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Abstract

At the interfaces in an ideal epitaxial superlattice, it may be expected that there exists no thermal boundary resistance (TBR) due to thermal
motions because the interfaces are atomically perfect. However, recent researches reported that the TBR still exists at the epitaxial interface
of superlattices. Our previous study suggested the model, which was named as the C—M model, to predict accurately the TBR at an interface
by considering a mass ratio between two species. In this study, we incorporated the effect due to an intermolecular potential well ratio into
the previous model. The updated C—M model was based on the classical theory of a wave reflection and transmission, and provided ar
excellent agreement with the results of the molecular dynamics (MD) simulation. Furthermore, it suggests no TBR condition at an interface
in superlattices.
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1. Introduction It is well known that the thermal conductivity of a thin
film is lower than that of a bulk state. This reduced ther-
. ) o mal conductivity plays a key role in the heat dissipation
At present, the technologies related with thin films capacity because the heat generation from CPUs or elec-
have broadened the extent of their applications in the tronic chips degrades their performance; therefore, a proper
various fields because the demands of micro- or nano-heat removal is very important to assure their designed func-
electromechanical systems (MEMS/NEMS,) are significantly tions. The reduced thermal conductivity resulting from an
required. The MEMS/NEMS technologies make the various extremely thin thickness was reported in many other studies
devices perform the advanced functions with a more com- [11-15], which mentioned that the MEMS/NEMS devices
pacted size, and change even the human life [1,2]. However,may fail their intended performances if the thermal charac-
at the same time, one should be thoroughly aware of theteristics related with a highly reduced size are not properly
new phenomena resulting from an extremely small size be- considered in the design or the fabrication of them. Recently,
cause the existing theories based on a macroscale systenf;hoi et al. proved that the thermal conductivity with a film
that is a bulk state, can be applied no more [4-10]. In the thickness could be accurately calculated from the phonon
MEMS/NEMS, a reduced thermal conductivity and a ther- mean free path (MFP) in a bulk statgy k , determined by

mal boundary resistance (TBR) at an interface especially the molecular dynamics (MD) simulation [16]; furthermore,
arrest one’s attention. their approach to evaluate a thermal conductivity with the

film thickness can be directly applicable to experiment.
On the other hand, after Kapitza’'s first observation of
* Corresponding author. the TBR at the interface between metal and liquid helium
E-mail addresschoi_s_h@naver.com (S.-H. Choi). [17], many researchers have focused all their attention on
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Nomenclature
A o =r: D °m  Greek symbols
AMM acoustic mismatch model A difference
AIMM acoustic impedance mismatch model r total transmission probability
a amplitude. .. .. B R R R RS m contribution by a mass ratio to the ERC
BC  Dboundary condition B contribution by an intermolecular potential well
b amplltu_de. TR PR IREEE. . m ratio to the ERC
¢ acoustic VeloCity ..................... | € depth of L-J potential well . ................ J
DMM  diffuse mismatch model 0 incidentangle. ............ooooiiiiii.., rad
ERC  energy reflection ratio o0 AenSity . . ... kg3
h Planck constant- 6.62608x 10734 J.s o diameter of a molecule m
h h/2m =1.085x 10734 Js ® angular frequency ................... rac
kg Boltzmann constant: 1.3807x 1023 JK~1 _
L-J  Lennard—Jones Subscripts
l phonon meanfreepath.................... m AR argon
MD molecular dynamics BULK bulk state
m massofonemolecule .................... kg des desired
N number of molecules H high
NEMD non-equilibrium molecular dynamics i identification of a molecule
NESS non-equilibrium steady state j mode of an acoustic velocity
n calculation number in inflow
P transmission probability of phonon L low
q BNEIGY ottt J new after a velocity scaling
q heatflux....................... Wi—2.K~1 old before a velocity scaling
R thermal resistance................ w1 out outflow
T temperature..............ooooo e K REF simulation system without an interface
TCL  temperature control layer SYS  simulation system with an interface
t BMe .o S TC temperature control
v VEIOCIY « oot gl th thermal
X displacement............... ... m 1 material 1
Y Young'smodulus .................... M2 2 material 2
z acoustic impedance................ 2 1.2 from the material 1 to the material 2

the TBR. However, the mechanism of the TBR occurring investigating the heat flux ratio between the systems with an
at an interface between thin films has not been clarified up interface and without it; they compared the heat flux ratio
to now even though the various models had been suggestedvith the energy reflection ratio (ERC) given by a conven-
such as an acoustic mismatch model (AMM) [18], a diffuse tional AIMM for a macroscale system [21-23]. Although the
mismatch model (DMM) [19] and an acoustic impedance trial by Matsumoto et al. still failed to predict the TBR quan-
mismatch model (AIMM) with a reference system [20]. The ftitatively, it is worthwhile to be noticed since their concept
AMM and the DMM were proposed by Little and Swartz et was very simple and the results were improved than those
al., respectively and those models were based on the phonotby the AMM or the DMM. Following the method by Mat-
transmission phenomena at an interface. However, neither ofsumoto et al., Choi et al. [24,25] suggested the C—M model
them agrees with the experimental results except in the caseor the quantitative prediction of the TBR at the interfaces
of an extremely low temperature region [8,19] and the de- by altering the boundary condition (BC) of the AIMM. They
viation is typically order different; therefore, it can be said considered that the displacement amplitudes of two species
that there is no accurate model to predict the TBR at an in- at an interface should be different from each other and be
terface and that the TBR is still a challengeable subject in proportional to each mass. Their results showed that the heat
the MEMS/NEMS. flux ratio measured from the MD simulations agreed with
In recent, Matsumoto et al. reported that the TBR still the predictions by the newly developed C—M model. They
exists at an ideal epitaxial interface between the dissimi- also indicated that the failure of Matsumoto et al. was re-
lar materials even though an interface is perfectly contacted sulted from the fact that the BCs of the conventional AIMM
from the viewpoint of an atomic level [20]. Also, they tried had directly applied to a micro-sized system. Nevertheless,
to develop the model to predict the TBR at an interface by the model by Choi et al. was the limited case since the inter-
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face was made up of two species with only different masses;the adiabatic walls for the temperature control, which will be
that is, the suggested model was not the completed one. Fokcalled TCLs hereinafter. The bottom side was controlled to a
the completion of their model, the influence by the differ- hot temperature and the top side to a cold temperature, hence
ence of the potential well depth between two species shoulda heat current flows upHz direction). Although the fixed
be included because the respective depth of an intermolecuBC at both ends seems not to be realistic, we confirmed that
lar potential well may govern the behavior of the molecules this BC did not affect the thermal conductivity of a thin film
atan interface. Hereinafter, the intermolecular potential well compared with other BCs in our previous study [30] and,
will be; simply referred as the po?ential. _ within our experience, it was the simplest BC in the NEMD
This study was performed to include the influence by the gjmyjation for the calculation of a thermal conductivity. The
potential ratio of two materials into the previous model, i.e. x—y plane perpendicular to the heat flow direction was set as

. c;ompletion of the C-—M _model. A_S same as our earlier o periodic boundary condition (PBC), which behaviors just
studies [3,15,16,24,25], solid argon is selected as a target

terial b itis the tvpical L 4 L—7 pot as an actual thin film [15,16,24,25,30]. The velocity scaling
material because ItIs the typical Lennara-— ongs( —J) POteN- 1 thod was used for the temperature control of both TCLs
tial material; it is the simplest type of a potential; moreover,

there is no need to consider the contribution by free electronsand the equation of a motion was integrated by the Velocity

A ) Verlet method [26-29].
to the thermal conductivity since argon is a non-conductor, . .
which means that the energy transportation is occurred only E_|ghteen argon molecules were arranggdccmndy dr-
by a lattice vibration. It has been found from this study that rection r.espfactlv.ely per one layer and'th|rty layers were
the TBR is explicitly dependent on the potential ratio as well Stacked i direction. Atemperature gradient was measured

as the mass ratio between two different materials. The de-In the medium of the eighteen layers excluding the TCLs
tailed descriptions and the simulation method will be given and the fixed adiabatic walls at both ends. Time interval for

in the next sections. an iteration was selected as = 1.0 x 107 s (= 1 fs)
and, for the cut-off length of an intermolecular interaction,
3.5 0ar Was used. We confirmed from our previous stud-
2. Simulation method ies that those parameters produced the calculation data with
small fluctuations [16,25,30]. The properties of argon used

A simulation system is arranged with fdd1) as shown  in a simulation arerag = 3.4 A, mar = 6.634x 1026 kg,
in Fig. 1. For the formation of an interface in the middle, the andsar = 1.67 x 10721 J [28,29].
lower half of a system was filled with argon molecules; the  For the evaluation of the TBR, the system was initially
upper half was filled with the imaginary material that has equilibrated to the temperature of 40 K. During all simu-
a different molecular mass and a potential. Two adiabatic lations for developing a temperature gradient the hot TCLs
walls, each of which is composed of 3 layers, were placed atwere controlled to 42—44 K and the low TCLs to 36—38 K
the bottom and the top for isolating the system from the en- (A7 = 4-8 K). It was confirmed that the average temper-
vironment. Another 3 layers were placed just on and below ature of the system had been maintained to 40 K during
all simulations although the different temperatures were as-
signed to each TCLs. An intermolecular distance was deter-
mined to maintain a system to be under a freestanding state,
which means a system to be in the zero stress state during
a simulation. When the average temperature of a system is
40 K, the intermolecular length of 1.1115r provides a
freestanding state [3,15,16,24,25].

All data were taken after being confirmed that the sys-
tem was in the non-equilibrium steady state (NESS). The
first simulation was performed the system to maintain the
initial equilibrium state of 40 K, and then the system was re-
laxed during some period. After the initial equilibrium state,
controlling both TCLs to the desired setting temperatures
created a temperature gradient in the system. The simula-
tions for a temperature gradient were performed six runs and
each run’s iteration was 500 000 steps, which corresponds to
500 pico-seconds. However, the first run of them was ex-
Fig. 1. The simulation system of f¢t11). [A] is a fixed adiabatic wall; C|Ud.ed I_I’l the. evaluation of a heat ﬂU).( and a temperature
[H] is the hot temperature control layers (TCLs); [C] is the cold TCLs. The profile since it must be a transient period. Accordingly, all

total layer is 30 and a temperature gradient is measured in the medium of TBR evaluations from the MD simulations were averaged
18 layers excluding the TCLs and the fixed layers at both ends. over the rest five runs.
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3. Simulation results 100 r ' ‘ ' g
b dg,/dt=1.4041X107° Jisec 3
3.1. Heat flux and temperature jump 50k 1
= i ]
Because the temperature gradient in a system was es- @ i 3
tablished by controlling both TCLs, a heat flux or a heat 2 00 b Qin*Gout -
flowrate can be determined by measuring the inflow energy = .
to the hot TCLs or the outflow energy from the cold TCLs § ]
during the velocity scaling [15,16,24,25,30]. In the velocity w 50 1
scaling method, the instantaneous velocity of an individual Tt ]
molecule in both TCLs is adjusted to the respective setting © dgg,/dt=1.3968X10" Jfsec E
temperature by using Eq. (1). 10.0 L ‘ . ‘ _ ]
T 0 100 200 300 400 500
d , .
Unew|i = U0|d|i Tes (1) Time [pICO SEC]
4
@
In Eq. (1), Tyes is the desired setting temperature of the 6
TCLs; T; is the instantaneous temperature of the specific AR
moleculei in the TCLs. The heat flowrate is given as Eq. (2) F 1
or Eq. (3). I 1
a. (3) 43 ‘
1 e Ny x
qdin = 2 Z ZmAR (Unew|,'2 - Uold|l~2) (2 g 1
j=1li=1 g 40 m
Q
1 ntc NL g 4
Gout= 3 22’”AR (Uold|i2 - Unew|i2) 3) = . ‘ :
j=li= -
. . - dT/dZ=-5.4162X10% K/ SN
Eq. (2) is the energy provided to the hot TCLs and Eq. (3) i "
is the energy taken from the cold TCLs. In those equations, 34 T T T T T
ntc is the total number of the velocity scaling over the pe- 0 10 20 30 40 50 60 70 80 90
riod of one run;Ny and N are the number of molecules in Z Directional Length [4]
the hot TCLs and in the cold TCLs, respectively. Therefore, )

the heat fluxes are given as Eq. (4) or Eq. (5) whergethe

total iteration number during one rud, is a heat transfer Fig. 2. The heat flowrates and the temperature profile of the system with the
area. and\7 is a time interval interface resulted from a potential ratio and a mass ratio. Half of the system

is argon and the rest half consists of the molecules with four times mass and

. {gin 4 three times potential compared with argon. The dotted lines indicated by an

gin = AnAt ( ) arrow on (a) are the heat flowrates of the reference system. (a) Heat flux;
qout

(b) Temperature profile.
5
AnAt )

In Fig. 2(a) is the example of the calculated heat flowrate face might be considered as a perfect contact. Just as the
and (b) the measured temperature profile when the half of agyperimental results from other studies on superlattices, the

times mass and three times potential compared with argon.qpserved [20,31,32].

As shown in Fig. 2(a), each heat flowrate obtained from the
hot TCLs or the cold TCLs is almost the same when the sys- - .
tem was fully maintained in the NESS. The increased solid 3.2. Existing models for thermal boundary resistance

line is the heat flowrate calculated from the hot TCLs and (TBR)

the decreased solid line from the cold TCLs. The dotted line

indicated by the arrow is the heat flowrate of the reference  Actually, the history to grasp the mechanism of the TBR
system when the same simulation conditions were applied.is fairly long and the typical models are the AMM and the
The reference system means the simulation system withoutDMM, which were briefly mentioned in Section 1, and con-
an interface, which consisted of argon molecules entirely. cerned with the phonon transportation phenomena [8,18,19].
Fig. 2(b) shows a temperature jump occurring at the inter- The TBR by the AMM is given as Eq. (6) and the DMM as
face in the simulation system, which was resulted from the Eq. (7) respectively, which are derived theoretically. How-
contact of two dissimilar materials, even though the inter- ever, the details on their derivations are not repeated here

q.OUt =
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since the fully detailed descriptions are found in many other
references [3,8,18,19]

_ AT _ 1 (T1 — 1)
60h3 21 clj
O1=%
= / P1_.2(01) sinf; COS@]_} doq (6a)
P12(61) = P21(62)
-2
_ P22 cost <,02€2 00892> (6b)
p1c1 COSO1 \ p1c1  COSOL
AT
Rih=—
q
k4 2
= (11— Tz)[lzmg{ Zq, P12(w)
-1
—T3Y 55 Pzﬁ1<w)” @)
J
2
Proa) = —=1 2
{e XIO(kBTz) - }
_2 1
C -C
[ Z Z ] (7a)
{eX“kBTl)_l} {equBTz)_l}

In the above equations? is the probability of phonon
transmission through an interfacejs the acoustic veloc-
ity of a solid; p is the density of a solidd is the incident
angle of phonons to an interfaceg; is the integrated trans-
mission probability of phonons over an interface; the sub-

scripts, 1 and 2, present two kind of materials; the subscript,

J, presents the mode of an acoustic velocity. In Eq. ¢r),

551

Incident Wave
a, -explile-t -k -x)}» Transmitted Wave

a, -exp{i(@-1—k, -x)}_‘

Reflected Wave
- b -explil@-t+k -x)}

Material 1 (z, = p, -c,) Material 2 (z,=p,-c,)

Fig. 3. A wave behavior at an interface in accordance with a classical wave
theory. The part of an incident wave is partly transmitted through the in-
terface and the rest is reflectefl.is an acoustic impedance, which is the
inherent property of a material defined as a density times an acoustic veloc-

ity.

it b1expli(wt + k1x)}, and a transmitted wave through it
az expli (wt —kox)} as shown in Fig. 3, then the ERC is given

as follows [21-23]
N\ 2
,0202> !
p1c1

wan ()0 ) )
(G- f2) e 22) )

Eqg. (8) can be easily obtained because the acoustic ve-
locity of a solid is given as the square root of the Young’s
modulus divided by a density & /Y/p) and the inter-
molecular potentials of the two materials were assumed to be
identical. Matsumoto et al. suggested that the ERC of Eq. (8)
would be equal to the ERC of Eq. (9) if the same simulation
conditions were applied to the system with an interface and
the reference system without an interface.

m2

mi

ma2

mi

®)

R
_1_ Rrer
Rsys

gsys
4REF

Although the concept proposed by Matsumoto et al. was
very simple to understand, easy to handle and showed some

ERC(§) =1— 9)

is an angular frequency of phonons. It has been well known improved results compared with the AMM and the DMM,

that neither of them agrees with the experimental data ex-

cept for an extremely low temperature region although both
models give rather similar predictions for many cases [6,18,

the deviation between Egs. (8) and (9) was still large.
Soon after the report of Matsumoto et al. [20], Choi et al.
clarified that the failure of Matsumoto et al. resulted from

19,33]. Moreover, these models are too complicate to handlethe BCs of the AIMM [25]. Originally, the AIMM is used

easily for an engineering use.
In addition to the AMM and DMM, as introduced in Sec-
tion 1, Matsumoto et al. tried to evaluate the TBR by com-

for the analysis of a wave reflection and transmission oc-
curring at an interface of a macrosystem such as a string, a
slender bar or a slinky [21-23]. Therefore, the BCs of the

paring with the heat flux ratio between the reference systemAIMM should be modified for a microscale system. Choi et
without an interface and the system with an interface. They al. suggested a new model, so-called C—M model, to be used
designated the system made up all the same molecules ofor the TBR evaluation of a microscale system. Their model
argon as a reference system, and the system with an interwas also based on the AIMM but they modified the BCs to

face as a simulation system. Hereinafter, we will indicate

be suitable for a microscale system as briefly mentioned in

the reference system as attached with the subscript of REFSection 1. The predictions by the C—M model showed a good
while the simulation system as attached with the subscript agreement with the heat flowrate ratios evaluated from the

of SYS. They defined an energy reflection coefficient (ERC)

from two heat fluxes, and then compared with the ERC eval-

uated from the AIMM. Assuming that an incident wave to
an interface isuy expli(wt — k1x)}, a reflected wave from

MD simulations; however, it was not the completed model
because the influence due to a potential ratio was not in-
cluded in it. The details of the C—M model and the updated
one are given in the next two sections.
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Fig. 4. Pulse reflection at an interface and transmission over it in the case that the mass ratio is 1:5. This figure was cited from Ref. [25].

3.3. The previous C—M model 1.0 AR
<

For the development of a new model based on the AIMM, -g 08F O
Choi et al. investigated whether a wave reflection and trans- % 2 ]
mission is still applicable to an ideal epitaxial interface from 8 06k \ ]
the viewpoint of a molecular size [25]. They applied a very S o G- M MODEL
weak pulse, which corresponded to the thermal motions of B a
molecules, to one end of a system and confirmed thatthe ap- 2 g4¢ AIMM b
plied pulse was partly reflected at an interface and the rest ¥ *
was transmitted over it as shown in Fig. 4. After confirm- > \ 5
ing that the classical wave theory for a macrosystem could ©0.2F ]
be applied to a microscale system, they modified the BCs of 0 3 ]
the AIMM.

The BCs of the AIMM are (1) the displacements of both 0-01 0 o 4'0 o 7'0 o 10.0

sides at an interface are the same for all time, and (2) the
forces acting to both sides at an interface are also the same.
These conditions assure that there is no discontinuity of Fig. 5. The ERC by the MD resuits and the models. Matsumoto et al. sim-
the displacement and the force at an interface. However, itulated with the system of f¢¢00 (marked asO) and compared the heat
is questionable whether the BC (1) is applicable to a mi- flux ratio obta_lned from the simulations with the prediction by the AIMM,
le system although the BC (2) can be considered tohowever Choi et al. was on f¢t11) (marked adll) and compared the heat
crosc.a Y g_ . flux ratio with the prediction by the C—M model. The C—M model displayed
remain reasonable. Choi et al. assumed that the displace20v deviation at most, which shows an excellent agreement compared with
ments of the molecules are not collective but rather random any other existing model. The data were cited from Refs. [20,25].

from a microscopic viewpoint. In a macroscale, the energy

as the form of a wave is extremely large compared with the |aw, These modified BCs, (land (2), are summarized as

thermal energy due to molecular motion; therefore, the ERC Egs. (10) and (11) from the classical wave theory [3,21-23].
can be sufficiently calculated by considering only the col-

Mass Ratio

. . . ; mi
lective motion of a body. However, in the evaluation of the a1+ b1 = a2 (10)
TBR at a solid interface, the energy level of a lattice vibra- 2
tion should be considered. —Z1a1+ Z1b1 = —Zzaz (11)

Suppose two molecules with the different masses butwith |, the above equations; is the amplitude of an inci-
the same L-J potential and their movements. Then, it cangent wave b, the one of a reflected wave, ang the one
be easily imagined that the amplitudes of two molecules are qof 5 transmitted wave as shown in Fig. B.is an acoustic
different from each other and expected to be proportional jmpedance of material, which is defined as a density times
to their mass ratio from the mechanical background. This an acoustic velocity of a material. From the above-modified

situation results in that the BC (1) of the AIMM should be BCs, the ERC occurring at an interface can be theoretically
altered as (3 the displacement ratio between two molecules derived as follows [25].

at an interface is proportional to their mass ratio. However,

12
the BC (2) is still applicable since an intermolecular force ERCom) = (1 m2 L5 14 m2 Lo\t (12)
is the same under Newton'’s third law, action and reaction - m1 mi
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Fig. 6. The heat flowrates and the temperature profile of the system with the interface resulted from a mass ratio. (a) and (b) are the case that a mass rati
is1:3, (c) and (d) are 1:5. A temperature jump is getting large as a mass ratio increased. The dotted lines indicated by the arrow are the samexmeaning as i
Fig. 2.

Eq. (12) is the result of the C—M model developed in flowrate decreased and a temperature jump became large as
our previous study, which reported that the heat flowrate ra- a mass ratio or a potential ratio increased. The temperature
tio from the MD results showed the agreement within the jump was observed more severe in the change of a mass ratio
maximum deviation of 20% error when compared with the than in the change of a potential ratio. Fig. 6 is the example
ERC by Eq. (12). Fig. 5 shows the ERC by Eq. (8) of the of a heat flowrates and a temperature jump when the dis-
AIMM, the ERC by Eg. (12) of the C—M model based on continuity of an interface was resulted from the difference in
the modified BCs, (3 and (2). For the comparison, the heat molecule’s mass; on the other hand, Fig. 7 shows the same
flowrate ratios from the MD simulations by Matsumoto et results when the interface was made by the difference in po-
al. [20] and by Choi et al. [25] are shown together in it. As tentials. As already mentioned in Section 3.1, Fig. 2 is the
seen in the figure, the C—M model predicts accurately the example that a mass ratio and a potential ratio were simul-

ERC. taneously changed. Comparing Fig. 6 with Fig. 7, we can
clearly see that the TBR is more dependent on a mass ratio
3.4. The updated C—M model than a potential ratio since the TBR is directly related with a

temperature jump or the reduction of a heat flowrate. Also,
The purpose of this study is to complete the C—M model it seems that the TBR will increase when dissimilarity be-
by including the effect by a potential ratio in the previous tween two species gets to be large. However, if comparing
version. For this, the temperature jumps at an interface wereFig. 2 with these figures, the degree of dissimilarity between
investigated by changing a molecular mass and a potential oftwo species is not always dominant because the temperature
the upper half of Fig. 1. As shown in Figs. 6 and 7, the heat jump was decreased in Fig. 2.
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Fig. 7. The heat flowrates and the temperature profile of the system with the interface resulted from a potential ratio. (a) and (b) are the cagertiat the po
ratio is 1:3, (¢) and (d) are 1:5. A temperature jump is getting large as the potential ratio increased. From the comparison with Fig. 5, the TBR is more
dependent on the mass ratio than the potential ratio. The dotted lines indicated by the arrow are the same meaning as in Fig. 2.

To incorporate the effect due to the potential ratio into the to the ratio of their respective equivalent spring constant;
previous C—M model, the interaction between two species therefore, the BC (1) should be modified as Eq. (14). How-
was presented as the mixing rule of Lotentz—Berthelot given ever, the BC (2) for the intermolecular force of Eqg. (10)
by Eqg. (13) [28,34] and we paid cautiously our attention to is still applicable without any modification because we as-
the relative movements of two molecules at both sides of an sumed that the intermolecular forces acting to two molecules

interface. are identical.
e12= V162 (13)  , ypy = 2T2VEIE2 (14)
g2+ 2./€162

For the simplicity of an analysis, only two molecules
were considered, which were arranged with one-dimension  Based on the BCs of Egs. (11) and (14), the ERC can be
as shown in Fig. 8. If considering a sufficiently long period, derived as Eq. (15) if the interface results from dissimilarity
the assumption with a fixed boundary is reasonable since thedue to the different potentials.
time averaged position of each molecule at both ends will
be constant. Under the assumption that the intermolecular (i—i)l's+2§—f
force is equal to each other, the molecule 1 feels the springERC(S) =1{1- &2

] ; 1+2 /%2
constantes; + 2,/e1e2 when it moves any distance and the 1
molecule 2 feels, + 2, /e1¢2. This means that the BC (1) of (22)15 4 pe2 -192
the AIMM should be modified as () the displacement ratio X (1 + { BLE L X }) :| (15)
at both sides of an interface should be inversely proportional 1+ 2\/%
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Fig. 8. The simplified model for analyzing the displacement ratio of two
molecules. The molecule 1 feels the spring constant 2,/¢1 - &2 when

it moves any distance and the molecule 2 feglsi- 2,/¢1 ¢, under the
assumption that an intermolecular force is equal to each other.
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Fig. 9 shows the heat flowrate ratios obtained from the Mass Ratio
MD simulations and the ERCs predicted by the C—M model, _ _ )
Fig. 9. The ERC by the C—M model and the ERC by the MD simulations.

which were calculated by Egs. (12) and (15)' The simula- The prediction of the C—M model is excellent and the maximum deviation

tions were performed separately in two cases, i.e. there existSs apout 20%. Solid squares present the heat flowrate ratios when the mass
only a mass ratio or only a potential ratio. It was confirmed ratio was changed under the constant potential; open squares the same ones
that the predictions by the C—M model agreed well with the when the potential ratio was changed under the constant mass; the dotted
ERCs evaluated from the MD simulations. From Fig. 9, it line is the prediction from the conventional AIMM. It can be seen that the

. . ERC is more dependent on the mass difference than the potential difference.
was observed that the ERC is more susceptible to the mass

difference than the potential difference.

Finally, we tried to derive the equation for the ERC in- ele;=1.0 M &/5,=3.0 @
corporating the effects of a potential ratio and a mass ra- ele; =20 O eye;=4.0 O
tio. From the physical intuition, it can be easily imagined el =05 O

that there will be a superposition effect in the case that two

species are simultaneously different from the masses and the oo T
potentials. This suggests that the ERC will be escalated by g/e1=1.0t0 4.0
the contributions from two effects and leaded to the form of "qc'; 0.8
Eqg. (16). o
g. (16) 2 %
1-— Q 0.6
ERC(m, £) =< op > (16) ©
1+ap 5
15 804
m Q
= <_2> (17) S
m1 o
0.2
(2)t5 422 5
| w
+4/a 0.0 -
In Eq. (16),« presents the contribution by the mass ratio ' : ' ' ' ' '
0.0 2.0 4.0 6.0 8.0

to the ERC ang is the same factor by the potential ratio. To
confirm the correctness of Eq. (16), we simulated the various
cases with changing the mass ratio and the potential ratio si-Fig. 10. The ERC by the C—M model and the ERC by the MD simulations
multaneou3|y_ In contrast to our naive anticipation that the under the various combinations of the mass ratio and the potential ratio. The
ERC may be calculated by Eq. (16) if Considering the over- ERCs.from the he?*at. flowrate ratio wheg/sq is 2.0 (mgrked afl) agree
all effects. however. the ERCs from the MD simulations are well Wlth the predictions by the C—M model whep/¢1 is 0.5 (the dotted

- ! . . . line). This is the clue to complete the C—M model.
largely deviated from the predictions as shown in Fig. 10.
This means that the developed C—M model is not generalized
but can be applied to only single effect due to a mass ratio C—M model wherey/¢1 is 0.5. This implies the possibility
or a potential ratio. After careful investigation of Fig. 10, that the displacement ratio between two molecules at an in-
we noted that the ERCs from the heat flowrate ratio when terface, designated as 1 and 2 in Fig. 8, are not increased by
g2/e1 is 2.0 are nearly the same as the predictions by the the superposition of two effects but rather decreased by the

Mass Ratio
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Fig. 11. The displacement ratio in the various combinations of the mass ratio
and the potential ratio. These ratios are calculated through Eq. (18), which is
the high frequency component. The displacement ratio with the mass ratio
is larger than that with both of the mass ratio and the potential ratio. This
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means that the displacement ratio is not increased by the superposition of

two factors but rather decreased by the cancellation effect of them.

cancellation of them. For the investigation of such a charac-
teristic, the simulation of two degrees of freedom as shown
in Fig. 8 was performed and the relative displacement ratios

Fig. 12. Comparison of the ERCs from the C—M model and the MD results.
The lines are the predictions by the developed C-M model; the marks are
the heat flowrate ratios obtained from the MD simulations in the variuos
combinations of the mass ratios and the potential ratios. The ERCs from the
MD simulations agree well with the predictions of the C—M model given by
Eq. (20) within the maximum deviation of about 20%.

between two molecules were measured. The results showed
that the displacement ratio, when the interface was made by

only the mass difference, was larger than that when the inter-

is for the low frequencyy , which is the frequency of a syn-

face was made by the simultaneous difference in mass and®hromode. Considering that the high frequency component
potential. This characteristic can be explained theoretically. Will be dominant to the energy transfer, the displacement
In accordance with the vibration theory of two degrees of ratio has to be determined from Eq. (19) under the vari-
freedom [35], the displacement ratio is derived as Egs. (19) OUS combinations of the mass ratio and the potential ratio.

Fig. 11 depicts the displacement ratios of two molecules

and (20). . .
arranged as Fig. 8, which were calculated by Eq. (19). There-
e 1+ €2 fore, the discrepancy in Fig. 10 is resulted from the fact that
X2 | oy €182 the ERC is not escalated by the superposition of two effects
1|: ma o1 = due to the mass ratio and the potential ratio, but relaxed
- = {— <1+ —) + (1+ \/:)} by the cancellation effect of them. Consequently, the coef-
2| lmy €2 €1 ficients ofa andg in Eq. (16) should not be multiplied but
o 1 Z\12  my divided as follows
me2) -2 +4m—1} VA%
ag oo ((l ﬂ) (” ﬂ) ) &)
X1 . In Fig. 12, the ERCs from the MD simulations and the
—| =1+ predictions given by Eq. (21) are shown together with. From
2o VELE2 the fact that Eq. (21) predicts accurately the ERCs from
1| [(m2 1 £2 the MD simulations, it can be concluded that the developed
5 {_1 <1+ _2> + <1+ £1 >} C-M model is quite excellent compared with any other ex-
isting model such as the AMM, the DMM and the AIMM.
2
) -GN )
mj €2 €1 mi

(20)

Eq. (19) is the displacement ratio for the high frequency,
wH, Which is the frequency of an antiphase-mode; Eq. (20)

4. Conclusions

For the analysis of the TBR at an interface such as su-
perlattices, the NEMD simulations were performed and the
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mechanism of the TBR could be explained through the wave [5] S. Kotake, S. Wakuri, Molecular dynamics study of heat conduction in

reflection at an interface even though the related energy,  solis materials, JSME Internat. J. (B) 37 (1) (1994) 103-108.

which is due to the thermal motions of molecules. is very [6] P.E. Phelan, Application of diffuse mismatch theory to the prediction

. . . ' of thermal boundary resistance in thin-film high-superconductor,

small. As descrlbeq in Section 1, we had.already the new ASME J. Heat Transfer 120 (1998) 37-43.

model for the prediction of the TBR at an interface in thin  [7]G. chen, Particulariies of heat conduction in nanostructures,

films or superlattices. For the application of the conventional J. Nanoparticle Res. 2 (2000) 199-204.

AIMM to a microscale system, the BCs of the AIMM were [8] D.G. Cahill, W.K. Eord, K.E. Qoodson, G.D. Mahan, A. Majundar,

modified and the new concept was introduced, which is the EHJ' M;‘;'?'Z)R('Z'\ggg)";g%% l';h'"pOt’ Nanoscale heat transfer, J. Appl.
- . - s. —818.

heat flux ratio or the heat flowrate ratio between the simu- [9] P.KY Shelling, S.R. Phillpot, P. Keblinski, Comparison of atomic-level

lation system and the reference system. However, it had the  simulation methods for computing thermal conductivity, Phys. Rev.

limited applicability since it took account of only the effect B 65 (2002) 144306/1-144306/12.

due to a mass ratio. [10] G. Chen, Size and interface effects on thermal conductivity of super-

In this study, we completed the C—M model by including lattices and periodic thin-film structures, ASME J. Heat Transfer 119
! . . . (1997) 220-229.

even the_ e_ﬁeCt due to a potential ratio and (_:onflrmed that [11] G. chen, Thermal conductivity and ballistic-phonon transport in the

the predictions from our model agree well with the results cross-plane direction of superlattices, Phys. Rev. B 57 (1998) 14958—

from the MD simulations. The maximum deviation between 14973. _ _ _

the C—M model and the MD results was within 20%. This is [12] F.C. Chou, J.R. Lukes, X.G. Liang, K. Takahashi, C.L. Tien, Molecu-

. . . . lar dynamics in microscale thermophysical engineering, Annual Rev.
quite satisfactory result for an engineering usage. However, . “o° " o (1999) 141-176.

it must be noted that the applicability of the C—M model, [13] jR. Lukes, D.Y. Li, X.G. Liang, C.L. Tien, Molecular dynamics study

which is purely based on a theoretical derivation, is limited of solid thin-film thermal conductivity, ASME J. Heat Transfer 122

on a non-conductor or a semiconductor that can be ignored  (2000) 536-543.

the role of free electrons in the energy transfer. Neverthe- [14] S.G._ \_/olz, G_._Chen, Molecular-dynamics simulation of thermal con-
. . . ductivity of silicon crystals, Phys. Rev. B 61 (2000) 2651—-2656.

Iegs, We_ are certain that the C-M mo‘?'e' p_royldes englneers[15] S.H. Choi, S. Maruyama, Calculation of heat conduction of solid by

with a simple tool to evaluate the TBR in thin films or super- classical molecular dynamics method, in: Proc. of 39th National Heat

lattices. Furthermore, Eq. (21) proposes the ideal condition  Transfer Symp. of Japan, 2002.

that the TBR does not occur at an interface since the ERC[].G] S.H. Choi, S. Maruyama, K.K. Kim, J.H. Lee, Evaluation of the

will be zero if « is equal toB8 in the numerator as fol- phoqon mean free path in thin films by using classical molecular dy-
q B namics, J. Kor. Phys. Soc. 43 (5) (2003) 747-753.

lows [17] M.E. Lumpkin, W.M. Saslow, One-dimensional Kapitza conductance-
£2)15 4 o&2 1—15 comparison of the phonon mismatch theory with computer experi-
ma2y\ _ (61) + &1 (22) ments, Phys. Rev. B 17 (1978) 4295-4302.
mq o 1+ 2\/§ [18] W.A. Little, The transfer of heat between dissimilar solids at low tem-
&1 perature, Canad. J. Phys. 37 (1959) 334—-349.

- - e . [19] E.T. Swartz, R.O. Pohl, Thermal boundary resistance, Rev. Mod.
For the confirmation of the above condition, we simulated Phys. 61 (1989) 605-668.

some Pre"minary simulations through the Same method de'[20] M. Matumoto, H. Yakayabashi, T. Makino, Thermal resistance of crys-
picted in Fig. 2 and observed that there existed really N0 tal interface: Molecular dynamics simulation, J. JSME (B) 68 (671)

wave reflection although we are still trying to obtain the (2002) 87-93. _ ' _
complete results for it. Aside from the feasibility that there [21] H.J. Pain, The Physics of Vibration and Waves, Wiley, New York,

. ) . ; 1983.
exists the real materials to satisfy Eqg. (22), it should be [22] F.S. Crawford Jr, Waves, McGraw-Hill, New York, 1994,

paid attention in that Eq. (22) provides engineers with the [23] 3. Billingham, A.C. King, Wave Motion, Cambridge University Press,
criterion on the ERC or the TBR of L-J potential materi- London, 2000.
als at least. However, this study is not perfect because thel24] S.H. Choi, S. Maruyama, Thermal boundary resistance at solid inter-

mass ratios and the potential ratios were selected as fairly ﬁ;‘:};ﬁg‘)’/‘sﬁ?'i 3;’;:?'§gorgeth°d' in: Proc. of 40th National Heat
rough. Hence, there is a need to be continued some add|-[25] S.H. Choi, S. Maruyama, K.K. Kim, J.H. Lee, Feasibility study of a

tional MD simulations with the smaller ratios in the masses new model for the thermal boundary resistance at thin film interface,
and the potentials for raising the reliability of the C-M J. Kor. Phys. Soc. 44 (2) (2004) 317-325.
model. [26] R.J. Sadus, Molecular Simulation of Fluids—Theory, Algorithms, and
Object-Orientation, Elsevier, Amsterdam, 1999.
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