
HAL Id: hal-02065694
https://hal.science/hal-02065694v1

Submitted on 12 Mar 2019

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

HAL Authorization

Thermal transport across nanometre gaps: phonon
transmission vs air conduction.

Ali Alkurdi, Christophe Adessi, Fatemeh Tabatabaei, S. Li, Konstantinos
Termentzidis, Samy Merabia

To cite this version:
Ali Alkurdi, Christophe Adessi, Fatemeh Tabatabaei, S. Li, Konstantinos Termentzidis, et al.. Thermal trans-
port across nanometre gaps: phonon transmission vs air conduction.. International Journal of Heat and Mass
Transfer, 2020, 158, pp.119963. ⟨10.1016/j.ijheatmasstransfer.2020.119963⟩. ⟨hal-02065694⟩

https://hal.science/hal-02065694v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr


Thermal transport across nanometre gaps:
phonon transmission vs air conduction

A. Alkurdi,1 C. Adessi,1 S. Li,2 K. Termentzidis,3 and S. Merabia1

1Institut Lumière Matière, UMR5306 Université Claude Bernard Lyon 1-CNRS,
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Heat transfer between two surfaces separated by a nanometre gap is important for a number
of applications ranging from spaced head disk systems, scanning thermal microscopy and thermal
transport in aerogels. At these separation distances, near field radiative heat transfer competes
with heat transfer mediated by phonons. Here we quantity the contribution of phonon assisted
heat transfer using lattice dynamics combined with ab-initio calculations. We clearly demonstrate
that phonons dominate by far heat transfer for subnanometre gaps. Strikingly, we conclude that
even in the situation where the gap is filled by air molecules, phonons provide the dominant energy
channel between the two solids nearly in contact. Our results predict orders of magnitude enhanced
phonon heat transfer compared to previous work and bring forward a methodology to analyse phonon
transmission across nanoscale vacuum gaps between apolar materials.

PACS numbers: Thermal conduction in metals and alloys and semiconductors, 66.70.Df, -Lattice dynamics
crystals (see 63), Phonons scattering by, 72.10.Di

Heat may be transferred by three main mechanisms
namely conduction, radiation and convection [1]. Con-
vection occurs when heat is transported by the macro-
scopic motion of a supporting medium. Heat conduction
is also mediated by a supporting medium, and usually not
relevant in vacuum : it is of common sense that two bod-
ies in vacuum exchange heat only through radiation. The
situation becomes less clear however at the nanoscale,
when the separation distance between two bodies is in
the nanometre range. At these length scales phonons
may be transmitted across the gap between the two solids
and compete with radiative heat transfer thus contribut-
ing in the heat exchange between the two bodies.

Recent experimental investigations have reported mea-
surements of heat transfer in the extreme near field
regime, where the separation distance between two ob-
jects is in the nanometer range [2, 3]. While one study
shows moderate deviations to near field predictions (Ry-
tov’s theory) [4], the other has reported orders of mag-
nitude enhancement. In this Letter, we quantify the
phonon contribution to heat transfer in the ultra near
field regime on the basis of ab-initio based lattice dynam-
ics calculations. This method enables us to accurately ac-
count for phonon dispersion in the two materials nearly
in contact. We demonstrate that at the nanometre scale,
phonons are the main energy carriers flowing across the
gap, wether it is filled or not with air molecules.

Heat transfer between two bodies separated by small
distances has attracted the attention of physicists for
decades [5–8]. Early studies were motivated by the pos-
sibility to observe deviations to Planck’s theory of radi-
ation. These pioneering measurements were performed

at low temperatures, when Wien’s thermal wavelength is
macroscopic hence facilitating the observation of devia-
tions at relative large separation distances [9]. The last
decade witnessed intensive effort toward the evidence of
extraordinary heat flux in the near field regime [10–19],
ever pushing the limits of separation distances.

These fundamental investigations have been fostered
by the technological side of the problem. Radiative heat
transfer across microscale gaps is at the core of near
field thermophotovoltaics, an emerging field of investi-
gation [20]. At shorter separation distances, the ap-
plications concern thermal rectifiers [21], heat assisted
magnetic recording [22] and scanning thermal micro-
scope [23]. Thermal transport across nanocavities con-
trols also the thermal conductivity of silica aerogels [24].

Despite its technological importance, thermal trans-
port between two bodies nearly in contact still resists a
full theoretical treatment. One of the yet unsolved ques-
tion is how to describe the gradual transition between
radiative and conductive heat transfer in the extreme
near field regime. Depending on the separation distance,
different regimes may be distinguished. Indeed, when
two bodies are separated by macroscopic distances, ther-
mal transport is very well described by Planck’s black-
body radiation law [1, 25]. When the separation dis-
tance becomes comparable to Wien’s thermal wavelength
(λ ' 10µm at 300 K), radiation can exceed by orders of
magnitude blackbody law. In this regime, photons emit-
ted by one of the two media tunnel across the gap, and
the overlapping evanescent waves yield enhanced heat
transfer. At the other extreme when two bodies are in
contact, heat transfer is mediated by phonon transmis-
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sion. At nanometre distances, the distinction between ra-
diation and conduction becomes somewhat blurred, and
this is precisely this regime that we investigate in this
Letter.

Several mechanisms have been invoked to come into
play when the separation distance is ultra small [26–
29]. They have in common to involve the coupling be-
tween phonons and electric fields, a situation relevant
to piezoelectric or polar materials. Here, we consider
phonon contribution to heat transfer across apolar mate-
rials. Our calculations show that phonons are the main
energy channel for nanometre gaps, thus correcting by or-
ders of magnitude previous estimates of phonon assisted
thermal transport [30].

To calculate the contribution due to phonon across
nanoscale gaps, we employ ab-initio based lattice dy-
namics (aiLD) [31, 32]. The principle of the method is
inspired by Zhao and Freund work [33], which consid-
ered empirical potentials to describe the atomic lattice
dynamics at the interface. We basically extend Zhao and
Freund’s method obtained from ab-initio first principles
calculations. In brief, the system is divided in three re-
gions namely, the left and the right leads and the inter-
face, as illustrated in fig. 1.

FIG. 1. (Color online) Illustration of the configuration con-
sidered : two semi-infinite solids separated by a gap of width
d.

In the bulk leads, we solve the dynamical equations:

(φα,β −mω2δα,β)uβ(ω) = 0 (1)

where Φα,β denotes the harmonic force constant tensor,
ω is the phonon frequency and uβ(ω) denotes the com-
ponents of the atomic displacement along the direction
β.

In the junction region, the equations to be solved
write :

(φAAα,β −mAω
2δα,β)uAβ (ω) + φABα,βu

B
β (ω) = 0 (2)

φBAα,βu
A
β (ω) + (φBBα,β −mBω

2δα,β)uBβ (ω) = 0 (3)

here the subscripts A,B denote the two materials, and
we have introduced the corresponding Hessian matrices
φAA, φBB , φAB , φBA with obvious notations. The dis-
placement uA in the incoming medium may be split in
an incoming wave having a wavevector ki and nr re-
flected waves, each having a wavevector kr. Similarly,
the displacement uB in the other medium is a sum of nt

waves characterized by their wavevectors kt. The num-
bers nt, nr and the expressions of the wavevectors kr, kt
are given by the conservation equations at the interface,
see [32, 33] for further details. From the knowledge of the
transmitted displacement, one can infer the mode depen-
dent transmission coefficient and interface conductance :

T (kt, ν) =
ρA
ρB

vzg,t.|At|2

vzg,i.|Ai|2
(4)

where ν is an index denoting the branch index, ρA and
ρB are the mass density characterizing the two materials
respectively, vzg,t is the group velocities of the transmit-
ted phonons projected along the direction perpendicular
to the interface, At and Ai are the amplitudes of the
transmitted and incident wave respectively. The mode-
dependent thermal conductance has the expression :

G(kt, ν) =
1

V
vzg,t~ω

∂f(ω, T )

∂T
T (kt, ν) (5)

where V is the volume of the system and f denotes the
phonon occupation density.

For gold, the bulk harmonic force constants are calcu-
lated with the code VASP [34, 35] using the Generalized
Gradient Approximation (GGA-PBE) [36, 37] . For sili-
con, we extracted the values from the literature [38]. In
the S1 of the Supplementary material [39], we illustrate
the good agreement between the calculated bulk phonon
spectra and available experimental data.

For the interaction between the materials across the
gap, we consider a Lennard-Jones potential [40]:

Φzz(z) = 8πρεσ

((σ
z

)11

−
(σ
z

)5
)

(6)

where ρ is the material density and z is the distance to the
other medium. The Lennard-Jones parameters ε, σ are
extracted from [41] for metals, and for semiconductors we
used the values derived from the knowledge of the mate-
rial Hamaker’s constant [40], as listed in S2 of [39]. The
atomistic calculations will be compared with the predic-
tions of a generalized acoustic mismatch model (AMM),
describing phonon transport across the solid/vacuum
gap/solid interface. In this model, the transmission co-
efficient is supposed to be given by T (ω) = 1/(1 +
(ω/2K)2z2

m) where zm = ρmc is the acoustic impedance
of the material with ρm and c the mass density and speed

of sound respectively, and K = ns(
d2V
dz2 )z=h is the inter-

face compliance, with nS the density of surface atoms

and V (z) = 8πρ2εσ4
(

1
720

(
σ
z

)8 − 1
24

(
σ
z

)2)
is the total

interaction potential per unit of surface between the two
solids. Further details may be found in the S3 [39]. Last,
the contribution due to the presence of air molecules
in the gap is estimated following [42], as detailed in S4
of [39].
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Figure 2 presents the atomistic aiLD calculations re-
sults for the thermal transport across the gap between
two gold solids. The calculated conductance due to
phonons is compared to the contribution due to differ-
ent energy channels. Clearly, the contribution due to
phonons is by far the largest, for the range of gap widths
analyzed here. It is orders of magnitude higher than
black body conductance GBB ' 6 W/m2/K [1]. Less
expectedly, phonon heat transfer beats near field radia-
tive heat transfer also by orders of magnitude. Last, the
contribution due to phonons is higher than air conduc-
tion for gap widths smaller than 1 nm. This implies that
if the gap is filled with air molecules, long range inter-
actions between the two solids contribute much more to
the heat transfer than ballistic transport mediated by
the molecules. It is remarkable that the ab-initio calcu-
lations yield conductance levels comparable to the AMM
predictions. We will rationalize this observation through
the analysis of the spectral phonon transmission across
the gap. Note that the dip present in the AMM conduc-
tance for small gaps is related to the non monotonicity of
the Lennard-Jones spring constant, driven by short-range
repulsive interactions.

Figure 2 demonstrates that the same qualitative con-
clusions may be drawn for the silicon/gap/silicon sys-
tem. In this latter case however, the atomistic calcula-
tions give conductance levels lower than the AMM predic-
tions. Nevertheless, phonon contribution still dominates
air conduction below 1 nm.

The dominance of phonon over air conduction was
shown here at room temperature. To appraise the gen-
erality of this behavior, the temperature dependence
of the conductance characterizing the two main en-
ergy channels-phonon transmission and air conduction-
has been reported in fig. 3. Clearly over the wide
range of temperatures considered, the contribution due to
phonons is the highest. Only at cryogenic temperatures,
a very limited number of acoustic modes is populated,
and air conduction may become the leading channel.

To get insight in the microscopic mechanisms behind
thermal conduction in the gap, we discuss now the spec-
tral contribution to the interfacial heat transfer medi-
ated by phonons. Of particular interest we analyze how
acoustic models can accurately capture the contribution
of heat flow due to phonons. We concentrate first on
the case of gold, for which the spectral transmission and
conductance are plotted in fig. 4. For all the gap widths
analyzed, only low frequency phonons are transmitted
across the gap. This behavior is well captured by AMM
models at low frequency, while these latter models tend
to overestimate slightly phonon transmission for higher
frequencies. On the opposite, the AMM predictions un-
derestimate somewhat the conductance, except for the
narrowest gap analysed. This conclusion is in full line
with the total conductance calculated and presented in
fig. 2. The relatively low values of the conductance pre-

dicted by AMM may be explained by the underestimation
of the density of intermediate frequencies, contributing to
undervalue the spectral conductance.

We now turn to the case of silicon, as illustrated in
fig. 5. Here a different scenario emerges : the transmis-
sion coefficient of long wavelength phonons is low, and
only intermediate frequencies phonons can tunnel across
the gap. But even the transmission coefficient of these
modes is overestimated by AMM, leading to a discrep-
ancy in the spectral conductance. This analysis explains
the relatively low conductance of silicon interfaces, as
displayed in fig. 2.
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FIG. 2. (Color online) Top : Thermal boundary conductance
between two gold solids separated by a nanometre gap of
width d, calculated at room temperature. Near-field radiative
predictions are taken from [43]. Bottom : Thermal boundary
conductance between two silicon solids separated by a nano-
metric gap of width d. Continuous red line is the generalized
AMM model. Near-field radiative prediction is taken from
[44].
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FIG. 3. (Color online) Thermal boundary conductance be-
tween two gold solids (top) and two silicon solids (bottom)
separated by a nanometre gap d as a function of tempera-
ture. The contribution due to air conduction is shown with
dashed purple lines.
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FIG. 4. (Color online) Phonon transmission coefficient and
spectral conductance between two gold solids separated by a
nanometre gap d, as a function of frequency. The solid lines
display the atomistic calculations while the dashed lines are
the AMM predictions.
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FIG. 5. (Color online) Same as fig. 4 for Silicon.

Our calculations involve so far phonon transmission,
and it is legitimate to wonder wether alternative en-
ergy channels may contribute to heat transfer across
the gap. As shown experimentally in [3], electron tun-
neling may occur only when the gap distance becomes
smaller than 0.2 nm, thus precluding any direct electron-
electron scattering mechanism for larger separation dis-
tances. However, metal electrons may play an indi-
rect role in heat transfer through their couplings with
phonons. Indeed, electrons couple with phonons in dif-
ferent ways, as summarized in [45]. Of particular inter-
est here, is the situation of weak electron-electron cou-
pling through the gap. Under these conditions, the elec-
tronic temperature should obey an adiabatic condition
at the boundaries. In the Section S5 of [39], we show
that the effect of the electron-phonon coupling is to re-
duce the effective thermal boundary conductance by an
amount : Geff ' G/(1 + 2G/

√
kpGep), where G is the

phonon-phonon conductance that we already calculated,
kp is the phononic contribution to the metal conductiv-
ity and Gep is the electron-phonon coupling. This latter
expression generalizes the expression derived in [46] in
the case of metal/semiconductor interface. Considering
the values of kp and Gep for gold [47, 48] kp = 2 W/mK;
Gep = 2.5 1016 W.m−3.K−1 [47, 48]. The resulting val-
ues of the conductance is 0.11 MW.m−2.K−1, which is
higher than the conductance due to the ballistic motion
of air molecules. Note that gold has a relatively low
electron-phonon coupling constant, so that the electron-
phonon interfacial conductance is even higher for other

metals (0.62 MW.m−1.K−1 for aluminium). Interfacial
electron-phonon transfer will therefore not impede inter-
stitial heat transfer below air conduction level.

In summary, we investigated phonon mediated thermal
transport in the extreme near field regime using ab-initio
lattice dynamics calculations. We demonstrated that for
nanometre gaps, phonons are the main energy carriers ex-
ceeding by orders of magnitude near field radiative heat
transfer. Strikingly, the contribution of phonons exceeds
also largely ballistic transport assisted by gas molecules
in the gap. This implies that even in the situation where
the gap is filled with air, long range van der Waals inter-
actions provide the dominant heat transfer mechanism.
These results open the door to quantify systematically
heat transfer mediated by phonons between apolar ma-
terials.

The authors acknowledge fruitful discussions with P.-
O. Chapuis, T. Albaret, A. Ayari and P. Vincent. Fi-
nancial support from Labex projet iMust ATTSEM and
H2020 programme FET-open project EFINED (number
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