
Directing Nanoscale Heat Flow in Nanocrystal-Based Metamaterials

Today, nanocrystals are establishing themselves as a versati le soluti on for the manufacture of 
next-generati on of optoelectronic devices such as LEDs, photodetectors and photovoltaic cells. 
Recent work even suggests that ordered assemblies of nanoparti cles, known as supercrystals or 
metamaterials, exhibit an even wider range of emergent properti es ranging from mechanics to 
thermoelectricity and even catalyti c functi ons. However, the heat generated during the use of 
such devices is likely to cause physical and chemical instabiliti es leading to the degradati on of 
the acti ve material and thus its performance. In collaborati on with the University of Hamburg 
and the insti tutes LPS and MONARIS, members of the Physical Chemistry and Dynamics of Sur-
faces team at INSP showed that it is possible to control heat fl ux at the nano-scale in these me-
tamaterials by playing with the shape and organizati on of the nanocrystals that compose them. 
This discovery paves the way for new thermal management methods that promise to increase 
the robustness and effi  ciency of these supercrystalline solids.

Thanks to a recent thermo-refl ectance technique resolved both in space and in ti me, it was possible to 
image the heat fl ow propagati ng in supercrystals of gold nano-spheres, nano-rods and nano-bipyramids. 
These measurements were correlated with scanning electron microscopy images to directly visualize the 
impact of complex structures and defects on thermal properti es at the nanoscale (Figure 1). The study of 
ordered and curved arrangements of nano-rods as well as grain boundaries revealed that nanoscale to 
microscale heat transport is anisotropic. The heat propagates more quickly in the directi on parallel to the 
long axis of the nanoparti cles and can therefore be guided progressively within the metamaterial itself.
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Figure 1 
Images of the samples and visualizati on 
of heat fl ow. (a-c) Scanning electron mi-
croscopy (SEM) images of a sample of (a) 
nano-spheres, (b) nano-rods with an as-
pect rati o of 4:1 and (c) nano-bipyramids 
with an aspect rati o of 3.2. (d-g) Correla-
ti ve measurements superimposing a SEM 
image with the measured heat fl ux 150 
nanoseconds aft er excitati on (d) in an or-
dered assembly of nanorods, (e) on a grain 
boundary separati ng two supercrystals 
composed of rods of diff erent orientati ons, 
(f) in a curved assembly and (g) near a fracture.

Finite element simulati ons and equivalent resistance models made it possible to establish how the diff e-
rent thermal and geometric parameters govern the emergence of the anisotropy. In this study, the re-
search team shows that the degree of anisotropy can be experimentally controlled by changing the 
aspect rati o of the nanocrystals (Figure 2). An anisotropy whose magnitude exceeds the aspect rati o can 
even be achieved by opti mizing the shape and arrangement of the nanoparti cles, for example by repla-
cing rods with bipyramids.

Figure 2
Control of anisotropy through aspect rati o. 
(a) Time series of images obtained by ther-
mo-refl ectance in a sample of nano-rods 
with an aspect rati o of 4:1. (b) Spati o-tem-
poral evoluti on of the variances of the mi-
nor and major axes of the ellipti cal Gaus-
sian fi tt ed to the thermal profi le in (a). (c) 
Rati o of thermal diff usion coeffi  cients in 
directi ons parallel to and perpendicular to 
the major axis of the nanoparti cles (ani-
sotropy) as a functi on of the aspect rati o.



The principles established in this study can be extended to other nanocrystal-based metamaterials of 
different shapes and compositions. These findings pave the way for new heat dissipation techniques 
by directly using the active material and maintaining control over the optical and electronic effects de-
pendent on quantum confinement.
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