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This study provides a deeper understanding of phonon transmission across a nanogap in extreme

near-field heat transfer, which is crucial for advancing thermal management systems. Enhanced

thermal management strategies could realizing the energy-efficient devices with reduced energy
consumption.

In vacuum, the gag distance is a key factor since phonon transmission
dominates the heat exchange between two objects. Interfacial thermal resonance induced by
quasi-Casimir coupling plays a critical role in facilitating extreme near-field heat transfer across
a nanogap. However, the understanding of quasi-Casimir coupling between adsorbed liquid layers or
diatomic molecular layers remains unclear. In this study, phonon heat transfer across a nanogap via
adsorbed liquid layers and SiC-SiC nanogap with four kinds of atomic surface terminations were
investigated. Our findings demonstrate that the thermal resonance exists between two adsorbed liquid

layers or identical atomic terminated layers, resulting in the enhanced phonon transmission across
the nanogap.
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1. BFFERIAR S MO 5

In near-field heat transfer within a vacuum, the gap distance plays a critical role since phonon
transmission dominates the heat exchange between two objects. The amount of heat transfer can
be several orders of magnitude greater than Planck’s blackbody limit when two objects are
separated by a gap distance smaller than Wien’s wavelength.! Experimentally, Casimir heat
transfer between two SisNs membranes has been attributed to quantum fluctuations of
electromagnetic fields.” Moreover, we proposed a new heat transfer mode to describe phonon

transmission induced by quasi-Casimir coupling across a vacuum gap without electromagnetic
fields.

2. WHEDOERY

(1) To investigate the effects of atomic surface terminations on phonon transmission across a
nanogap between two SiC solid walls for achieving the enhanced extreme near-field heat
transfer.

(2) To examine the phonon heat transfer across a nanogap via the liquid layers adsorbed on
both the cooling and heating surfaces for verifying the possible quasi-Casimir coupling or

thermal resonance.

3. WHED Tk

Molecular dynamics simulations were performed to investigate thermal energy transport in
various systems, utilizing a high-performance parallel computer on the supercomputing system
of the Research Institute for Information Technology at Kyushu University and SQUID at the
Cybermedia Center of Osaka University. The SiC—SiC system with nanogap (Fig. 1(a)) and the
platinum—argon system with superhydrophilic surface (Fig. 1(b)) were simulated using Large-
scale Atomic/Molecular Massively Parallel Simulator (LAMMPS). Non-equilibrium molecular
dynamics (NEMD) simulations were performed under various temperature difference between
heating and cooling thermostats. The atomic vibrational displacements and vibrational density of
states were analyzed to verify the existence of thermal resonance between interfacial layers. The
spectral thermal conductance of interfacial layers was calculated to clarify the mechanism of

enhanced phonon heat transfer across the nanogap.
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Fig. 1 NEMD simulation systems of (a) two separated SiC solid walls with a constant gap
distance and (b) argon liquid layers adsorbed on platinum surface.



4. WFZEHCR

(1) Interfacial thermal resonance in an SiC—SiC nanogap*™®
Phonon heat transfer across SiC—SiC nanogap with four kinds of atomic surface terminations
was investigated by NEMD simulations, as shown in Fig. 1(a). The net heat flux across the
nanogap in the cases of identical atomic surface terminations were remarkably larger than
those in the nonidentical cases, as illustrated in Fig. 2. Thermal resonance occurs between
identical atomic terminated layers, whereas it vanishes between nonidentical ones (Fig. 3).

Moreover, Fig. 4 shows that the spectral thermal conductance of the nonidentical cases is
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Fig. 2 Effects of temperature difference AT on net heat flux and thermal gap conductance.
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Fig. 3 Vibrational displacements of (a and b) nonidentical atomic surface terminations and (c

and d) identical atomic surface terminations in the heating and cooling interfacial layers.
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Fig. 4 Spectral thermal conductance in the cases with various atomic surface terminations of
(a) C-Si, (b ) Si—C, (c) Si-Si, and (d) C-C.
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much lower than that of the identical cases, owing to the phonon mismatch between the
heating and cooling interfacial layers in the nonidentical cases. A notable heat transfer
enhancement in the identical case of C—C is due to optical phonon transmission, with

interfacial thermal resonance between the C-terminated layers.

Phonon heat transfer across a nanogap via adsorbed liquid layers'®™"?

NEMD simulations were carried out to verify the possible quasi-Casimir coupling or thermal
resonance at solid—liquid interface in a nanogap, as shown in Fig. 1(b). The liquid monolayer
adsorbed on the heating/cooling surface and two liquid layers adsorbed over both heating
and cooling surfaces were focused on to clarify the effects of the liquid layers on phonon

transmission across a nanogap. The existence of quasi-Casimir coupling at the solid-liquid
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Fig. 5 Atomic vibrational displacements of specific atoms at interfacial solid layers and liquid

layers adsorbed on the solid surfaces with various gap distance.
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Fig. 6 (a) Heat flux and (b) thermal gap conductance versus gap distance D between the

interfacial solid layers.

interface, between solid—liquid and liquid-liquid layers, was verified through modulating the
gap distance to achieve the various molecular interactions (Fig. 5). The thermal resonance
between two liquid layers can be induced by quasi-Casimir coupling, agitating the co-
occurrence of thermal resonance between the interfacial solid layers. Figure 6 shows that the
heat flux and thermal gap conductance are enhanced by thermal resonance between the two

liquid layers compared with the case of vacuum gap and liquid monolayer.
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