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Abstract

Most of the current strategies for tailoring the thermal conductivity of materials directly modify the composition or
structure of a material, for instance, by alloying or modifying the microstructure. In this work, we demonstrate the
ex-situ modification of thermal conductivity of devices containing secondary periodicity through the rational choice
of heat baths. Molecular dynamics simulations show that coherent baths, of which the phonon transmission spectrum
matches with that of the device, can greatly increase the thermal conductivity of Lennard-Jones (up to 400%) and
silicon/germanium (up to 40%) superlattice devices, when compared with the cases of incoherent baths. Phonon
transmission calculations reveal strong coherent-incoherent phonon nonequilibrium near the interface between the
device and incoherent baths, which, as elucidated by a proposed coherent-incoherent phonon transport model, hinders
thermal transport. This work provides a strategy to greatly tailor the thermal conductivity of nanodevices ex-situ
without the need to irreversibly modify the structure or composition of the device.

Keywords: phonon transport, coherent phonons, superlattice, molecular dynamics

1. Introduction

Many thermal engineering strategies so far were derived from the materials science perspective. One historically
effective but highly unpredictable route is through the discovery of new materials, for example, the groundbreak-
ing lab-fabrication of graphene [1] and other two-dimensional materials that have various exotic thermal transport
properties [2, 3, 4, 5], the recent report of boron arsenide [6, 7, 8, 9] and cubic boron nitride [10, 11] displaying high
thermal conductivity comparable to that of diamond, and low thermal conductivity materials such as SnSe [12, 13, 14]
for thermoelectric applications. The other much more widely attempted strategy is to modify the existing materials
into various nanostructured or dirty materials, such as alloys [15], nanowires [16], thin films [17], phononic crystals
[18, 19, 20, 21, 22], and hierachical structures [23, 24, 25, 26, 27]. More recently, the feasibility of using exter-
nal fields, particularly electric field [28, 29, 30], to tune the thermal conductivity of materials has been investigated
through first-principles calculations, even though significant efforts are expected for researchers to achieve this strat-
egy experimentally. Nonetheless, the idea behind this strategy is inspiring: how can we engineer the thermal transport
properties of materials ex situ?
Recently, there is a rising notion of the importance of nonequilibrium between heat carriers on the overall heat transfer
characteristics in heterogeneous systems. For instance, electron-phonon nonequilibrium near metal-nonmetal inter-
faces was found to hinder thermal transport across the interface [31, 32, 33] and even the nonequilibrium among
phonon modes can notably affect thermal transport across nonmetal-nonmetal interfaces [34, 35]. Even in homoge-
neous systems, the difference in the phonon distribution in the heat baths and device in nonequilibrium molecular
dynamics simulations was found to cause notable nonequilibrium between phonons, altering the effective thermal
conductivity displayed by the system. [36]
In our recent studies, we have found significant contribution of coherent phonons to heat conduction in Lennard-Jones
superlattices [37, 38, 39, 40] and graphene-hexagonal boron nitride superlattices [21]. Similar coherent phonon heat
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conduction behaviors were observed and confirmed on other systems, for example, silicon-germanium superlattice
[41, 42]. “Coherent phonon” was historically used by many researchers to refer to the collective atomic movements
induced by ultrafast lasers or that occur naturally during certain phase transformation processes. Differently, “coher-
ent phonon” used in our work as well as many other research groups’ publications [43] denote the phonon modes
stemming from the new, large unit cell of the periodic structure, which are believed, but not yet confirmed, to arise
from the interference between the back-scattered incoherent phonons (i.e., the modes corresponding to the primitive
unit cell of the constituting material) at the periodically arranged interfaces [44, 45]. A unique behavior of coherent
phonons as such is that they are not scattered at the interfaces, merely because interfaces are essentially part of the
new large unit cell. As a result, coherent phonons can conduct a significant amount of heat along its path across mul-
tiple interfaces, which could otherwise scatter incoherent phonons greatly and lead to ultralow thermal conductivity
[45, 38, 21]. Noting the dominant coherent phonon contribution to thermal transport in periodic structures—which
widely exist in practical applications, e.g., periodically arranged nanotransitors [46, 47, 48, 49] and quantum cascade
lasers [50, 51]—it is imperative to investigate how to engineer the nonequilibrium between coherent and incoher-
ent phonons to tailor thermal transport properties over a wide range. Through this work, we will demonstrate the
importance of this degree of freedom in heat carriers for engineering thermal transport properties ex situ.

2. Methods

2.1. Molecular Dynamics Simulation
We perform nonequilibrium molecular dynamics (NEMD) simulations to predict the lattice thermal conductivity of
different superlattice systems, including conceptual Lennard-Jones (LJ) systems and more realistic silicon/germanium
(Si/Ge) systems. For the LJ systems, the interactions between atoms are modeled by the LJ potential,

φi j(ri j) = 4ε

( r0

ri j

)12

−

(
r0

ri j

)6 , (1)

where φi j is the potential energy between atoms i and j, ri j is the distance between atoms i and j, ε is the potential
energy well depth that describes the bond strength, and r0 is the zero-crossing distance for the potential energy. One
set of LJ systems has ε = 0.1664 eV that corresponds to 16 times that of the value for solid argon (εAr = 0.0104 eV)
while the other has ε = 32εAr. All the other setups are exactly the same for these two sets of LJ systems in our
NEMD simulations. For the Si/Ge systems, the interatomic interactions are described by the Stillinger-Weber potential
[52, 53, 54].
Fig. 1 shows two different heat bath structures studied in this work. In the first setup, the hot and cold baths are pure
materials as shown in Fig. 1a. We will refer to this setup as “incoherent baths”, because the phonon modes in those
heat baths follow the dispersion relations of pure materials that differ from those of the superlattice device. In the
other setup, the hot and cold baths are superlattices that are exactly the same as the superlattice device, as shown in
Fig. 1b. We will refer to this setup as “coherent baths”, because the phonon modes in the superlattice heat baths follow
the same superlattice phonon dispersions as the device. Obviously, the coherent baths designed in this way represent
the extreme case where the heat baths perfectly match with the device in phonon spectra.
The LAMMPS [55, 56] package is used for all the molecular dynamics simulations in this work. In our NEMD
simulations, the system is first relaxed in the isothermalisobaric (NPT) ensemble at the target temperature and 0 Pa
for 1.5 ns with the Nóse-Hoover thermostat [57]. Then NEMD simulations are performed by switching the system
integration algorithm from NPT to the microcanonical ensemble (NVE) and maintain the hot bath and cold bath
at different temperature. The atomic velocities in the hot and cold baths are rescaled at every time step using the
simple velocity rescaling algorithm to maintain a constant temperature throughout the entire simulation. To alleviate
or even eliminate possible artificial effects related to temperature control in the heat baths, we leave free regions that
are one superlattice period thick, respectively, between the device and each heat bath, same as the setup of NEMD
simulations in our previous studies [38]. The temperature difference ∆T across the superlattice device is estimated
by the difference between the average temperature of two free regions defined in Fig. 1. The heat current J flowing
across the device can be readily obtained from LAMMPS. Finally, the effective thermal conductivity of the device can
be calculated as

ke f f = G · L =
J · L

Ac · ∆T
, (2)

2

Jo
urn

al 
Pre-

pro
of



where G, Ac, and L are the thermal conductance, cross-sectional area, and length of the device, respectively.

Figure 1: Schematic of the setup of NEMD simulations using (a) incoherent baths and (b) coherent baths. Γ1,Γ2, ..., and Γ7 denote seven interfaces
at which phonon transmission spectra are measured. (c) Zoomed-in view of an interface region for measuring phonon transmission spectra Γ. L̃
and R̃ denote the left and right section of the interface region. The length of the heat bath is 8 periods of the corresponding superlattice structure.

2.2. Phonon Transmission Calculation

In order to investigate the phonon transmission and coherent-incoherent phonon nonequilibrium in our model systems,
we spectrally decompose the heat flux obtained in our NEMD simulations to calculate the phonon transmission using
[58, 59]

Q(ω) =
∑
i∈L̃

∑
j∈R̃

(−
2

tsimuω

∑
α,β

Im〈v̂αi (ω)∗Kαβ
i j v̂βj (ω)〉), (3)

where Q(ω) is the spectral heat current, ω is the frequency, i and j are respectively the atom indices in the left (L̃) and
right (R̃) part of a selected cross section (as shown in Fig. 1c), tsimu is the total NEMD simulation time, α and β are
Cartesian coordinates, v̂ is the Fourier transform of atom velocity and ∗ denotes the conjugate operator, and Kαβ

i j is the
force constant matrix. From the decomposed spectral heat current, the spectral phonon transmission function Γ(ω) is
calculated as [59]

Γ(ω) =
Q(ω)
kb∆T

(4)

where kb is the Boltzmann constant and ∆T is the temperature bias between the hot and cold bath in the NEMD
simulations. The velocity trajectories of 25 million steps are sampled from our NEMD simulations to calculate the
spectral phonon transmission. In order to investigate how the phonon transmission spectra change along the device,
we select seven locations along the cross-plane direction of the device and measure the phonon transmission spectra
at those cross-sections, as schematically illustrated in Fig. 1.

3. Results and discussions

To begin with, we compare between the case when the superlattice device is sandwiched between two incoherent
baths (Fig. 1a) and the case with two coherent baths (Fig. 1b). To draw a more general conclusion, we study both
conceptual Lennard-Jones (LJ) systems and more realistic Si/Ge systems.
Fig. 2a-f display the thermal conductivity of the device, sandwiched between either coherent baths or incoherent ones,
as a function of device length for different temperatures. Comparing between the thermal conductivity of devices
with incoherent baths (κe f f ,inc−bath) and that with coherent baths (κe f f ,coh−bath) in each panel of Fig. 2a-f leads to the
immediate conclusion that the use of coherent baths can significantly increase the thermal conductivity of the device.
Notably, the increase can be as high as 400% for the LJ device with an average superlattice layer thickness of 2
UC, bond strength of 32εAr, and at a low temperature of 30 K, as shown in Fig. 2g. In addition, Fig. 3a shows the
thermal conductivity of Si/Ge superlattice devices obtained from our NEMD simulations. The device has an average
layer thickness of 4 UCs of Si or Ge, which corresponds to an average period thickness of 2.22 nm. Obviously,
the devices with coherent baths demonstrate notably higher thermal conductivity than those with incoherent baths,
agreeing with our observations on Lennard-Jones systems (Fig. 2). This directly confirms our hypothesis that the
thermal conductivity of a superlattice device can be substantially modified even without modifying its structure or
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composition. More importantly, the thermal conductivity of homogeneous systems can hardly depend on the type of
heat baths as much as the superlattice devices studied in this work, suggesting the potential importance for exploiting
this mechanism to better control thermal transport in devices containing periodically arranged nano-components, like
the periodic semiconductor layers in a quantum cascade laser or the periodically arranged transistors in an integrated
circuit.

Figure 2: (a-f) Thermal conductivity of LJ superlattices with different layer thickness d and bond strength ε at different temperatures. (g-i)
Enhancement ratio of thermal conductivity by replacing incoherent baths with coherent baths for LJ superlattices.
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Figure 3: (a) Thermal conductivity of Si/Ge superlattices with different device length. (b) Enhancement ratio of thermal conductivity by replacing
incoherent baths with coherent baths for Si/Ge superlattices.

To quantify how coherent baths can promote thermal transport in the device, we calculate the ratio of the effective
thermal conductivity using coherent and incoherent baths as κe f f ,coh−bath/κe f f ,inc−bath and plot it in Fig. 2g-i and Fig. 3
for LJ systems and Si/Ge systems, respectively. As expected, the heat bath effect weakens as the device becomes
longer, which directly results from the fact that regions farther away from the heat bath are affected less than those
close to the baths. Nonetheless, despite the monotonic decrease in κe f f ,coh−bath/κe f f ,inc−bath as the device length in-
creases, devices longer than 500 nm (e.g., the longest device in Fig. 2h is 540 nm long) can still have approximately
20-30% higher thermal conductivity when coherent baths are applied than the case with incoherent ones. This proves
the robustness of the heat baths effect in nanosized devices.
It is worth noting that previous studies have revealed notable dependence of the effective thermal conductivity κe f f

on the thermostatting algorithms in molecular dynamics simulations. For instance, Feng et al. demonstrated that the
Nóse-Hoover thermostat preferentially excites optical phonons, leading to different temperature profiles than those
from NEMD simulations using the Langevin thermostats. [60] The dependence of temperature profile and κe f f on
thermostatting algorithm was further investigated in Ref. 36 and Ref. 61, but the reported variation in κe f f was usu-
ally less than 10%. We have confirmed that thermostatting algorithms, though affecting the absolute values of κe f f

of the superlattice devices studied in this work, do not affect our conclusion—the choice between coherent bath and
incoherent bath is a more significant factor affecting κe f f of the superlattice device.
Comparing between the κe f f ,coh−bath/κe f f ,inc−bath curves for different temperatures in Fig. 2g-i indicates a strong tem-
perature dependence of the heat bath effect. The reduced heat baths effect at higher temperature is presumably due to
the enhanced anharmonic scattering of phonons that suppress the coherent phonon transport [39].
Furthermore, the comparison between Fig. 2a and Fig. 2d, between Fig. 2b and Fig. 2e, and between Fig. 2c and
Fig. 2f, clearly demonstrates that the heat bath effect is more prominent for systems with a larger bond strength. The
comparison among Fig. 2a-c and among Fig. 2d-f, which only differ in the period length of the superlattice device,
indicates diminishing heat bath effects as the superlattice period becomes larger.
Before we proceed to perform detailed mode-wise phonon analysis to understand the above observations rigorously,
we emphasize that the conditions that favor heat bath effect—lower temperature, shorter superlattice period, and
stronger bond strength—all agree with the conditions at which coherent phonons are more dominant in thermal trans-
port in superlattices, as derived from our previous studies [38, 37, 39]. In particular, in Ref. 38, we demonstrate
through nonequilibrium molecular dynamics (NEMD) simulations and two-phonon decomposition analysis that co-
herent phonon contribution to heat conduction in sueprlattices increases at lower temperature, in superlattices with
shorter period, and in superlattices with stronger bonds. This, as we will demonstrate later, is not a coincidence and the
reason why such strong heat bath effect can emerge in superlattice devices is because coherent phonons can dominate
heat conduction in these types of systems.
To quantify the fluctuation in spectral phonon transmission and thus phonon nonequilibrium, herein we define ∆Γi(ω)
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as the scaled deviation of local transmission spectrum (Γi(ω)) at different locations along the device (Γ1,Γ2, ...,Γ7 in
Fig. 1) from the spectrum at the center of the device (Γ4(ω)). Specifically,

∆Γi(ω) =
Γi(ω) − Γ4(ω)∫ ωmax

0 Γ4(ω)dω
, i = 1, 2, 3, 5, 6, 7 (5)

where ωmax is the maximum phonon frequency.
In Fig. 4a-f, the shaded areas in each panel represent ∆Γi(ω) and are plotted against the left axis, while the blue
curve represents Γ4(ω) and is plotted against the right axis. It is expected that the phonon transmission spectra
should stay the same in a system with fully equilibrium phonons. In other words, any variation in the transmission
spectrum at different locations indicates a net exchange of heat between phonon channels, i.e., a certain degree of
phonon nonequilibrium, if the variation is more significant than the inherent noise of molecular dynamics simulations.
Apparently, Fig. 4a-c demonstrate remarkable variation of phonon transmission spectra in the heat flow direction
when incoherent baths are applied to the superlattice device, which indicates strong nonequilibrium among phonons.
Such nonequilibrium among phonons, which will be demonstrated with an analytical model later, can directly hinder
thermal transport, leading to reduced thermal conductivity of the device. In contrast, all the cases with coherent
baths (Fig. 4d-f) show rather location-independent phonon transmission spectra, suggesting much less significant
nonequilibrium between phonons than the case with incoherent baths.
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Figure 4: (a-f) Left axis (shaded areas): deviation of the phonon transmission spectrum Γi (location along device: i=1, 2, 3, 5, 6, and 7, as described
in Figs. 1a and b) from Γ4; right axis (blue curve): Γ4, i.e., phonon transmission spectrum at the center of the device. (g-l) Phonon transmission as
a function of location along the device. Hot denotes the cross section close to the hot bath (Γ1) while Cold represents the cross section close to the
cold bath (Γ7).

To demonstrate the nonequilibrium among phonons more clearly, we also plot the transmission function Γ for phonons
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of specific frequencies as a function of location along the heat flow direction. As shown in Fig. 4g-i, the transmission
function changes significantly on the path of heat flow from the hot bath to the cold bath, when the heat baths are
incoherent to the device. In contrast, much less variation in phonon transmission spectra is observed when coherent
baths are applied, as displayed in Fig. 4j-l.

Figure 5: Schematic illustration of the proposed coherent-incoherent phonon transport model for the case when a superlattice device is sandwiched
between two incoherent heat baths. The schematic also shows the nonequilibrium between coherent phonon and incoherent phonon near the
interfaces between the incoherent heat baths and the device.

Finally, we propose a coherent-incoherent phonon transport model to analytically elucidate the effect of phonon
nonequilibrium on the effective thermal conductivity κe f f of the device, which can explain why coherent baths lead to
a higher κe f f than a system with incoherent baths.
Our model follows the idea of the phenomenological two-temperature model, which has successfully described
electron-phonon nonequilibrium near interfaces between nonmetallic and metallic materials and predict the result-
ing thermal resistances [32, 33, 31]. In our model, steady-state heat conduction in the device (0 < x < L in Fig. 5) is
governed by the following coupled heat diffusion equations,

κcoh−ph
d2Tcoh−ph

dx2 − g(Tcoh−ph − Tinc−ph) = 0, (6a)

κinc−ph
d2Tinc−ph

dx2 − g(Tinc−ph − Tcoh−ph) = 0, (6b)

in which Eq. 6a is for coherent phonons and Eq. 6b is for incoherent phonons in the device. In both equations,
κcoh−ph is the thermal conductivity of coherent phonons, κinc−ph is that of incoherent phonons, and g is the coupling
factor between coherent and incoherent phonons, which quantifies how fast heat can transfer between these two heat
conduction channels.
When coherent heat baths are used, i.e., the heat baths have the same κcoh−ph and κinc−ph as those in the device, the
effective thermal conductivity of the device is just

κe f f ,coh−bath = κcoh−ph + κinc−ph. (7)

In the case of incoherent heat baths as modeled in our NEMD simulations, we can assume that thermal transport in the
heat baths is completely carried by the same incoherent phonons in the device, while coherent phonons that belong to
the device do not exist in the baths. As detailed in Supplementary Information, we can show that the effective thermal
conductivity of the device with incoherent baths is

κe f f ,inc−bath =
κcoh−ph + κinc−ph

1 +
κcoh−ph

κinc−ph

tanh(0.5γL)
0.5γL

=
κe f f ,coh−bath

1 +
κcoh−ph

κinc−ph

tanh(0.5γL)
0.5γL

, (8)

where γ is defined as γ =
√

g( 1
κcoh−ph

+ 1
κinc−ph

).
Apparently, the effective thermal conductivity of the device with incoherent heat baths is always lower than that of
the same device with coherent baths, i.e., κe f f ,inc−bath < κe f f ,coh−bath. The reduced thermal transport in the incoherent
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system is caused by the bottleneck at the bath-device interfaces: on one hand, heat rejected by the hot bath can
only first enter the incoherent phonon channel in the device and then transfer into the coherent phonon channel via
incoherent-coherent phonon conversion; on the other hand, the heat carried by coherent phonons in the device has
to transfer into incoherent phonons, again via incoherent-coherent phonon conversion, before it moves into the cold
bath. These processes are manifested as nonequilibrium between coherent phonons and incoherent phonons at the
bath-device interfaces, as illustrated in Fig. 5, which is similar to the case of electron-phonon nonequilibrium near
metal-nonmetal interfaces reported in previous studies [32, 33, 31].
To further understand Eq. 8, we plot κe f f ,coh−bath/κe f f ,inc−bath as a function of the dimensionless device length γL for
a few representative cases. As shown in Fig. 6a, κe f f ,inc−bath is significantly lower than κe f f ,coh−bath when coherent
phonons have a comparable or more contribution to thermal transport than incoherent phonons; the effect is more
profound when the device is short, because the tanh(0.5γL)/(0.5γL) term in Eq. 8 monotonically decreases from 1
to infinitesimal when L varies from 0 to ∞. In particular, in the extreme case when the device is extremely short
(γL → 0), Eq. 8 predicts that κe f f ,inc−bath → κinc−ph, which means negligible coherent phonon contribution to thermal
transport through the device; in this case, replacing the incoherent baths with coherent ones can notably increase the
effective thermal conductivity to κe f f ,coh−bath = κcoh−ph + κinc−ph by fully exploiting the coherent phonon channel for
thermal transport. In contrast, if coherent phonon contribution is negligible (κcoh−ph � κinc−ph) in the device material
or when the device is very long (γL → ∞), Eq. 8 reduces to κe f f ,inc−bath = κcoh−ph + κinc−ph; in this case, it does not
matter whether coherent baths or incoherent ones are used, because κe f f ,inc−bath/κe f f ,coh−bath ≈ 1, as shown in Fig. 6a.

Figure 6: (a) 2D contour plot of κe f f ,coh−bath/κe f f ,inc−bath as a function of κcoh−ph/κinc−ph and γL, as predicted by Eq. 8. (b) κcoh−ph/κinc−ph as a
function of layer thickness of the superlattice deivce for different bond strength and temperature, which is obtained by fitting the coherent-incoherent
phonon transport model to NEMD data.

Finally, we fit Eq. 8 to our NEMD results of κe f f ,coh−bath and κe f f ,inc−bath as a function of device length, of which the
fitting details can be found in Supplementary Information. As shown in Fig. 6b, the contribution of coherent phonons
increases when temperature decreases, when the layer thickness of the superlattice device decreases, or when the bond
strength of the device material increases. This is consistent with the previously established conditions for observing
strong phonon coherence in superlattices and other phononic crystals [38, 39, 37], which also explains why our NEMD
simulations show stronger heat bath effect on κe f f under those conditions.

4. Conclusion

In summary, we demonstrated through rigorous molecular dynamics simulations that the lattice thermal conductivity
of Lennard-Jones superlattice devices can be tailored by as much as 400% when switching between implementing in-
coherent heat baths and coherent baths. Spectral phonon transmission analysis reveals that there is significant phonon
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nonequilibrium near the interface between incoherent heat baths and the device, while this phonon nonequilibrium
is eliminated by implementing coherent heat baths. A coherent-incoherent phonon transport model is presented to
further understand the heat bath effect on the overall thermal transport. Specifically, this analytical model reveals that
when using incoherent baths, an extra thermal resistance will be introduced due to the nonequilibrium between co-
herent phonons and incoherent phonons, thus reducing the effective thermal conductivity. Our work provides a novel
strategy to ex-situ and potentially widely tailor the lattice thermal transport in devices without modifying their com-
position or structure, which can be applied to thermal management of superlattice-like devices, e.g., densely packed
nanotransistors and quantum cascade lasers, and the design of superlattice-based thermoelectric materials.
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The highlights of our work are as follows: 

1. We demonstrate the ex-situ modification of the thermal conductivity of nanodevices 
through the rational choice of heat baths. 

2. We demonstrate that a superlattice device sandwiched between coherent heat baths, of 
which the phonon transmission spectra match with those of the device, can have 
significantly higher thermal conductivity than that of the same device attached to 
incoherent baths. The increase can be >400% for Lennard-Jones devices and >40% for 
room-temperature Si/Ge devices at room temperature.  

3. Rigorous phonon transmission analysis reveals strong nonequilibrium between coherent 
phonons and incoherent phonons near the interface between the device and incoherent 
baths. In contrast, such nonequilibrium does not exist in devices with coherent baths. 

4. We propose a coherent-incoherent phonon transport model, which clearly demonstrates 
that the coherent-incoherent phonon nonequilibrium leads to reduced thermal conductivity 
of the device. 
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