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The approach-to-equilibrium molecular dynamics (AEMD) methodology is applied in

combination with first-principles molecular dynamics (FPMD) to investigate the thermal

transfer between two silicon blocks connected by a molecular layer. Our configuration

consists of alkanes molecules strongly coupled to the silicon surfaces via covalent bonds.

In the phase 1 of AEMD, the two Si blocks are thermalized at high and low temperatures

to form the hot and cold reservoirs. During the phase 2 of AEMD, a transfer between

reservoirs occurs until thermal equilibrium is reached. The transfer across the interface

dominates the transient over heat conduction within the reservoirs. The value of the ther-

mal interface conductance is in agreement with experimental data obtained for analogous

bonding cases between molecules and reservoirs. The dependence on length of the ther-

mal interface resistance features two contributions. One is constant (the resistance at the

silicon/molecule interface) while the other varies linearly with the length of the molecular

chains (diffusive transport). The corresponding value of the thermal conductivity agrees

well with experiments.

a)Electronic mail: evelyne.martin@iemn.fr
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I. INTRODUCTION

Predicting the thermal conductivity of real materials at the atomic scale requires a precise ac-

count of chemical bonding and the use of a manageable scheme to describe thermal transport. This

goal has been achieved by combining the methodology inherent in the "approach-to-equilibrium"

molecular dynamics (AEMD) to first-principles molecular dynamics (FPMD). AEMD is based on

the production of a transient regime allowing for substantial reductions (factor of 10) in the com-

putational cost with respect to alternative approaches1–4. The robustness of FPMD stems from

the use of density functional theory to express the interatomic potential energy thereby leading

to a self-consistent account of both the atomic and electronic degrees of freedom. The success

of FPMD rests on a wealth of achievements in materials science for a range of properties going

well beyond mere structural determination at finite temperatures5–7. We have recently shown that

quantitative predictions can also be obtained for the thermal properties of glassy systems, by cal-

culating the thermal conductivity of glassy GeTe4 (g-GeTe4) (AEMD-FPMD, 0.15 W K−1 m−18

vs 0.14 W K−1 m−1, experiments9). The thermal transient occurred on a timescale fully accessible

to FPMD for computational cells containing up to 645 atoms.

In this work we demonstrate that the combination of AEMD and FPMD can also be fruitfully

employed to obtain realistic interface thermal conductances/resistances. Nowadays, (nanoscale)

interfaces are essential components for materials and devices used in thermoelectric energy con-

version, electrochemical energy storage and nanoelectronics. Thermal transport through interfaces

with nanoscale gaps is of crucial importance for their performance10. However, interfaces can act

as the heat transport bottlenecks since the characteristic dimensions of nanodevices approach elec-

tron and/or phonon mean free paths11,12. So far, classical molecular dynamics (CMD) based on

interatomic potentials has been widely used to calculate thermal properties of interfaces. How-

ever, the strength of the interaction between atoms at the interface, qualitatively expressed within

CMD, strongly impacts the value of the thermal interface resistance, calling for a higher level of

accuracy to be pursued to achieve quantitative assessments. For example in Ref. 13, the force be-

tween a molecular layer and gold is tuned from 1 to 5, which results in a variation of the interfacial

resistance from 15 to 60 MW m−2 K−1.

We reckon that FPMD is the method of choice whenever the details of chemical bonding at the

interface cannot be simplified by avoiding the explicit account of the electronic structure.

In the present letter, we adopt the AEMD/FPMD strategy to model thermal transport in an in-

2



FIG. 1. Simulation cell (left) duplicated in directions x and y (right) to visualize the final structure formed

of a layer of molecules sandwiched between two blocks of silicon. Si atoms are represented in blue, C in

brown and H in white.

terfacial layer containing alkanes molecules. Because of their simple structure, alkane molecules

are perfect candidates for AEMD/FPMD applications since they have been experimentally charac-

terized in Ref. 14 as a function of length. The molecules are self-assembled, deposited on a gold

surface and bonded via a thiol group. Their thermal conductance is measured by using a scanning

thermal microscope (SThM) with a silicon tip. In the present study the molecules are sandwiched

between two blocks of the same material, i.e. silicon, implying that covalent bonds are formed

between the molecules and the Si blocks. In this way, the thermal transfer via the molecular layer

is designed to be optimal and also tractable within the timescale of FPMD.

II. MODELLING APPROACH

We consider the atomic configuration shown in Fig. 1 (case of octanes). The blocks of silicon

contain NSi =72 atoms each, corresponding to 3 cubic elementary cells in the y (ny=3) and z

directions (nz=3) and one unit cell in the x direction (nx=1). The cross section (xy plane) is equal

to S= 0.88 nm2. The Si internal and external surfaces are passivated by hydrogen atoms, except

when a bond is form with one of the 3 molecules that connect the two blocks. The density of the

molecules is equal to 3.4 nm−2, close to the experimental value of Ref. 14 (4.6 nm−2). While the

simulation cell is duplicated in the three directions, the two blocks of Si do not interact with each

other due to the inclusion of a void space (thickness of several nm) in the z direction (right part of

Fig. 1).

The atomic structure is relaxed and thermalized to room temperature using FPMD15. The

simulations are carried out with the CPMD code16. We use the exchange functional of Becke17
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and the correlation part of Lee, Yang and Parr18 (BLYP). Norm-conserving pseudo-potentials19

are used to describe core-valence interactions. A plane-wave basis set is chosen with an energy

cutoff of 50 Ry. The Brillouin zone integration is restricted to the Γ point. The control of the ionic

temperature is carried out by employing the Nosé-Hoover thermostat20,21. The integration step is

2.5 a.u. (0.06 fs) throughout our calculations and the fictitious electron mass is 300 a.u.

AEMD is implemented to study the thermal transfer via the molecular interfacial layer. During

phase 1, thermostats are used to achieve a hot block on one side and a cold block on the other

side of the molecular layer. We set the temperatures of the blocks to Th= 400 K (hot) and Tc=

200 K (cold), the evolution in time for the temperature of each block being plotted in Fig. 2. The

target temperatures are reached in less than 1 ps but the thermostats are maintained up to 10 ps to

stabilize the temperature profile along z. The temperature profile shown in Fig. 3 has a dominant
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FIG. 2. Temperature in the hot and cold silicon blocks during phase 1 and 2. Case of octanes.

and linear gradient in the region where the molecules lie. The thermostats imposed to the silicon

blocks are dropped at the end of phase 1, followed in phase 2 by an increase (decrease) of the

temperature of the hot (cold) block (Fig. 2), the transient regime lasting 6 ps. The difference of

temperature ∆T = Th − Tc between the hot block (at Th) and the cold block (at Tc) is plotted in

Fig. 4. ∆T decreases exponentially with time as highlighted on the semi-logarithmic plot. The

transient time τ defined as ∆T (t) = ∆T0 exp(−t/τ) is equal to 6.6±0.1 ps. The behavior of the

temperature profile for the phase 2, averaged on the interval [2−4] ps is given in Fig. 3. We notice

that the temperature difference has decreased compared to phase 1 since substantial thermal trans-

port through the interfacial layer has occurred. As during phase 1, the variation of the temperature
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FIG. 3. Temperature profile averaged during the whole duration of phase 1 and during the interval [1− 4]

ps of phase 2. Case of octanes.

is mainly located in the region where the molecules lie. These pieces of evidence show that a)

the conduction is rapid within each block allowing for an homogeneous profile to set in and b) the

transfer through the interface hampers the establishment of thermal equilibrium throughout the

whole system (blocks plus interface) as schematized in Fig. 5. Therefore, we have a small resis-

tance to conduction within each reservoir compared with the resistance to heat transfer between

the two reservoirs. This physical situation is termed lumped capacitance approximation22.

The above rationale is used to analyze the thermal transient instead of solving the heat equation,

as in the case of bulk materials1,8,23,24. Being very rapid within each block, the conduction in these

parts does not contribute to the transient regime and it is negligible. As a consequence, the transient

is governed by a balance between the rate of change of the internal energy of the reservoir (left

hand side) and the rate of heat loss at the interface (right hand side):

C
dTh

dt
=−GInt (Th −Tc) , (1)

C
dTc

dt
=−GInt (Tc −Th) . (2)

with C the heat capacity of the reservoir and GInt the conductance of the interface molecular layer
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of the AEMD methodology. Case of octanes.

FIG. 5. Temperature profile in each Si block. The resistance of the blocks RSi is negligible compared to the

resistance of the interface RInt.

(the inverse of the interface resistance RInt). The temperature difference ∆T obeys the equation:

d∆T
dt

=−2GInt

C
∆T. (3)

leading to ∆T = ∆T0 exp(−t/τ) with τ =C/2GInt. The conductance of the molecular layer can be
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obtained from τ according to:

GInt =
C
2τ

. (4)

The heat capacity of a Si block C is obtained from the variation of the total energy as a function of

temperature and is equal to 3NSikB within an accuracy of 2 %, NSi being the number of atoms in

the hot/cold blocks respectively.

III. RESULTS

The resulting thermal conductance is plotted in Fig. 6. Calculations have been repeated for

molecules containing 2 up to 16 C atoms. The values are given in units of MW m−2 K−1, that
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FIG. 6. Thermal conductance of the interface GInt as a function of the number N of C per molecule obtained

by AEMD for nz=3 (red dots) and nz=4 (orange dot). The green dots are the experiments of Ref. 14

multipled by a factor of 5. The blue dot is the thermal conductance between reservoirs in diamond obtained

in Ref. 10.

corresponds to GInt/S and in units of pW K−1 per molecule, i.e. GInt/3. Each point is the average
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over several AEMD trajectories, displayed with standard deviations. We also performed a calcu-

lation with thicker blocks of silicon (nz=4, thickness of 2.2 nm instead of nz=3, thickness of 1.6

nm). The results are close by confirming that the thermal transfer depends mainly on the interface.

Also, the resistance of each block is negligible even with nz=3, the default value.

Analysis of Fig. 6 reveals that the thermal conductance of the interface is higher in comparison

with the experiment of Ref. 14. Here we recall that alkanethiol molecules were studied in that

work with a thiol group promoting respectively a Au-S interfacial bond at the interface with Au

and van der Waals interactions via a methyl group with the block of Si. In comparison, in our

model we considered two strong -CH2-Si- covalent bonding interactions at both ends of the alkane

molecules, this meaning that the overall interaction of the alkane molecule with the substrate is

expected to be higher than in Ref. 14. This argument is supported on the basis of the strength

of the relevant interactions: -CH2-Si- (∼89.6 kcal/mol) > -S-Au- (∼60.6 kcal/mol) > -CH3 · ··Si-

(0.5-1 kcal/mol)25.

It appears that the strong -CH2-Si- covalent bonding to the Si blocks is at the very origin of

the higher thermal conductance when compared to experiments. Indeed, at a quantitative level,

the two results (FPMD/AEMD and experiments of Ref. 14) can be reconciled by amplifying the

experimental data by a factor of 5, as we did in Fig. 6. This extrapolation is consistent with

high levels of thermal conductance (380 to 600 MW m−2 K−1) recorded experimentally when the

bonding between the reservoirs and molecules is tuned to facilitate the transfer at the interface11.

We have also plotted in Fig. 6 (blue point) another calculation performed with interatomic

potentials10 for an alkane containing 11 C covalently bonded to diamond reservoirs. This con-

figuration consists of an interface linked to the reservoirs by C-C bonds only (-CH2-C-: ∼88.5

kcal/mol)25, thereby mitigating the qualitative character of interatomic potentials compared to the

case of heterogeneous bonding. For comparable densities of molecules, the value found in Ref. 10

is in agreement with our results (see Fig. 6).

The question arises on the diffusive or ballistic nature of the heat transport in the system. For the

Si blocks, this issue cannot be addressed since the transient is only sensitive to the transfer across

the interface (lumped capacitance assumption). The situation changes for the molecules and it can

be considered by looking at the dependence of the resistance with the length l of the molecules or

the number N of C atoms. Provided the thermal transport is purely diffusive, the thermal resistance

RInt should vary linearly with the length according to l/(κ.S), κ being a thermal conductivity. RInt

is represented as a function on N in Fig. 7. The thermal resistance fluctuates around 3.109 K W−1
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FIG. 7. Thermal resistance RInt as a function of the number of C atoms per molecule.

for small N to increase linearly with N for N larger than 8, and can be written as :

RInt(l) = 2RSi/mol +Rmol(l) (5)

Therefore, the thermal interface resistance RInt can be viewed as the sum of a constant term RSi/mol

corresponding to the thermal resistances of Si/molecule contacts and a term Rmol(l) varying lin-

early with l that expresses the Fourier conduction along the molecules. The slope of the linear

regime in Fig. 7 leads to a value of κ = 0.4 W K−1 m−1, commonly accepted for polyethylene

(see for example Refs. 26–29).

IV. CONCLUSION

In conclusion, we have applied the approach-to-equilibrium (AEMD) methodology to study

the thermal transfer across a molecular layer by resorting to first-principles molecular dynamics

(FPMD). The analysis of the temperature profile showed that the thermal transient inherent in
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phase 2 of AEMD is dominated by the transfer via the molecular layer. The corresponding decay

time gives access to a thermal conductance and its inverse, a thermal resistance. The thermal con-

ductance takes values recorded experimentally when bonding is tuned to facilitate the transfer at

the interface. It also turns out that the thermal conductance is 5 times larger than other experimen-

tal data obtained using a scanning thermal microscope and featuring weaker bonds between one

end of the molecular chain and the reservoir.

The dependence of the thermal interface resistance on the length of the molecules is indicative

of a double contribution. The first is constant, not depending on the length of the molecules

and corresponding to the Si/molecules interface. The second is proportional to the length of the

molecule following a Fourier regime. From this second contribution we are able to extract a

thermal conductivity in good agreement with analogous molecular species.
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