described in the next section. 
 

2.3. Computational details 

The simulation system is divided into eight bins along both the x- 
and z-directions to obtain the temperature profile in the steady state 
for 5 ns. The local temperature T of each bin can be calculated as 
follows: 
 ( )

3 2

,
1 1

1 2 1
3 2

N

n i i
n iB

T m v v
N k= =

= −  , (2) 

where N is the particle number in the bin, kB is the Boltzmann constant, 
m is the mass of the solid atom, vn,i is the velocity of atom n in the i 
(=x, y, z) direction, and iv  is the mean velocity of the solid atoms in 
the bin. 

The heat flux passing through the system is acquired from the mean 
value over the last 15 ns within a 50 ns time window. The heat flux is  
 1 Eq

A t


= 


, (3) 

where A is the cross-sectional area of the xy-plane, /E t   is the rate 
of heat transfer in the heating or cooling thermostat, and E is the 
cumulative energy of the heating (EH) or cooling (EC) thermostat. The 
thermal conductance between the two solid walls is calculated as 
 

Hi Ci

qG
T T

=
−

. (4) 

The atomic vibrational displacements and frequencies are measured 
using a wave graph to observe the vibrational properties of the atoms 
at the positions (A2, A3, A4 and B2, B3, B4) shown in Fig. 3. The 
wave graphs are obtained by outputting the positions of the atoms 
from the MD simulation data of 10,000 time steps and conducting 
signal processing [43]. The equilibrium position of the atoms in the z-
direction is calculated by: 

 
0

,
0

1 ft

i t
tf

z z
t t

=
−

 , (5) 

where zi,t is the position of atom i at time t, and atom i is located at the 
center of each solid layer; t0 is the initial time at which the data output 
begins, and tf is the long finite time for 10,000 time steps. The original 
vibrational displacements of atom i are calculated as 

, ,i t i tz z z = − . 
Then, we calculate the Fourier transform of the original vibrational 
displacements to obtain the distribution of signal power in the 
frequency domain (power spectrum). The dominant frequency band is 
selected to perform signal filtering on the original vibrational 
displacements and obtain the regular wave graphs. The peak 
amplitude and frequency are determined from the wave graphs. 

The velocities of all the atoms in the interfacial layers obtained 
from the MD simulation data of 10,000 time steps, are used to 
calculate the vibrational density of states (VDOS) [44,45] of the 
interfacial layers by the Fourier transform of the velocity 
autocorrelation function 
 ( ) ( ) ( )

0
0 i tVDOS v t v e dt


−=  . (6) 

Here,  is the angular frequency and v(t) is the atomic velocity at time 
t. 

The simulation system is divided into eight bins along both the x- 
and z-directions to calculate the average local heat flux by Irving–
Kirkwood (I–K) method of each layer. The components of thermal 
energy are calculated to estimate the effective energy of heat transfer 
across a vacuum gap along the z-direction by using the I–K equation 
[46, 47], 

( ), , ,
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where Jk and Jp represent the energies transported by the molecules 
with kinetic and potential energy, respectively, and Ji represents the 
intermolecular energy transfer. V is the volume of the solid layer, Eik 
is the kinetic energy of molecule i, i is the potential energy of 
molecule i, vz,i is the velocity component of molecule i along the z-
direction, Fij is the intermolecular force between molecules i and j, vj 
is the velocity of molecule j, and rz,ij is the distance between molecules 
i and j along the z-direction. 
 
3. Results and discussion 

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. 

 



  

 

3.1. Transient thermal behavior in non-steady state 

Since the temperature differences between the heating and cooling 

walls in the steady NEMD simulations can be maintained if the 

vacuum gap acts as the thermal insulation, we conducted the non-

steady NEMD simulations to confirm if thermal energy can be 

transported from the heating wall to the cooling wall across the 

vacuum gap. The transient thermal behavior of the system is 

investigated based on the time history of the temperatures at the 

interfacial layers. The temperatures shown in Fig. 4 are obtained in 

the non-steady NEMD simulations by operating the heating 

thermostat but switching off the cooling thermostat. The temperature 

difference between the interfacial layers of the heating and cooling 

walls separated by D = 0.5a is eliminated after a certain period of time 

within 5 ns, thus demonstrating the occurrence of thermalization 

between the two solid walls. This phenomenon indicates that energy 

must be transferred from the heating wall to the cooling wall across a 

vacuum gap, even for the Lennard–Jones atoms, in the absence of an 

electromagnetic field. The heat transfer between the two walls is 

enhanced with an increment in the temperature difference between 

thermostats T at D = 0.5a, as shown in Figs. 4(a)–(c); while 

diminishes with an increase in D at T = 100 K as shown in Figs. 

4(c)–(e), owing to the weakened interaction between the two 

interfacial layers. 

 

3.2. Temperature profiles in steady state 

The temperature profiles shown in Fig. 5 are obtained under the 

operation of the simultaneous heating and cooling thermostats after 

the NEMD system achieves a steady state, where the solid lines are 

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

temperature difference between the two thermostats (T = 20 K). In 

the case of D = 0, as shown in Fig. 5(a), a continuum temperature 

distribution is obtained from the cooling thermostat to the thermostat 

free layers, while a temperature jump is found between the heating 

thermostat and the neighboring thermostat free layer. This 

temperature jump is caused by the phonon mismatch between the 

thermostat and thermostat free layer owing to the dynamic rescaling 

of the thermostat [48,49]. Increasing D from 0.5a to 2a (T = 20 K), 

as shown in Figs. 5(b)–(e), the temperature distributes continuously in 

the inner layers, while discontinuously at the interfacial layers. The 

temperature jump at the interfacial layers (THi - TCi) is nearly identical 

to T and independent of the gap distance D. In the case of D = 0.5a, 

as shown in Fig. 5(f), the temperature gradient of heating wall is 

nearly same as that of cooling wall, and THi - TCi gets larger with an 

increment in T, showing the enhanced thermal energy exchange 

between the two solid walls. 

 

 

3.3. Net heat flux and thermal conductance 

In the steady state of the NEMD simulation, the net heat flux and 

thermal conductance are obtained by conducting data sampling over a 

period of 15 ns. The net heat flux and thermal conductance in the sub-

nanometer gap are approximately three to six orders of magnitude 

larger than that of blackbody radiation as a function of D, as shown in 

Figs. 6(a) and (b). These results give evidence of the existence of 

another heat transfer mode between the regimes of thermal radiation 

and heat conduction. This exponential heat transfer enhancement 

occurs owing to the strengthened intermolecular interaction between 

the two solid walls as D decreases. The heat flux and thermal 

conductance in the case of D = 0 are larger than those for other cases 

of D due to the heat conduction in solid objects. Furthermore, the heat 

flux enhances with an increment in T, while T does not notably 

influence the thermal conductance, as shown in Figs. 6(c) and (d). 

 

3.4. Thermal resonance induced by quasi-Casimir coupling 

To understand the mechanism of heat transfer enhancement with 

decreasing D, as shown in Fig. 6, we analyzed the atomic vibrational 

characteristics in a steady NEMD state under a constant T of 20 K. 

For D = 0.5a, the peak amplitudes of the interfacial atoms (A4 at the 

heating wall, B4 at the cooling wall) are significantly larger than those 

of the atoms (A2, A3, B2, B3) in the inner layers, as shown in Figs. 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. 

 



  

 

(b) and (e) and summarized in Table 1. Meanwhile, the vibrational 

frequencies of the interfacial atoms (A4, B4) are smaller than those of 

the inner layer atoms, as listed in Table 1. These deviations are 

unremarkable when D = 2a, as shown in Figs. 7(c) and (f), while the 

peak amplitudes and frequencies of the inner layer atoms at D = 0 are 

similar, as shown in Figs. 7(a) and (d). That is, when D is sufficiently 

small (several atomic diameters), the interfacial atoms are subjected 

to strong molecular interactions across the vacuum gap, which results 

in the thermal resonance induced by quasi-Casimir coupling. This 

aspect can be proved by the perfectly overlapped vibrational 

displacements of the interfacial atoms A4 and B4 separated by the 

vacuum gap in Figs. 8(b) and (c), which show vibration behaviors 

similar to those of the inner layer atoms in the solid wall shown in Fig. 

8(a). Therefore, the VDOSs based on the Fourier transform of the 

atomic velocity autocorrelation function [44,45] of solid layer 4 are 

consistent with those of layer 5, as shown in Figs. 8(d)–(f). Compared 

to the peaks of the VDOSs of the inner layers in the solid (D = 0), 

those of the interfacial layers (D = 0.5a or 2a) are shifted toward the 

left of the low-frequency band. That is, the heat transfer across the 

sub-nanometer vacuum gap between the solid walls exhibits a trend 

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

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

phonon coupling at the interfacial layers leads to the resonant 

excitation peaks of the VDOSs in the frequency band coinciding with 

the vibrational frequencies of the interfacial atoms A4 and B4, as 

summarized in Table 1. These results indicate that the gap distance D 

is the dominant factor governing the near-field heat transfer induced 

by the quasi-Casimir coupling. 

 

Table 1 
Effects of D on the peak amplitudes and frequencies of atoms in the 
interfacial and inner layers at constant T = 20 K. 

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. 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). 

 



  

 

 

3.5. Local heat flux by Irving–Kirkwood method 

For the estimation of the local thermal properties in the heat 
exchange between two solid walls from an atomic perspective, a 
stable local heat flux distribution is established through data sampling 
for more than 50 ns by using the I-K method [46,47], as shown in Fig. 
9. The blue dashed lines represent the net heat flux of the system 
obtained from the energy balance of the two thermostats, the open 
circles are the local heat flux of each layer, and the black solid lines 
are guide for the eye. The component contributions of the heat transfer 

enhancement induced by the quasi-Casimir coupling are analyzed, as 

shown in Fig. 10. The local heat flux Jq of each solid layer is 

composed of four components, namely Jk, Jp, Jis, and Jio 

corresponding to the kinetic energy, potential energy, self-wall 

molecular interaction, and other wall molecular interaction, 

respectively. 

When D = 0, Jq is distributed uniformly and gets larger as T 

increases, as shown in Figs. 9(a)–(e). Jq satisfies the energy 

conservation law, which is equivalent to the net heat flux q obtained 

from the energy balance of the two thermostats. Clearly, the local heat 

flux components Jis and Jio dominate the thermal energy transport in 

the solid, and Jk and Jp are negligible, as shown in Figs. 10(a)–(c). 

Here, Jis and Jio contribute equally at inner layers 4 and 5. When D = 

0.5a (i.e., interfacial quasi-Casimir coupling), the apparent local heat 

flux increases singularly at the interfacial layers, whereas it is 

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. 
 

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. 

 



  

 

distributed uniformly at the inner layers, corresponding to q, as shown 

in Figs. 9(f)–(j). The apparent local heat flux at the interfacial layers 

enhances singularly, accompanied by considerable thermal resonance 

induced by quasi-Casimir coupling (see Figs. 7(b) and (e)). In Fig. 

10(d)–(f), the singular increments of the apparent local heat flux at the 

interfacial layers are contributed to the increments of Jio (orange) and 

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

exceeds the half of q, owing to the thermal resonance induced by the 

quasi-Casimir coupling. Additionally, the interfacial vibration energy 

increases under the thermal resonance, resulting in the increment of Jp 

at the interface. In other words, the singular increments of the apparent 

local heat flux at the interfacial layers can be regarded as the evidence 

of the quasi-Casimir coupling. 

 

4. Conclusion 
MD simulations were performed to investigate the phonon heat 

transfer across a vacuum gap induced by the quasi-Casimir force 

subjected to the Lennard–Jones atoms. We demonstrated that the heat 

exchange between two solid walls separated by a sub-nanometer 

vacuum gap increases exponentially as the gap distance decreases, 

following the law of energy conservation. The heat transfer 

enhancement is caused by the acoustic phonon transport across a 

vacuum gap, as a result of the strong thermal resonance induced by 

the quasi-Casimir coupling. This aspect is explained by the perfect 

overlap of the atomic vibrational displacements and VDOSs of the 

interfacial layers. Moreover, the apparent local heat flux, evaluated 

using the I–K method, increases singularly at the interfacial layers, 

while that at the inner layers is consistent with the net heat flux. This 

finding provides evidence of the strong thermal resonance at the two 

interfacial layers, induced by quasi-Casimir coupling. 

The phonon transport across a vacuum gap induced by quasi-

Casimir coupling, is a phenomenon independent of electrostatic 

interaction, electron cloud overlap, surface phonon polaritons and 

surface plasmon polaritons. This phenomenon is noticeably distinct 

from conventional heat conduction and thermal radiation, or the 
known NFRHT and Casimir heat transfer. The proposed quasi-

Casimir coupling model of heat transfer provides fundamental 

insights into nanoscale energy transport between the regimes of 

NFRHT and heat conduction. 
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Abstract 

In a vacuum nanogap, phonon heat transfer can be induced by 
quasi-Casimir coupling without electromagnetic fields. However, it is 
unknown whether phonons can be transmitted across a nanogap via 
solid-like liquid layers adsorbed on the superhydrophilic solid 
surfaces. Here, we elucidate that the phonon transmission across a 
nanogap can be induced by quasi-Casimir coupling via liquid layers 
using classical non-equilibrium molecular dynamics simulation. We 
firstly show that the quasi-Casimir coupling exists between interfacial 
solid–liquid or liquid–liquid layers. The thermal resonance between 
two liquid layers can be induced by the quasi-Casimir coupling, 
agitating the co-occurrence of the thermal resonance between 
interfacial solid layers, while liquid monolayer disturbs the resonance. 
On the occurrence of thermal resonance between liquid layers, larger 
heat flux and thermal gap conductance can be achieved, while the 
interfacial liquid layer limits the acoustic phonon transmission in the 
interfacial solid layers. The fundamental understanding of quasi-
Casimir heat transfer at the solid–liquid interface could pave the way 
for future nanoscale energy transport and thermal management. 

1 Introduction 

Near-field heat transfer (NFHT) has attracted considerable interest 
in modern nanoscale heat transfer. In the transition regime from heat 
conduction to NFHT, phonon transmission dominates the heat transfer 
mechanism between two objects and thus the scale of nanogap plays 
an important role in the NFHT. Thermal energy transport between two 
objects separated by a vacuum nanogap is several orders of magnitude 
larger than Planck’s blackbody limit,1–12 where phonons act as 
efficient thermal carriers.13–15 The phonon coupling in electric fields 
contributes to phonon transmission between two solids as gap distance 
D < 5 nm,16,17 while the quantum fluctuation in electromagnetic fields 
induces Casimir heat transfer between two Si3N4 membranes as D < 
400 nm.18 

In our previous study, a new heat transfer mechanism named quasi-
Casimir coupling induced phonon heat transfer has been proposed 
across a vacuum gap of D < 1 nm with the aid of molecular 
interactions between two solid walls.19 As thermal agitation of the 
wall atoms gives rise to phonons (atomic vibration), the wall surface 
undulates over time. When the two wall surfaces are in close 
proximity, both surfaces are subjected to a time-varying force owing 
to their interactions with the undulations of the surfaces. Thus, 
phonons are transmitted across the vacuum gap between the two walls. 
As a result, significant heat transfer enhancement between two 

parallel walls has been verified by narrowing the gap distance, 
achieving extremely high heat flux up to a magnitude of 1010 W/m2 
level. Our results revealed that thermal resonance can be induced by 
quasi-Casimir coupling between the interfacial solid layers, providing 
a phonon transmission channel across a vacuum gap in the transition 
regime from heat conduction to NFHT. 

Fig. 1 illustrates a schematic of quasi-Casimir heat transfer in a 
nanogap between two objects with liquid layers in the transition 
regime. Casimir heat transfer, as well as the quasi-Casimir heat 
transfer have been verified in a vacuum nanogap.18,19 Meanwhile, the 
presence of liquid in the nanogap is of certain importance to get a 
better understanding of the nanoscale heat transfer at the solid–liquid 
interface. 

The nanoscale heat transfer at the solid–liquid interface can be 
manipulated by the surface wettability,20–23 nanostructure,24–28 
surfactant adsorption,29–31 self-assembled monolayer,32–34 atomic 
surface terminations,35 nanoparticle,36 temperature,37,38 and liquid 
pressure.39,40 The ordered liquid layer adjacent to the solid surface can 
increase the thermal conductivity of interfacial liquid layers.24,41 In the 
case of a liquid monolayer firmly sandwiched by two solid walls, the 
thermal resistance becomes extremely low at the solid–liquid interface 
in comparison with the cases of multiple layers.42–44 Furthermore, the 
thermal resistance of liquid confined in parallel-aligned walls is lower 
than that in cross-aligned walls.44 Additionally, the gap distance can 
be the critical factor to determine the heat transfer in a nanogap 
between two objects in contact with liquid. As shown in Fig. 1, the 
molecular interactions between the adsorbed liquid layers on the 
superhydrophilic solid surfaces may contribute to the phonon heat 
transfer from heat conduction to quasi-Casimir heat transfer. 

However, whether the quasi-Casimir coupling can induce the 
phonon transmission across a nanogap via liquid layers, is still an open 
question. In this study, the classical non-equilibrium molecular 
dynamics (NEMD) simulations were carried out to examine the 
phonon heat transfer across a nanogap with liquid layer, with a focus 
on the quasi-Casimir coupling and thermal resonance. The liquid 
monolayer adsorbed on the cooling/heating surfaces, and two liquid 
layers adsorbed on both the cooling and heating surfaces were 
simulated to verify the possible quasi-Casimir coupling or thermal 
resonance. Consequently, we confirmed the existence of the quasi-
Casimir coupling between both the interfacial solid–liquid and liquid–
liquid layers. In spite of the thermal resonance at the interfacial solid 
layers, we also found that the interfacial liquid layers were subjected 
to the thermal resonance based on the wave analysis. In addition, the 
effects of the liquid layer on the vibrational density of state (VDOS), 
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thermal gap conductance and heat flux were clarified. Our results 
reveal that quasi-Casimir coupling at solid–liquid interface can induce 
thermal resonance of liquid layers in a nanogap. 

2 Simulation methods 

The NEMD method45–51 was utilized to simulate the phonon heat 
transfer across a nanogap including the liquid layers between the 
heating wall (red) and the cooling wall (blue), as shown in Fig. 2. The 
dimensions of the computational domain were Lx = 5.552 nm, Ly = 
3.847 nm, and Lz = 2.206–4.165 nm. The two parallel solid walls were 
separated by a distance D of 0.392–2.352 nm (1a–6a, where a is the 
lattice constant of platinum 0.392 nm52). Each solid wall was 
composed of four layers of 1280 platinum atoms in face-centered 
cubic lattices and its <111> crystal plane faced to the nanogap. The 
Lennard-Jones (LJ) liquid of 190–380 argon atoms was confined in 
the nanogap between the two solid walls, resulting in a smaller 
distance d of 0–2.057 nm than D. The maximum atom number for the 
liquid monolayer adsorbed on the solid surface was approximate to 
190, as shown in Fig. 2(b) and (d). The outermost layers of the heating 
and cooling walls were maintained at the constant temperature of 120 
K and 100 K, respectively, using the velocity scaling method.53 
Periodic boundary conditions were utilized along the x- and y-
directions. 

The molecular interactions were modeled by the LJ potential as 
follows: 

 , (1) 

where rij is the distance between two atoms i and j,  is the length 
parameter, and  is the energy parameter. The parameters are 

 ,  for the liquid–liquid interaction 

of argon, and  ,   for the 

solid–solid interaction of platinum. For the solid–liquid interaction 
between argon and platinum, the empirical approximations 

, and 
sl l s 7 l   =   were utilized based on the 

Lorentz-Berthelot combining rule54,55 to form the adsorbed liquid 

layer on the solid surface. The adsorbed layer of liquid differs from 
the bulk liquid, showing solid-like behavior. The contact angle of an 
argon droplet on a platinum surface has been found to be zero, 
representing a superhydrophilic solid surface.23,47 Additional 
simulations with  and  were conducted to confirm 
the quasi-Casimir coupling between the adsorbed liquid layers at 
solid–liquid interfaces in section 3.2. 

All the simulations were carried out with a cut-off radius of 1.703 
nm (5l) chosen for the spherically truncated and shifted potential. 
The velocity Verlet algorithm was utilized to integrate the equations 
of motion with a time step of 5 fs. The systems were initially 
equilibrated at 100 K after achieving a steady state for 5 ns. 
Subsequently, all NEMD simulations were conducted to reach the 
steady state for 50 ns with constant heat flow ( ) by 
monitoring the cumulative input and output energies EH and EC in the 
heating (120 K) and cooling (100 K) thermostats. 

The data sampling was carried out for 5 ns to calculate the 
temperature of each solid and liquid layer in the steady state. The heat 
flux passing through the system was acquired using the mean value 
for the last 15 ns within a 50 ns time window. The heat flux is
 , (2) 

where A is the cross-sectional area of the x-y plane,  is the 
heat transfer rate in the heating or cooling thermostat, and E is the 
cumulative energy of the heating (EH) or cooling (EC) thermostat. The 
thermal gap conductance between the interfacial layers can be 
calculated as 

 , (3) 

where THi is the temperature of the heating interfacial solid layer (THis) 
or liquid layer (THil), and TCi is the temperature of the cooling 
interfacial solid layer (TCis) or liquid layer (TCil), as shown in Fig. 2(e). 

To evaluate the atomic vibrational characteristics, the atomic 
vibrational displacements and frequencies were analyzed using the 
wave graph. The signal analysis of the atomic positions from the 
NEMD simulation data for 20,000 time steps was conducted to obtain 
the wave graphs.56 The equilibrium position of the atoms in the z-
direction is 
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Fig. 1 A schematic of quasi-Casimir heat transfer in a nanogap between two objects with liquid layer in the transition regime from 
heat conduction to NFHT. 



   

 

 , (4) 

where zi,t is the position of atom i at time t in the z-direction, and atom 
i is located at the center of each solid and liquid layer; t0 is the initial 
time at which the data output begins, and tf is the long finite time for 
20,000 time steps. The original vibrational displacements of atom i 
can be obtained from . Then, the Fourier transform of 

the original vibrational displacements was used to analyze the 
distribution of signal power in the frequency domain (power 
spectrum). To reduce the noise from the original vibrational 
displacements, the dominant frequency band was selected to conduct 
signal filtering. Therefore, the regular wave graphs can be plotted as 
the time history of the displacement for the specific atoms. The peak 
amplitude and frequency were determined from the wave graphs. The 
locations of the specific atoms for signal analysis are illustrated in Fig. 
2, where A2, A3 and A4 are the center atoms in the solid layers of the 
heating wall, B2, B3 and B4 are the center atoms in the solid layers of 
the cooling wall, LH and LC are the center atoms in the interfacial 
liquid layers neighboring to A4 and B4, respectively. 

The VDOS57–59 of the interfacial layer was calculated using the 
velocities of all the atoms at the interfacial solid and liquid layers by 
the Fourier transform of the velocity autocorrelation function during 
a period of 20,000 time steps: 

 , (5) 

where  is the angular frequency, and v(t) is the atomic velocity at 
time t. 

3 Results and discussion 

3.1 Quasi-Casimir coupling via a liquid monolayer 

We have demonstrated that the thermal resonance was induced by 
the quasi-Casimir coupling across a vacuum gap between the two 
interfacial solid layers.19 In this section, we discuss the atomic 
vibrational characteristics when two solid walls are separated by a 
nanogap with a liquid monolayer. 

f
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Fig. 2 NEMD simulation system and atomic positions located at the center of interfacial and inner layers for analyzing the atomic 
vibrational characteristics. (a) Thermal energy transport between two parallel solid walls separated by a nanogap including solid-like liquid 
layers; (b) atom LC at interfacial liquid layer C in the A–A directional view; (c) front view (x-z plane); (d) atom LH at liquid layer H in 
the B–B directional view; (e) atoms A2, A3, A4 and B2, B3, B4 at the solid layers as well as atoms LH and LC at the liquid layers in the 
C–C directional enlarged view. 



   

 

To begin with, a firmly connected solid–liquid–solid system is 
compared with a system of a vacuum gap between two solids at D = 
1a. The left side of Fig. 3 shows the snapshots of the simulated 
systems. For the solid–liquid–solid system, as shown in Fig. 3(a) and 
(b), the peak amplitudes of the atom LC/LH in the liquid monolayer 
(green) are larger than those of the solid atoms, while the interfacial 
solid atoms A4 (red) and B4 (blue) are in harmony with the liquid 
atom LC/LH. Comparing with the inner solid atoms (A2, A3, B2, B3), 
the interfacial solid atom vibrates with a larger amplitude but a lower 
frequency. This phenomenon is more significant in the case of the 
liquid monolayer than that of a vacuum gap (without liquid 
monolayer) as shown in Fig. 3(c) and (d). As demonstrated in our 
previous study,19 owing to the presence of two interfaces separated by 
a vacuum gap, the quasi-Casimir coupling stimulated the interfacial 
undulations and thus induced the thermal resonance through 
molecular interaction (see Fig. 3(g)). Similarly, in Fig. 3(e), the 
thermal resonance can be confirmed by the perfect overlapped 
vibrational displacements of the atoms A4, B4. However, this thermal 
resonance is induced by quasi-Casimir coupling between two 
interfacial solid layers across a liquid monolayer instead of the 
vacuum gap. Accordingly, the VDOSs of solid layer 4 completely 
match those of layer 5 in Fig. 3(f) and (h), where the peaks correspond 
to the vibrational frequencies of A4, B4 (see Table 1). Nevertheless, 

the VDOSs of the liquid monolayer (layer C/H) mismatch with those 
of the solid layers, and the vibrational frequency of LC/LH is much 
smaller than that of the solid atoms. Although the thermal resonance 
occurs in the simulation systems with liquid monolayer, the interfacial 
solid layers with the liquid monolayer are subjected to a stronger 
surface undulation. That is, the liquid monolayer enhances the thermal 
resonance between the interfacial solid layers. 
 
3.1.1 Liquid monolayer adsorbed on the cooling solid surface 

To verify the quasi-Casimir coupling between the interfacial solid 
and liquid layers separated by a nanogap, we analyzed the atomic 
vibrational characteristics when the liquid monolayer was adsorbed 
on the cooling solid surface. The snapshots of the simulated systems 
with different gap distances D are shown on the left side of Fig. 4. In 
the case of D = 1.5a, the interfacial liquid atom LC vibrates with a 
higher peak amplitude than the solid atoms, as shown in Fig. 4(a) and 
(b). This difference diminishes at D = 2a and almost disappears at D 
= 6a, owing to the weaker molecular interactions between the 
interfacial solid and liquid atoms (see Fig. 4(c)–(f)). Meanwhile, the 
peak amplitudes of the interfacial solid atoms A4, B4 are larger than 
those of the inner solid atoms at D = 1.5a and 2a, but nearly identical 
at D = 6a. From Fig. 4(g), (i) and (k), the liquid monolayer disturbs 
the thermal resonance on account of the completely different atomic 

Table 1 The peak amplitudes and frequencies of atoms in the inner solid layers as well as interfacial solid and liquid layers. 

D / d (nm) Ar atoms A2 A3  B2 B3 B4 LH LC 
Peak amplitude (pm) 
0.392 / 0.392 0 1.006 1.077 1.380 0.844 0.812 1.363 – – 
0.392 / 0.000 190 1.100 0.955 2.031 0.944 0.890 1.930 2.474 – 
0.588 / 0.293 190 (C) 0.925 0.992 1.562 0.932 1.064 1.267 – 3.152 
0.588 / 0.293 190 (H) 1.093 0.924 1.756 1.093 0.956 1.738 3.802 – 
0.588 / 0.000 380 1.012 0.909 1.818 0.996 0.975 1.806 3.122 3.033 
0.784 / 0.489 190 (C) 1.071 0.921 1.328 1.006 0.969 1.015 – 2.032 
0.784 / 0.489 190 (H) 1.065 0.943 1.555 1.058 1.031 1.356 2.050 – 
0.784 / 0.193 380 0.985 0.959 1.576 0.938 0.986 1.595 4.249 4.077 
2.352 / 2.057 190 (C) 0.977 1.015 1.061 0.961 0.970 1.085 – 1.185 
2.352 / 2.057 190 (H) 0.983 1.067 1.070 0.955 0.963 1.032 1.250 – 
2.352 / 1.761 380 0.971 0.923 1.070 1.066 1.029 0.932 1.285 1.131 
Frequency f (THz) 
0.392 / 0.392 0 4.673 4.157 3.242 3.982 4.159 3.236 – – 
0.392 / 0.000 190 4.607 4.247 3.325 3.976 4.236 3.322 1.345 – 
0.588 / 0.293 190 (C) 4.547 4.171 3.310 4.061 3.832 3.474 – 2.358 
0.588 / 0.293 190 (H) 4.597 4.236 3.525 4.375 4.160 3.394 2.424 – 
0.588 / 0.000 380 4.618 4.304 3.261 4.270 4.136 3.250 2.768 2.769 
0.784 / 0.489 190 (C) 4.376 4.246 3.302 4.077 4.281 3.462 – 2.313 
0.784 / 0.489 190 (H) 4.388 4.284 3.539 4.248 4.154 3.348 2.384 – 
0.784 / 0.193 380 4.587 4.254 3.515 4.037 4.221 3.510 2.668 2.668 
2.352 / 2.057 190 (C) 4.379 4.173 3.178 4.002 4.280 3.442 – 2.163 
2.352 / 2.057 190 (H) 4.323 4.058 3.215 4.233 4.149 3.149 2.168 – 
2.352 / 1.761 380 4.134 4.220 3.165 4.079 4.181 2.765 2.374 2.125 

 



   

 

vibrational displacements. The vibrational frequency of the atom LC 
is lower than that of the solid atoms as listed in Table 1. Therefore, 
the obvious phonon mismatches were observed in the VDOSs of solid 
layers 4, 5 and liquid layer C, as depicted in Fig. 4(h), (j) and (l). 
Although the peaks of the VDOSs for the interfacial solid layers 
separated by the vacuum gap overlap well (see Fig. 3(h)), those for 
the cooling interfacial solid layer 5 decrease significantly due to the 
presence of the adsorbed liquid layer. That is, the liquid layer limits 
the peak of the VDOS at the cooling interfacial solid layer and thus 
suppresses the acoustic phonon transmission. Nevertheless, these 
results verify the existence of the quasi-Casimir coupling between the 
liquid monolayer adsorbed on the cooling surface and the interfacial 
solid layer. 
 
3.1.2 Liquid monolayer adsorbed on the heating solid surface 

The snapshots of the simulated systems for the liquid monolayer 
adsorbed on the heating solid surface are shown on the left side of Fig. 
5. Coinciding with section 3.1.1, the vibrational displacements of the 
interfacial solid and liquid atoms increase with a decrease of the gap 
distance, owing to the enhanced quasi-Casimir coupling. Interestingly, 
the peak amplitudes and vibrational frequencies of the interfacial solid 

and liquid atoms in the cases of D = 1.5a are larger than those shown 
in Fig. 4. Several liquid atoms are excluded from the adsorbed liquid 
layer on the heating solid surface in the case of D = 1.5a. Unlike the 
interfacial solid layers 4 and 5 separated by the vacuum gap (see Fig. 
3(h)), the peaks of the VDOSs for the heating interfacial solid layer 4 
decrease significantly due to the presence of the adsorbed liquid layer. 
Similar to section 3.1.1, the liquid layer limits the peak of the VDOS 
at the adjacent interfacial solid layer and thus reduces the acoustic 
phonon transmission through the adjacent solid layer. 
 
3.2 Thermal resonance induced by quasi-Casimir coupling 
between two liquid layers 
The effect of the liquid monolayer on the phonon transmission has 
been clarified in section 3.1, subsequently, those of two liquid layers 
adsorbed on both the heating and cooling solid surfaces are discussed 
hereafter. The snapshots of the simulated systems including two liquid 
layers are shown on the left side of Fig. 6. In the case of D = 2a, the 
peak amplitudes of interfacial liquid atoms LH (yellow) and LC 
(green) are significantly larger than those of the solid atoms, while 
this difference decreases at D = 1.5a and becomes insignificant at D 
= 6a, as shown in Fig. 6(a)–(f). In accord with section 3.1, the 
undulations of the interfacial liquid layers are strengthened as a result 

Fig. 3 Atomic vibrational displacements of specific atoms at (a) solid layers in cooling wall and liquid monolayer, (b) solid layers in 
heating wall and liquid monolayer, for a firmly connected solid–liquid–solid system; (c) solid layers in cooling wall, (d) solid layers in 
heating wall, for a solid–vacuum–solid system. Atomic vibrational displacement of specific atoms and VDOSs at interfacial solid layers 
and liquid monolayer for (e–f) a firmly connected solid–liquid–solid system, (g–h) a solid–vacuum–solid system. 



   

 

of the increased molecular interactions with decreasing D. Thus, the 
quasi-Casimir coupling can exist between two interfacial liquid layers 
H and C. Meanwhile, the interfacial solid atoms A4 (red) and B4 
(blue) vibrate with larger peak amplitude at D = 1.5a and 2a than D = 
6a. Additionally, in the cases of D = 1.5a and 2a, the thermal 
resonance occurs between the interfacial solid layers 4 and 5 as well 
as liquid layers H and C, respectively, which is evidenced by the 
perfect overlapped vibrational displacements of the atoms A4–B4 and 

LH–LC (see Fig. 6(g) and (i)). Similar to the interfacial solid layers, 
the VDOSs of liquid layers completely match each other, even though 
the adsorbed liquid layers limit the peaks of the VDOSs in the 
interfacial solid layers and suppress the acoustic phonon transmission 
(see Fig. 6(h) and (j)). However, the thermal resonance disappears in 
the case of D = 6a shown in Fig. 6(k) and (l). It is worth noting that 
the thermal resonance between two liquid layers agitates the co-
occurrence of the thermal resonance between interfacial solid layers. 

Fig. 4 Atomic vibrational displacements of specific atoms in the heating and cooling walls as well as the liquid monolayer adsorbed on 
the cooling solid surface at varying gap distance (a–b) D = 1.5a, (c–d) D = 2a and (e–f) D = 6a. Atomic vibrational displacement of 
specific atoms and VDOSs at interfacial solid layers and liquid monolayer adsorbed on the cooling solid surface at (g–h) D = 1.5a, (i–j) 
D = 2a and (k–l) D = 6a. 



   

 

These results demonstrate that the quasi-Casimir coupling at the 
solid–liquid interface can induce the thermal resonance between 
liquid layers in a nanogap. 
Similar results can be found in Fig. 7, where  5.6 and 3.5 at 
D = 2a. Coinciding with the case of  7, the quasi-Casimir 
coupling are verified between two interfacial liquid layers H and C 
(Fig. 7(a)–(d)). In Fig. 7(e)–(h), thermal resonance between the 
interfacial solid layers 4 and 5 occurs as well as that between liquid 
layers H and C, while decreasing  results in an increasing in the 

atomic vibrational displacements. That is, when the stable liquid 
layers are adsorbed on the solid surfaces, sl is not the key factor for 
the quasi-Casimir heat transfer and thermal resonance via adsorbed 
liquid layers. 

3.3 Thermal energy transport across a nanogap 

For the reason that both heating and cooling surfaces are subjected to 
the quasi-Casimir coupling induced by molecular interactions, the 

sl l/  

sl l/  

sl

Fig. 5 Atomic vibrational displacements of specific atoms in the heating and cooling walls as well as the liquid monolayer adsorbed on 
the heating solid surface at varying gap distance (a–b) D = 1.5a, (c–d) D = 2a and (e–f) D = 6a. Atomic vibrational displacement of specific 
atoms and VDOSs at interfacial solid layers and liquid monolayer adsorbed on the heating solid surface at (g–h) D = 1.5a, (i–j) D = 2a 
and (k–l) D = 6a. 



   

 

thermal energy transports from the heating object to the cooling one 
with the surface undulations. Accordingly, the net heat flux q of the 
system and thermal gap conductance G between the interfacial layers 
(see Fig. 2(e)) were obtained by performing the data sampling over 15 
ns to investigate the gap-dependent thermal energy transport. 
Due to the strengthened molecular interactions between the interfacial 
solid and liquid atoms, q and G exponentially increase with decreasing 
D (see Fig. 8(a), (b) and Table 2). Larger q and G acquired in the cases 
of the liquid layers adsorbed onto the solid surfaces, comparing with 
the cases of the vacuum gap (circle dots). Surprisingly, one to three 

orders of magnitude enhancement in q and G (red dots) is achieved 
under the thermal resonance between the two liquid layers. 
Additionally, q and G for the liquid monolayer adsorbed on the 
heating solid surface (blue dots) are larger than those on the cooling 
solid surface (green dots) at D = 0.588 nm. The root reason for this 
deviation attributes to the stronger vibration of the interfacial atoms at 
the heating surface than that at the cooling surface. For reference, on 
the basis of an alternative gap distance d between the interfacial solid–
liquid or liquid–liquid layers for x-axis, q and G are lower than those 
in the cases of the vacuum gap shown in Fig. 7(c) and (d). This is 

Fig. 6 Atomic vibrational displacements of specific atoms in the heating and cooling walls as well as the liquid layers adsorbed on the 
cooling and heating solid surfaces at varying gap distance (a–b) D = 1.5a, (c–d) D = 2a and (e–f) D = 6a. Atomic vibrational displacements 
of specific atoms and VDOSs at interfacial solid layers and liquid monolayer adsorbed on the cooling and heating solid surfaces at (g–h) 
D = 1.5a, (i–j) D = 2a and (k–l) D = 6a. 



   

 

because that the quasi-Casimir coupling between the interfacial 
liquid–liquid or solid–liquid layers is weaker than that between the 
interfacial solid–solid layers at the same d. It is notable that q and G 
with two liquid layers (red dots at D = 0.588 nm, d = 0) is greater than 
those with liquid monolayer (green/blue dots at D = 0.392 nm, d = 0). 
Due to the simultaneous existence of quasi-Casimir coupling and 
thermal resonance in nanoscale heat conduction, q and G at d = 0 raise 
considerably compared with those at d > 0. Nevertheless, for a given 
D in molecular scale, the liquid layer still can contribute to the thermal 
energy transport in the absence of thermal resonance and thus 
enhances NFHT. Consequently, the quasi-Casimir coupling at the 
solid–liquid interface is verified as an additional channel for phonon 
heat transfer across a nanogap. 
 

Conclusions 

NEMD simulations were carried out to study the phonon heat 
transfer across a nanogap induced by the quasi-Casimir coupling 
between interfacial layers of solid–liquid or liquid–liquid. The 

liquid monolayer adsorbed over the cooling/heating surface, and 
two liquid layers adsorbed over both the cooling and heating 
surfaces were focused on to clarify the effect of liquid layer on 
phonon transmission across a nanogap. The following 
conclusions have been drawn. 
(1) The quasi-Casimir coupling exists at the solid–liquid 
interface, not only between solid–liquid but also between liquid–
liquid layers. 
(2) The thermal resonance between the two liquid layers can 
be induced by the quasi-Casimir coupling, agitating the co-
occurrence of the thermal resonance between the interfacial solid 
layers. In contrast, liquid monolayer disturbs the thermal 
resonance between the interfacial solid layers. 
(3) Owing to the thermal resonance between two liquid layers, 
heat flux and thermal conductance across the nanogap increase 
one to three orders of magnitude compared with those across the 
vacuum gap. Meanwhile, the liquid layer limits the acoustic 
phonon transmission in the interfacial solid layers. 

 
 

Fig. 7 Atomic vibrational displacements of specific atoms in the heating and cooling walls as well as the liquid layers adsorbed on the 
cooling and heating solid surfaces at varying energy parameters sl: (a–b) 

sl l5.6  ; (c–d) 
sl l3.5  . Atomic vibrational displacements 

of specific atoms and VDOSs at interfacial solid layers and liquid monolayers adsorbed on the cooling and heating solid surfaces at varying 
energy parameters sl: (e–f) 

sl l5.6  ; (g–h) 
sl l3.5  . 



   

 

(4) The heat flux and thermal gap conductance exponentially 
increase with decreasing gap distance with the aid of liquid layer, 
evidencing the significance of quasi-Casimir heat transfer in 
NFHT. 

In the present study, we verified that the acoustic phonons can 
be transmitted across a nanogap via adsorbed liquid layer, 
attributing to the quasi-Casimir coupling and thermal resonance 
under strong molecular interaction between liquid and solid. 
However, no guarantee can be provided to the same phenomena 

under the weak molecular interaction between liquid and solid, 
in particular, where the stable adsorbed liquid layer is not 
available. Therefore, future work is expected to explore the 
effects of the weak molecular interaction (e.g. surface 
hydrophobicity) on the quasi-Casimir phonon heat transfer 
across a nanogap. The understanding of the quasi-Casimir heat 
transfer mechanism shall open a new window to optimize NFHT 
for nanoscale thermal management. 

 

 

Fig. 8 Heat flux and thermal gap conductance versus gap distance (a–b) D between the interfacial solid layers, (c–d) d between the interfacial 
solid–liquid or liquid–liquid layers. The dashed line is a guide forc the eyes. 

Table 2 Simulation results obtained at different gap distances in the steady non-equilibrium systems. 

D / d (nm) Ar atoms THis (K) TCis (K) THil (K) TCil (K) T (K) q ( 610 Wm-2) G ( 310 Wm-2K-1) 

0.392 / 0.000 190  118.73 101.36 108.74 108.74 8.69 295.66 34042.55 

0.588 / 0.293 190 (C) 119.85 100.24 – 100.88 18.97 7.69 405.31 

0.588 / 0.293 190 (H) 119.86 100.72 117.86 – 17.14 18.64 1087.76 

0.588 / 0.000 380  117.97 102.27 111.62 106.39 5.23 655.48 125331.51 

0.784 / 0.489 190 (C) 120.10 100.14 – 99.13 20.97 0.11 5.36 

0.784 / 0.489 190 (H) 120.21 100.25 118.90 – 18.65 0.15 8.16 

0.784 / 0.193 380  120.20 100.03 120.75 100.36 20.39 2.73 133.85 
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