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Abstract 

The composite of epoxy polymers and α-alumina fillers is used as a heat dissipation material. The 

fillers often agglomerate with nanometer-depth polymers sandwiched in between. We address 

theoretically the effective thermal conductivity of such a filler-polymer-filler system. The 

non-equilibrium molecular dynamics simulation is performed to obtain the effective thermal 

conductivity of the system, in which bisphenol-A (bisA) epoxy polymer sub-system with depth 14 −

70	Å is inserted between two α-alumina slabs. Effects of surface-coupling (SC) agent are also 

investigated by adding model molecules to the polymer sub-system. For smaller polymer-depth cases, 

the effective thermal conductivity is determined essentially by the interfacial thermal conductance that 

relates to the temperature-gaps at the interfaces. We find for the interfacial thermal conductance that: 

(i) it is decreased by decreasing the polymer depth toward the chain length of a single bisA molecule, 

and (ii) it is increased by adding the SC molecules to the polymer sub-system. Combining separate 

simulation analyses, we show that the (i) results from effectively weakened interaction between a bisA 

molecule and two α-alumina slabs due to the orientation constraint on the bisA molecule by the slabs. 

Reasons of the (ii) are enhancement of the following three quantities by addition of the SC molecules: 

the phonon population of the bisA molecules at those frequencies corresponding to that of acoustic 

phonons of α-alumina, the phonon transmission coefficient from the α-alumina slab to the polymer 

sub-system for the transverse acoustic phonon, and the group velocity of the transverse acoustic 

phonon in the polymer sub-system. 

 

Keywords: thermal conductivity, molecular dynamics, epoxy polymer, alumina, heat dissipation 

material, composite material 
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1. INTRODUCTION 

 

 Heat dissipation materials are essential not only for compact electrical devices but also for 

automobiles because the temperatures of their electronic components must be kept below certain 

levels [1-3]. For automobiles, a growing trend exists toward high-density packaging of the 

electronic components and intense use of power IC’s due to the spread of various kinds of electric 

and hybrid vehicles. Improvement of the heat dissipation material is highly desired. The 

heat-dissipation material needs be soft to cover the power IC without gaps and electrically 

insulating [4]. The composite of soft polymer resin and hard filler-particles (called fillers) is often 

used for such a heat-dissipation material. The fillers, which are about 1−10 micrometer in size, are 

made of a material with a high thermal conductivity as alumina than the polymers [5,6].  

 Various experimental trials were performed to further increase the thermal conductivity of 

such a polymer-ceramic composite: increasing the packing fraction of fillers and using a material 

with a higher thermal conductivity as boron nitride for the fillers [7-10]. However, the enhancement 

factors of the thermal conductivity of the composite were behind the expectation due to low 

interfacial thermal conductance between the filler and polymers. A candidate technique to increase 

the interfacial thermal conductance is coating the fillers by the surface coupling (SC) agent, which 

is made of organic molecules and acts to connect the fillers and polymers tightly. It was 

demonstrated experimentally that addition of the silane coupling agent, in fact, increases the 

effective thermal conductivity significantly at a high packing fraction of the α-alumina fillers [9,10]. 

Theoretical understanding of its mechanisms is highly desired to clarify the theoretical upper limit 

and to design a better SC agent for the composite material. 

 The interface in the polymer-ceramic composite is characterized as the system of soft 

polymer and hard crystalline sub-systems. The phonons in a sub-system are scattered partly at the 

interface not only by the differences in stiffness and mass density but also by the randomness and 

reconstructed structures. Such phonon scattering events create a temperature gap at the interface, 

which relates to the interfacial thermal conductance [11-13]. Sophisticated analytical theories exist 

to predict the interfacial thermal conductance of ideal interface of two homogeneous sub-systems 

[14,15]. However, their application to the polymer-ceramic composite is difficult because the 

polymer sub-system is essentially an entangled chains and hence neither homogeneous nor isotropic 

at microscopic scales. The non-equilibrium molecular dynamics (NEMD) simulation with a realistic 

setting is best suited to address the issue of interfacial thermal conductance in the polymer-ceramic 

composite [16-19]. 

 As for the situation of small packing fraction of fillers, we investigated the effects of the 
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SC molecules on the interfacial thermal conductance by considering the interface system of thick 

polymers and filler [20]. The bisphenol-A (bisA) epoxy molecules were considered for the polymers, 

α-alumina for the filler, and a model molecule for the SC. The NEMD simulation was performed for 

the system at various settings. Increasing either number or chain-lengths of the SC molecules 

increased the interfacial thermal conductance significantly up to a saturation value. The saturation 

resulted from a void formation between the α-alumina and bisA by addition of the SC molecules. 

 In the present paper we will consider the situation of a high packing fraction of α-alumina 

fillers with/without the SC molecules. We will treat a system where a nanometer-depth polymer 

sub-system is sandwiched between two α-alumina slabs; that is, it contains two interfaces. We will 

first perform a series of the NEMD runs by changing the polymer depth and adding the SC 

molecules to understand their effects on the interfacial thermal conductance. We will show that the 

interfacial thermal conductance is decreased significantly by decreasing the depth of the polymer 

sub-system without the SC molecules toward the chain-length of a bisA molecule, and that the 

interfacial thermal conductance is increased by adding the SC molecules. We will explain their 

microscopic mechanisms through combined analyses of the polymer configurations, atomic 

vibration spectra of the polymer sub-system [21,22], and phonon wave-packet dynamics simulation 

[23-26]. 

 The remaining sections are organized as follows. In Sec. 2, atomistic modeling of the 

simulation system with the inter-atomic potentials will be explained. Section 3 will perform the 

NEMD simulation at various settings of the polymer depth with/without the SC molecules to 

understand their effects on the interfacial thermal conductance. Section 4 will perform the atomic 

vibration spectra analysis through the equilibrium MD simulation to clarify the changes in the 

vibrational properties of the polymer sub-system by decreasing its depth and by adding the SC 

molecules. It will explain reasons for the changes in the interfacial thermal conductance obtained in 

Sec. 3. Section 5 will perform the phonon wave-packet dynamics simulation to evaluate further the 

mode-dependent transmission coefficient through the interface and the group velocity in the 

polymer sub-system. Discussion and concluding remarks will be given in Sec. 6. 

 

2. MODELING OF SYSTEM AND INTER-ATOMIC POTENTIALS 

 

 We assume α-alumina for the filler and bisphenol-A epoxy (bisA) molecules for the 

polymers because both are commonly used for the electrically insulating heat-dissipation composite 

material [2,27,28]. We consider (0001) surface of α-alumina with Al termination as the filler 

surface, which is the most stable one [29-31]. Figure 1 (a) shows the present model of the bisA 

molecule, in which two epoxy groups terminate the two ends. It is known experimentally that 
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various degrees of polymerization through bonding reaction of the epoxy groups occur for the bisA 

molecules [32]. However, we here take the simplest model (Fig. 1 (a)) from the following reasons: 

(i) Irrespective of the degree of polymerization, two epoxy groups remain at the two ends. (ii) 

Essential physics are expected to depend on the ratio of the chain length of a bisA molecule to the 

depth of the polymer sub-system. (iii) Recent papers have used the present simple model as a 

fundamental one for the cross-link reactions [33,34]. 

 

 

FIG. 1. (Color online) (a) Structure of 

bisphenol-A (bisA) epoxy model molecule. 

(b) Structure of surface coupling (SC) model 

molecule. 

 

 

  

For the surface-coupling agent, the silane composite molecules [10] are often used in 

experiments. The silane composite molecule is basically composed of two kinds of groups attached 

to a Si atom: the reaction group (e.g., epoxy) bonds to a bisA molecule, the OR group (e.g., 

-O-CH3) undergoes the hydrolysis reaction to form a bond between the O and a surface Al of 

α-alumina filler. The silane composite molecule thereby works to bind α-alumina and bisA 

molecule together. In the present simulation we use a virtual surface-coupling (SC) molecule shown 

in Fig. 1 (b) that mimics the molecular state after the hydrolysis reaction: an epoxy group connects 

to (CH2)n while the other end of (CH2)n is saturated with an O atom. We set 𝑛 = 11. The 

chain-lengths of bisA and SC molecules are both about 20	Å.  

 We use the two-body inter-atomic interaction potentials for Al and O in α-alumina in the 

CMAS potential suite [35]. The suite has been widely used for the MD simulation of CaO, MgO, 

α-alumina, and SiO2 systems. The Dreiding inter-atomic potentials [36] are adopted for the bisA 

and SC molecules. Following the Gasteiger-Marsili method [37], we obtain the atomic charges for 

the bisA and SC molecules. We need to construct the inter-atomic potential between α-alumina and 

SC molecule, which is essential in the present MD simulation. Since the O atom at the end of the 

SC molecule bonds tightly to a surface Al atom in the electronic density-functional theory (DFT) 

with PBE-GGA, we use the Al-O potential calculated by the DFT and fitted to the Morse form as 

explained in Ref. 20. For the remaining inter-atomic potentials between α-alumina and SC 

molecules as well as the inter-atomic potentials between α-alumina and bisA molecules, we adopt 

the dispersion and Coulomb terms in the CMAS and Dreiding with the Lorentz-Berthelot mixing 
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rule (i.e., arithmetic and geometric means for the diameter and energy factors, respectively).  

 

3. NON-EQUILIBRIUM MOLECULAR DYNAMICS (NEMD) SIMULATION 

 

 We consider the alumina-polymer-alumina system corresponding to the situation of high 

packing fraction of fillers in the composite for the NEMD simulation. Since the thermal 

conductivity of α-alumina is orders of magnitude higher than that of bulk bisA, we can reduce the 

size of α-alumina for fast NEMD simulation. Figure 2 (top) depicts a typical configuration of the 

system for the NEMD simulation. The two α-alumina slabs with Al termination are placed on the 

left and right sides of the simulation box, while the polymer sub-system of depth D with or without 

the SC molecules are placed in between. The z-axis is set perpendicular to the interface as shown in 

Fig. 2. The periodic boundary conditions are applied for the x, y, and z-directions. To reduce 

long-range Coulomb interaction with the image slabs, two vacuum layers of 20		Å depth are set at 

both ends of the simulation box, and the dipole correction [38] is applied to the Ewald method. The 

left (right) end of the left (right) α-alumina slab is fixed during a simulation run. The high and low 

temperature-controlled regions, at 𝑇 = 430 and 370 K, are set in the α-alumina slabs to input and 

subtract the kinetic energies.  

 

 

 

FIG. 2. (Color online) (top) Atomic 

configuration of a typical system for the 

NEMD simulation with 𝐷 = 14	Å without 

the SC molecules. Large red spheres are O's; 

medium cyan, Al's; medium grey, C's; small 

white, H's. (bottom) The temperature profile 

obtained in the NEMD run. Each point 

corresponds to the averaged kinetic energy 

of C, O, and Al-atoms in each 	5.0	Å 

𝑧-widths. 
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Various values of the polymer depth, D, are considered. When the polymer sub-system 

contains no SC molecules, 𝐿2 = 106, 125, and 153	Å for 𝐷 = 14, 33, and 61	Å, respectively. 

The 𝐿4 and 𝐿5 are fixed respectively to 34	Å and 38	Å, which are sufficiently longer that the 

chain length of a bisA molecule (~20	Å). The bisA molecules form an amorphous solid with nearly 

the same mass density of 0.86 − 0.88	g/cm< in all cases. In the case of 𝐷 = 14	Å, the system is 

composed of 8,660 atoms. We also consider the cases with the SC molecules inserted in the 

polymer sub-system. Total of 16 SC molecules are placed on the interface in a square lattice form 

(4×2) with their end atoms (O) bonded to surface Al’s of two α-alumina surfaces. At the addition 

of the SC molecules we increase 𝐿2 from the original value to keep the mass density of the 

polymer sub-system to 0.86 − 0.89	g/cm<. 

 The velocity-Verlet algorithm is used to integrate the equations of atomic motion [39]. We 

set the time step 𝑑𝑡 = 1.0	fs from detailed analyses [20] about the 𝑑𝑡-dependencies of the 

temperature profile and energy flux in preparation runs. We omit H atoms in calculating the 

temperature profile. We confirm that the system is in the steady state after 1.5 ns by checking the 

difference between the input and subtracted energies per unit time in the temperature-controlled 

regions. The energy (heat) flux and temperature profile are obtained by averaging over 0.5 ns in the 

steady state. 

 Figure 2 (bottom) depicts the temperature profile for the case of 𝐷 = 14	Å without the SC 

molecules. The temperature gradient is quite small in the α-alumina, while substantial in the bisA. 

The temperature-gaps Δ𝑇E	and	Δ𝑇I  at the interfaces are significant. Majority of the thermal 

resistance of the polymer sub-system originates from such temperature gaps. The temperatures at 

the end z-positions of the α-alumina and bisA in close proximity to the interfaces are determined as 

follows. First, the end z-positions are defined as 𝑧 = 46	Å for the α-alumina and 𝑧 = 48	Å for the 

bisA for the left interface; 𝑧 = 58	Å for the bisA and 𝑧 = 60	Å for the α-alumina for the right 

interface. Since the end z-position of the bisA fluctuates in time and varies depending on the x-y 

location, we define it as the one separated by 2	Å from the z-end (i.e., Al) of α-alumina. Then, the 

temperatures at those end z-positions are determined through linear extrapolation of data points (the 

open circles in Fig. 2 (bottom)). 

 We define the effective thermal conductivity of the polymer sub-system by 

 𝛬 = 𝐽𝐷/(𝑇E − 𝑇I),	        (1) 

where J is the heat flux per surface area and 𝑇E and 𝑇I are the high and low temperatures at the 

end z-positions of the α-alumina’s at the interfaces. The effective thermal conductivity between two 

α-alumina’s is a useful quantity to predict the effective thermal conductance of the whole composite 
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material. Figure 3 shows the D-dependence of 𝛬. We find in Fig. 3 that for both cases with and 

without the SC molecules, 𝛬 decreases linearly as D decreases. Without the SC molecules, 𝛬 for 

𝐷 = 14	Å is about 50 % of that for 𝐷 = 61	Å. With the SC molecules,	𝛬 decreases by 20 % only 

when we change D from 67	Å to 19	Å. 

 

 

 

 

FIG. 3. The effective thermal conductivities 

(Eq. 1) of the polymer sub-systems for 

various values of 𝐷 with or without the SC 

molecules.  

 

 

 

 

 

 

 

The Λ of the polymer sub-system is composed of the thermal conductivity of the polymers 

and the interfacial thermal conductance. The thermal conductivity of the polymers is defined as 

 𝜆 = 𝐽/ OP
O2

	,        (2) 

where the temperature gradient 𝑑𝑇/𝑑𝑧 is obtained at the central region of the polymers. The 

interfacial thermal conductance is defined as 

 𝐽/∆𝑇		with		Δ𝑇 = (Δ𝑇E + Δ𝑇I)/2,		     (3) 

where Δ𝑇E andΔ𝑇I are the temperature-gaps depicted in Fig. 2 (bottom). We note that the 

differences betweenΔ𝑇E andΔ𝑇I are smaller that 3 K in the present runs. Though the interfacial 

thermal conductance depends generally on the direction of heat flow [40,41], we cannot see 

substantial dependences. Figure 4 shows 𝜆 and 𝐽/∆𝑇 for the cases without the SC molecules. In 

the case of 𝐷 = 14	Å without the SC molecules, 𝜆 = 0.10	W/m ∙ K is close to that of the bulk 

bisA (0.11 − 0.13	W/mI ∙ K) [20]. On the other hand, 𝐽/∆𝑇 for the case of 𝐷 = 14	Å without 

the SC molecules is only about 50 % of that for the cases of 𝐷 = 33 and 61	Å without the SC 

molecules. We state that the significant linear-decrease in 𝛬 for smaller 𝐷 in Fig. 3 has resulted 

mainly from such a behavior in 𝐽/∆𝑇. 

FIG.3�
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FIG. 4. (a) The thermal conductivities (Eq. 

2) of the polymer sub-systems for various 

values of 𝐷 without the SC molecules. (b) 

The interfacial thermal conductances (Eq. 3) 

for the same cases as (a). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We consider physical reasons of the relatively low interfacial thermal conductance, 𝐽/∆𝑇, 

between the α-alumina and bisA in the case of 𝐷 = 14	Å without the SC molecules. Figure 5 

compares the numbers of the bisA atoms (C and O) in the 1.0 Å z-width bins prepared virtually 

from the α-alumina (left block) surface in the cases of 𝐷 = 14	and 61	Å without the SC molecules. 

In both cases, we observe accumulation of the bisA atoms near the α-alumina surface. It is a result 

of relatively strong Coulomb attraction between the surface Al of the α-alumina and O of the epoxy 

group in addition to between the O of the α-alumina and H of the bisA. It is noteworthy that the 

number of the bisA atoms within a few Å from the α-alumina surface is smaller in the 𝐷 = 14	Å 

case than in the 𝐷 = 61	Å case. It results from the structural stability of a bisA molecule. We find 
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that the intra-molecular O-O distances between the two epoxy groups are 12.2 − 14.6	Å in the 

𝐷 = 14	Å case and 12.1 − 14.9	Å in the 𝐷 = 61	Å case. Correspondingly the bending angles in 

overall V-shape of the bisA molecules are kept in the range of 110 − 124 degrees. When 𝐷 

becomes close to the chain length (~20	Å) of a bisA molecule, substantial fraction of the bisA 

molecules are oriented to bridge between the two α-alumina slabs through attractive interaction of 

the O in the epoxy group and Al of α-alumina. In fact, we find that 11 out of 20 bisA molecules are 

in the bridging state. Such orientation constraint on the bisA molecules in the 𝐷 = 14	Å case acts 

to lower the density of the bisA atoms at the interface as compared to the 𝐷 = 61	Å case in which 

no such a constraint exists. The interfacial thermal conductance, 𝐽/∆𝑇, gets smaller due to the 

weaker interaction at the interface resulting from lower density of the bisA atoms at the interface.  

 

 

FIG. 5. The numbers of C and O atoms of 

the bisA molecules in 𝑧 -bins obtained 

through the NEMD simulation for the 

systems with 𝐷 = 14	Å and 61	Å. 

 

  

 

 

 

 

 

 

 

When the SC molecules are added to the system with 𝐷 = 14	Å, the effective thermal 

conductivity of the polymer sub-system, 𝛬, becomes 1.8 times as large as the original value. 

Addition of the SC molecules reduces deterioration of 𝛬 of the polymer sub-system for smaller 𝐷. 

As depicted in Fig. 6, the SC molecules act to connect the polymers and α-alumina. Hence the 

interfacial thermal conductance, 𝐽/∆𝑇,  increases by about 20 %. Interestingly the thermal 

conductivity of the polymers, 𝜆, also becomes 2.0 times as large as that for the case without the SC 

molecules. Such effects of the SC molecules on the neighboring bisA molecules will be investigated 

in Sec. 4 through atomic vibration spectra analyses.  
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FIG. 6. (Color online) The close-up view of 

the simulation system for the case of 𝐷 =

14	Å  with the SC molecules. The SC 

molecules are drawn by spheres in the 

central region. The bisA molecules are 

drawn by sticks.  

 

 

 

4. ATOMIC VIBRATATION SPECTRA ANALYSES 

 

 The heat flux J per unit area across the interface (normal to z-direction) from medium-a at 

temperature 𝑇 = 𝑇Z to medium-b at 𝑇 = 𝑇[ is expressed in terms of transmitted phonons as 

   𝐽 = E
\]

𝑣Z,2 mode, 𝜂 ℎ𝑓Z mode, 𝜂 𝑃Z 𝑇Z,mode, 𝜂 𝑡Z[ mode, 𝜂e
fghi,j  

   + E
\k

𝑣[,2 mode, 𝜂 ℎ𝑓[ mode, 𝜂 𝑃[ 𝑇l,mode, 𝜂 𝑡[Z mode, 𝜂m
fghi,j   (4) 

with the volumes V's, phonon group velocities v's, phonon frequencies f’s, phonon populations P's, 

and transmission coefficients t's. The summations are performed over the acoustic phonons, 

characterized with the wavelength vector 𝜂 and transverse or longitudinal mode, in the first 

Brillouin zone with the direction of crossing the interface. It is assumed that the incident phonon 

keeps its frequency after crossing the interface. To clarify the situation, we here assume that 

medium-a is a hard crystalline material, e.g., α-alumina and that medium-b is a soft one, e.g, 

polymers. In the limit of 𝑇Z = 𝑇[, the partial flux from medium-a to b should cancel with the one 

from medium-b to a, from the principles of detailed balance. To have a higher interfacial thermal 

conductance, such partial fluxes need be larger.  

 As for the first term on the right hand side of Eq. (4) (i.e., the partial flux from medium-a 

to b), only 𝑡Z[ can change by decreasing 𝐷 or addition of the SC molecules due to the hardness of 

medium-a. On the other hand, all the terms in the second term on the right hand side of Eq. (4) (i.e., 

the partial flux from medium-b to a) can change. In this section we will suggest that addition of the 

SC molecules to the polymer sub-system in the present model enhances the phonon population (𝑃[) 

of medium-b in the acoustic frequency range of medium-a. Corresponding enhancement in 𝑡Z[ as 

well as in 𝑣[,2 will be studied in Sec. 5 through the wave-packet dynamics simulation. 

 We begin with evaluating the phonon population of bulk α-alumina at 𝑇 = 300	K. The 

phonon population at frequency f for a given wavelength vector 𝜂  is evaluated through the 

FIG.6�
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equilibrium MD simulation as 

 Pl 𝑓, 𝜂 = E
nop

𝑣q(𝑛∆𝑡)
opmE
ors ∙ 𝜂n

qrE exp 𝑖 Iw
j
𝑟q ∙ 𝜂 − 𝑖2𝜋𝑓𝑛∆𝑡

I
,   (5) 

       Pt 𝑓, 𝜂 = E
nop

𝑣q(𝑛∆𝑡) − (𝑣q(𝑛∆𝑡) ∙ 𝜂)𝜂
opmE
ors

n
qrE exp 𝑖 Iw

j
𝑟q ∙ 𝜂 − 𝑖2𝜋𝑓𝑛∆𝑡

I
		(6) 

for longitudinal and transverse modes, respectively. The 𝑓 = 𝑓z ≡ 𝑚/𝑛}∆𝑡 with natural number 

m, 𝜂 = (𝐿4/𝑛4, 𝐿5/𝑛5, 𝐿2/𝑛2) with integer vector (𝑛4, 𝑛5, 𝑛2), 𝜂 = 𝜂/|𝜂|, total number of atoms 

N, number of sampling points 𝑛}, and time interval of sampling ∆𝑡. To cover the frequency range 

0 − 10 THz of our interest, we set 𝑛} = 6,000 and ∆𝑡 = 15	fs. Because of limitation in the total 

sampling period 𝑡�g���	~	90	ps , 𝑓  in Eqs. (5) and (6) may contain uncertainties of 𝜋/

𝑡�g���	~	0.03	THz. Therefore 𝑃�	(𝑃�) at a given 𝑓z is obtained after averaging over ±5 data points 

of 𝑚  to reduce fluctuation. The system size of α-alumina is (𝐿4, 𝐿5, 𝐿2) 	=

(34.0	Å, 38.0	Å, 39.0	Å) with the periodic boundary conditions. We set the wavelength vector 

parallel to z-direction. We consider the cases of 𝜂 = 39.0, 19.5, and	13.0	Å by setting 𝑛2 =

1, 2, and	3 , respectively, which correspond respectively to the wavenumbers 0.33(2𝜋/𝑎) , 

0.66(2𝜋/𝑎), and 2𝜋/𝑎 with the lattice constant 𝑎 = 13.0	Å of α-alumina in (0001)-direction. We 

set the time step 𝑑𝑡 = 1.0	fs in the MD simulation. 

Figure 7 (a) shows the frequency dependencies of 𝑃�	and 𝑃� for bulk α-alumina at 𝑇 =

300	K at the three 𝜂’s. At the longest wavelength of 𝜂 = 39.0	Å, 𝑃�	(𝑃�) has a strong and sharp 

peak at 𝑓 = 1.2		(2.7)	THz. At shorter wavelengths, such 𝑃-peaks spread in frequency, which 

means shorter life times. Figure 7 (b) shows relative intensities of the 𝑃-peaks, which appear to 

follow the Maxwell-Boltzmann statistics of the phonon energy as expected. To plot Fig. 7 (b), 

intensity of a 𝑃-peak is calculated by integrating the population around the central frequency (see 

Fig 7 (a)). The phonon dispersion relation evaluated from Fig. 7 (b) compares well with the one 

calculated with the DFT calculation. The longitudinal phonon frequency ranges in 0 − 10 THz, 

while the transverse one in 0 − 5 THz. 
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FiG. 7. (a) The 𝑃�	and 𝑃� (Eqs. 5 and 6) of 

bulk α-alumina at 𝑇 = 300	K for three 𝜂’s 

parallel to 𝑧-direction, normalized by the 

largest value at 𝑓 = 1.2 THz. (b) Relative 

intensities of the peaks in (a). The open 

symbols are for 𝑃�; closed ones, for 𝑃�. 

 

 

 

 

 

 

 

 

We now consider the phonon population for the bisA. First we set a single bisA molecule 

only in a simulation box of (𝐿4, 𝐿5, 𝐿2) 	= (34.0	Å, 38.0	Å, 39.0	Å) with a connecting vector 

between the two epoxy O's parallel to 𝑧-direction; orientation of the vector is kept during the MD 

run. The average (2𝑃� + 𝑃�)/3 for 𝜂 = 13.0	Å (𝑛2 = 3) for the case of a single bisA molecule at 

𝑇 = 100	K is depicted in the inset of Fig. 8; H atoms are omitted in 𝑃�	and 𝑃�. In the range of 0 −

8 THz, as expected, we observe several sharp peaks corresponding to the molecular vibration 

modes. In the lowest mode of 𝑓 = 0.8 THz, the molecule vibrates as the two epoxy groups flap 

like a butterfly wings. If the temperature is increases to 𝑇 = 300	K, those peaks decompose to 

many peaks with substantial broadening. It is a reflection of increased degrees of non-linearity in 

the inter-atomic potential at a higher temperature. Second we prepare bulk bisA with the same 

simulation box size. Figure 8 shows the average (2𝑃� + 𝑃�)/3 for 𝜂 = 13.0	Å (𝑛2 = 3) for the 

bulk bisA at 𝑇 = 300	K obtained through three MD runs for 120 ps. Significant broadening in Fig. 

8 in comparison to Fig. 8 (inset) means that the phonon picture in the wavenumber space may be 

inappropriate in the case because of the non-linearity in the inter-atomic potential and the 

randomness in the molecular configurations. 
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FIG. 8. The average (2𝑃� + 𝑃�)/3	of bulk 

bisA at 𝑇 = 300	K for	𝜂 = (0,0,13.0Å). 

The inset corresponds to the case of a 

single bisA molecule at 𝑇 = 100	K for 

the same 𝜂.  

 

 

 

We therefore integrate over the wavenumbers (inverse of 𝜂) in Eqs. (5) and (6) before 

summation over the atoms for better statistics in analyzing possible changes in the phonon or 

vibrational-mode population by addition of the SC molecules, which reduces to the vibration 

spectrum of each atom. It is useful for the purpose to group atoms following the grouping rule used 

in the Dreiding inter-atomic potential. We therefore calculate  

      𝑃��g��(𝑓) =
E
n�

E
op

𝑣�
opmE

ors
𝑛Δ𝑡 exp 𝑖2𝜋𝑓𝑛∆𝑡

I
n�
qrE    (7) 

for a given group. The groups for the bisA are the following: O atoms are grouped into O1 (epoxy) 

and O2 (others), C into C2 (benzene) and C1 (others) as depicted in Fig. 9 (a). As for the SC, O into 

O3 (bonded to Al), O5 (epoxy) and O4 (other), and C into C3. The 𝑁� in Eq. (7) is the number of 

atoms in a group. We consider 𝑓 = 0.30,  3.0 and 6.0 THz. We note that 𝑓 = 0.3  THz 

corresponds to the peak in Fig. 8 relating to vibrations of winds (i.e., epoxy groups) of bisA 

molecules; 𝑓 = 3.0 and 6.0 THz, to typical phonons of α-alumina. 

 Figure 9 (b) shows 𝑃��g��’s for the bulk bisA at 𝑇 = 300	K, normalized by the value for 

O1-group at 𝑓 = 3.0 THz. The 𝑃��g�� for O1-group assumes the largest value at	𝑓 = 3.0	THz. 

This relatively fast vibration at 𝑓 =3.0 THz is caused by the Coulomb interaction between O1 

(charge, −0.371	𝑒m) and C1 (0.105	𝑒m) of surrounding molecules. If we make 𝑁�-weighted 

average of 𝑃��g��, that is, simple sum of the absolute squares in Eq. (7) over all the atoms, we find 

that the population at 𝑓 = 0.30 THz is the largest. Figure 9 (c) shows 𝑃��g��’s in the polymer 

sub-system for the case of 𝐷 = 14	Å  without the SC molecules at equilibrium 𝑇 = 300	K , 

normalized by the same value used in Fig. 9 (b). As seen in Fig. 9 (c), 𝑃��g��'s at 𝑓 = 0.30 THz 

are substantially smaller than that for the bulk bisA. As stated in the last section, a bisA molecule in 

the case of 𝐷 = 14	Å without the SC molecules is effectively constrained by the two α-alumina's. 
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Those constrained bisA molecules cannot oscillate freely at 𝑓 = 0.30 THz in the butterfly-like 

mode. We note that such a change at 𝑓 = 0.3 THz does not affect substantially the interfacial 

thermal conductance because the phonon population at such a low frequency is small for α-alumina. 

The 𝑃��g�� for O1-group at 𝑓 = 3.0 THz in Fig. 9 (c) is significantly larger that that of the bulk 

bisA in Fig. 9 (b), while that of the other group (O2) changes little. The change comes from those 

O1 atoms interacting much with the surface Al’s of α-alumina. Though 𝑓 = 3.0 THz corresponds 

to middle of the acoustic phonon frequency range of α-alumina, the change in 𝑃��g�� for O1-group 

only has little effect on the thermal conductivity of the polymers, as demonstrated in the last section 

through the NEMD results. The decrease in the interfacial thermal conductance for the case of 𝐷 =

14	Å without the SC molecules should have resulted from decreased transmission coefficients (𝑡Z[ 

and 𝑡[Z) due to decreased local atomic density of the polymers at the interface (see Fig. 5). 

 The 𝑃��g��'s for the case of 𝐷 = 14	Å with the SC molecules are shown for the bisA 

molecules in Fig. 9 (e) and for the SC in Fig. 9 (d); both are normalized by the same value used for 

Fig. 9 (b). As seen in Fig. 9 (e), 𝑃��g��'s for the O1, C1, and C2-groups of the bisA increase 

significantly at 𝑓 = 3.0 THz by the influence of the SC molecules (see Fig. 9 (d)). We guess that 

addition of the SC molecules enhances the phonon population of the bisA in the acoustic phonon 

frequency range of α-alumina by making the bisA effectively stiffer through entanglement of the 

bisA and SC molecules. 
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FIG. 9. (a) The grouping of C and O atoms. (b) The 𝑃��g�� of bulk bisA at 𝑇 = 300	K. (c) The 

𝑃��g�� of the bisA for the case of 𝐷 = 14	Å without the SC at 𝑇 = 300	K. (d) The 𝑃��g�� of the 

SC for the case of 𝐷 = 14	Å with the SC at 𝑇 = 300	K. (e) The 𝑃��g�� of the bisA for the case of 

𝐷 = 14	Å with the SC at 𝑇 = 300	K. 

 

5. PHONON WAVE-PACKET DYNAMICS  

 

 As explained in the last section, the interfacial thermal conductance is related to the 

phonon transmission coefficient and group velocity. The NEMD simulation cannot give such 

detailed information of the heat transfer. In this section we investigate those issues through the 

phonon wave-packet dynamics simulation. 

 In the simulation, we initially set an acoustic phonon wave-packet and then perform an 

MD run to trace the time evolution of the wave packet. We thereby obtain the transmission 
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coefficient through the interface for the wave packet characterized by the wavelength and mode 

(transverse or longitudinal). Figure 10 depicts a typical configuration of the system in the present 

phonon wave-packet dynamics simulation. We replace the left α-alumina slab used in the NEMD 

simulation by a thick slab of depth 130	Å to set a wave packet.  We consider the D-dependence 

of the wave-packet transmission. The system sizes are (𝐿4, 𝐿5, 𝐿2) = (34Å, 38Å, 210Å)  and 

(34Å, 38Å, 229Å) for the cases of 𝐷 = 14 and 33 Å without the SC molecules, respectively. In 

addition, we consider the cases with 16 SC molecules to analyze their effects on the transmission; 

as in the NEMD simulation, 𝐿2 is increased from the original value to keep the mass density of the 

polymer sub-system to 0.86 − 0.89	g/cm<. To suppress artificial reflection of the wave packet at 

the ends of the α-alumina slabs, we set damper regions; the damper width is 26.5 Å (5.3 Å) for the 

left (right) α-alumina slab, as shown in Fig. 10 (top). 

 

 

FIG. 10. (Color online) (top) Atomic 

configuration of the system in the case of 

𝐷 = 14	Å without the SC molecules for 

the wave-packet dynamics simulation. 

(bottom) The displacement profile 

applied to the system in (top).  

 

 

 

Among acoustic and optical phonons in α-alumina, we consider that the heat transfers 

mostly through the acoustic phonons due to their large group velocities. To set initially the acoustic 

wave-packet in the left α-alumina slab, we obtain the minimum energy configuration of atoms 

under the condition that the averaged displacement 𝑅�2 of those atoms contained in i-th z-width of 

2.17 Å, which corresponds to one sixth of c-axis length (13.0 Å) of the α-alumina unit-cell, is 

 𝐴 sin Iw���
j

	exp − (���m��)�

I��
		      (8) 

with 𝐴 = 0.053	Å , 𝜎 = 18	Å , and the central z-position 𝑅s  of the wave packet. For high 

numerical accuracy, we apply small constant forces, which are the reverse of the residual atomic 

force vectors at the initial configuration, to the atoms in the polymer sub-system. The displacements 

are parallel to z-direction for the longitudinal mode, while y-direction for the transverse mode. We 

consider three wavelengths 𝜂 = 13.0, 26.0, and 39.0 Å. By performing the MD simulation we 
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monitor the time evolutions of the spatial distributions of the kinetic and potential energies. Both 

are found to show the same behavior. Since the wave-packet dissipates significantly in the polymer 

sub-system, we focus on analyzing the wave-packet transmission from the α-alumina slab to the 

polymer sub-system. 

 Figure 11 shows the transmission coefficients for various combination cases of the 

wavelength 𝜂, mode (longitudinal or transverse), and with or without SC molecules. Here the 

transmission coefficient is defined as the ratio in total (i.e., kinetic plus potential) energy increment 

between the transmitted wave-packet in the polymer sub-system to the incident one in the 

α-alumina slab. In general the transmission coefficient is larger for larger 𝜂 because it has a 

smaller frequency and hence can transform to a phonon with the same frequency that exists in the 

soft polymer. In the following we therefore concentrate on comparing the cases with 𝜂 = 39.0	Å to 

analyze three kinds of effects (D, mode, and SC molecules) on the transmission coefficient. 

 

 

FIG. 11. The transmission coefficients of 

longitudinal ( l ) and transverse (t ) 

wave-packets obtained through the 

wave-packet dynamics simulation for 𝐷 =

14  and 33		Å  with or without the SC 

molecules. 

 

 

 

 

 

 

 

First we analyze the effects of the polymer sub-system depth, D, on the transmission 

coefficient. Since the longitudinal wave involves change in local pressure, surface of the polymer 

sub-system is forced to move. Accurate determination of the transmission coefficient therefore 

requires waiting about 1 ps until the possible wave reflection occurs. We thereby find for the 

longitudinal mode with 𝜂 = 39.0	Å that the transmission coefficient is 0.045 for the case of 𝐷 =

14	Å without the SC molecules, while 0.076 for case of 𝐷 = 33	Å without the SC molecules. The 

significant decrease in the transmission coefficient of longitudinal mode for smaller D is related to 
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the decrease in the interfacial thermal conductance found for smaller 𝐷 in the NEMD simulation. 

For the transverse mode, on the other hand, the transmission coefficient changes little. 

 Second we analyze further the effects of mode on the transmission coefficient. Significant 

difference in the transmission coefficient between the transverse and longitudinal waves with 𝜂 =

39.0	Å is seen in Fig. 11. The transmission coefficients for the cases of 𝐷 = 14 and 33	Å 

without the SC molecules is higher for the longitudinal mode than for the transverse mode. To 

investigate further the mechanisms of the difference, we depict in Fig. 12 the time evolution of the 

displacement of the transmitted wave with 𝜂 = 39.0	Å in the polymer sub-system for the cases of 

𝐷 = 14	Å with and without the SC molecules (D is slightly larger than 14	Å after addition of the 

SC molecules). In each panel of Fig. 12, the solid and dashed curves correspond respectively to the 

left and right end-regions (5	Å  width) in the polymer sub-system. The displacements are 

normalized by 𝐴 in Eq. (8). Figures 12 (a) and 12 (c) show the results for the case without the SC 

molecules for the longitudinal and transverse modes, respectively. For the longitudinal mode, the 

maximum displacement in the left end-region of the polymer sub-system is the same as the one of 

the α-alumina due to the volume change nature of the mode. However displacement of the right 

end-region becomes quite small, which means that the longitudinal mode dissipates quickly in the 

polymer sub-system. For the transverse mode, the maximum displacement in the polymer 

sub-system is 0.16 as seen in Fig. 12 (c), which is much smaller than in the longitudinal mode. 

However, displacement of the right end-region is the same order as that of the left end-region with 

the phase shifted significantly, which is a reflection of relatively slow group velocity of the wave in 

the polymer sub-system. 

 Third we analyze the effects of SC molecules on the transmission coefficient. Figures 12 

(b) and 12 (d) depict the displacements of the polymer sub-system in the case of 𝐷 = 14	Å	with the 

SC molecules for the wave packet with 𝜂 = 39.0	Å in the longitudinal and transverse modes, 

respectively. For the longitudinal mode, addition of the SC molecules does not change the 

transmission coefficient substantially (see Fig. 11). We find in Fig. 12 (b) that the displacement in 

the right end-region is similar to the case without the SC molecules for the longitudinal mode. On 

the other hand, the transmission coefficient in the transverse mode is increased substantially by 

addition of the SC molecules (see Fig. 11). The transverse wave has the maximum displacement 

2.25 times as large as that in the case without the SC molecules as seen in Fig. 12 (d). In addition, 

the wave in the right end-region appears to have little phase shift. We therefore conclude that 

addition of the SC molecules makes the transverse phonons transfer better with faster group 

velocities in the polymer sub-system. It is in accord with the statement that the bisA molecules in 

the polymer sub-system are stiffened effectively by addition of the SC molecules. Possible reason 

of the significant effect of the SC molecules on the transverse wave is that the SC molecules bond 
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vertically to the surface α-alumina and hence work as resistance to the displacement parallel to the 

surface in the transverse mode.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 12. The time evolutions of 𝑧 and 𝑦-displacements at the left (L) and right (R) end-regions of 

the polymer sub-system in various cases of the wave-packet dynamics simulation: (a) for 

longitudinal mode in the case of 𝐷 = 14	Å without the SC; (b) for longitudinal mode in the case of 

𝐷 = 14	Å with the SC; (c) for transverse mode in the case of 𝐷 = 14	Å without the SC; (d) for 

transverse mode in the case of 𝐷 = 14	Å with the SC. 

 

6. DISCUSSION AND CONCLUDING REMARKS 

 

The overall thermal conductivity of the polymer-ceramic composite at a relatively high 

packing fraction of the ceramic fillers depends mainly on the effective thermal conductivities of the 

sandwiched polymer regions. Motivated by that we have performed the NEMD simulation to obtain 

the effective thermal conductivity of such a system, in which the bisA polymer sub-system with 

depth 14 − 70	Å has been inserted between two α-alumina slabs. Effects of the SC agent have 

also been investigated by adding model molecules to the polymer sub-system. For smaller 

polymer-depth cases, the effective thermal conductivity is determined essentially by the interfacial 

thermal conductance relating to the temperature-gaps at the interfaces. Through the NEMD 

simulation, we have found for the interfacial thermal conductance that: (i) it is decreased by 

decreasing the polymer depth toward the chain length of a single bisA molecule, and (ii) it is 
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increased by adding the SC molecule to the polymer sub-system.  

Through detailed analyses of the polymer configurations, we have shown that the finding 

(i) has resulted from the decrease in the phonon transmission coefficient relating to effectively 

weakened interaction between a bisA molecule and two α-alumina slabs. The weakening has 

resulted because the orientation constraint on the bisA molecule due to attachment of each of the 

two epoxy groups to each of the two α-alumina slabs, lowers the density of the bisA atoms at the 

interface. As for the finding (ii), we have found three mutually relating reasons through the atomic 

vibrational spectra analyses and the phonon wave-packet dynamics simulation. First the phonon 

population of the bisA molecules at those frequencies corresponding to that of acoustic phonons of 

α-alumina is enhanced by addition of the SC molecules. The bisA molecules become effectively 

stiffer through entanglement of the bisA and SC molecules. Second the phonon transmission 

coefficient from the α-alumina slab to the polymer sub-system is increased significantly for the 

transverse acoustic mode by addition of the SC molecules bonding to surface Al’s of α-alumina. 

The vertical bonding of the SC molecules to the α-alumina surface works as resistance to the 

displacement parallel to the surface in the transverse mode. Third the group velocities of transverse 

acoustic mode are increased by addition of the SC molecules due to their roles of the resistance. 

It is interesting to compare the present results with theoretical predictions with respects to 

the phonon transmission coefficient (𝑡Z[) and the interfacial thermal conductance (𝐽/∆𝑇). As for the 

transmission coefficient, two theoretical models are well known: the acoustic mismatch model 

(AMM) [14] and the diffuse mismatch model (DMM) [15]. Continuity of both displacement and 

stress at the interface gives the AMM transmission coefficient for the phonon with frequency in the 

common frequency range as 𝑡Z[��� = 4𝑍Z𝑍[𝜇Z𝜇[/(𝑍Z𝜇Z + 𝑍[𝜇[)I, where the impedence 𝑍� =

𝑛�𝑣� with the number density of atoms 𝑛� and the group velocity 𝑣�, and 𝜇� = cos 𝜃� with the 

incident angle 𝜃�. In the DMM, the phonons scattered at the interface are assumed to lose fully the 

information of the incident directions. The 𝑡Z[¡�� = 𝑣l𝑔[(𝑓)/[𝑣Z𝑔Z(𝑓) + 𝑣[𝑔[(𝑓)]  with the 

phonon density-of-state 𝑔�(𝑓). Setting 𝑣[/𝑣Z = 0.18, 𝑍[/𝑍Z = 0.04, and 𝜃Z = 𝜃[ = 0 for the 

present interface (medium-a is the α-alumina, medium-b is the polymers), we find 𝑡Z[��� = 0.16. 

The 𝑡Z[¡�� = 0.03 using the Debye approximation for phonons. The transmission coefficient for 

the longitudinal acoustic phonon with 𝜂 = 39.0	Å in the case of 𝐷 = 33.0	Å without the SC 

molecules is about 0.09 (see Fig. 11), which indicates a tendency to approach the 𝑡Z[��� at longer 

𝜂. Similar observations for the longitudinal acoustic phonons were reported also for other systems 

as the grain boundary of Si and the interface of the Lennard-Jones solids with different atomic 

masses, through the wave-packet dynamics simulations [14, 42 ]. As expected, the present 

transmission coefficients at a short wavelength of 𝜂 = 13.0	Å (see Fig. 11) compare well with the 
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𝑡Z[¡��. 

As for the interfacial thermal conductance, the Landauer formula [14,43] that uses the 

equilibrium phonon population (𝑃 ) at the local temperature, has commonly been used: 𝐽/

∆𝑇 ¥�¦h��i� =
E
\§

𝑣Z,2 mode, 𝜂 ℎ𝑓Z mode, 𝜂 𝑑𝑃Z 𝑇Z,mode, 𝜂 𝑑𝑇Z 𝑡Z[ mode, 𝜂e
fghi,j . The 

Landauer formula gives 3.5	MW/K ⋅ mI for the AMM and 12.6	MW/K ⋅ mI for the DMM [14]. 

Those are much smaller than the present values of 100 − 250	MW/K ⋅ mI  in Fig. 4 (b). 

Limitations of the Landauer formula are well known, including the paradox that the formula gives a 

finite conductance even for the virtual interface with identical sub-systems [13,14,19,44]. The 

paradox is due to ignorance of non- equilibrium nature of 𝑃, that is, the 𝑃 at a given location 

should be affected by the ones within the range of the phonon mean free-path. The analytical 

formulas that take into account such non-equilibrium effects in 𝑃 [14], predict larger values than 

the Landauer ones: 3.6	MW/K ⋅ mI for the AMM and 14.0	MW/K ⋅ mI for the DMM. Those 

values are still much smaller than the present ones. The significant differences indicate importance 

of atomic scale inhomogeneity and anisotropicity to predict the interfacial thermal conductance of 

the present model, as well as inappropriateness of the phonon picture in the polymer sub-system.  

 There exist a number of issues that need be improved in future researches: (i) We have 

used one of the simplest model molecules (see Fig. 1) for the bisphenol-A epoxy polymer and 

surface-coupling agent in the present study. Depending on the application, the bisphenol-A epoxy 

polymers are controlled to polymerize and cross-link with other molecules. (ii) The bond-formation 

reactions of surface-coupling molecules with filler material are complex combinations of hydrolysis 

and condensation reactions. We have adopted the ideal situation of bonding between the O in the 

SC molecule and Al of α-alumina in the present study. (iii) In the phonon wave-packet dynamics 

simulation, to trace the time-evolution of kinetic and potential energy, the system is cooled down to 

nearly zero temperature before adding the initial wave-packet with quite small amplitude. In the 

situation, the phonons experience little anharmonicity of the inter-atomic potential and the polymer 

configuration differs much from the one at a finite temperature. As for the issues (i) and (ii), the 

first-principle MD simulation [45] or hybrid quantum-classical simulation [46,47], in which 

reacting atoms are treated with the DFT method, can be used for improvement albeit requiring high 

computation power. Relating to the issue (iii), we can take ensemble of atomic configurations at a 

finite temperature with the static inverted forces added on all atoms to fix them. The phonon 

wave-packet dynamics simulation in such systems can be an improvement. 
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