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ABSTRACT

In this study, we examine heat flux at the single-atom scale in a liquid-solid interfacial region by calculating local quantities based
on classical molecular dynamics. The heat flux was calculated over a subatomic area defined on the liquid-solid interfacial region,
and a two-dimensional map of the local heat flux at the liquid-solid interface was obtained. The results clearly showed directional
heat flux at the single-atom scale between the liquid and solid phases; the spatial heat conduction was not uniform along a tem-
perature gradient in the immediate vicinity of the solid surface, which suggests that the interfacial thermal resistance can be
interpreted more precisely based on the local quantity of the heat flux. The methodology and results given in this study should
prove useful to more precisely interpret and control heat transfer and thermal resistance at interfaces.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5062589

It is widely known that temperature changes abruptly at
the interface between different phases through which heat
transfers.”* The interfacial thermal resistance (ITR) R is defined
using this temperature change at the interface AT and the heat
flux j through the interface, as

R = AT/j. (1)

Modifying the physical and chemical properties of the interface
to control the interfacial thermal resistance (ITR) is one of the
central problems for thermal science and engineering,” ° and
there has been considerable research on the evaluation of the
ITR based on theory,”” simulations,'”** and experiments.” "
In particular, a number of studies have been devoted to the eval-
uation of liquid-solid'®™" and solid-solid'® ** interfaces based on
molecular dynamics. The physical origin behind the ITR should
be pursued from a molecular perspective. However, under-
standing the heat transfer physics of such interfaces at the
atomic scale is extremely difficult due to the complexity of the
interfacial properties. Even now, it is not known precisely where
the heat transfer occurs at the atomic scale, in spite of the fact
that precise clarification of interfacial heat transfer is required

for advances in fundamental thermal science and engineering
applications.”

From a macroscopic point of view, the interface may be
idealized as a plane without thickness; however, a micro-
scopic picture based on the density results obtained by
molecular dynamics® shows that the interface has a thick-
ness of a few A (see Fig. 1). Therefore, we believe that this
interfacial region plays a crucial role in determining the char-
acteristics of the ITR and is directly connected to the funda-
mental mechanisms behind the heat transfer. However, the
ITR is obtained as a result of the temperature change at the
interface, and Eq. (I) does not provide information on the
inside of the interfacial region. As shown in Fig. 1, the interfa-
cial region includes not only liquid phase layers in the vicinity
of the solid surface but also the space between the first solid
and liquid layers that directly face each other; in this region,
the temperature cannot be defined due to the lack of atoms
in the heat conduction direction.

However, even in such an interfacial region where the mac-
roscopic quantity (temperature) is difficult to define, we can
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FIG. 1. Schematic illustration of a liquid-solid interface and the interfacial region at
the atomic scale. In this figure, the heat flows from the solid (left) to liquid (right),
and the interfacial region S is defined as the region between the bulk solid and lig-
uid. There exists space between the first solid and liquid layers, where there are no
atoms.

interpret the thermal resistance as a property based on the heat
flux detected locally in the region, that is,

1

R(x,y)|, O(j(xyy)lz’ z €S, 2)
where the x-y plane in the system is normal to the heat flux
direction z. In Eq. (2), R(x,y)|, and j(x,y)|, are the local thermal
resistance and heat flux at z, respectively, which vary depend-
ing on the locations in the x-y plane, and S denotes the inter-
facial region in the z direction. Equation (2) indicates that the
local interfacial thermal resistance (LITR) at the atomic scale
is inversely proportional to the local heat flux (LHF), and it
can be defined even in the region where there are no atoms
as long as the local heat flux can be detected. Note that the
interfacial thermal resistance R = AT/j in Eq. (1) is an expres-
sion for the overall ITR from a macroscopic point of view,
which does not consider the quantity of local heat flux
defined at the atomic scale. We propose the expression in Eq.
(2) as a way to reveal local properties of the overall ITR based
on the LHF. Using the LHF is a promising approach, since we
can evaluate it even where the temperature is not well
defined, and it is directly connected to the fundamental
interpretation of the precise heat transfer phenomena in the
interfacial region. Although the detection of the LHF in the
interfacial region is expected to give us valuable information
on interpreting the overall interfacial thermal resistance
more precisely, the heat flux has not been detected locally in
such an interfacial region. In the present study, we conducted
non-equilibrium molecular dynamics simulations for a liquid-
solid interfacial system and explored the heat flux in a liquid-
solid interfacial region, which is defined locally in space and
possesses atomic-scale spatial resolution. Our previous work
on the elucidation of local physical quantities®* enabled us
to develop the techniques for obtaining the local heat flux at
the single-atom scale. As a result, we have been able to

scitation.org/journal/apl

develop a microscopic picture of the liquid-solid interface
based on the results of the LHF.

Here, with the objective of evaluating the local heat flux in a
interfacial region, we apply the microscopic expression of the
heat flux for monatomic atoms, which is described as a local and
instantaneous expression] 3,35

Je(r,t) Z evi + 5 Z Z ri;(vi - Fy) (3)

ieQr i j#

In Eq. (3), Q is the local volume in the system, F is the force act-
ing on the molecules, and v is the velocity of a particle. The total
energy is defined as e; = (1/2)m;v? + (1/2)Z;¢y, where ¢ is the
potential energy between the ith and jth particles and m is the
mass of a particle. The time-averaged energy flux can be
obtained as j,(r) = (j.(r,t)). Note that r* is the line segment
between particles in the local volume and is evaluated in the
two-dimensional plane considering the effects of the three-
dimensional volume in the present study. In previous work, the
methodologies to obtain the local quantities have often been
limited to a single dimension.”"**%*" Recently, Fujiwara et al.
obtained effects of fluctuations of the local energy fluxes in
two-dimensions for evaporation processes from a vapor-liquid
surface formed in a slit pore.” In this study, we calculated heat
flux in three-dimensional space at atomic resolution in a liquid-
solid interfacial region and obtained a two-dimensional map of
the local heat flux by developing a technique of calculating local
quantities.33,34,3637

As a modelled system, we adopted a fluid sandwiched by
two planar solid walls in which heat flows. The two walls were
located at the lower and upper sides in the z direction of the sys-
tem, and periodic boundary conditions were adopted in the x
and y directions. The system size was Ly x Ly x L, =40 x40 x 39
A3, Since obtaining the local heat flux requires much computa-
tional time, we adopted simple molecules and atoms: Ar mole-
cules as the fluid and Pt atoms as the solid, whose interactions
were based on van der Waals forces of the form (LJ), ¢y (ryj)
= degi|(oy /n]) — (oy /n]) ] with a cut-off radius of 4.0 (using an
Ar-Ar interaction as an example). Here, ry; is the distance
between the ith and jth particles, and agf and ¢ are 3. 405A and
1.67x10"% ], respectively. Hereafter, in the present study,
reduced units are adopted by using the LJ parameters of Ar mol-
ecules: gy, &y, and mass. The reduced parameters used for the
solid-solid interactions were o5 = 0.746 and &5, = 65.39 (Ref. 39),
and the solid atoms were arranged with the fcc(111) surface fac-
ing the fluid region. The solid walls consisted of five atomic
layers, and the gap between the solid walls was set to be 7.0. The
temperature of the solid atoms was controlled by the Langevin
method”’ at the fourth layer from the fluid region, while the
outer solid atoms at the fifth layer were fixed. The LJ potential
form was used also for the fluid-solid interaction, and oy, was
calculated using the Lorentz-Berthelot rule. The parameter &g
was defined as a ratio to ¢; and was inserted in the potential
form of ¢g(ry) = degegl(og /7)™ — (o55/73)°). In this study, the
values of s Were set to be 1.0 and 2.0, which constitute a wetting
condition.”’ The equation of motion was integrated using the
velocity Verlet method, and the simulations were conducted

Appl. Phys. Lett. 114, 011601 (2019); doi: 10.1063/1.5062589
Published under license by AIP Publishing

114, 011601-2


https://scitation.org/journal/apl

Applied Physics Letters ARTICLE

with a time interval of t* = ag(my/ef)"/*=9.3 x 10~*. The initial
condition was obtained as follows. First, the temperature of the
fluid was maintained at 0.83 using the velocity-scaling method
for 50 000 time steps, and the relaxation calculation without con-
trolling the fluid temperature was conducted for 100 000 000
time steps. The temperatures of the upper and lower solid surfa-
ces were set to be T* = ¢g/kp = 0.41 and 1.2, respectively, by the
Langevin method during the simulations, which set up a relatively
large temperature gradient, with the objective of detecting the
local heat flux at the single-atom scale in the liquid-solid interfa-
cial region. Here, kg is the Boltzmann constant. The averaged
pressure (P*=¢5/0;%) was 0.024 in the simulations. After the
relaxation calculation, the local quantities were calculated at the
resolution of dx* x dz*=0.059 x 0.059 in the x-z plane, and
the values obtained were averaged over 100 000 000 time steps.

First, we present the basic results obtained from the simu-
lation which are important for the understanding of the main
results to follow. Figures 2(a) and 2(b) show the one- and two-

o | (@)

50 | &=1.0 | ]

&=2.0 | 1
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*
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n I
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(2nd layer)
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FIG. 2. Density distributions in the calculation system. (a) One-dimensional density
distribution of the liquid molecules in the vicinity of the solid surface for &5 =1.0
and 2.0. The results are the averaged values for 100000 000 time steps. (b) Two-
dimensional density distribution of the liquid molecules and solid atoms in the x-z
plane for &= 1.0, with a snapshot of the calculation system (c). The results were
obtained at a resolution of dx* x dz*=0.059 x 0.059. The first layer of the solid
atoms is located at z* = 0.0.
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dimensional density distributions of liquid molecules in the
vicinity of the lower solid surface which were calculated in the z
direction and in the x-z plane, respectively. Here, the first layer
of the solid atoms facing the liquid phase is located at z*=0.0. In
Fig. 2(a), liquid layers are observed as shown in previous studies
(for example, see Ref. 32), and the distance between the first
interfacial solid and liquid layers is approximately 0.7 (~2.4 A). It
should be stressed from the result in Fig. 2(a) that there exist no
atoms or molecules between the first layers of the liquid-solid
interface, and it can also be confirmed in the x-z plane in the case
of &, =10 [Fig. 2(b)]. The result of the two-dimensional density
shown in Fig. 2(b) also reveals that the liquid layers in the immedi-
ate vicinity of the solid surface are not uniform in the x* direction.
For a clear understanding, in Fig. 2(c), we present a snapshot of
the configurations of solid atoms and liquid molecules in the x-z
plane, which are consistent with the result shown in Fig. 2(b).

The local heat fluxes were calculated based on Eq. (3) at a
resolution of dx* x dz*=0.059 x 0.059 which is less than a
single-atom diameter and are shown in Fig. 3 as the time-
averaged values during 100 000 000 time steps in the x-z plane
in the cases of ¢; =10 [Fig. 3(a)] and 2.0 [Fig. 3(b)]. Figures 3(a)
and 3(b) clearly reveal the directional heat fluxes in the interfa-
cial region which includes the space between the facing first lig-
uid and solid layers. The x* positions of the solid atoms at
z*=0.0 are 0.57, 1.14, and 171, respectively, which indicates that
the directional heat fluxes at the atomic scale are most pro-
nounced just above the first layer of solid atoms. It can be seen
that the directional heat fluxes from the solid atoms weaken in
the direction of the temperature gradient; however, the flux at
the atomic scale can be detected even in the liquid layers (z* >
0.7), for example, in the case of &, = 2.0.

Finally, we show the values of the local heat flux obtained
in the cases of ¢;=1.0 [Fig. 4(a)] and 2.0 [Fig. 4(b)]. As was the
case in Fig. 3, high values of the local heat flux were observed
in the immediate vicinity of the first solid atoms, and away
from the solid surface in the direction of the temperature
gradient, the heat flux becomes uniform in the x-y plane, that
is, the LHF becomes consistent with the macroscopic heat
flux. This observation clearly reveals that in the interfacial
region, the spatial heat conduction in the z direction is not
uniform in the x-z plane even in the liquid layers, and the
effect was observed approximately in the range of 0.0 <z*
<2.0 under the present condition (¢fs=2.0). This result
implies that the interfacial thermal resistance (ITR) can be
interpreted more precisely considering the local heat flux
(LHF) in the interfacial region, and the LHF gives valuable
information on local properties of the overall ITR, namely, the
local interfacial thermal resistance (LITR).

In this letter, we have examined the local heat flux at the
single-atom scale in a liquid-solid interfacial region, developing
the technique of obtaining local quantities based on molecular
dynamics. In the liquid-solid interfacial region, a directional heat
flux was detected which was pronounced in the immediate
vicinity of the solid atoms. The effect of the local heat flux was
detectable even in the liquid phase, which revealed clearly that
in the interfacial region, the spatial heat conduction is not
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FIG. 4. Local heat flux in the liquid-solid interfacial region for various positions of z*
in the cases of ¢ =(a) 1.0 and (b) 2.0.

uniform at the atomic scale along the temperature gradient. The
methodology and results given in this study should prove useful
to more precisely interpret and control heat transfer and ther-
mal resistance at interfaces.
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