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Abstract: We demonstrate that the energy transport of sur-
face phonon-polaritons can be large enough to be observ-
able in a crystal made up of a three-dimensional assembly 
of nanorods of silicon carbide. The ultralow phonon ther-
mal conductivity of this nanostructure along with its high 
surface area-to-volume ratio allows the predominance 
of the polariton energy over that generated by phonons. 
The dispersion relation, propagation length, and thermal 
conductance of polaritons are numerically determined as 
functions of the radius and temperature of the nanorods. 
It is shown that the thermal conductance of a crystal with 
nanorods at 500  K and diameter (length) of 200  nm (20 
μm) is 0.55 nW · K − 1, which is comparable to the quantum 
of thermal conductance of polar nanowires.

Keywords: Polariton Crystal; Surface Phonon-Polaritons; 
Thermal Conductance.
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1  Introduction
Surface phonon-polaritons (SPhPs) are coupled states of 
optical phonons and electromagnetic waves that can sig-
nificantly enhance the thermal energy transport along the 
interface of polar nanomaterials [1–4]. Theoretical [5–7] and 
experimental [8, 9] studies have shown that the propagation 
length of SPhPs can be as high as a few milimeters, which 
is much larger than the phonon mean free path, for a wide 
variety of materials at room temperature [10, 11]. This size-
able difference on the mean free path yields a SPhP thermal 
conductivity of nanofilms [5, 7, 12] and a SPhP thermal con-
ductance of nanowires [13] that could be comparable to or 
even higher than their phonon counterparts [14–21].

SPhP energy transport is determined by the permit-
tivity and geometry of the involved polar nanomaterials 
and hence it can be modified by material discontinuities. 
Given that SPhPs are electromagnetic waves that propa-
gate along the material interface, their energy transport is 
expected to increase as the material size is scaled down to 
nanoscales due to the strengthening of the surface effects. 
This is the case of the SPhP thermal conductivity of sus-
pended nanofilms, which increases with the inverse third 
power of the film thickness mainly [6, 7], and takes the 
value of 4 W · m − 1 K − 1 for a 40-nm-thick thin film of SiO2 at 
500 K [5, 12]. This is more than twice the phonon thermal 
conductivity of SiO2 and increases for thinner films and 
higher temperatures. In a nanowire, on the other hand, 
SPhPs propagate ballistically and their contribution to the 
nanowire thermal conductance is quantised and given by 

2 2 /3Bk T hπ  [13], which is comparable to the phonon contri-
bution at room temperature [14, 15]. This comparability 
between the phonon and SPhP thermal conductivities and 
thermal conductances makes it difficult to experimentally 
distinguish and observe the SPhP heat flux. A nanostruture 
that is able to support the SPhP propagation and attenuate 
the phonon heat conduction is therefore desirable.

The purpose of this work is to theoretically demon-
strate that the SPhP energy transport can efficiently be 
observed in a three-dimensional (3D) crystal made up of 
polar nanorods. This is done by determining the SPhP 
thermal conductance of the proposed crystal and showing 
that its values are as high as those of the quantum of 
thermal conductance of polar nanowires.

2   SPhP Energy Transport
Let us consider a 3D assembly of polar nanorods in 
contact, as shown in Figure 1. The nanorods of diam-
eter 2a and length 2b are modelled like spheroidal par-
ticles with large aspect ratio (b/a >> 1) to strengthen the 
propagation of SPhPs along the + z axis. The thermal 
energy transport along this crystal of packed nanorods is 
expected to be dominated by SPhPs for two main reasons: 
First, the relatively small diameter of the nanorods, along 
with their multiple interfaces, act as thermal barriers that 
significantly reduce the phonon thermal conductivity 
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(< 0.05 Wm − 1 K − 1) [22]. Second, the high surface area-to-
volume ratio (2/a + 1/b) of the nanorods favours the propa-
gation of SPhPs along their surfaces. This crystal could be 
fabricated by the techniques such as 3D printing or high-
resolution stereolithograpy [23], which have been recently 
applied to build 3D phononic crystals [24, 25].

In general, the polarizable molecules of polar 
nanorods undergo multipole (dipole, quadrupole, octu-
pole, etc.) interactions, which strengthen as their center-
to-center distances are reduced. However, for the sake of 
simplicity and to maintain our analytical approach, we 
are going to consider only the dominant dipole interac-
tions in this work. Taking into account that the higher-
order multipole interactions can enhance the polariton 
thermal conductance rendered by the dipole interactions 
[26, 27], our results for nanorods in contact will represent the 
minimum (lower bound) for the energy transport of SPhPs. 
To quantify the SPhP energy, we place the proposed crystal 
in thermal contact with two thermal baths set at the temper-
atures T1 and T2 (T1 > T2), as shown in Figure 1. Under this 
thermal excitation, the oscillating electrical dipoles of the 
polar nanorods emit an electric field, which induces the 
excitation of neighbouring electrical dipoles that keep the 

propagation of the field (SPhP) along the + z axis. Assum-
ing that the SPhP propagation length Λ is longer than the 
crystal length along the z axis, the thermal conductance G 
of the SPhP crystal along this axis is given by [28]
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where f is the Bose–Einstein distribution function [5] and 
ωmin and ωmax stand for the lowest and highest frequencies 
allowing the existence (βR > 0) and propagation (Λ > 0) 
of SPhPs. Equation 1  shows that G increases with the 
SPhP wave vector βR, which depends on the permittivity 
and size of the nanorods. The comparison of the thermal 
conductance in Equation 1  with that for a linear chain 
of nanoparticles [26, 27], indicates that the 3D effect on 
G appears through the nondimensional factor 2 /4,Rabβ  
which is associated with the radial confinement of SPhPs 
to the nanorod’s surface [27]. Thus, Equation 1 physically 
establishes that the stronger the confinement, the higher 
the energy transport of SPhPs.

The wave vector βR = Re(β) is given by the dispersion 
relation of the SPhPs propagating along the z axis of the 
nanorods with relative permittivity ε1 and embedded in 
a dielectric medium with relative permittivity ε2. Both 
media are assumed to be nonmagnetic and that the elec-
trical dipoles inside the nanorods are aligned parallel to 
the z axis, as established by the driving thermal gradient 
imposed along this axis by the thermal baths. In view 
of this alignment, the dipole–dipole interactions occur 
along this direction mainly and therefore the SPhP prop-
agation in the 3D crystal can be modelled as that along 
a single chain of nanorods with longitudinal polariza-
tion. Furthermore, the length of the nanorods is consid-
ered to be much larger than their radius, and hence the 
SPhP heat transport along the vertical direction is small 
in comparison with the one along the z axis. By solving 
the Maxwell equations under the proper boundary condi-
tions required for the existence of SPhPs [1, 5], the follow-
ing dispersion relation for the complex wave vector β is 
obtained [27, 28]:
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where X = 2ak2, K = β/k2, fj(K, X) = Lij(eiX(1 + K)) + Lij(eiX(1 − K)), 
and 
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=∑  is the polylogarithm function of 

order j = 2, 3 [29]. The wave vector 2 2 /k cε ω=  and nor-

malised polarizability 3
2 2/(6 ),e skα α πε=  ω being the exci-

tation frequency, c the speed of light in vacuum, and αs the 
nanorod electrostatic polarizability given by [30]
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Figure 1: SPhP crystal made up of polar nanorods excited by two 
thermal baths. The purple glow around the nanorods stands for the 
coupled electromagnetic field induced by their surface polarization.
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The absorption of energy by the polar nanorods is 
accounted for their complex permittivity ε1, which turns 
αe and K = KR + iKI, into complex parameters as well. The 
real (KR > 0) and imaginary (KI > 0) parts of the normalised 
wave vector K are associated with the propagation (along 
the + z direction) and attenuation factors, respectively. For 
the case of interest, in which the SPhP propagation length 
Λ = (2k2KI) − 1 [12] is much larger than the center-to-center 
distance between the nanorods (Λ >> 2a), the condition 
KIX << 1 is fulfilled and the linear approximation of the 
Taylor series expansion of Equation 2 in powers of KIX 
allows the decoupling of its real and imaginary parts to 
yield
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where the functions jg
±  are independent of KI and 

given by
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Clj(θ) being the Clausen’s functions of order j = 1, 2, 3 
[29, 31]. For low frequencies and/or small interparticle 
distances, such that X = 1, the contribution of 2g

+  van-
ishes and the SPhP propagation is driven by 3g

+  mainly. 
Equation 5 allows us to analytically determine the SPhP 
propagation length Λ = (2k2KI) − 1, after solving numerically 
Equation 4 for KR = βR/k2.

The obtained dispersion relation and propagation 
length are now numerically quantified for a SPhP crystal 
with SiC nanorods surrounded by air (ε2 = 1). The per-
mittivity ε1 of the crystalline SiC is well described by the 
damped harmonic oscillator model [5, 32]
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where ωL = 182 Trad/s and ωT = 149 Trad/s are the longi-
tudinal and transversal optical frequencies, respectively; 
Γ = 0.892 Trad/s is a damping constant and ε∞ = 6.7 is the 
high frequency permittivity [33]. The maximum of the 
imaginary part of ε1 occurs at ω = ωT, which indicates 
that SiC absorbs more energy from the SPhPs at this fre-
quency. Furthermore, the real part Re(ε1) takes negative 
values within the frequency interval ωT < ω < ωL, which 
renders the main contribution to the propagation and 
energy transport of SPhPs [5], as shown below. These 
values of ε1 are expected to be valid for nanoparticle 
sizes larger than 5  nm [34] and at temperatures lower 
than 600 K [35].

3   Results and Discussion
The dispersion relation and propagation length of SPhPs 
travelling along the SPhP crystal are shown in Figure 2a 
and b, respectively. The frequency spectrum is determined 
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Figure 2: Frequency dependence of the (a) dispersion relation and 
(b) propagation length of SPhPs propagating along a crystal with 
different radii of SiC nanorods surrounded by air.
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by the conditions of existence (βR > 0) and propagation 
(Λ > 0) of SPhPs, which yield ωmin ≈ ωT and ωmax ≈ ωL. At 
low frequencies, the SPhP wave vector βR tends to be 
parallel to the light line (βR = k2) and therefore SPhPs 
propagate pretty much like photons. As the frequency 
increases, βR takes larger values and separates from the 
light line, which enhances the confinement of the SPhPs 
to the nanorod’s surface [27] and their energy transport, 
as established by Equation 2. The major contribution to 
the SPhP thermal conductance arises hence from the 
high-frequency regime. This confinement strengthens as 
the nanorod radius a reduces due to the stronger dipole 
interactions for higher aspect ratios b/a. However, the 
increase of βR comes along with the reduction of the 
SPhP propagation length Λ, as shown in Figure 2b. The 
trade-off between βR and Λ indicates that the excitation 
frequencies of SPhPs should be high enough to enhance 
their confinement and energy transport, but low enough 
not to significantly reduce their propagation length. Note 
that Λ is nearly independent of a, within all the frequency 
ranges of SPhP propagation. This is due to the large aspect 
ratio of the nanorods (b/a  ≥  10), in which the propaga-
tion length 2 1 2 1 2 1 2( /6 )( ) / Im[( ) /( )]b Xg gΛ ε ε ε ε ε− −= − + −  
(see Equation 5) increases linearly with b, becomes 
weakly dependent on a, and reaches its longest asymp-
totic values. Shorter propagation lengths are obtained 
for smaller aspect ratios, which indicate that nanorods 
with high aspect ratios (b/a > 10) are able to maximise 
the propagation distance of SPhPs as well as to enhance 
their confinement (Fig. 2a). For ω = 150 Trad/s and (a, 
b) = (50, 1000) nm, the propagation length Λ = 90 μm 
(900 nanorods), which represents the maximum length of 
the SPhP crystal, allows the exchange of thermal energy 
between the thermal baths.

Figure 3a and b show the SPhP thermal conductance 
G of the SiC crystal as a function of the nanorod radius a 
and temperature T, respectively. Note that G increases as 
a reduces due to the increasing SPhP confinement shown 
by the dispersion relation in Figure 2a. This enhance-
ment of G is strengthened by the temperature increase 
of the crystal, especially from 300  K to 500  K. When a 
is scaled down from 100  nm to 20  nm, G increases by 
more than one order of magnitude, which points out 
that long rods are the suitable candidates to observe a 
sizeable energy transport by SPhPs. This is confirmed in 
Figure 3b, which shows that the SPhP thermal conduct-
ance of a crystal generally increases with the aspect ratio 
b/a. For (b, a) = (10 μm, 100 nm), G is comparable to the 
quantum of thermal conductance G0, which shows that 
the proposed SPhP crystal can be a polariton conduc-
tor as good as a polar nanowire, within a wide range of 

temperatures. However, the advantage of this crystal is 
its ultralow phonon heat conduction, which can facili-
tate the observation of the SPhP heat transport through 
the measurement of G, in a similar way as was done with 
G0 [19].

4   Conclusions
The thermal conductance due to the propagation of SPhPs 
in a 3D crystal made up of SiC nanorods has been theo-
retically determined and shown to be comparable to the 
quantum of thermal conductance of polar nanowires. A 
polariton thermal conductance of 0.55 nW · K − 1 has been 
found for a crystal with nanorods at 500 K and diameter 
(length) of 200 nm (20 μm). This relatively high thermal 
conductance along with the ultralow phonon counterpart 
demonstrates that the energy transport of these polaritons 
could be unambiguously observed in the proposed polari-
ton crystal.
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Figure 3: Thermal conductance of the SPhP crystal made up of SiC 
nanorods, as a function of their (a) radius and (b) temperature. The 
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0 /3BG k T h  [13].



J. Ordonez-Miranda et al.: Thermal Conductance of a Surface Phonon-Polariton Crystal      139

References
[1] V. M. Agranovich and D. L. Mills, Electromagnetic Waves at 

Surfaces and Interfaces, North-Holland Publishing Company, 
Minnesota, 1982.

[2] A. I. Volokitin and B. N. J. Persson, Rev. Mod. Phys. 79, 1291 
(2007).

[3] F. Yang, J. R. Sambles, and G. W. Bradberry, Phys. Rev. B 44, 
5855 (1991).

[4] P. Li, M. Lewin, A. V. Kretinin, J. D. Caldwell, K. S. Novoselov, 
et al., Nat. Commun. 6, 7507 (2015).

[5] D-Z. A. Chen, A. Narayanaswamy, and G. Chen, Phys. Rev. B 72, 
155435 (2005).

[6] J. Ordonez-Miranda, L. Tranchant, T. Antoni, Y. Chalopin, and S. 
Volz, J. Appl. Phys. 115, 054311 (2014).

[7] J. Ordonez-Miranda, L. Tranchant, B. Kim, Y. Chalopin, T. 
Antoni, et al., Appl. Phys. Express 7, 035201 (2014).

[8] P. Lambin, J. Vigneron, A. Lucas, P. Thiry, M. Liehr, et al., Phys. 
Rev. Lett. 56, 1842 (1986).

[9] D. Z. A. Chen and G. Chen, Appl. Phys. Lett. 91, 121906 (2007).
[10] M. Kanskar and M. N. Wybourne, Phys. Rev. B 50, 168 (1994).
[11] N. Stojanovic, D. H. S. Maithripala, J. M. Berg, and M. Holtz, 

Phys. Rev. B 82, 075418 (2010).
[12]  J. Ordonez-Miranda, L. Tranchant, Y. Chalopin, T. Antoni, and S. 

Volz, J. Appl. Phys. 113, 084311 (2013).
[13] J. Ordonez-Miranda, L. Tranchant, B. Kim, Y. Chalopin, T. 

Antoni, et al., Phys. Rev. Lett. 112, 055901 (2014).
[14] B. A. Glavin, Phys. Rev. Lett. 86, 4318 (2001).
[15] L. G. C. Rego and G. Kirczenow, Phys. Rev. Lett. 81, 232 (1998).
[16] T. Yamamoto, S. Watanabe, and K. Watanabe, Phys. Rev. Lett. 

92, 075502 (2004).
[17] L. G. C. Rego and G. Kirczenow, Phys. Rev. B 59, 13080 (1999).

[18] O. Chiatti, J. T. Nicholls, Y. Y. Proskuryakov, N. Lumpkin, I. 
 Farrer, et al., Phys. Rev. Lett. 97, 056601 (2006).

[19] K. Schwab, E. Henriksen, J. Worlock, and M. Roukes, Nature 
404, 974 (2000).

[20] Y. Chalopin, J. N. Gillet, and S. Volz, Phys. Rev. B 77, 233309 
(2008).

[21] R. Venkatesh, J. Amrit, Y. Chalopin, and S. Volz, Phys. Rev. B 83, 
115425 (2011).

[22] L. Yang, N. Yang, and B. Li, Nano Lett. 14, 1734 (2014).
[23] F. Lucklum and M. J. Vellekoop, Procedia Eng. 120, 1095 (2015).
[24] S. X. Yang, J. H. Page, Z. Y. Liu, M. L. Cowan, C. T. Chan, et al., 

Phys. Rev. Lett. 93, 024301 (2004).
[25] S. X. Yang, J. H. Page, Z. Y. Liu, M. L. Cowan, C. T. Chan, et al., 

Phys. Rev. Lett. 88, 104301 (2002).
[26] P. Ben-Abdallah, K. Joulain, J. Drevillon, and C. Le Goff, Phys. 

Rev. B 77, 075417 (2008).
[27] J. Ordonez-Miranda, L. Tranchant, S. Gluchko, and S. Volz, 

Phys. Rev. B 92, 115409 (2015).
[28] J. Ordonez-Miranda, L. Tranchant, K. Joulain, Y. Ez-zahri, J. 

Drevillon, et al., Phys. Rev. B 93, 035428 (2016).
[29] L. Lewin, Polylogarithms and Associated Functions, Elsevier, 

New York, 1981.
[30] C. F. Bohren and D. R. Huffman, Absorption and Scattering of 

Light by Small Particles, Wiley, New York, 1983.
[31] A. Alu and N. Engheta, Phys. Rev. B 74, 205436 (2006).
[32] E. D. Palik, Handbook of Optical Constants of Solids, Academic 

Press, Orlando, Florida, 1985.
[33] W. G. Spirzer, D. A. Kleinman, and C. J. Frosch, Phys. Rev. 113, 

133 (1959).
[34] Y. Chalopin, H. Dammak, M. Hayoun, M. Besbes, and 

J. J.  Greffet, Appl. Phys. Lett. 100, 241904 (2012).
[35] K. Joulain, Y. Ezzahri, J. Drevillon, B. Rousseau, and D. DE Sousa 

Meneses, Opt. Express 23, A1388 (2015).


