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ABSTRACT: Very recently it has been predicted that the far-�eld
radiative heat transfer between two macroscopic systems can largely
overcome the limit set by Planck’s law if one of their dimensions becomes
much smaller than the thermal wavelength (�Th � 10 �m at room
temperature). To explore the ultimate limit of the far-�eld violation of
Planck’s law, here we present a theoretical study of the radiative heat
transfer between two-dimensional (2D) materials. We show that the far-
�eld thermal radiation exchanged by two coplanar systems with a one-
atom-thick geometrical cross section can be more than 7 orders of
magnitude larger than the theoretical limit set by Planck’s law for
blackbodies and can be comparable to the heat transfer of two parallel sheets at the same distance. In particular, we illustrate this
phenomenon with di�erent materials such as graphene, where the radiation can also be tuned by a external gate, and single-layer
black phosphorus. In both cases the far-�eld radiative heat transfer is dominated by TE-polarized guiding modes, and surface
plasmons play no role. Our predictions provide a new insight into the thermal radiation exchange mechanisms between 2D
materials.
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Radiation is, together with convection and conduction, one
of the three basic mechanisms of heat exchange between

bodies.1 The maximum thermal energy that can be transferred
between two objects via radiation is, in principle, set by
Planck’s law for blackbodies,2 which assumes that both of them
are perfect absorbers at all frequencies and that all dimensions
involved in the problem are larger than �Th. However, it is
known that when the separation between two bodies is smaller
than �Th, the radiative heat transfer can be enhanced by orders
of magnitude due to the contribution of evanescent waves.3�7

This phenomenon, known as near-�eld radiative heat transfer
(NFRHT),3,4 has been con�rmed in recent years by several
experiments exploring di�erent geometries, materials, and
distances between the two objects, ranging from micrometers
down to a few nanometers.8�22 On the other hand, Planck’s
law is also expected to fail when objects have dimensions
smaller than �Th, even in the far �eld. In this case, nothing
prevents, in principle, overcoming the Planckian limit. In fact,
it has been predicted that the far-�eld thermal emission of a
single object can be super-Planckian,23�26 but in practice this is
very di�cult to achieve, and this phenomenon has never been
observed. In the context of radiative heat transfer, which is the
problem that we are interested in, only very recently have we
predicted that the Planckian limit can also be largely surpassed

in the far-�eld regime,27 i.e., when the separation of the objects
is larger than �Th. In particular, we have shown theoretically
that the far-�eld radiative heat transfer (FFRHT) between
micrometer-size devices can overcome the blackbody limit by
several orders of magnitude if their thickness is much smaller
than �Th. Moreover, we have shown that the enhancement over
Planck’s law increases monotonically as the device thickness is
reduced,27 which leads us to the fundamental question on the
limits of super-Planckian FFRHT. The goal of this work is to
explore this issue with the help of 2D materials, i.e., with
materials with a one-atom-thick geometrical cross section,
which constitutes the ultimate limit of thin systems.

2D materials have been extensively studied in recent years in
the context of radiative heat transfer. In particular, several
works have taken advantage of the near-�eld density of
photonic states in these systems to modify the characteristics
of emitters in a wide variety of scenarios. Most of the
theoretical work in the case of graphene has focused on the
possibility to tune and enhance the NFRHT mediated by the
surface plasmon�polaritons sustained by this material.28,29 For
instance, it has been predicted that the NFRHT between polar
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extraordinary absorption e�ciency makes the FFRHT between
�akes of these materials more than 7 orders of magnitude
larger than the limit set by Planck’s law, which constitutes the
ultimate violation of this law in the far-�eld regime. Finally, we
have shown that the novel mechanism responsible for this
FFRHT involves the propagation properties of TE-polarized
guiding modes in these materials, modes that are usually
irrelevant in the context of plasmonic or optoelectronic
applications.
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