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a b s t r a c t

Molecular Dynamics simulations of heat conduction in liquid Argon confined in Silver
nano-channels are performed subject to three different thermal conditions. Particularly,
different surface temperatures are imposed on Silver domains using a thermostat in all
and limited number of solid layers, resulting in heat flux in the liquid domain. Alterna-
tively, energy is injected and extracted from solid layers to create a NVE liquid Argon sys-
tem, which corresponds to heat flux specification. Imposition of a constant temperature
region in the solid domain results in an unphysical temperature jump, indicating the pres-
ence of an artificial thermal resistance induced by the thermostat. Thermal resistance anal-
yses for the components of each case are performed to distinguish the artificial and
interface thermal resistance effects. Constant wall temperature simulations are shown to
exhibit superposition of the artificial and interface thermal resistance values at the
liquid/solid interface, while applying thermostat on wall layers sufficiently away from
the liquid/solid interface results in consistent predictions of the interface thermal resis-
tance. Injecting and extracting energy from each solid layer eliminates the artificial resis-
tance. However, the method cannot directly specify a desired temperature difference
between the two solid domains.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Miniaturization of microelectronic device components and the development of nano-electro-mechanical systems require
advanced understanding of thermal transport in nano-materials and devices, where the atomic nature of matter becomes
important and the validity of well-known continuum approximations becomes questionable [1]. As a result, heat transfer
in nanostructures and channels are modeled using molecular dynamics (MD) method [2,3]. The most widely used approach
to create a heat flux in the domain is to employ thermostats to regulate the temperature in hot and cold regions, while uti-
lizing a thermostat free zone in the middle. The thermostat applied regions often utilize the velocity rescaling, Nose-Hoover
or Langevin thermostats [4]. Each of these algorithms constrains the temperature based on the kinetic energy of atoms. Many
MD based heat conduction studies for homogenous solid domains report emergence of an artificial thermal resistance (i.e.,
temperature jump) at the interface of the thermostat applied and thermostat free regions [5–14]. Phonon transport in solids
arises from long term correlated motion between neighboring atoms. Thermostat applies a random force to the atoms to
keep them at the prescribed temperature. This de-correlates the motion between atoms at the interface of the thermostat
applied and thermostat free regions, and leads to lower thermal conductivity with an artificial interface resistance. Although
this phenomenon has been widely observed in solid systems, its significance at the liquid/solid interface is largely unknown.
. All rights reserved.
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Thermal transport through an interface between two dissimilar materials results in a temperature jump DT due to the
mismatch in phonon spectrum of the materials forming the interface. For given a heat flux j

!
, this jump can be associated

with an interfacial thermal resistance (RK), known as the Kapitza resistance [15]:
DT ¼ �RK j
!
� n!; ð1Þ
where n! is the outward unit normal from the wall. Alternatively it is possible to define a thermal resistance (Kapitza) length
(LK), by extrapolating the temperature profile from liquid in to the solid, where the wall temperature is reached. The Kapitza
length can be predicted using,
DT ¼ LK
@T
@n

����
liquid

; ð2Þ
where oT/on is the thermal gradient on the liquid side, and DT = Tliquid � Twall. It is crucial to realize that Eq. (2) requires onset
of continuum behavior where a local temperature profile can be defined. This condition can also be used as a Navier-type
boundary condition in solution of continuum-based heat transfer equations. Kapitza resistance (RK) can be related with
the Kapitza length (LK) using Eqs. (1) and (2), and Fourier law of heat conduction. Recent MD studies of nano-scale heat con-
duction in simple (Lenard-Jones) fluids have shown emergence of continuum behavior, and the validity of Fourier law in
channels with dimensions as small as ten molecular diameters (�3.5 nm) [16,17]. Utilization of continuum-based models
requires a priori knowledge of the Kapitza length (LK) for specific liquid/solid interfaces, where Eq. (2) serves as the proper
temperature jump boundary condition. Such continuum approach will allow simulation of vast number of heat transport
problems in industrially relevant sized (� 1 m) complex geometries for sufficiently long time-scales (�1 day), which is
impossible to achieve using molecular simulation methods. Due to its potential impacts, there have been recent attempts
to characterize the Kapitza length at liquid/solid interfaces using molecular dynamics method [18,19]. Most of these ap-
proaches sandwiched a liquid domain between two solid walls, and induced heat flux by fixing the wall temperatures using
a thermostat. As a result, effects of the artificial thermal resistance were carried onto the liquid/solid interface.

In this study, we investigate heat conduction through the liquid Argon – solid Silver interface using non-equilibrium
molecular dynamics simulations by employing three different thermal boundary treatments. Our objectives are to investigate
the effect of this artificial thermal resistance and distinguish it from the actual Kapitza resistance at the liquid/solid interface.
In order to achieve these goals, we present heat conduction results in the solid-liquid-solid domains obtained by applying
Langevin thermostat to all wall layers; only to a small number of wall layers that are sufficiently away from the liquid/solid
interface; and by injecting and removing energy from the wall layers. All results are organized to characterize the artificial
thermal resistance, Kapitza resistance and length using simple heat conduction analysis. Results of systematic studies ob-
tained by varying the wall temperatures are also presented.

2. Three-dimensional MD simulation details

We studied liquid Argon confined between two parallel solid Silver walls by using LAMMPS (Large-scale Atomic/Molec-
ular Massively Parallel Simulator), a molecular dynamics code from Sandia National Laboratories [20]. Fig. 1 illustrates a
snapshot of the simulation domain. Total dimensions in longitudinal (x), vertical (y), and lateral (z) directions are 16.4,
3.7 and 3.7 nm, respectively. The domain was constructed using 1830 Argon and 7776 Silver molecules. The first Silver
Fig. 1. Snapshot of the MD simulation domain with domain size.
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domain lies between 0 and 48 Å, and the second Silver domain is from 118 Å to 166 Å, while the liquid Argon is confined to
70 Å spacing between the two walls. The corresponding number density of Argon is q = 0.8 (#r3 nm�3). The walls on each
side of the domain contain 24 Silver layers that are 0.2043 nm apart from each other. Each Silver layer contains 162 mole-
cules resulting in number density of 5.7 (#r3 nm�3). Periodic boundary conditions are applied in the vertical (y) and lateral
(z) directions. Silver walls are modeled as face-centered cubic (FCC) structures with (0,0,1) crystal plane facing the fluid.
Atoms in the outmost layer of both Silver walls are fixed to their original locations to maintain a fixed volume system, while
the remaining atoms throughout the domain are free to move.

Mass for an Argon molecule is m = 6.63 � 10�26 kg, its molecular diameter is r = 0.3405 nm and the depth of the potential
well for Argon is e = 119.8 � kb. Lenard-Jones (L-J) 6–12 potential was utilized to model the van der Waals interactions be-
tween Argon–Argon and Argon–Silver molecules with a cutoff distance of 1 nm. The truncated (6–12) Lennard-Jones (L-J)
potential is given as,
Table 1
Intermo

Mole

Ar–A
Ar–A
UtruncatedðrijÞ ¼ 4e
r
rij

� �12

� r
rij

� �6
 !

� r
rc

� �12

� r
rc

� �6
 ! !

; ð3Þ
where rij is the intermolecular distance, e is the depth of the potential well, r is the molecular diameter and rc is the cut-off
radius [4]. Lorentz-Berthelot mixing rule is employed to calculate the Lennard-Jones parameters for Argon–Silver interac-
tions [21]. MD parameters utilized for Argon–Argon and Argon–Silver interactions are presented in Table 1. Silver-Silver
interactions are calculated using the embedded atom method (EAM) which is a many-body potential for slightly more com-
putational cost than the pair potential, and works especially well for FCC structures [22,23].

Simulations are started from the Maxwell–Boltzmann velocity distribution for all molecules at 115 K. Initial particle dis-
tribution is evolved 106 time-steps (4 ns) to reach an isothermal steady state using 4 fs time steps. During this process, the
Nose-Hoover thermostat is applied to the molecules to maintain the system’s temperature at 115 K. Afterwards, tempera-
tures of the Silver walls are modified to serve as heat baths to induce heat flux through the liquid/solid interfaces. At the
same time, NVE ensemble is applied to liquid Argon domain. Simulations are performed for an additional 106 time-steps
(4 ns) to ensure that the system attains equilibrium in presence of the heat flux. After which, time averaging of desired prop-
erties are performed for 2 � 106 additional time steps (8 ns). Longer time averaging has also been performed to confirm the
convergence of density and temperature profiles to steady state.

Two different heat bath techniques are employed to investigate their effects. First, a constant surface temperature is
maintained using Langevin thermostat. Langevin damping factor is taken to be 0.1 ps which is prescribed by the phonon fre-
quency of solid silver (fD = 0.223 ps) at Debye temperature of TD = 215 K [24,25]. Different wall temperatures are assigned to
create heat flux through the liquid/solid interfaces. Langevin technique is employed as a global thermostat on the specified
number of solid layers for each case. Second, a constant heat flux is obtained by injecting and removing energy through the
heat baths to support a temperature gradient across the system. The simulated cases are summarized in Table 2. The com-
putational domain is divided into 200 slab bins with the size of 0.083 nm. In order to interpret the temperature profiles ob-
tained using fine-bins, we also obtained temperature distribution using 20 slab bins. Temperature profiles from the fine and
coarse bin cases were consistent, and showed that local thermal equilibrium is reached in the simulations using fine bins.
Coarse bin results are omitted for brevity of this work. Achievement of local thermal equilibrium in such nano-scale confined
domains was addressed earlier in [16,17].

Irving–Kirkwood (I–K) expression is utilized to compute the heat flux vector for an N particle system using unity differ-
ential operator approximation as follows [26,27],
Jk ¼
1

Vol

XN

i

Vi
kðE

i þUiÞ þ
XN

i;j

ðrj
k þ ri

kÞW
i;j

* +
; ð4Þ

Ei ¼ 1
2

miððVi
xÞ

2 þ ðVi
yÞ

2 þ ðVi
zÞ

2Þ; ð5Þ

Wi;j ¼ 1
2
ðVi

xf i;j
x þ Vi

yf i;j
y þ Vi

zf
i;j
z Þ; ð6Þ
where the first term on the right hand side of Eq. (4) is the kinetic and potential energies carried by particle i, and the second
term is the energy transfer to particle i by force interactions with the surrounding particles. In the first term, Vi

x is the pe-
culiar velocity component of particle i in k-direction, while k is the axes of the Cartesian coordinate system; Ei is the kinetic
lecular interaction parameters for Argon-Argon and Argon–Silver molecules.

cule couple r (Å) e (eV) e/eAr

r 3.405 0.01 1
g 2.978 0.06 6



Table 2
Kapitza lengths (Lk) at hot and cold surfaces, heat flux, temperature gradients and thermal conductivity of liquid Argon for six different cases.

Case # Description Heat flux (W/m2) dT/dx|liquid (K/Å) k (mW/Km) Lk Hot (Å) @Tw (K) Lk Cold (Å) @Tw (K)

Case 1 140–90 K 23 lys 6.01 � 108 0.579 103.9 11.1 140.0 9.4 90.0
Case 2 140–90 K 3 lys 5.91 � 108 0.576 102.6 5.8 136.8 3.1 92.7
Case 3 136.8–92.7 K 23 lys 5.31 � 108 0.509 102.2 11.6 136.8 9.7 92.7
Case 4 136.8–92.7 K 3 lys 5.2 � 108 0.511 104.0 5.3 134.4 3.5 95.1
Case 5 Add heat 3 lys of 24 lys 6.36 � 108 0.620 102.6 5.9 139.8 3.0 90.9
Case 6 Add heat 3 lys of 4 lys 6.44 � 108 0.624 103.2 6.0 142.1 3.1 93.2
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and Ui is the potential energy of particle i calculated using Eqs. (5) and (3), respectively. In the second component of Eq. (4),
ðrj

k � ri
kÞ is the kth component of the relative distance vector between particles i and j. The Wi,j term is given in Eq. (6), where

f i;j
l is the intermolecular force exerted on particle i by particle j in the Cartesian coordinate direction l.

3. Results

In this section, we present MD simulation results for heat conduction in Silver–Argon–Silver system subjected to three
different thermal conditions. Particularly a constant surface temperature is imposed via a thermostat in all and limited num-
ber of wall layers and energy is injected and removed from each solid layer. The latter corresponds to the specification of
heat flux in the domain. Thermal resistance values for each case are considered separately to distinguish the artificial ther-
mal resistance and Kapitza resistance effects on liquid/solid interfaces.

3.1. Constant surface temperature

Case 1 utilizes constant temperature surfaces, where all 23 Silver layers of the left and right surfaces are maintained at
140 K and 90 K, respectively using a Langevin thermostat. The number density profile shown in Fig. 2 illustrates the system
consisting of three distinct domains. Argon density exhibits strong near wall layering due to the wall force field effects and
local Argon-Argon interactions [28]. The density layering extends approximately 2 nm from each surface, after which the
liquid Argon density reaches nearly a constant value of 0.8 (#r3 nm�3). Slight density variation in this bulk liquid region
is due to the temperature gradient, where the Argon density increases with decreased temperature. Local Argon density near
the high temperature (left) wall is less than that near the low temperature (right) wall. Argon density fluctuates severely
near the surface, resulting in nearly zero molecules within certain bins. Depletion of Argon molecules near the surfaces
has profound effects on the definition of local liquid temperature. Very few liquid molecules are present at these density
minima, where local temperature cannot be defined accurately. In order to address this problem we omitted presentation
of temperature in these ‘‘empty’’ bins as can be observed from the near wall temperature profiles.

Fig. 2 also shows the temperature profiles obtained using 200 slab bins. While the Silver surfaces are kept at constant
temperatures, liquid Argon temperature varies linearly in bulk of the nano-channel. Temperature jumps at the liquid/solid
Fig. 2. Temperature (left axis) and density (right axis) profiles of liquid Argon confined between 24 layer Silver walls. Langevin thermostat is applied onto
23 layers of each Silver wall separately to maintain them at 140 K and 90 K (Case 1).
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interfaces are apparent in the results. Extrapolations of the liquid temperature on to the walls reveal discontinuities between
the extrapolated fluid temperature and wall temperature. These temperature jumps are due to the Kapitza resistance (RK),
and can be related to the Kapitza length (Lk) using Eqs. (1) and (2). In order to characterize the temperature distribution in
the bulk of liquid Argon, we performed linear least square fits to the MD data, and measured sum of the squares of the resid-
ual, which is a measurement of how well the least square fit represents the data. The values are all below 1%, indicating that
the temperature profile is linear in the bulk of the channel. Slight curvature in the temperature profile can be attributed to
the temperature dependence of Argon’s thermal conductivity. Surprisingly, linear temperature profiles are observed up to
the second Argon-density peak, approximately 0.5 nm from the Silver wall. Hence, strong density fluctuations do not signif-
icantly affect the temperature profile beyond 0.3 nm from each wall. In addition, the fine bin temperature distribution in
liquid Argon near the Silver surface, especially within the first density peak near the walls, shows steep temperature vari-
ations compared to the bulk region. This behavior can be attributed to strong interactions of the Silver–Argon molecules.

Next, we calculate the Kapitza length, Lk, by using Eq. (2). First we obtained the local temperature gradient from the MD
results, and matched this with the slope of the linear curve fits to the temperature profiles in the bulk of the channel. Then,
we extrapolated the liquid temperature onto the solid surface, which was assumed to be the center of the last Silver layer
facing the liquid; and calculated the local temperature jump (DT = Tliquid � Twall). As suggested by Eq. (2), this temperature
jump and the linear slope of Argon temperature profile yield the value of LK. In the current case, when thermostat is applied
to all 23 Silver layers, Lk of Argon/Silver interface is 11.1 Å and 9.4 Å at the hot (140 K) and cold (90 K) surfaces, respectively
(Table 2). These results clearly indicate the temperature dependence of Lk. In the mean time, we also calculated the heat flux
using Eq. (4), and utilized the temperature gradient obtained from MD result to calculate the thermal conductivity using Fou-
rier law. Thermal conductivity for liquid Argon at average temperature of 115 K is 103.9 mW/mK, which matches the pub-
lished bulk values well [29,30]. The calculated Kapitza lengths, heat flux, temperature gradients and thermal conductivity of
liquid Argon are tabulated in Table 2.

In order to investigate the thermostat effects, we created Case 2 by applying the Langevin thermostat to the outer most
second, third and fourth layers of the left and right Silver slabs (note that the outer first layer of each wall is fixed to define a
constant simulation volume). As a result, the remaining 20 Silver layers are left to interact freely to develop their own tem-
perature profile based on phonon scattering of Silver surfaces. By considering that the wall layers are 0.2043 nm apart from
each other, 20 Silver layers separate the thermostated molecules from the liquid/solid interface by approximately 15 atomic
spacing. Such large distances minimize the thermostat effects at the liquid/solid interface. Fig. 3 shows the temperature pro-
file for Case 2. Sudden temperature drops at the interface of the thermostat applied and thermostat free regions are observed
inside the Silver domains. This is due to the dynamic rescaling of thermostat, which results in phonon mismatch at this inter-
face. Further insight regarding to this behavior may be obtained by considering the Green–Kubo formula [31,32], which is
widely used to calculate the thermal conductivity from equilibrium simulations. Assuming local equilibrium, conductivity
(kj) between slices j and j + 1, is proportional to the long-time average of the heat flux autocorrelation given as,
Fig. 3.
for Cas
thermo
(a) (b)

Temperature profile when Langevin thermostat is applied on three layers of Silver walls to keep them at 140 K and 90 K, respectively (Case 2). Result
e 1 is also shown for comparison (a). Zoomed view of the hot surface shows presence of an artificial thermal resistance at the interface of the
stat applied and thermostat free regions of the solid domain (b).
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Fig. 4. Temperature profile when Langevin thermostat is applied on 23 layers of each silver wall domain to keep them at 136.8 K and 92.7 K, respectively
(Case 3). Result for Case 2 is also shown for comparison (a). Zoomed view of the hot surface shows that both simulations yield identical wall temperatures at
the liquid/solid interface (b).
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kj � lim
t!1

Z t

0
hqjðsÞqjð0Þids; ð7Þ
where qj(t) is the instantaneous net heat flux between slices j and j + 1, developed due to long-term correlations of the par-
ticle interactions. Any thermostat altering particle motions corrupts this autocorrelation by reducing the thermal conductiv-
ity at the interface of the thermostat applied region. This implies that the Langevin thermostat leads to reduced conductivity
between the thermostat applied and thermostat free Silver layers, and creates an artificial thermal resistance. Similar behavior
has also been consistently observed for different thermostat techniques with different amounts of temperature jumps.

Fig. 3 (right) shows zoomed view of the temperature distribution in Silver. After the temperature jump due to the artificial
thermal resistance, Silver temperature is reduced linearly to 136.8 K at the Argon/Silver interface. This reduction in Silver
temperature is due to heat flux through the solid wall. Similar to the hot wall, the cold wall also experiences a temperature
jump, flowed with linear increase in Silver temperature to 92.7 K. Linear least square fits to Silver and Argon temperatures
result in good fits with measured sum of the squares of the residual lower than 1%. We must note that MD simulations here
consider only the intramolecular vibrational energy transfer, while thermal transport in metals is dominated by electron
interactions. As a result, calculated thermal conductivity of Silver is less than the reported bulk material values. Despite this
limitation, Silver blocks serve as heat baths to induce heat flux on the Argon/Silver interfaces. Because of the definitions of
the Kapitza resistance and Kapitza length given in Eqs. (1) and (2), heat transfer in Silver domains has negligible effects on
our investigation. Similar to the earlier calculations, Lk is found by using Eq. (2). Extrapolation of Argon temperature onto the
center of the last Silver layer facing liquid Argon enabled us to calculate the local temperature jump (DT = Tfluid � Twall), thus
the value for LK. When thermostat is applied only to the outer three layers of Silver walls, Lk at the Argon/Silver interface is
found to be 5.8 Å and 3.1 Å on the hot (136.8 K) and cold (92.7 K) surfaces, respectively (Table 2). Values of the Kapitza length
are approximately half of the values calculated in Case 1. This proves the thermostat effect on the Silver/Argon interface.
Interestingly, the calculated heat flux values for both cases are almost identical (Table 2) revealing that the total thermal
resistance of the simulation system is approximately kept constant regardless of the location where the thermostat is ap-
plied. Slight reduction in the heat flux in Case 2 is due to heat conduction in Silver slabs.

In order to validate our observations regarding the thermostat effect on Lk, we conducted additional investigations. In
Case 3, we applied constant temperature on Silver walls using a thermostat, by keeping the walls at 136.8 K and 92.7 K
so that the wall temperature at the liquid/solid interface is the same with Case 2. Temperature profile for Cases 2 and 3
are shown in Fig. 4. Despite the identical interface wall temperatures, Argon temperature variation and the heat flux in these
two systems are different. The Lk values for Case 2 are 11.6 Å and 9.7 Å at the 136.8 K and 92.7 K surfaces, respectively, which
are values closer to Lk prediction for Case 1 (Table 2). Case 4 was created by applying thermostat to the outermost three wall
layers to keep them at 136.8 K and 92.7 K. This case matches the temperature difference imposed in Case 3 (DT = 44.1 K). As a
result, heat flux values in Cases 3 and 4 are similar, indicating that the total thermal resistances of these two cases are the
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Fig. 5. Temperature profiles and the corresponding thermal resistances in the simulation domains when the thermostat is applied on all (a), and three
outermost wall layers (b).
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same independent of the location of thermostat. However, calculated Lk values for Case 4 in Table 2 are half of the values
calculated for Case 3, and it is closer to the predictions in Case 2.

3.2. Calculation of the thermal resistance values

According to the Fourier law for steady-state heat conduction, the overall heat flux across a system of composite slabs
with different thermal conductivities can be written as,
q ¼ ðTHot � TColdÞ
1

RTot
; ð8Þ
where THot and TCold are the temperature of the cold and hot reservoirs, respectively, while RTot is the total thermal resistance
of the system. For Cases 1 and 3, the total thermal resistance of system can be written as,
R0Tot ¼ R0K;H þ RAr þ R0K;C; ð9Þ
where R0K;H and R0K;C are the interfacial thermal resistances of two Argon/Silver interfaces on the hot and cold sides, respec-
tively; and RAr is the thermal resistance of liquid Argon in middle of the channel (Fig. 5a). We must note that the thermal
resistance of the domains utilizing a thermostat is zero. The total thermal resistance of the system as well as the thermal
resistance of each part can be calculated by considering heat flux and the temperature jump using Ri = DTi/q, where i indi-
cates the corresponding section(s) of the domain. The thermal resistance values are tabulated in Table 3. Using a similar
description, the total thermal resistance for Cases 2 and 4 consists of seven different thermal resistance parts (Fig. 5b), which
can be written as
RTot ¼ RArt;H þ RAg;H þ RK;H þ RAr þ RK;C þ RAg;C þ RArt;C; ð10Þ
where RArt,H and RArt,C are the artificial thermal resistances of two regions at the interface of the thermostat applied and ther-
mostat free regions; RAg,H and RAg,C are the thermal resistances due to the thermal conductivities of two (thermostat free)
Silver layers on the left and right, and RK,H and RK,C are the interface thermal resistances. Thermal resistances of these seven
different layers are calculated using Ri = DTi/q and their values are tabulated in Table 3.

It is important to notice that the total temperature drop in Cases 1 and 2 are identical, while the total heat flux in Case 1 is
slightly higher than that in Case 2 (Table 2). As a result, the total thermal resistance in Case 1 is lower than the total resis-
tance in Case 2. The difference between the two total resistance values is due to heat conduction in solid slabs in Case 2. If we
remove the resistance added by the solid slabs, which is approximately 1.9% of RTot, the total thermal resistance values for
Cases 1 and 2 becomes similar. As the liquid Argon resistance is the same for both cases, interfacial thermal resistances cal-
culated in Case 1 are equal to the sum of the interface thermal resistances and artificial thermal resistances in Case 2.
R0K;H ¼ RArt;H þ RK;H; R0K;C ¼ RArt;C þ RK;C: ð11Þ
This discussion consistently applies to the Cases 3 and 4, as can be seen in the individual resistance values in Table 3.
Therefore Eq. (11) clearly explains the thermostat effect on thermal resistance calculations at an interface. The Lk value cal-
culated near a thermostat applied surface leads to wrong predictions, since it takes into account the artificial thermal resis-
tance created by the thermostat.



Table 3
Thermal resistance components of the domain for six different simulation cases.

Case # Description Flux
(W/m2)

R0K;H
(K m2/W)

RAr

(Km2/W)
R0K;C
(K m2/W)

R0Tot

(K m2/W)

1 140–90 K 23 lys 6.01 � 108 9.5 � 10�9 66.9 � 10�9 6.7 � 10�9 83.1 � 10�9

3 136.8–92.7 K 23 lys 5.31 � 108 9.4 � 10�9 67 � 10�9 6.6 � 10�9 83 � 108

Description Flux
(W/m2)

RArt,H

(K m2/W)
RAg,H

(K m2/W)
RK,H

(K m2/W)
RAr

(W/ m2)
RK,C

(K m2/W)
RAg,C

(K m2/W)
RArt,C

(K m2/W)
RTot

(K m2/W)
2 140–90 K 3 lys 5.91 � 108 4 � 10�9 0.8 � 10�9 5.4 � 10�9 67 � 10�9 2.7 � 10�9 0.8 � 10�9 3.9 � 10�9 84.6 � 10�9

4 136.8–92.7 K 3 lys 5.2 � 108 4.1 � 10�9 0.8 � 10�9 5.3 � 10�9 67.1 � 10�9 2.6 � 10�9 0.9 � 10�9 4 � 10�9 84.8 � 108

Description Flux
(W/m2)

RAg,H

(K m2/W)
RK,H

(K m2/W)
RAr

(W/ m2)
RK,C

(K m2/W)
RAg,C

(K m2/W)
RTot

(K m2/W)
5 Add heat 3 lys of

24 lys
6.36 � 108 1.7 � 10�9 6.1 � 10�9 67.6 � 10�9 3.3 � 10�9 1.8 � 10�9 80.5 � 108

6 Add heat 3 lys of
4 lys

6.44 � 108 0.6 � 10�9 6.2 � 10�9 66.4 � 10�9 3.2 � 10�9 0.4 � 10�9 76.8 � 108
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Further studies are conducted to investigate the effect of assigned wall temperature on the artificial thermal resistance. We
performed a series of simulations by fixing one surface temperature and varying the temperature difference. First, we fixed
the left wall temperature at 140 K and gradually increased the right wall temperature form 90 K to 120 K (Fig. 6a). Then, we
fixed the right wall temperature at 90 K and gradually decreased the left wall temperature from 140 K to 110 K (Fig. 6b).
These simulations result in different heat flux values and temperature gradients. Thermal resistance of each part is calculated
by considering the heat flux and temperature jump of the corresponding component using Ri = DTi/q and the results are
shown in Table 4. Fig. 6 shows that the temperature jumps at the Silver/Argon, and thermostat applied and thermostat free
regions decrease with decreased temperature difference. This is also accompanied with a reduction in heat flux. Since ther-
mal resistance is the ratio of the temperature jump to heat flux, values of the thermal resistance are independent of the tem-
perature differences. Total thermal resistance of the system shows variations due to the change in thermal conductivity as a
function of average domain temperature. Thermal conductivity increases with increased temperature, thus the total resis-
tance decreases from 87.6 to 81.6 � 10�9 K m2/W. Thermal resistance of liquid Argon shows clear dependence on average
Argon temperature due to the variations in Argon conductivity. While the average temperature in the channel changes from
130 K to 100 K, the liquid Argon resistance changes from 65.7 to 69.2 � 10�9 Km2/W. The interface thermal resistance is also
affected by the local temperature, which varies from 3.9 to 5.4 � 10�9 K m2/W at hot (6140 K) surfaces, and from 3.8 to
4.1 � 10�9 Km2/W at cold (P90 K) surfaces. Thermal resistance of solid Silver slabs is nearly a constant at 0.8 to
0.9 � 10�9 K m2/W. Our main focus is the behavior of the artificial thermal resistance, which shows small temperature depen-
dency, and varies between 3.9 and 4.2 � 10�9 K m2/W.
(a) (b)

Fig. 6. Temperature profiles when Langevin thermostat is applied on three outermost layers of Silver walls to keep them at different temperatures. Hot wall
temperature is fixed at 140 K while cold wall temperature is varied (a). Cold wall temperature is fixed at 90 K while hot wall temperature is varied (b).



Table 4
Thermal resistance components of the domain, when thermostat is applied on three outermost Silver layers of the walls to keep the left surface at 140 K and
right surface at 90, 100, 110 and 120 K. Similar data for cases where the right wall is kept at 90 K and the left wall temperature is varied between 140, 130, 120
and 110 K.

Case Flux
(W/m2)

RArt,H

(Km2/W)
RAg,H

(Km2/W)
RK,H

(Km2/W)
RAr

(W/m2)
RAg,C

(Km2/W)
RK,C

(Km2/W)
RArt,C

(Km2/W)
RTot

(Km2/W)

140–90 K 5.91 � 108 4 � 10�9 0.8 � 10�9 5.4 � 10�9 67 � 10�9 2.7 � 10�9 0.8 � 10�9 3.9 � 10�9 84.6 � 10�9

140–100 K 4.76 � 108 4.2 � 10�9 0.9 � 10�9 4.7 � 10�9 66.8 � 10�9 2.6 � 10�9 0.9 � 10�9 3.9 � 10�9 84 � 10�9

140–110 K 3.63 � 108 4.1 � 10�9 0.8 � 10�9 4 � 10�9 66.4 � 10�9 2.3 � 10�9 0.8 � 10�9 4.1 � 10�9 82.5 � 10�9

140–120 K 2.45 � 108 4.2 � 10�9 0.8 � 10�9 3.9 � 10�9 65.7 � 10�9 2.2 � 10�9 0.8 � 10�9 4 � 10�9 81.6 � 10�9

140–90 K 5.91 � 108 4 � 10�9 0.8 � 10�9 5.4 � 10�9 67 � 10�9 2.7 � 10�9 0.8 � 10�9 3.9 � 10�9 84.6 � 10�9

130–90 K 4.73 � 108 4.1 � 10�9 0.9 � 10�9 5.2 � 10�9 67.3 � 10�9 2.8 � 10�9 0.9 � 10�9 3.8 � 10�9 85 � 10�9

120–90 K 3.51 � 108 4.2 � 10�9 0.9 � 10�9 5.4 � 10�9 67.5 � 10�9 2.9 � 10�9 0.8 � 10�9 3.9 � 10�9 85.6 � 10�9

110–90 K 2.28 � 108 4.2 � 10�9 0.9 � 10�9 5.4 � 10�9 69.2 � 10�9 3.1 � 10�9 0.8 � 10�9 4 � 10�9 87.6 � 10�9

Fig. 7. Temperature profiles of different thermostat techniques resulting in different artificial thermal resistance values between the thermostat applied
and thermostat free Silver layers.
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In addition to the presented results of the Langevin thermostat, we also studied the current simulation domain using
different thermostat techniques. Fig. 7 shows temperature profiles of the hot reservoir using Langevin, Berendsen [33]
and Nose-Hoover [34] thermostats applied to Case 2. Different from the Langevin case, applying Berendsen and Nose Hoo-
ver on multiple silver layers create temperature gradient inside the thermostat applied region different than the tempera-
ture gradient of the thermostat free domain, complicating analysis of the artificial resistance. Applying Berendsen and Nose
Hoover thermostats on each layer separately mimics an isothermal system similar to the Langevin case. By this approach
the artificial thermal resistance is carried on to the interface of thermostat applied and free regions, while the resistance of
the isothermal region is naturally zero. For Berendsen and Nose-Hoover we used the same damping factor employed in the
Langevin thermostat. As stated earlier, artificial thermal resistance is consistently observed between the thermostat applied
and thermostat free Silver layers for these thermostat techniques. Different thermostating approaches result in different
reservoir temperatures, heat flux values and temperature jumps. Specifically, measured hot reservoir temperatures are
139.8, 138.65 and 138.9 K (140 K is imposed) and heat flux values are 5.91 � 108, 6.18 � 108 and 6.20 � 108 W/m2, while
the temperature jumps at the hot reservoir are 2.4, 0.35 and 0.3 K for the Langevin, Berendsen and Nose-Hoover thermo-
stats, respectively. As a result, the calculated artificial thermal resistance of Langevin, Berendsen and Nose-Hoover cases
using Eq. (8) are equal to 4 � 10�9, 0.56 � 10�9 and 0.48 � 10�9 K m2/W, respectively. Depending on the approach, thermo-
stat maintaining the reservoir temperature close to the assigned value strongly alters the particle motions and greatly af-
fects the intramolecular interactions between the thermostat applied and thermostat free solid layers. An important aspect
of this observation is the relative importance of these artificial thermal resistance values to the physical Kapitza resistance
values. For Langevin thermostat, the artificial resistance is the same order of magnitude as the Kapitza resistance at the li-
quid-solid interface. On the other hand, Berendsen and Nose-Hoover thermostats result in artificial resistance values that
are about 10% of the Kapitza resistance. The lack of match between the target and resulting temperatures for the Berendsen
and Nose Hoover thermostats was addressed by adding a controller to the measured and target temperature, as previously
shown in [5].
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3.3. Constant heat flux

In an NVT ensemble, the main aim of the thermostat mechanism is keeping the temperature constant. Thermostat adding
energy to the molecules at an incident when their instantaneous temperature is lower than the desired value, may remove
energy from the same group of molecules if their temperature is higher at any following time step. This behavior corrupts the
vibrational nature of the material and affects phonon transfer, resulting in a temperature jump between the thermostat ap-
plied and free regions. Instead of assigning a constant surface temperature using a thermostat, one can maintain heat flux in
the system by simply injecting and removing energy from the left and right heat baths, respectively. Different than using a
thermostat, non-translational kinetic energy is added to the molecules of hot reservoir (and removed from the molecules of
the cold reservoir) at every time step continuously, regardless of their instantaneous temperatures. In such case, NVE ensem-
ble is obtained where the heat flow is constant and the surface temperature fluctuates. This approach is identical to the solu-
tion of heat conduction problem by assigning heat flux (Neumann boundary condition) on both boundaries, which makes the
continuum solution of heat conduction equation ill-posed, due to the undetermined integration constant that fixes the tem-
perature value. MD simulation of such a case has similar difficulties. Since the energy is added and removed at a constant
rate, the surface temperature is continuously adjusted, and hence, actual temperature of the surface cannot be assigned a
priory. For such cases, the initial temperature of the system plays a key role to obtain the desired temperature. For example,
in order to create a case with 140–90 K surface temperatures, simulation should initially be brought to thermal equilibrium
at 115 K, which is the average temperature. Then, energy is added and removed from the left and right walls, respectively,
while the heat flux value is adjusted to obtain the desired temperature difference of DT � 50 K between the two reservoirs.
The temperature profile in the system, obtained by adding and removing energy from outermost three layers of the left and
right Silver slabs (Case 5) is shown in Fig. 8. Unlike the cases that utilized thermostat, adding energy does not create unphys-
ical temperature jumps inside the solid domains. Similar to the previous cases, we calculated the Lk values at the liquid/solid
interface, which are 5.9 Å and 3.0 Å on the 139.8 K and 90.9 K surfaces, respectively (Table 2). Consistent with our earlier
observations, the Kapitza lengths obtained by adding heat are similar with Case 2, which utilized thermostat on outermost
three layers of the walls. Since adding and removing energy from the solid domains eliminate the artificial thermal resistance
observed in thermostat applied systems, this method seems to be the most proper way to investigate the interface thermal
resistance using non-equilibrium molecular dynamics simulations.

Since adding and extracting energy do not create unphysical temperature jumps in solid domains, it may be computation-
ally more efficient to reduce the number of wall layers in simulations. In Case 6, we created silver walls using only four lay-
ers. The outermost silver layer is fixed to create a constant simulation volume, and energy is added/extracted from the
remaining three wall layers. Specifically choosing three wall layers is due to the current cut-off distance of pair wise inter-
actions and the spacing between each Silver layer. Fig. 9 illustrates the temperature profiles in Cases 6 and 5. Surprisingly the
temperature profiles for both cases are parallel to each other. This shows the inability of MD to exactly fix the desired tem-
perature in the system by assigning an initial temperature to the domain. Calculated Lk values for both cases are similar
(Table 2) to each other, validating that there is no need to model larger simulation domains. Thermal resistance for each
(a) (b)

Fig. 8. Temperature profile when energy is added and removed from three outermost layers of Silver walls (Case 5). Result of Case 1 is plotted for
comparison (a). Zoomed view of the hot surface shows elimination of the artificial thermal resistance in Case 5 (b).



(a) (b)

Fig. 9. Temperature profiles when energy is added and removed from 3 outermost layers of walls consisting of 24 (Case 5) and 4 (Case 6) Silver layers (a).
Zoomed view of the hot surfaces (b).
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component of Cases 5 and 6 are also shown in Table 4. Limited number of Silver layers in Case 6 seems to alter the thermal
resistance of the solid domain. Difference in the resistance of Argon regions is due to the different average liquid tempera-
tures, which is lower in Case 5 than Case 6. Overall, the Kapitza resistance values for both cases are similar to each other.

4. Conclusions

Using three distinct boundary treatment methods we investigated heat conduction in liquid Argon filled Silver nano-
channels with the objective of characterization of the Kapitza resistance using non-equilibrium Molecular Dynamics method.
The first and most common approach utilizes constant temperature surfaces imposed via a thermostat (Case 1). However,
the Kapitza resistance calculated with this method results in artificially large values, compared with Case 2, which thermo-
stats the outermost three wall layers. In fact, Case 2 exhibits artificial resistance at the edge of the thermostat applied region
as an unphysical temperature jump in the homogenous Silver domain. Detailed thermal resistance analysis of both cases
clearly show that the isothermal wall approach suffers from the artificial thermal resistance on the liquid/solid interface,
where MD predicted resistance value is a superposition of the physical Kapitza resistance and the artificial resistance due
to the thermostat effects. The alternative approach of adding and extracting energy at three outermost layers of Silver walls
(Case 5) eliminates the artificial thermal resistance, and results in Kapitza resistance values consistent with Case 2. However,
this approach has its own limitations, such as the inability to assign wall temperature, which is similar to the undetermined
temperature based on integration of heat conduction equation using Neumann boundary conditions. Unlike the continuum
based approach, MD converges to a temperature distribution determined by the initial temperature of the system. Utilization
of only four Silver layers (Case 6) by adding and extracting energy from three wall layers resulted in similar Kapitza resis-
tance values, compared with the predictions of Case 5.

Results clearly show that the Kapitza resistance and Kapitza length should be predicted either by using a large solid do-
main by applying thermostat to several wall layers away from the liquid/solid interface, or by adding and extracting energy
from the surfaces. The latter approach can utilize smaller number of wall layers and minimizes the computational burden of
simulating large number of wall molecules. It is also shown that the artificial thermal resistance varies between 3.8 � 10�9

and 4.2 � 10�9 K m2/W using a Langevin thermostat in 140–90 K range. The Kapitza resistance at liquid Argon Silver inter-
face varies from 5.4 � 10�9 and 2.2 � 10�9 in the same temperature range.
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