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We present a general and convenient first-principles method to study near-field radiative heat trans-
fer. We show that the Landauer-like expression of heat flux can be expressed in terms of a frequency-
and wave-vector-dependent macroscopic dielectric function that can be obtained from the linear response
density functional theory. A random phase approximation is used to calculate the response function. We
compute the heat transfer in three systems: graphene, molybdenum disulfide (MoS2), and hexagonal boron
nitride (h-BN). Our results show that the near-field heat flux exceeds the black body limit by up to 4 orders
of magnitude. With an increase of the distances between two parallel sheets, a 1/d2 dependence of heat
flux is shown, consistent with Coulomb’s law. The heat transfer capacity is sensitive to the dielectric prop-
erties of materials. Influences from chemical potential and temperature are also discussed. Our method
can be applied to a wide range of materials including systems with inhomogeneities, which provides solid
references for applications of both physics and engineering.
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I. INTRODUCTION

Near-field radiative heat transfer (NFRHT) plays an
important role in developing alternative technologies such
as thermal management [1,2], thermal lithography [3],
energy conversion [4,5], data storage [6,7], thermopho-
tovoltaic devices [8–10], etc. Both theoretical [11,12]
and experimental [13,14] works have shown that ther-
mal radiation in systems with distances comparable to
or smaller than the thermal wavelength λT = 2π�c/(kBT)

exceeds the black body limit by several orders of mag-
nitude. Theoretically, fluctuational electrodynamics pro-
posed by Rytov [15,16] and further developed by Polder
and van Hove [17] provides a solid and widely recog-
nized description of NFRHT. The energy flux is gen-
erated by thermally driven fluctuating electromagnetic
fields and the current fluctuations can be characterized
by the fluctuation-dissipation theorem (FDT) at the local
thermodynamic temperature [15,18–21]. In this case, the
correlation between temperature-driven electrical currents
is directly related to the dielectric properties of the
materials.

The general framework of fluctuational electrodynamics
is macroscopic, which combines Maxwell’s equations with
the FDT of Callen and Welton [19]. The heat flux across
a vacuum gap is given by a Landauer-type expression
with a transmission function that consists of contribu-
tions from both propagating and evanescent waves. The
dramatic increase of thermal radiation in the near field
is due to the tunneling of evanescent waves that decay
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exponentially with the gap size. On the other hand, from
a microscopic quantum mechanical point of view [22],
thermal radiation can be attributed to both Coulomb inter-
actions between charge fluctuations and photonic interac-
tions between transverse current fluctuations. Moreover,
Coulomb interactions dominate the energy transfer at the
near field and correspond to the evanescent part given by
the theory of the fluctuational electrodynamics.

There are several ways to study the contribution of
Coulomb interactions to the energy transfer between two
closely separated bodies. One promising approach is using
the nonequilibrium Green’s function (NEGF) method
[23–27]. A Caroli formula of the transmission function can
be obtained from the Meir-Wingreen formula in a local
equilibrium approximation. High-order many-body effects
can also be incorporated in a NEGF method. Another
approach is to calculate the net balance of the work done by
thermally fluctuating charges in a linear response frame-
work [28]. The starting point of this method is to consider
the Joule heating effect from charge fluctuations due to
external electric fields. In this scheme, the susceptibility
function describes the response of internal charge density
to a fluctuating external potential and the heat flux can be
obtained by averaging thermal fluctuations that are evalu-
ated using FDT. Regardless of the different notations and
physical quantities used, equivalence between these two
methods has been shown [29].

In this work, we present a first-principles method to
investigate the NFRHT problem. We prove that the trans-
mission functions from microscopic quantum mechanical
models can be expressed by a formula of a frequency- and
wave-vector-dependent macroscopic dielectric function,
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FIG. 1. Sketch of radiative heat transfer between two vacuum-
gapped 2D materials with a hexagonal lattice. The distance d
between the two plates is assumed much smaller than the thermal
wavelength λT at temperatures T1 and T2.

consistent with the results of fluctuational electrodynam-
ics. Moreover, the macroscopic dielectric function can
be obtained from the linear response density functional
theory (DFT). The heat flux of three representative two-
dimensional (2D) materials is been studied with a ran-
dom phase approximation (RPA). Our results show that,
at small distances, the heat flux exceeds the traditional
Planckian radiative process by several orders of magni-
tude. Moreover, an asymptotic 1/d2 dependence of heat
flux is shown with an increase of distance. Our approach
is general and can be easily applied to a variety of mate-
rials with both homogeneous and inhomogeneous lattice
structures.

II. METHOD

We consider the heat transfer between two parallel
vacuum-gapped 2D plates as sketched in Fig. 1. Plate 1 is
located at z = 0 with temperature T1 and plate 2 is placed
at z = d with temperature T2. Each of the plates is in its
own internal thermal equilibrium state and net radiative
heat transfer between the two plates will take place if their
temperatures are different. We further assume T1 > T2 so
that heat transfers from plate 1 to plate 2.

A. Transmission function

Adopting the Coulomb gauge, due to neutrality of
induced charge, the Coulomb forces behave as dipole-
dipole interactions and can be fully described by a scalar
potential. Assuming the interaction is instantaneous (qua-
sistatic limit, the speed of light c → ∞) and neglect-
ing contributions from electromagnetic radiation that is
described by a transverse vector potential, the heat flux
intensity between two vacuum-gapped bodies is given by

a Landauer-like formula [24–26,28,29]:

P =
∫ ∞

0

dω

2π
�ω [N1(ω) − N2(ω)] S(ω), (1)

where N1,2 = 1/(e�ω/(kBT1,2) − 1) is the Bose (or Planck)
distribution function. The transmission function is given
by the Caroli formula [28,30]

S(ω) = 4 Tr
{
�

†
2 · v21 · Im[χ1(ω)] · v12 · �2 · Im[χ2(ω)]

}
,

(2)

where

�2 = (I2 − χ2 · v21 · χ1 · v12)
−1 (3)

is the multiple scattering matrix between the two plates.
Subscripts 1 and 2 denote quantities of plate 1 and plate
2, respectively. Exchanging the subscripts does not change
the results because of the symmetry. v12,21 is the Coulomb
interaction between two plates and χ1,2 is the charge den-
sity correlation function that describes the response of each
plate in terms of induced charge density to the external
potential. Tr denotes the trace operation, I is the identity,
and the dot indicates convolution or matrix multiplication
depending on how the quantities are represented, e.g., in
real space with position r or in reciprocal space with lattice
vector G.

Considering the translational invariance of quantities in
Eq. (2) in real space with respect to in-plane lattice vec-
tors, the periodicity of the crystal requires that the Fourier
expansion of a correlation function is defined as [31]

f (r, r′) =
∑
G,G′

∫
d2q

(2π)2 ei(q+G)·rfG,G′(q)e−i(q+G′)·r′
, (4)

where here we sum over the set of all reciprocal lattice vec-
tors G, G′, and integrate over q in the first Brillouin zone.
We may check that this expansion satisfies the required
lattice translation symmetry, f (r + R, r′ + R) = f (r, r′),
where R is any real space lattice vector. We further assume
that the two vacuum-gapped sheets have identical lattice
constants and the same set of lattice vectors R, i.e., we
ignore possible lattice mismatch between the two plates
so that the expansion is valid for both plates. The con-
volutions of correlation functions in real space become
matrix multiplications in reciprocal space and we can write
Eq. (2) as
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S(ω) = 4
∫

d2q
(2π)2

∑
G,G′,G′′,G′′′

e−|q+G|dIm(ε−1
2 )G,G′(�T

2)G′,G′′e−|q+G′′|dIm(ε−1
1 )G′′,G′′′(�†

1)G′′′,G (5)

with
[
(�T

2)
−1]

G,G′ = δG,G′ −
∑
G′′

e−|q+G|d(ε−1
1 − I)G,G′′e−|q+G′′|d(ε−1

2 − I)G′′,G′ . (6)

(�T
1)

−1 is obtained from expression (6) by swapping ε1
with ε2. The superscript −1 means matrix inverse.

In arriving at Eq. (5), we have used the relation

[
ε−1
α

]
G,G′ = δG,G′ + [vα]G,G [χα]G,G′ , (7)

where α denotes 1 or 2, and the Fourier transform of the
bare Coulomb interaction in two dimensions is

vG,G′ = δG,G′
e−|q+G||z−z′|

2ε0|q + G| , (8)

where ε0 ≈ 8.85 × 10−12 F/m is the vacuum permittiv-
ity. With this manipulation, we see that we can write the
expression of Yu et al. [28] solely in terms of the inverse
of the dielectric function. This is because of the relation, in
matrix form, ε−1

α = I + vαχα .
We adopt the macroscopic approximation, i.e., take G =

G′ = G′′ = G′′′ = 0. This is an excellent approximation
provided that the unit cells are small compared to the dis-
tance d and the first nonzero G’s are large, due to the
presence of the exponential factors e−|q+G|d. Replacing the
integral of Eq. (5) by a sum of parallel wave vectors in the

first Brillouin zone, we get

S(ω) = 1
A

∑
q∈1BZ

4e−2qd Im(ε−1
1 )00 Im(ε−1

2 )00∣∣1 − e−2qd
[
(ε−1

1 )00 − 1
] [

(ε−1
2 )00 − 1

]∣∣2 ,

(9)

where A is the area of the sample.
It is worth noting that even though we adopt the macro-

scopic approximation, contributions from different recip-
rocal lattice vectors are included in the matrix inversion of
ε−1

G,G′ . The term (ε−1
1,2)00 as shown in Eq. (9) is the recipro-

cal of the so-called macroscopic dielectric function, which
will be discussed below. As one may expect, after adopt-
ing the macroscopic approximation, Eq. (9) coincides with
the evanescent modes of transmission coefficient obtained
by fluctuational electrodynamics in the quasistatic limit
[12,17].

B. Dielectric function

The microscopic dielectric functions can be obtained
from first principles in the framework of the Kohn-
Sham density functional theory [32]. In the random phase
approximation, the independent particle polarizability is
given by [33]


0
G,G′(q, ω) = 2e2

�

∑
n,n′,k

wk
(
fn′k+q − fnk

) (
〈φnk|e−i(q+G)·r|φn′k+q〉〈φn′k+q|ei(q+G′)·r|φnk〉

εn′k+q − εnk − �ω − iη

)
, (10)

where e is electron charge, φnk and εnk are Kohn-Sham
eigenfunctions and eigenvalues, respectively, and r is the
electron position operator. The damping factor η is a small
positive quantity that accounts for the broadening of spec-
tra. q is the Bloch wave vector, which lies in the first
Brillouin zone, and G and G′ are reciprocal lattice vectors.
The Fermi occupation function f equals 1 for occupied
states and 0 for unoccupied states. � is the area of the
primitive cell. wk is the weight of each k-point in the first
Brillouin zone, which is defined to sum to 1, and the factor
2 accounts for the spin degeneracy. Equation (10) shows

that the Kohn-Sham response function is a summation of
independent transitions from the filled to the empty states
[34,35].

Then the Kohn-Sham microscopic independent particle
dielectric matrix is given by

εG,G′(q, ω) = δG,G′ − vG,G(q)
0
G,G′(q, ω), (11)

where v is the Fourier transform of the bare Coulomb
interaction.
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The macroscopic dielectric function is determined as
[36,37]

εM (q, ω) = 1
(ε−1)G=0,G′=0(q, ω)

. (12)

The off-diagonal elements of the microscopic dielectric
function in the matrix inversion of Eq. (12), ε−1

G,G′(q, ω),
are responsible for the so-called local field effects and they
become important in systems with inhomogeneous lattice
structures [38–44]. However, for most materials with near-
homogeneous charge distribution, we can write Eq. (12) in
an independent particle form:

εM (q, ω) = ε0,0(q, ω), (13)

where the off-diagonal elements of the matrix inversion
of Eq. (12) are neglected. For simplicity, we adopted this
approximation in our calculation of dielectric functions of
homogeneous 2D materials.

C. Computational details

As representative cases, we study the near-field heat
transfer of vacuum-gapped parallel films of 2D materi-
als. Three typical 2D materials, namely graphene, molyb-
denum disulfide (MoS2), and hexagonal boron nitride
(h-BN), are selected for study. They are well-known 2D
materials with similar hexagonal structures, but their elec-
tronic properties are significantly different, i.e., graphene is
a semimetal, MoS2 is a semiconductor, and h-BN is a wide-
gap insulator. We first calculate their ground state prop-
erties using DFT as implemented in QUANTUM ESPRESSO
[45,46]. The projector-augmented wave method [47] and
the Perdew-Burke-Ernzerhof exchange-correlation func-
tional with generalized gradient approximation [48] are
employed. A plane-wave basis set with 40-Ry energy cut-
off is used to expand the Kohn-Sham wave functions.
The first Brillouin zone is sampled by a 90 × 90 × 1
Monkhorst-Pack [49] grid. The Fermi-Dirac smearing is
adopted to treat the partial occupancies for graphene with
different temperatures. For example, 1000 K corresponds
to a smearing width of 0.0063 Ry. The in-plane lattice con-
stants are a = b = 2.46 Å for graphene, a = b = 3.16 Å
for MoS2, and a = b = 2.48 Å for h-BN. To avoid inter-
actions from neighboring lattice in the z direction, a large
lattice constant of c = 18 Å is set to the z direction of the
unit cell.

Then the frequency- and wave-vector-dependent dielec-
tric function is calculated on top of the ground state
calculations using the package Yambo [50,51]. The fre-
quency cutoff is set to 1 eV, which is sufficient for radiative
heat transfer calculation. The damping factor η is 3, 70,
and 250 meV for graphene, MoS2, and h-BN, respectively.
These values are corresponding to their electron relax-
ation lifetimes that are further determined by their electron

mobilities, i.e., μ ∼ 5000 cm2/(V s) for graphene [52],
μ ∼ 200 cm2/(V s) for MoS2 [53], and μ ∼ 50 cm2/(V s)
for h-BN [54].

III. RESULTS

We first look at the electronic properties of three
studied 2D materials. The calculated band structures of
graphene, MoS2, and h-BN along the lines connecting
high-symmetry points of the Brillouin zone are shown in
Fig. 2. As can be seen, single-layer graphene displays a
semimetallic character as its conduction and valence bands
meet at the Dirac point located at the K high-symmetry
point of the Brillouin zone. Another Dirac point placed at
K ′ that accounts for the valley degeneracy is not shown
here. The cases of MoS2 and h-BN are different. A direct
band gap of 1.44 eV at the K point is present for monolayer
MoS2, which indicates that this material is a semiconduc-
tor. This feature is different from the reported character
of its bulk form in which the conduction band minimum
moves to the � point and an indirect band gap is apparent
[55]. On the other hand, single-layer h-BN is an insulator
that has a wide indirect band gap of 4.67 eV with the con-
duction band minimum lying at the � point and the valance
band maximum at the K point.

It may be worth noting that the calculations are based on
a pure density functional theory with generalized gradient
approximation. The calculated band gap is underestimated
to some degree compared to experimental results [55,56]
and further advanced techniques such as hybrid functional
[57] or GW [58] method will generally correct this prob-
lem to a certain extent. However, these methods are rather
time consuming and, more importantly, general features
discussed here are correct within the pure DFT.

FIG. 2. Calculated band structure of single-layer graphene,
MoS2, and h-BN along high-symmetry points of the Brillouin
zone. The red dashed line represents the Fermi level.
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FIG. 3. Near-field heat flux ratio of graphene, MoS2, and h-BN
with T1 = 1000 K and T2 = 300 K. PBB is the black body heat
flux calculated by the Stefan-Boltzmann law. The dashed lines
have a slope of −2 to show the distance dependence of heat flux.

Figure 3 shows the calculated heat flux ratio of the three
studied materials. The horizontal coordinate represents the
distance d between two plates and the vertical coordinate
is the ratio of calculated near-field heat flux in our model
to the heat flux described by the Stefan-Boltzmann law
PBB = σ(T4

1 − T4
2), where σ ≈ 5.67 × 10−8 W/(m2 K4) is

the Stefan-Boltzmann constant. The expression of PBB is
obtained by integrating spectral density in Planck’s law
of radiation over the frequency and then calculating the
net power radiated between two plates. As we can see, at
small distances, the calculated near-field heat flux is 1–4
orders of magnitude higher than the results for the black
body radiation for all three materials.

There are many interesting features shown in Fig. 3.
Generally, the heat flux ratio is decreasing with increas-
ing distance. On the one hand, a convergent value of heat
flux ratio of approximately 104 is seen for the materials
at the leftmost part of Fig. 3. In this case, the distance
d is smaller than 1 Å, which reaches the contact limit so
that two plates actually “touch” each other and no longer
satisfy the near-field requirement. One can expect that the
results are reliable only if the distance between two sheets
is larger than the lattice constant of the materials. However,
the materials show a convergent trend at small distances up
to several angstroms. This agrees with the saturation of the
p-polarized evanescent heat flux at small distances when
nonlocal effects are taken into account [59]. The most dis-
tinct saturation of heat flux is shown for graphene that
shows a relatively high heat flux ratio up to 3 nm. This
feature may arise from the rich plasmonic properties of
graphene [59,60]. Beyond these distances, the heat flux
ratio has a distance dependence of around 1/d2, which
is consistent with Coulomb’s law and agrees with the
character of the p-polarized heat flux [12,25,61,62]. For

example, this character is shown for MoS2, h-BN, and
graphene at the range around 0.3–3, 0.6–18, and 6–30 nm,
respectively.

On the other hand, for all three materials, the heat flux
ratio tends to a constant for distances exceeding certain
values. For example, the heat flux ratio becomes constant
for distances beyond approximately 3, approximately 18,
and approximately 30 nm for MoS2, h-BN, and graphene,
respectively. In general, the heat flux will become constant
at far field (> 1 μm) [12] where contributions from prop-
agating waves dominate. However, our theory includes
only the longitudinal component of the electromagnetic
field (i.e., the Coulomb field) and ignores completely the
retardation effect of the transverse field. So, we cannot
recover a constant at large distances in theory. The “pre-
mature” constancy of heat flux as shown in Fig. 3 is
not physical and is due to our computational limitations.
Firstly, it occurs because the value of transmission coeffi-
cient S(ω) in Eq. (9) decays exponentially with an increase
of distance d for all nonvanishing wave vectors. Thus,
for larger distances, the only contribution is the transi-
tion at the long-wavelength limit q → 0, which causes the
transmission coefficient to be a constant. As the nonlocal
modes of large q become less important at large distances
[59], the validity of Eq. (9) with quasistatic approxima-
tion is expected at distances of 100 nm to 1 μm. This
constancy problem can be partially resolved by increas-
ing the density of k-point sampling in the first Brillouin
zone so that smaller nonvanishing q contributes to the sum
and further extends the trend to larger distances. This is
further supported by preceding work that used the rota-
tional symmetry and transforming the 2D k-point sampling
into a one-dimensional problem with much denser k-points
[25]. Secondly, we study the energy transfer mediated by
the Coulomb interaction with the quasistatic approxima-
tion. This corresponds to the p-modes of the evanescent
waves in the traditional theory of fluctuational electrody-
namics. So, at far field, the evanescent waves vanish and
the thermal radiation can only be achieved via propagat-
ing waves [20]. In this case, our theory is not valid and
heat flux at the far field is a constant, which is given by the
Stefan-Boltzmann law for black bodies [62].

From Eq. (9), the near-field heat transfer between two
closely spaced plates relates to the dielectric properties
of each material. Meanwhile, the conductivity, which is
determined by both charge density and mobility, also plays
a significant role in the NFRHT. This is because the
transferred energy is linked to the response function χ

that describes the induced charge density to fluctuating
Coulomb interactions. We can expect that graphene has
the highest heat transmission among the three investigated
materials as it is metallic and has extremely large carrier
mobility [52]. This is indeed the case as shown in Fig. 3,
where graphene has the highest heat transmission among
all three materials at all distances. Meanwhile, h-BN shows
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a higher heat flux ratio than MoS2 because the former has
larger dielectric functions for most wave vectors [54,56].

We have shown that graphene is a semimetal whose
Fermi level crosses the Dirac point. However, experi-
mental works often measure properties of graphene with
substrates or doping that introduces extra chemical poten-
tial shifts to the material. Now we study the effect of
doping on the near-field heat flux ratios of graphene. The
calculated results are shown in Fig. 4. The chemical poten-
tial μ is the Fermi energy difference between calculations
with and without doping. The doping is achieved by intro-
ducing extra charges to the system. For example, μ = 0.1,
0.2, and 0.6 eV correspond to additional 0.0005, 0.001,
and 0.005 units of electrons introduced to one unit cell
of graphene. The only difference between two separated
graphene sheets is their temperature, i.e., 1000 and 300 K,
respectively. As can be seen, the heat flux ratios in all dop-
ing levels converge to values of approximately 104 at small
distances and almost identical results are shown for the
heat flux ratio with small doping levels. However, for a
relatively large doping extent (e.g., 0.6 eV), the heat flux
ratio has a lower-lying arch for the range 1 to 10 nm. This
is because the doping opens the interband transition gaps.
After 10 nm, the heat flux ratios again exhibit a 1/d2 char-
acter with respect to distance. The relatively lower arch
of heat flux ratio at small distances forms the so-called
“doping bubble” as reported in previous work [25].

Finally, we discuss the effects of temperature. Figure
5 shows the calculated near-field radiative power density
spectrum of graphene at d = 10 nm. With an increase of
temperature, the power density gradually increases and the
characteristic frequency at which the spectrum peaks also
shifts to higher frequencies. This is consistent with the
spectrum of black body radiation, as given by Planck’s

FIG. 4. Calculated heat flux ratio of graphene with different
chemical potentials. Both plates have the same doping level with
T1 = 1000 K and T2 = 300 K.

(a) (b)

FIG. 5. (a) Temperature dependence of power density spec-
trum of near-field radiation of graphene at 10 nm and (b) results
from Planck’s law of black body radiation.

law and shown in the inset graph of Fig. 5. However, the
near-field radiative power density is approximately 100
times higher than that of the black body radiation. More-
over, the characteristic frequency of near-field radiation
is also blue-shifted compared to the corresponding results
from Planck’s law. Besides, we can see that, for the
selected temperature range, the spectrum gradually van-
ishes at high frequency (≥ 1 eV) and thus we set 1 eV
as the frequency cutoff in our calculation of the heat
transmission function.

In Fig. 6, we show the heat flux ratio of two graphene
sheets with different temperatures. Without loss of gener-
ality, we fix the temperature of sheet 2 at 300 K and change
the temperature of sheet 1. As shown, general features are
similar to those of the above discussions but the heat flux
ratio increases with increasing temperature. This is because
the temperature dependence of the Bose function of Eq. (1)
is exponential while the denominator PBB depends on the
fourth power of the temperature. However, this effect is not
significant. A convergence of heat flux ratio is shown at
d ≈ 6 nm for high temperatures, which indicates that the
dramatic increase of thermal radiation in the near field is
not very sensitive to the temperature.

IV. DISCUSSION

We have shown that our first-principles method can be
used to study the NFRHT and the results are consistent
with those of previous reports. Discussions on the possi-
ble extensions, limitations, as well as applications of our
methods are meaningful.

The present model and expressions introduced above
are only applied to monolayer 2D materials with identi-
cal lattices on both sides. We further assume that each
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FIG. 6. Calculated heat flux ratio of graphene for different tem-
peratures. The temperature of plate 2 is fixed at 300 K and the
temperature of plate 1 varies from 600 to 1200 K.

side is at its internal thermal equilibrium and we study
the energy transfers stemming from the Coulomb interac-
tions. However, further extensions of the current model are
promising. For example, radiative heat transfer between
multiple plates with finite thickness and out of thermal
equilibrium has been studied [63]. The energy transfers
are given by a similar Landauer-like formulation and the
transmission coefficients can be expressed in terms of
reflection and transmission properties of the different lay-
ers. Similarly, in the first-principles method, one can utilize
the response function in terms of the polarizability 
 or
susceptibility χ to build the transmission function. Then
the calculated response function would be a block diag-
onal matrix with each nonzero block corresponding to
the polarizability or the susceptibility of each layer and
the off-diagonal interaction terms would be set to zero.
This method also eliminates the requirement that the lat-
tice constant of two sides must match exactly. However,
the most notable limitation of these extensions is that a
large supercell may be required to calculate the response
function matrix that requires substantial computational
resources.

On the other hand, we have adopted the quasistatic limit
when considering that the Coulomb interactions originate
from the scalar potential ϕ. In this regard, our model only
contains the p-polarization modes that are most important
for the near-field heat transfer of 2D metals like graphene.
Meanwhile, to study possible different behaviors of metals
and polar materials at very small distances, contributions
of s-polarization from the vector potential A should be
considered. In this case, one can consider the contributions
from both propagating waves and evanescent waves with
different wave vectors. Moreover, phonons play an impor-
tant role in polar materials due to the explicit charges of

atoms that strongly interact with the scalar field. These
would be interesting and promising extensions of our
model in future implementation.

As we have mentioned, the heat transfer between two
closely separated bodies is a fundamental problem but
has been proved to play a pivotal role in applications of
many alternative technologies in both physics and engi-
neering. Our current method provides a very practical way
to compute the near-field heat flux because the transmis-
sion function of Eq. (9) is built by means of the macro-
scopic dielectric functions that can be directly obtained
from many first-principles packages. Conventionally, to
calculate the transmission coefficient, one needs to do a
case-by-case theoretical modeling to get closely related
quantities like reflection coefficients r [12,17], conduc-
tivity σ [62,64–66], dielectric function ε [67], polariz-
ability 
 [25,26,68–70], susceptibility χ [28], etc. For
example, the free-electron Drude model for metal and
the Dirac model for graphene have been widely used
to study NFRHT. Nevertheless, simple analytical expres-
sions of these quantities may not be practical for materials
with complex structures and electronic configurations. On
the contrary, all these quantities can be calculated using
the first-principles method, and thus one can expect that
our method can be applied to many kinds of materials.
This is important for practical applications in engineer-
ing. Moreover, we believe that our approach is accu-
rate because we directly use the electron density and
the Kohn-Sham wave functions to built the polarizabil-
ity and dielectric functions. We can also use approx-
imations beyond RPA and take into account the local
field effect, which is very important for inhomogeneous
materials. Thus, we believe that our method provides
a practical, convenient, and accurate theoretical predic-
tion of near-field heat flux and can be widely used in
applications.

V. SUMMARY

We study the near-field radiative heat transfer of
vacuum-gapped 2D crystal lattices using a first-principles
method. The heat flux between two closely separated plates
is given by a Landauer-like formula. We show that the
transmission function can be expressed in a form of macro-
scopic dielectric functions with summation over all paral-
lel wave vectors in the first Brillouin zone. The random
phase approximation is used to calculate the frequency-
and wave-vector-dependent dielectric functions in a linear
response density functional scheme.

As representative cases, we investigate the electronic
properties and thermal radiation of three typical 2D mate-
rials. Our calculations show that the near-field heat fluxes
exceed the black body limit by up to 4 orders of magni-
tude. Graphene has the largest heat flux ratio among the
three materials because of its higher electron density and
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mobility. The heat flux ratio exhibits a 1/d2 character when
the distance between two plates exceeds some extent. A
“doping bubble” is shown in graphene with large chemical
potentials. Moreover, the near-field radiation spectrum has
characters similar to those of black body radiation. Power
density, characteristic frequency, as well as heat flux ratio
have a positive correlation with temperature. However, the
near-field power density is significantly higher than that of
Planck’s law. All these results are consistent with previous
reports. Improvements can be made to go beyond RPA and
single-layer systems. With the summations of reciprocal
lattice G going beyond just the origin, the method then can
handle highly inhomogeneous systems, such as surfaces
terminated with an edge or systems with finite thickness
using supercells. Finally, our method is general and can be
applied to study near-field radiative heat transfer of var-
ious kinds of materials, providing a solid reference for
applications of both physics and engineering.

ACKNOWLEDGMENTS

This work is supported by FRC Grant No. R-144-000-
402-114 and MOE tier 2 Grant No. R-144-000-411-112.
T.Z. and Z.-Q.Z. contributed equally to this work.

[1] C. R. Otey, W. T. Lau, and S. H. Fan, Thermal Recti-
fication through Vacuum, Phys. Rev. Lett. 104, 154301
(2010).

[2] T. Inoue, M. De Zoysa, T. Asano, and S. Noda, Realization
of dynamic thermal emission control, Nat. Mater. 13, 928
(2014).

[3] J. B. Pendry, Radiative exchange of heat between nanos-
tructures, J. Phys. Condens. Matter. 11, 6621 (1999).

[4] J. W. Schwede, I. Bargatin, D. C. Riley, B. E. Hardin, S. J.
Rosenthal, Y. Sun, F. Schmitt, P. Pianetta, R. T. Howe, Z.
X. Shen, and N. A. Melosh, Photon-enhanced thermionic
emission for solar concentrator systems, Nat. Mater. 9, 762
(2010).

[5] J. Fang, H. Frederich, and L. Pilon, Harvesting nanoscale
thermal radiation using pyroelectric materials, J. Heat
Transfer. 132, 092701 (2010).

[6] W. A. Challener, C. B. Peng, A. V. Itagi, D. Karns, W. Peng,
Y. Y. Peng, X. M. Yang, X. B. Zhu, N. J. Gokemeijer, Y. T.
Hsia, G. Ju, R. E. Rottmayer, M. A. Seigler, and E. C. Gage,
Heat-assisted magnetic recording by a near-field transducer
with efficient optical energy transfer, Nat. Photonics. 3, 220
(2009).

[7] B. C. Stipe, T. C. Strand, C. C. Poon, H. Balamane, T. D.
Boone, J. A. Katine, J. L. Li, V. Rawat, H. Nemoto, A.
Hirotsune, O. Hellwig, R. Ruiz, E. Dobisz, D. S. Kercher,
N. Robertson, T. R. Albrecht, and B. D. Terris, Mag-
netic recording at 1.5 Pb m−2 using an integrated plasmonic
antenna, Nat. Photonics 4, 484 (2010).

[8] A. Narayanaswamy and G. Chen, Surface modes for
near field thermophotovoltaics, Appl. Phys. Lett. 82, 3544
(2003).

[9] V. B. Svetovoy and G. Palasantzas, Graphene-On-Silicon
Near-Field Thermophotovoltaic Cell, Phys. Rev. Appl. 2,
034006 (2014).

[10] A. Lenert, D. M. Bierman, Y. Nam, W. R. Chan, I.
Celanovic, M. Soljacic, and E. N. Wang, A nanophotonic
solar thermophotovoltaic device, Nat. Nanotechnol. 9, 126
(2014).

[11] C. M. Hargreaves, Anomalous radiative transfer
between closely-spaced bodies, Phys. Lett. A 30, 491
(1969).

[12] A. I. Volokitin and B. N. J. Persson, Near-field radiative
heat transfer and noncontact friction, Rev. Mod. Phys. 79,
1291 (2007).

[13] G. A. Domoto, R. F. Boehm, and C. L. Tien, Experimental
investigation of radiative transfer between metallic sur-
faces at cryogenic temperatures, J. Heat Transfer. 92, 412
(1970).

[14] R. S. Ottens, V. Quetschke, S. Wise, A. A. Alemi, R.
Lundock, G. Mueller, D. H. Reitze, D. B. Tanner, and B.
F. Whiting, Near-Field Radiative Heat Transfer between
Macroscopic Planar Surfaces, Phys. Rev. Lett. 107, 014301
(2011).

[15] S. M. Rytov, Theory of Electric Fluctuations and Thermal
Radiation (Air Force Cambrige Research Center, Bedford,
MA, 1953).

[16] S. M. Rytov, Y. A. Kravtsov, and V. I. Tatarskii, Princi-
ples of Statistical Radiophysics (Springer-Verlag, Berlin,
Heidelberg, 1989).

[17] D. Polder and M. A. van Hove, Theory of radiative heat
transfer between closely spaced bodies, Phys. Rev. B 4,
3303 (1971).

[18] H. Nyquist, Thermal agitation of electric charge in conduc-
tors, Phys. Rev. 32, 110 (1928).

[19] H. B. Callen and T. A. Welton, Irreversibility and general-
ized noise, Phys. Rev. 83, 34 (1951).

[20] B. Song, A. Fiorino, E. Meyhofer, and P. Reddy, Near-field
radiative thermal transport: From theory to experiment, AIP
Adv. 5, 053503 (2015).

[21] J. C. Cuevas and F. J. García-Vidal, Radiative heat transfer,
ACS Photonics 5, 3896 (2018).

[22] G. D. Mahan, Tunneling of heat between metals, Phys. Rev.
B 95, 115427 (2017).

[23] J.-S. Wang, J. Wang, and J. T. Lü, Quantum thermal
transport in nanostructures, Eur. Phys. J. B 62, 381
(2008).

[24] J.-S. Wang, B. K. Agarwalla, H. Li, and J. Thingna,
Nonequilibrium Green’s function method for quantum ther-
mal transport, Front. Phys. 9, 673 (2014).

[25] J.-H. Jiang and J.-S. Wang, Caroli formalism in near-field
heat transfer between parallel graphene sheets, Phys. Rev.
B 96, 155437 (2017).

[26] Z.-Q. Zhang, J. T. Lü, and J.-S. Wang, Energy transfer
between two vacuum-gapped metal plates: Coulomb fluc-
tuations and electron tunneling, Phys. Rev. B 97, 195450
(2018).

[27] K. N. Lian and J.-S. Wang, Geometric effect on near-field
heat transfer analysis using efficient graphene and nanotube
models, Eur. Phys. J. B 93, 138 (2020).

[28] R. Yu, A. Manjavacas, and F. J. García de Abajo,
Ultrafast radiative heat transfer, Nat. Commun. 8, 2
(2017).

024080-8

https://doi.org/10.1103/PhysRevLett.104.154301
https://doi.org/10.1038/nmat4043
https://doi.org/10.1088/0953-8984/11/35/301
https://doi.org/10.1038/nmat2814
https://doi.org/10.1115/1.4001634
https://doi.org/10.1038/nphoton.2009.26
https://doi.org/10.1038/nphoton.2010.90
https://doi.org/10.1063/1.1575936
https://doi.org/10.1103/PhysRevApplied.2.034006
https://doi.org/10.1038/nnano.2013.286
https://doi.org/10.1016/0375-9601(69)90264-3
https://doi.org/10.1103/RevModPhys.79.1291
https://doi.org/10.1115/1.3449677
https://doi.org/10.1103/PhysRevLett.107.014301
https://doi.org/10.1103/PhysRevB.4.3303
https://doi.org/10.1103/PhysRev.32.110
https://doi.org/10.1103/PhysRev.83.34
https://doi.org/10.1063/1.4919048
https://doi.org/10.1021/acsphotonics.8b01031
https://doi.org/10.1103/PhysRevB.95.115427
https://doi.org/10.1140/epjb/e2008-00195-8
https://doi.org/10.1007/s11467-013-0340-x
https://doi.org/10.1103/PhysRevB.96.155437
https://doi.org/10.1103/PhysRevB.97.195450
https://doi.org/10.1140/epjb/e2020-10164-8
https://doi.org/10.1038/s41467-016-0013-x


FIRST-PRINCIPLES METHOD TO STUDY NEAR-FIELD HEAT TRANSFERPHYS. REV. APPLIED 14, 024080 (2020)

[29] J.-S. Wang, Z.-Q. Zhang, and J. T. Lü, Coulomb-force-
mediated heat transfer in the near field: Geometric effect,
Phys. Rev. E 98, 012118 (2018).

[30] C. Caroli, R. Combescot, P. Nozieres, and D. Saint-James,
Direct calculation of the tunneling current, J. Phys. C 4, 916
(1971).

[31] G. F. Giuliani and G. Vignale, Quantum Theory of the
Electron Liquid (Cambridge University Press, Cambridge,
2005), p. 693.

[32] W. Kohn and L. Sham, Self-consistent equations including
exchange and correlation effects, Phys. Rev. 140, A1133
(1965).

[33] H. Ehrenreich and M. H. Cohen, Self-consistent field
approach to the many-electron problem, Phys. Rev. 115,
786 (1959).

[34] G. Onida, L. Reining, and A. Rubio, Electronic exci-
tations: Density-functional versus many-body Green’s-
function approaches, Rev. Mod. Phys. 74, 601 (2002).

[35] M. Gajdoš, K. Hummer, G. Kresse, J. Furthmüller, and
F. Bechstedt, Linear optical properties in the projector-
augmented wave methodology, Phys. Rev. B 73, 045112
(2006).

[36] S. L. Adler, Quantum theory of the dielectric constant in
real solids, Phys. Rev. 126, 413 (1962).

[37] N. Wiser, Dielectric constant with local field effects
included, Phys. Rev. 129, 62 (1963).

[38] T. Zhu, P. E. Trevisanutto, T. C. Asmara, L. Xu, Y. P. Feng,
and A. Rusydi, Generation of multiple plasmons in stron-
tium niobates mediated by local field effects, Phys. Rev. B
98, 235115 (2018).

[39] S. G. Louie, J. R. Chelikowsky, and M. L. Cohen, Local-
Field Effects in the Optical Spectrum of Silicon, Phys. Rev.
Lett. 34, 155 (1975).

[40] K. Sturm, Local-Field Effects in the Plasmon Line Shape
of Semiconductors of the Diamond and Zinc-Blende Struc-
tures, Phys. Rev. Lett. 40, 1599 (1978).

[41] F. Aryasetiawan, O. Gunnarsson, M. Knupfer, and J. Fink,
Local-field effects in NiO and Ni, Phys. Rev. B 50, 7311
(1994).

[42] S. Waidmann, M. Knupfer, B. Arnold, J. Fink, A. Fleszar,
and W. Hanke, Local-field effects and anisotropic plasmon
dispersion in diamond, Phys. Rev. B 61, 10149 (2000).

[43] P. Cudazzo, M. Gatti, and A. Rubio, Local-field effects on
the plasmon dispersion of two-dimensional transition metal
dichalcogenides, New J. Phys. 15, 125005 (2013).

[44] F. Sottile, F. Bruneval, A. G. Marinopoulos, L. K. Dash,
S. Botti, V. Olevano, N. Vast, A. Rubio, and L. Reining,
TDDFT from molecules to solids: The role of long-range
interactions, Int. J. Quantum Chem. 102, 684 (2005).

[45] P. Giannozzi et al., QUANTUM ESPRESSO: A modular
and open-source software project for quantum simulations
of materials, J. Phys.: Condens. Matter 21, 395502 (2009).

[46] P. Giannozzi et al., Advanced capabilities for materials
modelling with Quantum ESPRESSO, J. Phys.: Condens.
Matter 29, 465901 (2017).

[47] P. E. Blöchl, Projector augmented-wave method, Phys. Rev.
B, 50, 17953 (1994).

[48] J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized Gra-
dient Approximation Made Simple, Phys. Rev. Lett. 77,
3865 (1996).

[49] H. J. Monkhorst and J. D. Pack, Special points for
Brillouin-zone integrations, Phys. Rev. B 13, 5188 (1976).

[50] D. Sangalli, A. Ferretti, H. Miranda, C. Attaccalite, I. Marri,
E. Cannuccia, P. M. Melo, M. Marsili, F. Paleari, A. Mar-
razzo, G. Prandini, P. Bonfà, M. O. Atambo, F. Affinito,
M. Palummo, A. M. Sanchez, C. Hogan, M. Grüning,
D. Varsano, and A. Marini, Many-body perturbation the-
ory calculations using the yambo code, J. Phys.: Condens.
Matter 31, 325902 (2019).

[51] A. Marini, C. Hogan, M. Grüning, and D. Varsano, Yambo:
An Ab initio tool for excited state calculations, Comp. Phys.
Comm. 180, 8 (2009).

[52] A. K. Geim and K. S. Novoselov, The rise of graphene, Nat.
Mater. 6, 183 (2007).

[53] B. Radisavljevic and A. Kis, Mobility engineering and a
metal–insulator transition in monolayer MoS2, Nat. Mater.
12, 815 (2013).

[54] Q. Liang, J. Jiang, R. Meng, H. Ye, C. Tan, Q. Yang, X.
Sun, D. Yang, and X. Chen, Tuning the electronic prop-
erties and work functions of graphane/fully hydrogenated
h-BN heterobilayers via heteronuclear dihydrogen bonding
and electric field control, Phys. Chem. Chem. Phys. 18,
16386 (2016).

[55] K. F. Mak, C. Lee, J. Hone, J. Shan, and T. F. Heinz, Atomi-
cally Thin MoS2: A New Direct-Gap Semiconductor, Phys.
Rev. Lett. 105, 136805 (2010).

[56] Y. Kubota, K. Watanabe, O. Tsuda, and T. Taniguchi, Deep
ultraviolet light-emitting hexagonal boron nitride synthe-
sized at atmospheric pressure, Science 317, 932 (2007).

[57] A. D. Becke, Density–functional thermochemistry. III. The
role of exact exchange, J. Chem. Phys. 98, 5648 (1993).

[58] F. Aryasetiawan and O. Gunnarsson, The GW method, Rep.
Prog. Phys. 61, 237 (1998).

[59] P.-O. Chapuis, S. Volz, C. Henkel, K. Joulain, and J.-J.
Greffet, Effects of spatial dispersion in near-field radiative
heat transfer between two parallel metallic surfaces, Phys.
Rev. B 77, 035431 (2008).

[60] A. N. Grigorenko, M. Polini, and K. S. Novoselov,
Graphene plasmonics, Nat. Photonics, 6, 749 (2012).

[61] K. Joulain, J.-P. Mulet, F. Marquier, R. Carminati, and J.-J
Greffet, Surface electromagnetic waves thermally excited:
Radiative heat transfer, coherence properties and Casimir
forces revisited in the near field, Surf. Sci. Rep. 57, 59
(2005).

[62] P. R. López, W.-K. Tse, and D. A. R. Dalvit, Radiative heat
transfer in 2D Dirac materials, J. Phys.: Condens. Matter
27, 214019 (2015).

[63] I. Latella, P. Ben-Abdallah, S. A. Biehs, M. Antezza, and
R. Messina, Radiative heat transfer and nonequilibrium
Casimir-Lifshitz force in many-body systems with planar
geometry, Phys. Rev. B 95, 205404 (2017).

[64] O. Ilic, M. Jablan, J. D. Joannopoulos, I. Celanovic, and
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